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Preparation, optimization and characterization of nanoparticles

5.1 Introduction

Pulmonary drug and gene delivery are of considerable interest due to the variety of lung diseases
that can be addressed by this approach. Diseases like cystic fibrosis, asthma, chronic obstructive
pulmonary disease, lung cancer and more could be treated by high-level and long-term
expression of the corresponding gene of interest (1-4).

Gene delivery in humans includes the transfer DNA into the nuclei of target cells. These carriers
must be efficient in transfection, safe for human use, protect the DNA from degradation before
arriving at the target cell and possibly hold targeting qualities for the specific delivery of the gene
to the required cells or tissue. The two approaches have been used for gene delivery are viral and
non-viral systems. Although very efficient in transfection, viral gene delivery systems still face
safety issues for human use and due to their inherent immunogenicity, are problematic when
repeated doses with the same carrier are required. Non-viral delivery systems are generally
synthetic agents that are much safer, however, their transfection efficiency in-vivo is limited (5,
6).

Over the last decade, biodegradable polymeric nanoparticles (NPs) have gained increasing
interest due to their many advantages in therapeutics delivery. These include protection of the
therapeutics against degradation and deleterious biological interactions, improved bioavailability,
solubility, retention time and intracellular penetration (7). Thus NPs are a promising for the
delivery of therapeutics such as hydrophilic and hydrophobic drugs, vaccines, pDNA, proteins
and biological macromolecules. Much attention have been given to the NPs based on poly(dl-
lactide-co-glycolide) (PLGA) due to their biodegradable and bio compatible nature, small
particle size, favorable safety profile, and ability to provide sustained release (8). They are
approved for human use by the Food and Drug Administration and several PLGA-based
formulations and are available in worldwide market (9). These nanoparticulate systems are
rapidly endocytosed by cells followed by release of their therapeutic payload by both passive
diffusion and slow matrix degradation (10, 11). These properties rendered PLGA NPs as
potential polymer for sustained release therapeutics.

Lipophilic drugs can be encapsulated easily into hydrophobic PLGA matrix; however,
encapsulation of low molecular weight hydrophilic drugs in PLGA matrix presents a great

challenge (12). Barichello et al. reported low entrapment efficiency of hydrophilic drugs in
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PLGA NPs when compared with lipophilic drugs (13). The major reason was the poor affinity
between the hydrophilic drug and PLGA, which promotes drug diffusion into the external
aqueous medium resulting in low entrapment efficiency (13). Thus, attempts have been made to
enhance the entrapment of hydrophilic drugs into PLGA hydrophobic matrix by
nanoprecipitation (14), single emulsification (15), W/O/W double emulsification (15, 16), and in
the case of PLGA NPs, by use of reverse micelles (17). Nevertheless, the application of PLGA
NPs for entrapping hydrophilic drugs remains limited.

The efficiency of such nanoparticulate delivery systems can also be enhanced by the attachment
of functional ligands to the surface of NP. Potential ligands include, cationic moieties, small
molecules, cell-penetrating peptides (CPPs), targeting peptides, antibodies or aptamers (18-20).
Attachment of these moieties to NPs promote intracellular uptake, endosome disruption, and
delivery of the therapeutics pay load to the nucleus. There have been numerous methods
employed to tether ligands to the particle surface. One approach is direct covalent attachment to
the functional groups on PLGA NPs (21). Another approach utilizes amphiphilic conjugates like
avidin palmitate to secure biotinylated ligands to the NP surface (22, 23).This approach produces
particles with enhanced uptake into cells, but reduced pDNA release and gene transfection,
which is likely due to the surface modification occluding pDNA release (23). In a similar
approach, lipid-conjugated poly ethylene glycol (PEG) is used as a multivalent linker of
penetratin, a CPP, or folate (24). These methods can be combined to tune particle function and
efficacy.

In present study we used Netilmicin sulfate (NS) a aminoglycoside antibiotics as a model drug to
treat P aeruginosa infections in cystic fibrosis due to their concentration-dependent antibacterial
activity and long post-antibiotic effect (25, 26). Moreover they penetrate into the sputum of CF
patients poorly and their activity is reduced due to binding with sputum components such as
glycoproteins and cations (27, 28). Consequently high systemic doses of antibiotics are needed to
achieve effective concentrations of the drug at the infection site (29). High doses can result in
nephrotic and ototoxic effects, triggering permanent renal insufficiency and auditory nerve
damage, with deafness, dizziness and unsteadiness, reducing the therapeutic window (30). While
CFTR gene is used for the correction of the CFTR defect in cystic fibrosis. Though various viral

and non-viral vectors have been used for gene delivery but long term, persistent correction of the
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defect is achieved on repeated administration only. Thus there is need of such delivery system
which enable prolong expression of CFTR gene (31).

Also, it was found that, P. aeruginosa could invade and replicate within cells. Internalized P.
aeruginosa may play an important role in the pathogenesis of infection and that, by allowing
greater internalization into epithelial cells, mutant CFTR results in an increased susceptibility of
bronchial infection with this microbe [5]. By considering this, currently available CF therapies
focus on attenuating disease progression and delaying the onset of irreversible damage in the
respiratory system and other organs. However, better clinical outcomes of CF therapies is depend
upon the concentration of the antibiotic at the site of infection as well as the extent of penetration
of the drug into lung-lining fluids and bronchial mucosa and thus reach to the cell [3, 6].
However highly hydrophilic nature of these therapeutics make them challengeable to incorporate
into hydrophobic PLGA matrix. Recently it has been demonstrated that nanoparticulate drug
delivery is a promising approach to deliver antibiotics and gene (32-35). Previous reports have
been shown that PLGA NPs are safe and efficient carriers for the delivery of plasmid DNA. Also
in case of antibiotics, NPs can provide controlled antibiotic release, maintaining a constant
plasma concentration above the minimum inhibitory concentration (MIC) for a prolonged
duration. This maximizes the therapeutic effect while minimizing antibiotic resistance, and
improves patient compliance (36). However, attempts to use NPs for the delivery of for these
therapeutics have shown little drug entrapment in the PLGA hydrophobic core (16, 34, 35, 37,
38). Thus more efficient formulation techniques are needed.

The aim of the present study was to investigate the effects of important process and formulation
parameters on the encapsulation of the highly water soluble therapeutic moiety in PLGA
hydrophobic matrix to improve bioavailability and provide sustained release of drug& gene, and
thus reduce the dosing frequency and side effects associated with the system.

5.2 Formulation and development of Netilmicin sulfate loaded NPs

5.2.1 Materials

Netilmicin Sulfate was provided as a gift sample by Samarth Life Sciences Pvt. Ltd., Mumbai,
India. Poly (DL-lactic-co-glycolic acid) (PLGA, 50:50) (Mw=17 kDa) was received as a gift
sample from PuracBiochem, Netherlands. Dextran sulfate sodium (DS, M,=5,000) was
purchased from Himedia, Mumbai, India. Pluronic® F68 (Poloxamer 188), sodium dodecyl
sulfate, MTT, ethyl acetate, and sucrose were purchased from Sigma-Aldrich, India. DSPE-PEG
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2000 was a generous gift from Lipoid, Switzerland. Amicon Ultra 15 filtration units were
purchased from Millipore.

5.2.2 Development of drug-loaded NPs

NPs were prepared by a (w/o/w) double emulsion solvent evaporation method as previously
described with some modifications (39). Briefly, water in oil emulsion was prepared by adding
0.15 to 0.35 mL of an internal aqueous phase (W1) containing Netilmicin sulfate (NS) in double-
distilled water to 0.5mL ethyl acetate (organic phase, O) containing PLGA polymer (10-30
mg/mL) by means of probe sonication (Sartorius Labsonic) at 60 amplitude for 90 sec on ice
bath. Then primary (W1/O) emulsion was added drop-wise to 2 mL 1.5% w/v of Pluronic® F68
solution (external aqueous phase, W2), and further emulsified by sonication for another 30sec by
mean of probe sonication at 60 amplitude (on ice bath) to form a W1/O/W> double emulsion. The
resulting double emulsion was further diluted with 5 mL of 1.5% (w/v) Pluronic® F68 solution
and stirred magnetically for 4 h at room temperature to evaporate the ethyl acetate. The
remaining organic solvent and free drug were removed by washing the NPs 3 times with double-
deionized water using an Amicon Ultra-15 centrifuge filter (10-kDa) (Milli-pore), then re-
suspended in double-distilled water to obtain the desired final concentration.

To examine the effect of helper hydrophilic polymer dextran sulfate (DS) on the EE of NS, NPs
were prepared using the same procedure but with DS in the internal aqueous phase of the
emulsion (with different charge-to-drug ratios). The blank PLGA NPs were also prepared using
the same procedure without adding NS. Various factors affecting the entrapment of the drug in
the polymer were evaluated by using the factorial design as explained bellow.

5.2.3 Experimental design

To elucidate the effect of different process conditions on the entrapment of NS in PLGA NPs and
particle size of NPs, experiments were performed using a routine in the JMP 10.02 software
(SAS, Cary, NC, USA). A preliminary screen was carried out to determine which process
parameters have the most significant effects on the NPs. Results of the preliminary study
suggested that five factors can influence the characteristics of the NPs. The chosen independent
process parameters included: the volume ratio between the inner water phase and the oil phase
(Vw1/Vo) (X1), the PLGA concentration (mg/mL) (CpLca) (X2), the surfactant concentration (%)
(Crluoronic F68) (X3), the NS-to-DS charge ratio (DS:NS Charge ratio) (X4), and the sonication

time (sec) of the primary emulsion (tsonication) (X5).
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Table 5.1: Actual and coded values of the formulation parameters

Levels
Variables Factors Unit
Low level (-1) Central level (0) High Level (+1)

X1 Vwi/Vo ratio 0.3 0.5 0.7
X2 CrLGA mg/ml 10 20 30
X3 CPluoronic F68 % 05 1 1 )
X4 DS:NS Charge ratio ratio 0.5 1.5 2.5
XS tsonication SE€C 30 60 90

Table 5.2: Effects of the independent variables on two response variables: encapsulation

efficiency and the particle size

Run X1 X2 X3 X4 XS5 % EE Particle size (nm)
1 1 1 -1 1 -1 8145+1.5 140.79+ 3.5
2 1 -1 1 -1 1 50.55+23 127.44+£2.9
3 1 -1 -1 1 1 62.76+x1.7 134.55+ 1.7
4 1 1 1 -1 -1 5476+ 1.1 137.36+£2.3
5 -1 -1 -1 -1 1 46.65t1.4 12143+ 1.4
6 0 0 0 0 0 65.44+25 133.23+ 1.8
7 1 1 -1 -1 1 59.76+£3.1 137.94+£ 0.9
8 -1 1 -1 1 1 81.87£1.0 138.33£ 1.6
9 -1 1 1 1 -1 79.23+1.3 13443+ 1.4
10 1 -1 -1 -1 -1 52.76+£ 0.7 130.27+ 1.3
11 1 -1 1 1 -1 65.34+2.9 125.34£ 1.6
12 1 1 1 1 1 93.23+2.7 140.83+2.4
13 -1 1 -1 -1 -1 66.87£1.6 139.55+2.9
14 -1 -1 -1 1 -1 43.98+0.7 133.33+3.5
15 0 0 0 0 0 66.85£2.6 13243+ 1.6
16 -1 -1 1 1 1 7388+ 1.5 126.43+2.9
17 -1 1 1 -1 1 63.45+13 133.94+ 0.8
18 -1 -1 1 -1 -1 4154+ 1.5 130.45+2.2
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A 23! fractional factorial design (FFD) was then created in SAS-JMP 10.02 and used to
determine the effect of these process parameters on NP characteristics. Each process parameter
was evaluated at the two levels; low and high levels assigned by (—1) and (+1), respectively as
listed in Table 5.1. The levels were chosen in such a way that they provided a maximal design
space and enabled feasible processing of the NPs. In addition, two center points were included to
evaluate the curvature of the statistical model. The effects of the independent variables on two
response variables: EE of the NS (Y1) and the particle size (Y2), are given in Table 5.2. The
applied 2°! FFD is of resolution V, which indicated that the main effects are confounded with
four-factor interactions, and two-factor interactions are confounded with three-factor
interactions. The main effects and the two-factor interactions are comprised in the statistical

model stated in Eq. (1):

Y=o+ D BXi+ > pXiXj+e O

Where, Y is the measured response, o is the arithmetic mean response, fij is the interaction term
Bi, Bj are the estimated parameters, X is the coded value of the independent parameter and ¢ is the
residual error. The effects of the main factors and the two-factor interactions were analyzed by
analysis of variance. Statistical analysis was considered significant when the p values were lower
than 0.05. The coefficients in Eq. (1) were calculated using coded values of the independent
parameters using Eq. (2):

x' - l:_xl_l“g_h + x i.jﬂ'l-i'_] I-'Ilz
(Xinigh — Xisow) /2

2

Where X; is the coded value of the independent variable X;, and X, nigh and X, 1ow are the high and
low levels of the independent variable X;. Statistical models were accepted when there was no
lack of fit, no correlation in the residual plots and the residuals were normally distributed.

Further, the obtained optimized formulation was PEGylated using DSPE-PEG. PEGylated NPs
were prepared by using DSPE-PEG in secondary aqueous phase during formation of the
secondary emulsion at a 3 % w/w lipid to-polymer ratio (40). Non-tethered DSPE-PEG was
removed during wash steps. The blank PLGA NPs were also prepared as the same procedure
without adding NS. Fluorescently-labelled NPs (Rhodamine B-loaded NPs) were prepared in a
same way by replacing NS with Rhodamine B (1.425 mg/ mL in inner aqueous phase) in

optimized formulation conditions for in-vitro/in-vivo deposition studies.
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Figure 5.1: Nanoparticulate formulation with varying charge ratio of DS & NS and different
concentrations of PLGA were formulated using a double emulsion/solvent evaporation

technique. Particles were either encapsulated with NS or with Rhodamine B.

5.2.4 Nanoparticle characterization

5.2.4.1 Particle size

NPs size (diameter, nm) and polydispersity index were determined by differential light scattering
using a Malvern Zetasizer Nano ZS (Malvern Instruments, UK). The NPs suspensions were
diluted suitably with filtered double-distilled water to avoid multi-scattering phenomena and
placed in a disposable sizing cuvette. The polydispersity index was also evaluated to investigate
the narrowness of the particle size distribution. All the analyses were carried out in triplicate.
5.2.4.2 Zeta potential

Zeta ({) potential measurements of samples were made with a Malvern Zetasizer Nano ZS
(Malvern Instruments, UK). Zeta potential was calculated by Smoluchowski's equation from the
electrophoretic mobility. Measurements were taken after 10 fold dilution of the NPS suspension
with filtered, double-distilled water in a disposable zeta cuvette. All the analyses were carried out
in triplicate.

5.2.4.3 Determination of encapsulation efficiency (EE)

Encapsulation efficiency of NS in NPs was determined by both direct and indirect methods. In
case of indirect method, to determine the drug incorporation efficiency, NS loaded NPs were
centrifuge filtered in a 10-kDa Amicon Ultra-15 centrifuge filter for 4000 g at 4 °C to remove
free drug. Filtrate was collected and analyzed for NS by using Shimadzu spectrophotometer (UV
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1800, Shimadzu, Japan) after derivatization with OPA at 60°C for 15 min at 335 nm as discussed
in chapter 4 to determine the amount of unentrapped NS.

For the determination of loaded NS in NPs, 200 pl NP suspension was dissolved in
acetonitrile/phosphate buffer (2:1, v/v) by sonication for 30 min. The obtained solution was then
centrifuged, and an aliquot of was analyzed for NS after suitable dilution by using Shimadzu
spectrophotometer (UV 1800, Shimadzu, Japan) at 335 nm after derivatization with OPA at 60°C
for 15 min. The EE was calculated from following equation. All the analyses were carried out in
triplicate.

Amount of drug loaded in NP

Encalsulati ffici %) = %X 100
ncalsulation efficiency (%) Initial amount of drug used in formulation

Total amount of rhodamine B entrapped in PLGA NPs was determined after dissolving NPs in
Chloroform: Methanol (1:1). The amount of rhodamine B in resulting solution was then
determined by fluorimetry using a Spectrofluorometer (RF-5301PC, Shimadzu) at excitation and
emission wavelengths of 560 and 595 nm, respectively as mentioned in previous chapter.

5.2.4.4 Transmission electron microscopy (TEM)

The TEM study was conducted to examine the morphology of NPs. The observations were
conducted by using a transmission electron microscope (Hitachi H-7500, 120 kV). A suspension
of NPs was coated on a copper grid, air dried and stained with 2% (w/v) phospho-tungstic acid.
Air-dried samples of NPs were then examined directly under the transmission electronic
microscope.

5.2.4.5 Differential scanning calorimetry (DSC)

DSC analysis was carried out to evaluate possible interactions between the NS and the excipients
used, and to evaluate the nature of NS within the NPs. DSC analysis of samples (NS, PLGA,
blank NPs, and NS loaded NPs, NS loaded PEGylated NPs) was performed using a TA-60WS
Thermal Analyzer (Shimadzu, Japan). The samples were sealed hermetically into an aluminum
pan and heating curves were recorded at a scan rate of 10 °C/min from 20 to 350°C in an inert
atmosphere, which was maintained by purging dry nitrogen at a flow rate of 40 mL/min.

5.2.4.6 FTIR studies

FTIR spectroscopy was used to characterize functional groups. A FTIR Spectrophotometer
(BRUKER ALPHA FT-IR Spectrometer, Germany) was used to obtain the FTIR spectrogram of
NS, PLGA, physical mixture, NS loaded NPs, NS loaded PEGylated NPs. The samples were
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mixed with potassium bromide (1:100 ratio) and compressed into a pellet. Then pellet was
scanned under the FTIR spectroscope.

5.2.4.7 In vitro drug release studies

Drug release from the NPs was studied in phosphate buffer pH 7.4 and simultaneous lung fluid
(SLF). SLF was prepared carefully following the preparation instructions dictated by Moss (41).
Briefly, 20 mg of NPs were dispersed in ImL release medium and incubated at 37°C in a shaking
incubator. At specific time intervals, samples were centrifuged at 13,000 rpm for 5 min at 4°C to
isolate NPs; 0.2 mL of medium were withdrawn and replaced by the same amount of fresh
medium. The withdrawn medium was analyzed for NS content by UV spectrophotometric
analysis after derivatization with OPA as described above. Experiments were performed in
triplicate.

5.2.4.8 Antibacterial susceptibility testing

The minimum inhibitory concentration (MIC) is the lowest antibiotic concentration that inhibits
a visible planktonic bacterial growth. The MIC of free NS and NS-loaded NPs were determined
by the broth microdilution method in 96-well microplates (42). An optical density measurement
at 600nm was used to examine the visible bacterial growth in which OD 600<0.1 indicated zero
bacterial growth. Briefly, P aeruginosa was grown in Trypticase soy broth (TSB) at 37°C to
obtain an optical density (OD) of ~1 at 600nm (~1x10® CFU/mL). The bacterial cell suspension
was then further diluted by 100-fold. Free NS and NS-loaded NPs were serially diluted in 100uL
TSB in such way that a final NS concentration ranging from 50 ug/mL to 0.2 pg/mL (calculated
from % drug loading) will be obtain in a total volume of 200uL. Then, 100ul of diluted P.
aeruginosa inoculum were added to each well containing free NS and NS-loaded NPs in 100uL
TSB and the samples were incubated at 37°C for 12h. The MIC endpoints were determined by
reading the OD of the plate wells at 600 nm and confirmed by visual inspection. The lowest
concentration that yielded OD<0.1 was determined as the MIC.

Minimum bactericidal concentration (MBC) is the drug concentration where no visible growth
appears on agar plates. NS and NS-loaded NPs treated bacterial cultures showing growth or no
growth in the MIC tests were used for this test. Bacterial cultures that were used for the MIC test
were inoculated onto the agar and incubated at 37°C for 12h. Microbial growth was assessed by
counting colonies. The minimal concentration of the NS and NS-loaded NPs that abolished

colony growth was determined as the MBC.

141



Control NPs were evaluated for possible antibacterial activity against P aeruginosa. Bacteria
were cultivated in a 96 well plate following the same procedures used above to determine the
MIC/MBC. A bacterial suspension were exposed to the blank NPs (1 to 5% w/v) and incubated
overnight at 37°C, then the number of Colony-Forming Units (CFU) was determined using the
agar plate method.

To mimic in-vivo conditions, human bronchial epithelial cells (CFBE410-) were incubated with
free NS or NS-loaded NPs, and antimicrobial activity was tested every 24h for 5 days. The cells
were seeded in 12 mm Transwell® inserts (250,000cells/well, 12wells, 0.4pm-pore Polyester
membrane, Costar 3460). Culture medium was removed from apical surface on the 3™ day after
plating and particles were added apically in 500 pL of EMEM without serum. 50 pL apical
medium was then collected every 24h for 5 days. Samples were stored at 4°C. Standard inocula
of P. aeruginosa were incubated overnight with shaking at 37°C in 2mL of TSB. Bacteria were
diluted to 0.5x10° cells/50 pL and added to the 50 uL of collected samples and incubated
overnight at 37°C. The bacteria-sample mixture was then diluted and plated onto agar plates and
CFU were counted. To evaluate the effect of NP on cell integrity TEER was recorded with help
of EVOM chopstick electrodes (World Precision Instruments; New Haven, USA).

5.2.4.9 Mucus penetration study

The penetration of fluorescent NPs trough artificial mucus was evaluated by the method
suggested by Yang et al with some modification (43). Briefly, 50 mL of artificial mucus was
prepared adding 500 mg of DNA, 250 pL of sterile egg yolk emulsion, 250 mg of mucin, 0.295
mg DTPA, 250 mg NaCl, 110 mg KCI, 1 mL of RPMI to 50 mL of water. The pH was adjusted
to 7 pH using a sterile NaOH solution.

I mL of 10% (w/v) gelatin solution was placed in each well of a 24-well plate, hardened at room
temperature and stored at 4 °C until use. 1 mL of artificial mucus was placed on the hardened
gelatin gel. Then, 500 pL of a water dispersion of Rhodamine-loaded NPs (1mg/mL) were placed
on the artificial mucus layer and maintained at closed humid chamber, emulating the humid
environment of the airways (44). After 8, 12, 24 h, the NP-containing artificial mucus was
withdrawn, gelatin plates washed three times with water and subsequently melted at 60 °C. The
Rhodamine B amount in gelatin was evaluated using a microplate reader (Synergy™
MxMonochromator-Based Multi-Mode Microplate Reader; BioTek Instruments, Winooski, VT,

USA) at excitation and emission wavelengths of 545 and 577 nm, respectively. Results are
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reported as percentage of Rhodamine B penetrated through artificial mucus (amount of
Rhodamine B in gelatin plates/total amount of Rhodamine B in NPs x 100) + SD.

5.2.4.10 Cell Culture

CFBE41o0- cells were kindly provided by Dr. Dieter Gruenert (California Pacific Medical Center
Research Institute and Department of Laboratory Medicine, University of California, San
Francisco CA) and were cultured in Eagle’s minimum essential medium with Earls salt (EMEM)
(Wisent, St-Bruno, QC, Canada) containing 10% fetal bovine serum (FBS), 1%
penicillin/streptomycin, 2mM L-Glutamine. Cells were maintained in a humidified incubator
with 5% COzat 37°C + 2°C.

5.2.4.11 Safety studies

5.2.4.11.1 Cell viability

The viability of CFBE41lo- cells after exposure to NPs was evaluated using MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide). Briefly, CFBE41o- cells were seeded
into 96 well plates (Falcon 3072) at density 4x10* cells/well in EMEM containing 10 % FBS and
1% antibiotic and incubated at 37°C, 5% CO, for 24h. After 24h, the cells were exposed to
different concentration of NPs (0.5mg/mL to Smg/mL) in EMEM for 24h. Cells treated with
EMEM and 0.1% sodium dodecyl sulfate (SDS) were used as negative and positive controls,
respectively. After 24h treatment, cells were rinsed thoroughly with phosphate buffer saline
(PBS), treated with 100uL. MTT solution, and incubated for 4h. After 4h of incubation, the
medium with MTT was replaced with a solubilization solution (100uL DMSO) to dissolve the
formazan crystals formed after internalization of MTT by live cells. The resulting colored
solution was analyzed using a microplate reader (Synergy Mix, Biotek) at 570 nm. Cell viability
was expressed as the percentage of absorbance of test samples relative to that of cells treated
with EMEM (n=3).

5.2.4.11.2 Transepithelial electrical resistance (TEER) analysis

Transepithelial electrical resistance (TEER) analysis was performed on CFBE4lo- cells to
determine the integrity of the cell monolayer upon exposure to NPs suspension. The cells were
seeded onto Transwell® clear permeable filter inserts as described above. 500 pL of medium was
added to the apical side of the cell monolayer and 1,500 pL were added to the basolateral side.
TEER across the insert was measured using an ohm meter using chopstick electrodes. TEER was

measured from days 1 to 3 to ensure that the monolayer was confluent, and this was confirmed
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by light microscopy. The resistance of an insert lacking cells was subtracted from all
measurements to correct for the resistance of the Transwell. On day 3, the apical medium was
replaced with fresh medium containing the NPs (1 mg/mL) and TEER was measured
immediately and again after 1, 2, 3, 4 and 5 days.

5.2.4.12 Cell uptake study

CFBE41o0- cells (1x10° cells) were seeded in FluoroDish FD35-100 (Tissue culture dish with
cover glass bottom, Dish: 0.35mm, glass: 0.23 mm) EMEM with 10% FBS, 1% 20 mM
glutamine and 1% penicillin/ streptomycin and incubated at 37 °C, 5% CO- for 24 hour. After 24
hour, the EMEM was replaced and cells were washed three times with PBS. Then cells were
treated with rhodamine B NPs and incubated for 24 h at 37°C. After 24 hour incubation, cells
were washed three times with PBS. The nuclei were finally labeled with a Hoechst dye for 10
min at room temperature and observed under confocal microscope (Carl Zeiss, Confocol LSM
510 META, %63, NA 1.4, oil immersion) at excitation and emission wavelengths of 570 and 595
nm, respectively.

The uptake amount of rhodamine B loaded NPs were further quantified for more exact
comparison. Briefly, CFBE41o0- cells were seeded into 96 well plates (Falcon 3072) at density
4x10* cells/well in EMEM containing 10 % FBS and 1% antibiotic and incubated at 37°C, 5%
CO; for 24 h. After 24 h, the cells were treated with rhodamine B NPs and incubated for 24 h at
37-C.After 24 h the incubation was terminated by the addition of ice-cold PBS (100 pL), and
then PBS was removed. This process was repeated twice to remove NPs that were not taken up
by the cells. Then cell membrane was then lysed with 50 uL of 0.5% triton X-100 solution in 0.2
N NaOH, and 20 pl of the cell lysate from each well was used to determine the total cell protein
content using the Pierce® BCA protein assay kit (Thermo Scientific BioRad Protein Assay) with
bovine serum albumin as protein standard. (The amount of protein in the supernatant was
determined, after a suitable dilution). The remaining cell lysates were used for the analysis of
rhodamine B. Rhodamine B from the NPs was extracted with 150 puL of chloroform: methanol
(1:1) at 37 °C for 4 h with shaking. The concentration of thodamine B was determined using a
microplate reader (Synergy™ MxMonochromator-Based Multi-Mode Microplate Reader;
BioTek Instruments, Winooski, VT, USA) at excitation and emission wavelengths of 485 and 535
nm, respectively. The uptake of NPs was calculated from the standard curve and expressed as the

amount of NPs (png) taken up per mg cell protein.
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5.2.4.13 Stability study

To determine in vitro stability, the NPs were suspended in saline (0.9% sodium chloride
solution), 10% fetal bovine serum and simulated lung fluid (prepared as described by Moss et al.
and incubated at 37 °C for 48 h. Particle size was measured every 1, 2, 3, 6, 12, 24, 48 h. DLS
was used to measure particle size at each interval.

5.2.4.14 Statistical analysis

The experiments were performed in triplicate, unless otherwise stated. All data were expressed as
mean =+ standard deviation. The statistical significance of the results was determined using a
Student’s t-test where P<0.05 as minimum level of significance.

5.3 Formulation and development of plasmid loaded NPs

5.3.1 Materials

Poly (DL-lactic-co-glycolic acid) (PLGA, 50:50) (Mw=17 kDa) was a generous gift from Purac
Biochem, Netherlands. Polyethylenimine (25 kD), Pluronic® F68 (Poloxamer 188), and
chloroform were purchased from Sigma-Aldrich, India. Tris — HCl, EDTA DNase-free RNase-A
were purchased from Himedia, Mumbai, India. DSPE-PEG 2000 was a generous gift from
Lipoid, Switzerland. Amicon Ultra 15 filtration units were purchased from Millipore. piRIS2-
EGFP CFTR plasmid (10 kb) & pCDNA-3 LUC-WT plasmid (7.4 kb) were obtained as gift
samples from Prof. John Hanrahan, Mcgill University. piRIS2-EGFP CFTR plasmid & pCDNA-
3 LUC-WT plasmid were isolated and purified as discussed earlier.

5.3.2 Development of pDNA loaded NPs

The NPs were produced by the double emulsion solvent evaporation method as reported
previously (23), but with a few minor changes. In brief, 250 pg plasmid DNA (pCDNA-3 LUC-
WT Luciferase plasmid or piRIS2-EGFP CFTR plasmid) in 250 pL Tris EDTA buffer (10
mMTris-Cl, 1 mM EDTA, pH 8) was added to 500 pL chloroform (oil phase) containing varying
w/w ratio of PEI to PLGA (0- 12.5% w/w). The total concentration of PLGA was kept constant
at 100 mg/ml. The mixture was sonicated on ice using probe sonicator (Sartorius Labsonic) at 20
amplitude for 30 sec to obtain water in oil (w/0) emulsion. Then this primary emulsion was
added to 1 mL 1.5 % (w/v) Pluronic F-68 solution and again sonicated on ice using probe
sonicator at 20 amplitude for 30 sec to obtain water-in-oil-in-water (wi/0/w2) double emulsion.
This double emulsion subsequently diluted with 5 mL of 1.5 % (w/v) PF-68 solution and stirring

overnight to evaporate chloroform. The obtained NPs were centrifuge filtered in a 30-kDa
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Amicon Ultra-15 centrifuge filter for 30 minutes at 4000 RPM at 4 °C to remove surfactant and
free PEL Centrifugation and re-dispersion of the NPs pellet was repeated three times to ensure
removal of surfactant and free PEI before further characterization.

Large T Antigen was added along with pCDNA-3 LUC-WT Luciferase plasmid (1:10 ratio) as it
requires for the expression of plasmid. Large T antigen induces replication of plasmids bearing
the SV40 origin of replication (SV40 ori) within mammalian cells. The fluorescent NPs were
prepared by adding 6-coumarin (2 mg/mL) in polymer solution. PEGylation of particles was
done by using DSPE-PEG at 3 % w/w to polymer concentration.
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Figure 5.2: Nanoparticulate formulation with varying w/w ratio of PEI to PLGA were
formulated using a double emulsion/solvent evaporation technique encapsulated with pDNA or
6-coumarin.

5.3.3 Nanoparticle characterization

5.3.3.1 Determination of encapsulation efficiency

The pDNA was extracted from the NPs matrix by dissolving a known fraction of the NPs
suspension, corresponding to approximately 1 mg of NPs in 500ul chloroform followed by the
addition of 500ul TE buffer. The mixture was rotated end-over-end for 90 min to facilitate the
extraction of DNA from the organic phase and into the aqueous phase. After incubation, the two
phases were separated by centrifugation at 13,000 rpm for 15 min at 4 °C. The aqueous
supernatant was collected and DNA concentration in the supernatant was measured by the
QuantiFluor™ dsDNA System (Promega). Each sample was assayed in triplicate. The
encapsulation efficiency was defined as the amount of DNA recovered from the NPs relative to

the initial amount of DNA used.
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. lati ffici %) = Amount of pDNA loaded in NPs < 100
ncapsulation efficiency (%) = Initial amount of pDNA used in formulation

Total amount of 6-coumarinentrapped in NPs was determined after dissolving NPs in
Chloroform: Methanol (1:1). The amount of 6-Coumarin in resulting solution was then
determined by fluorimetry using a Spectrofluorometer (RF-5301PC, Shimadzu) at excitation and
emission wavelengths of 430 and 485 nm, respectively as mentioned in previous chapter.

5.3.3.2 Particle size

NPs size (diameter, nm) and polydispersity index were determined by differential light scattering
using a Malvern Zetasizer Nano ZS (Malvern Instruments, UK). The NPs suspensions were
diluted suitably with filtered double-distilled water to avoid multi-scattering phenomena and
placed in a disposable sizing cuvette. The polydispersity index was also evaluated to investigate
the narrowness of the particle size distribution. All the analyses were carried out in triplicate.
5.3.3.3 Zeta potential

Zeta (C) potential measurements of samples were made with a Malvern Zetasizer Nano ZS
(Malvern Instruments, UK). Zeta potential was calculated by Smoluchowski's equation from the
electrophoretic mobility. Measurements were taken after 10 fold dilution of the NPS suspension
with filtered, double-distilled water in a disposable zeta cuvette. All the analyses were carried out
in triplicate.

5.3.3.4 Transmission electron microscopy

The TEM study was conducted to examine the morphology of NPs. The observations were
conducted by using a transmission electron microscope (Hitachi H-7500, 120 kV). A suspension
of NPs was coated on a copper grid, air dried and stained with 2% (w/v) phospho-tungstic acid.
Air-dried samples of NPs were then examined directly under the transmission electronic
microscope.

5.3.3.5 FTIR studies

FTIR spectroscopy was used to characterize functional groups. A FTIR Spectrophotometer
(BRUKER ALPHA FT-IR Spectrometer, Germany) was used to obtain the FTIR spectrogram of
PEI, PLGA NPs, PLGA PEI NPs. The samples were mixed with potassium bromide (1:100 ratio)

and compressed into a pellet. Then pellet was scanned under the FTIR spectroscope.
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5.3.3.6 Structural integrity of the encapsulated pDNA

The integrity of the encapsulated plasmid was analyzed by agarose gel electrophoresis. For this,
1 mg of NPs was dissolved in 1 mL of chloroform and diluted in 250 pL TE buffer (10 mM Tris-
CL 1 mM EDTA, pH 8). The samples were agitated in shaking incubator at 37°C for 3 h at room
temperature. The extracted DNA was collected by centrifugation (13000 rpm, 15 min) and stored
at -20 °C. Samples of control and recovered pDNA were diluted 5 times with loading dye and
electrophoresis was carried out with 0.8% agarose gel containing ethidium bromide (EtBr) at a
constant voltage of 150 V for 20 min in TBE buffer (1M Tris-base, 0.01M sodium EDTA, 0.9 M
boric acid). The gel was visualized under UV illumination using a camera Gel doc 2000, Bio-
Rad, USA.

5.3.3.7 In vitro release study

To investigate the in vitro pDNA release, 20 mg of PLGA NP, PEI-PLGA NP, PEG PEI-PLGA
NPs (n=6) were incubated in 1 ml of PBS buffer (pH 7.4), in a microcentrifuged tube in shaking
incubator at 37°C. After incubation for 24 h, half of the samples (n=3) were transferred to acetate
buffer (pH 5.0) to simulate acidification of the endolysosome of the cell. At various time point’s
particles were pelleted (13,000 rpm, 15 min) and the 100 pL supernatant was removed and stored
for analysis. An equal volume of fresh buffer was added to replace the supernatant and particles
were resuspended and returned to the shaker. This process continued for 10 days. At the end of
10 days, the remaining particle pellets were added to Chloroform and the DNA still remaining in
the particles was extracted into TE buffer to determine total loading. Samples were analyzed for
DNA content using a QuantiFluor™ dsDNA System (Promega).

5.3.3.8 Cell Culture

CFBE41o0- cells were kindly provided by Dr. Dieter Gruenert (California Pacific Medical Center
Research Institute and Department of Laboratory Medicine, University of California, San
Francisco CA) and were cultured in Eagle’s minimum essential medium with Earls salt (EMEM)
(Wisent, St-Bruno, QC, Canada) containing 10% fetal bovine serum (FBS), 1%
penicillin/streptomycin, 2mM L-Glutamine. Cells were maintained in a humidified incubator

with 5% COzat 37°C.
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5.3.3.9 In-vitro bioactivity

5.3.3.9.1 Luciferase expression

The CFBE 41o- cells were seeded in 96 well plate (Falcon, Cell Growth Area: 0.16 cm?) at a
density of 20000 cells / well in 100 pl of MEM with Earle’s salts and L-glutamine, and
containing 10 % (v/v) FBS, 1 % L-glutamine 20mM and 1% Penicillin—Streptomycin. After 24
h, the culture medium was replaced with fresh MEM medium (serum free) containing NPs
having the quantity of pDNA (LUC WT) constant (500 ng). After 24 h of incubation of the NPs
were removed and the cells were washed with PBS pH 7.4 and were replaced with complete
media. In all the experiments, naked pDNA transfected cells were used as negative control and
the Lipofectamine plus (Invitrogen) transfected cells were used as a positive control. After 48,
96,120h of the post transfection luciferase detection was performed on the transfected cells using
a chemiluminescent assay (Promega, USA). Tests were carried out as described by the
manufacturer. After two rinses in PBS 1X, cells were lysed with 40 uL lysis bufter (Promega) for
10 min. Then lysate were centrifuged at 13000 rpm for 15 min at 4 °C. The 20 pL supernatant
was then added into the luminometer tubes containing 100 pL of the Luciferase Assay Reagent.
The tube was vortexed and Luciferase activity in the supernatant was quantified in relative light
units (RLU) using TD-20/20 Luminometer, version 2, Turners designs, CA. Results were
normalized to total cell protein using Pierce® BCA protein assay kit (Thermo Scientific BioRad
Protein Assay) with bovine serum albumin as protein standard. (The amount of protein in the
supernatant was determined, after a suitable dilution).

5.3.3.9.2 Western blot analysis

The CFBE 41o- cells were seeded in 6 well plate (Falcon, Cell Growth Area: 0.16 cm?) at a
density of 250000 cells / well in 1000 pl of MEM with Earle’s salts and L-glutamine, and
containing 10 % (v/v) FBS, 1 % L-glutamine 20mM and 1% Penicillin—Streptomycin. After 24
h, the culture medium was replaced with fresh EMEM medium (serum free) containing NPs
containing the pDNA (piRIS2-EGFP CFTR). After 24 h of incubation of the NPs were removed
and the cells were washed with PBS pH 7.4 and were replaced with complete media. After 144
hr cells were observed under confocal microscope for GFP expression. Cells were washed with
cold PBS two times and cells were scrapped with scrapper. Then cells were lysed by using cold
Radio-Immunoprecipitation Assay (RIPA) Buffer (1% Triton X 100, 0.1% sodium dodecyl
sulfate (SDS), 150 nM NaCl, 0.1 % Deoxycholic sodium, 10mM TrisHCI, 2% protease inhibitor
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cocktail), homogenized well and stored at for 30 min. Cells were then centrifuged at 13000 rpm
for 15 min at 4 °C. The supernatants were collected as lysate samples. The protein content in cell
lysate was measured by using Pierce BCA Protein Assay Kit and the samples were stored at —
80°Cuntil needed. In each well of the sodium dodecylsulfate-polyacrylamide gel electrophoresis
(SDS-PAGE, 8%) gel, 50 pg of total protein was loaded. The samples were separated
electrophoretically by 8%SDS-PAGE at 100 V for 2 hr. After electrophoresis, the proteins were
transferred to nitrocellulose membrane (BioRad Laboratories, Hercules, CA, USA) at 90 V for 1
h. The membrane was blocked with 7% milk in TTBS (1.05g milk + 15 mL TTBS (0.1% tween
in Tris buffer saline pH 7.5) at room temperature for 40 min. Discard the blocking solution and
quickly rinse membrane 3 time with TTBS and 1 time TBS. Then the membrane was incubated
overnight at 4 °C with primary anti-CFTR 23C5 antibody (mouse) (1:100 dilution in TBS with
0.5 % BSA and 0.01 % NaN3). The blot was quickly rinsed 3 time with TTBS and 1 time TBS
for 15 min each at room temperature with agitation. Immunoreactivity was detected with anti-
sodium pump secondary antibody (mouse) (1:200dilution in TBS with 0.5 % milk) using an
enhanced chemiluminescence (ECL) detection kit (Amersham Biosciences). The relative
intensity of each CFTR glycol form (band B or C) was estimated by densitometry using Image J
software and reported as a percentage of wild-type CFTR after normalization to the amount of
sodium potassium ATPase in the same lane.

5.3.3.10 Safety studies

5.3.3.10.1 Cell viability

The viability of CFBE41lo- cells after exposure to NPs was evaluated using MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide). Briefly, CFBE41o- cells were seeded
into 96 well plates (Falcon 3072) at density 4x10* cells/well in EMEM containing 10 % FBS and
1% antibiotic and incubated at 37°C, 5% CO, for 24 h. After 24 h, the cells were exposed to
different concentration of NPs (0.5mg/mL to 5mg/mL) in EMEM for 24 h. Cells treated with
EMEM and 0.1% sodium dodecyl sulfate (SDS) were used as negative and positive controls,
respectively. After 24 h treatment, cells were rinsed thoroughly with phosphate buffer saline
(PBS), treated with 100 uL MTT solution, and incubated for 4 h. After 4 h of incubation, the
medium with MTT was replaced with a solubilization solution (100 uLL DMSO) to dissolve the
formazan crystals formed after internalization of MTT by live cells. The resulting colored

solution was analyzed using a microplate reader (Synergy Mix, Biotek) at 570 nm. Cell viability
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was expressed as the percentage of absorbance of test samples relative to that of cells treated
with EMEM (n=3).

5.3.3.10.2 TEER analysis

Transepithelial electrical resistance (TEER) analysis was performed on CFBE4lo- cells to
determine the integrity of the cell monolayer upon exposure to NPs suspension. The cells were
seeded onto Transwell® clear permeable filter inserts as described above. 500uL of medium was
added to the apical side of the cell monolayer and 1,500 pL were added to the basolateral side.
TEER across the insert was measured using an ohm meter using chopstick electrodes. TEER was
measured from days 1 to 3 to ensure that the monolayer was confluent, and this was confirmed
by light microscopy. The resistance of an insert lacking cells was subtracted from all
measurements to correct for the resistance of the Transwell. On day 3, the apical medium was
replaced with fresh medium containing the NPs (2mg/mL) and TEER was measured immediately
and again after 1, 2, 3, 4 and 5 days.

5.3.3.11 Cell uptake study

CFBE41o0- cells (1x10°¢ cells) were seeded in FluoroDish FD35-100 (Tissue culture dish with
cover glass bottom, Dish: 0.35mm, glass: 0.23 mm) EMEM with 10% FBS, 1% 20 mM
glutamine and 1% penicillin/ streptomycin and incubated at 37 °C, 5% CO- for 24 hour. After 24
hour, the EMEM was replaced and cells were washed three times with PBS. Then cells were
treated 6-coumarin NPs and incubated for 24 h at 37°C. After 24 hour incubation, cells were
washed three times with PBS. The nuclei were finally labeled with a Hoechst dye and cell
membrane were labeled with FM® 4-64 membrane stain for 10 min at room temperature and
observed under confocal microscope (Carl Zeiss, Confocol LSM 510 META, %63, NA 1.4, oil
immersion).

The uptake amount of 6-coumarinloaded NPs were further quantified for more exact comparison.
Briefly, CFBE41o- cells were seeded into 96 well plates (Falcon 3072) at density 4x10*
cells/well in EMEM containing 10 % FBS and 1% antibiotic and incubated at 37°C, 5% CO- for
24 h. After 24 h, the cells were treated with 6-coumarin NPs (100pg/mL) and incubated for 24 h
at 37-C. After 24 h the incubation was terminated by the addition of ice-cold PBS (100 pL), and
then PBS was removed. This process was repeated twice to remove NPs that were not taken up
by the cells. Then cell membrane was lysed with 50 pL of 0.5% triton X-100 solution in 0.2 N

NaOH, and 20 pl of the cell lysate from each well was used to determine the total cell protein

151



content using the Pierce® BCA protein assay kit (Thermo Scientific BioRad Protein Assay) with
bovine serum albumin as protein standard. (The amount of protein in the supernatant was
determined, after a suitable dilution). The remaining cell lysates were used for the analysis of 6-
coumarin. 6-coumarin from the NPs was extracted with 150 puL of chloroform: methanol (1:1) at
37 °C for 4 h with shaking. The concentration of coumarin-6 was determined using a microplate
reader (Synergy™ MxMonochromator-Based Multi-Mode Microplate Reader; BioTek
Instruments, Winooski, VT, USA) at excitation and emission wavelengths of 430 and 485 nm,
respectively. The uptake of NPs was calculated from the standard curve and expressed as the
amount of NPs (png) taken up per mg cell protein.

5.3.3.12 DNAse protection assay

To test whether NPs can protect encapsulated plasmid DNA from nucleases digestion, 2 pug
pDNA and NPs containing 10 pg pDNA were suspended in 1 mL of TE (10 mM Tris—HCI, 1
mM EDTA, pH 7.5) containing 1 U of DNAse I per microgram of DNA. The DNAse I stock
solution prepared by dissolving the purified enzyme (2000 units ~ 0.5 mg of enzyme) in equal
ratio of 10 mM Tris-HCI (pH 7.5) containing 50 mM Sodium Chloride and 1 mM Magnesium
Chloride and Glycerol in the concentration of 1 mg/ml. The stock was stored at -20 °C in aliquots
until used. The working solution was prepared in the strength of 1 pg/ul by diluting with the
dilution buffer of 10 mM Tris HCI (pH 7.5) containing 50 mM sodium chloride and 1 mM
magnesium chloride. The suspension was incubated for 4 h at 37 °C in a water bath. The reaction
was stopped by addition of 20 uL of 0.5 M EDTA solution. The NPs were separated by
centrifugation at 13000 rpm for 15 min. Then, NPs were dissolved in 500 pL of chloroform and
diluted in 125 pL TE buffer. The extracted DNA was collected by centrifugation (13000 rpm, 15
min) and analyzed by agarose gel electrophoresis.

5.3.3.13 Mucus penetration study

The penetration of fluorescent NPs through artificial mucus was evaluated by the method
suggested by Yang et al with some modification (43). Briefly, 50 mL of artificial mucus was
prepared adding 500 mg of DNA, 250 uL of sterile egg yolk emulsion, 250 mg of mucin, 0.295
mg DTPA, 250 mg NaCl, 110 mg KCl, 1 mL of RPMI to 50 mL of water. The adjust pH to 7 pH
using a sterile NaOH solution. 1 mL of 10% (w/v) gelatin solution was placed in each well of a
24-well plate, hardened at room temperature and stored at 4 °C until use. 1 mL of artificial mucus

was placed on the hardened gelatin gel. Then, 500 pL of a water dispersion of 6-coumarin loaded
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NPs (Img/mL) were placed on the artificial mucus layer and maintained at closed humid
chamber, emulating the humid environment of the airways (44). After 8, 12, 24 h, the NP-
containing artificial mucus was withdrawn, gelatin plates washed three times with water and
subsequently melted at 60 °C. The 6-Coumarin amount in gelatin was evaluated using a
microplate reader (Synergy™ MxMonochromator-Based Multi-Mode Microplate Reader;
BioTek Instruments, Winooski, VT, USA) at excitation and emission wavelengths of 430 and 485
nm, respectively. Results are reported as percentage of 6-coumarin penetrated through artificial
mucus (amount of 6-coumarin in gelatin plates/total amount of 6-coumarin in NPs x 100) = SD.
5.3.3.14 Stability study

To determine in vitro stability, the NPs were suspended in saline (0.9% sodium chloride
solution), 10% fetal bovine serum and simulated lung fluid (prepared as described by Moss et al.
and incubated at 37 °C for 48 h. Particle size was measured every 1, 2, 3, 6, 12, 24, 48 h. DLS
was used to measure particle size at each interval.

5.3.3.15 Statistical analysis

The experiments were performed in triplicate, unless otherwise stated. All data were expressed as
mean =+ standard deviation. The statistical significance of the results was determined using a
Student’s t-test where P<0.05 as minimum level of significance.

5.4 Results and discussion

5.4.1 Development of Netilmicin sulfate loaded NPs

5.4.1.1 Development of PLGA NPs

Results of the preliminary study suggested that five factors greatly influence the entrapment
efficiency and particle size of NPs. These independent process parameters were varied according
to the coded value mentioned in Table 1 to obtain the optimized formulation by use of the double
emulsification method.

5.4.1.1.1 Optimization of the NS-loaded PLGA NPs formulation

251 FFD was developed to analyze the effects of the five independent variables on the response
variables; i.e. the EE and particle size (Table 5.2). These responses are discussed below.

5.4.1.1.2 Encapsulation efficiency (EE)

While developing NPs formulations, the high solubility caused the antibiotic to diffuse easily
into aqueous phase during preparation of the NPs, resulting in low entrapment. Therefore, the

main aim was to maximize the EE (Y1) of the NS in the NPs. The developed formulations
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showed EE ranging from 41.55% to 93.23% (Table 5.2). Based on the process parameters, a
statistical model was obtained with three most significant effects and one significant interaction
describing 0.99 of the variation (Table 5.3 & 5.4). The most significant process parameters
affecting the EE of NS into NPs were the DS: NS charge ratio (X4, B 9.08), the PLGA
concentration (X2,  8.94), and the Vw1/VO0 ratio (X5, B 2.88). The positive sign of the X2, X4
and X5 independent variables indicates they had positive correlations with the EE; i.e. an
increase in value of these parameters caused an increase in the EE. The level of significance of
the charge ratio and PLGA concentration suggests their direct interaction with drug, which
affected EE of NS. Indeed, EE varied with changes in the DS to NS charge ratio, demonstrating
the important role of electrostatic interaction between DS and NS in the preparation of the NPs.
Some recent studies (45-47) have shown that complexation of ionic polymers and drugs results
in increased EE. The electrostatic interactions have been validated between the water-soluble
cationic drugs and counter-ionic polymers (46, 48, 49).The positive charges on the ionic NS
molecule are neutralized by the negative charges of DS. The DS is a clinically applicable
polymer showing high charge density due to high substitution of the sulfate group (45). The NS-
DS complexes formed under these conditions were insoluble in the aqueous phase and their
hydrophobicity enhances the incorporation of NS in NPs. Another important factor for the
entrapment of NS in NPs is the polymer concentration. It was observed that EE increased with
increasing polymer concentration (50-52). Increase in the polymer concentration results in
increased viscosity of the organic phase, resulting in reduced diffusion of the drug towards the
aqueous solution through polymer drops. Also, high polymer concentration results in faster
precipitation of the polymer on the surface of the dispersed phase (50, 51).

Tables 5.3: Results of the fractional factorial design

% EE (Y1) Particle size (nm) (Y2)
Estimate t Ratio Prob>[t| Estimate t Ratio Prob>|t|

Term

Intercept 63.90 109.61 <.0001* 133.22 974.37 <.0001*

X1 1.44 2.34 0.1443 1.03 7.17 0.0189*
X2 8.94 14.47 0.0047* 4.62 31.86 0.0010*
X3 1.61 2.62 0.1204 -1.24 -8.61 0.0132*
X4 9.08 14.69 0.0046* 0.97 6.74 0.0213*
X5 2.88 4.67 0.0429* -0.66 -4.58 0.0445*
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X1xX2 -1.72 -2.79  0.1082

X1xX3 -0.72 -1.17  0.3625
X1xX4 1.53 248 0.1317
X1xX5 -1.39 -2.25 0.1536
X2xX3 -1.52 -2.47  0.1322
X2xX4 2.28 3.69 0.0663
X2xX5 -0.88 -1.44  0.2872

X3xX4 3.58 5.80 0.0285

X3xX5 2.14 346 0.0742
X4xX5 2.32 3.77 0.0638

R2 value 0.9964
F value 37.41
Significance 0.0263

0.29
-0.32
0.08
1.53
-0.0025
-0.27
0.52
-1.24

0.79
1.44

2.03
-2.24
0.58
10.61
-0.06
-1.93
3.64
-8.61

5.49
9.97

0.9987

103.37

0.0096

0.1795
0.1548
0.6195
0.0088*
0.9604
0.1939
0.0678
0.0132*

0.0316*
0.0099*

Table 5.4: Analysis of variance table obtained by statistical evaluation of the results of % EE

Source Sum of df Mean F p-value
Squares Square Value Prob>F
Model 343435 15 22895 3741  0.0263
X1-Vwl1/VO0 33.46 1 33.46 5.46 0.1443
X2-CPLGA 128092 1 1280.92  209.32 0.0047
X3-CPluoronic F68 41.86 1 41.86 6.84 0.1204
X4-DS:Drug Charge ratio 132132 1 1321.32 21592 0.0046
X5-tsonication 133.51 1 133.51 21.81  0.0429
X1xX2- Vw1/VO*CPLGA 47.54 1 47.54 7.76 0.1082
X1xX3 -Vw1/V0*CPluoronic F68 8.38 1 8.38 1.36 0.3625
X1xX4-Vw1/V0*DS:Drug Charge ratio 37.51 1 37.51 6.13 0.1317
X1xX5-Vw1/VO0*tsonication 30.91 1 30.91 5.05 0.1536
X2xX3-CPLGA*CPluoronic F68 37.33 1 37.33 6.10 0.1322
X2xX4-CPLGA*DS:Drug Charge ratio 83.17 1 83.17 13.59  0.0663
X2xX5-CPLGA*tsonication 12.63 1 12.63 2.06 0.2872
X3xX4-CPluoronic F68*DS:Drug Charge ratio  205.63 1 205.63 33.60  0.0285
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X3xX5-CPluoronic F68*tsonication 73.35 1 73.35 11.98 0.0742

X4xX5-DS:Drug Charge ratio*tsonication 86.76 1 86.76 14.17  0.0638
Residual 12.23 2 6.11

Lack of Fit 11.24 1 11.24 11.31  0.1840
Pure Error 0.9940 1 0.9940

Cor Total 3446.59 17

Table 5.5: Analysis of variance table obtained by statistical evaluation of the results of particle

size (nm)
Source Sum of df Mean F p-value
Squares Square Value Prob>F
Model 521.51 15 34.76 103.31 0.0096
X1-Vw1/VO0 17.28 1 17.28 51.36 0.0189
X2-CPLGA 341.60 1 341.60 1015.11  0.0010
X3-CPluoronic F68 24.92 1 24.92 74.06 0.0132
X4-DS:Drug Charge ratio 15.30 1 15.30 45.48 0.0213
X5-tsonication 7.06 1 7.06 20.98 0.0445
X1xX2- Vw1/VO*CPLGA 1.38 1 1.38 4.12 0.1795
X1xX3 -Vw1/VO0*CPluoronic F68 1.68 1 1.68 5.00 0.1548
X1xX4-Vw1/V0*DS:Drug Charge ratio 0.11 1 0.11 0.33 0.6195
X1xX5-Vw1/V0*tsonication 37.94 1 37.91 112.66 0.0088
X2xX3-CPLGA*CPluoronic F68 0.001 1 0.001 0.003 0.9604
X2xX4-CPLGA*DS:Drug Charge ratio 1.24 1 1.24 3.71 0.1939
X2xX5-CPLGA*tsonication 4.46 1 4.46 13.26 0.0678
X3xX4-CPluoronic F68*DS:Drug Charge ratio 24.92 1 24.95 4.06 0.0132
X3xX5-CPluoronic F68*tsonication 10.16 1 10.16 30.12 0.0316
X4xX5-DS:Drug Charge ratio*tsonication 33.43 1 33.43 99.36 0.0099
Residual 0.67 2 0.33
Lack of Fit 0.35 1 0.35 1.10 0.4844
Pure Error 0.32 1 0.32
Cor Total 522.18 17
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The volume ratio of the inner water phase to the oil phase in the primary emulsion also showed
marked effects on the encapsulation of the NS in NPs. We observed that a lower volume ratio
enhances encapsulation. The efficiency was increased significantly when the volume ratio was
increased from 0.3 to 0.7. Increasing the inner water phase volume should reduce the NS
concentration gradient between the inner and outer water phase and, consequently limiting the
diffusion of NS from the inner to the outer water phase to promote its encapsulation in the PLGA
core. However, increasing volume ratio of the inner water phase to oil phase needs to be done
with care as it may also lead to formation of a less stable primary emulsion due to coalescence of
water droplets and increased particle size. The obtained results are in agreement with the
previous reported studies (39, 53).

Sonication time plays important role in determining the particle size of the primary emulsion
droplets. A smaller difference in droplet size between primary and secondary emulsion results in
the formation of a thin oil layer around the water droplet allowing easy pass for drug from inner
aqueous phase can through oil phase resulting in lower EE (54). Increasing sonication time
results in larger size difference between primary and secondary emulsions, which enhances
encapsulation of the drug.

The ratio between the inner water phase and the organic phase was varied by changing the
volume of the inner water phase, and this also impacted the EE of NS in NPs. Surfactant
concentration did not exert a significant direct effect on EE, however an interaction is evident
between the surfactant concentration (X3) and the DS: NS ratio (X4), indicating that a high NS:
DS ratio is required to obtain high EE (Figure 5.3). The described two-factor interaction between
the surfactant concentration and the NS: DS ratio shows that there is a positive effect of
including surfactant in the formulation at high NS: DS ratio. Surfactant plays a role in stabilizing
colloidal solutions (55). These results indicate that the emulsion is unstable at high NS: DS ratio
and thus require a high surfactant concentration for stability, which in turn enhances the EE.
5.4.1.1.3 Particle Size

Particle size is responsible for the biopharmaceutical properties of the NPs formulation. The size
can also play key role in particle endocytosis and macrophage escape (56). Based on the
literature we defined 150 nm as the maximum acceptable diameter for NPs to have NPs with

above-mentioned characteristics.
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The size of formed NPs varied between 121.43 nm and 140.83 nm (Table 5.2). However the
particle size depended on several process parameters, namely PLGA concentration (X2, 3 4.62),
ratio of volume of inner aqueous phase to the organic phase (Vwi/Vo) (X1, B 1.03), and DS: NS
charge ratio (X4, B 0.978). Other parameters had little impact on the particle size and were part
of the significant interaction term; therefore, all of them were included in the statistical model to
describe the particle size of NPs (Table 5.3 & 5.5). The variation accounted for by the statistical
model was 0.9987. The positive sign of variables X1, X2 and X4 indicated their positive
correlations with particle size while the negative sign of variables X3, X5 indicated their
negative correlation with the particle size. A large interaction was observed between the ratio of
the inner water phase to the organic phase and sonication time (X1 & X5), concentration of the
surfactant and sonication time (X3 & X5), drug charge ratio and sonication time (X2 & X5), and
PLGA concentration and DS: Drug charge ratio (X2 & X4). These provided a positive
synergistic effect between the respective two factors. The interaction between the ratio of the
PLGA concentration and sonication time (X2 & X5) may indicate that a longer sonication time is
required to obtain a stable emulsion with small particle size when PLGA is added at high
concentration (Figure 5.3). The ratio of the inner water phase to the organic phase was varied by
changing the volume of the inner water phase. Low ratio results in the formation of the unstable
emulsion thus longer sonication time is required to form stable emulsion, which reduces particle
size (Figure 5.3). Also it was observed that high surfactant concentration is necessary to form a
stable emulsion at high DS:NS ratio. Further synergistic effect was observed at high surfactant

concentration and long sonication time, results in lower particle size (Figure 5.3).
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5.4.1.1.4 Response Surface plot

Three-dimensional response surface plots generated by the JMP 10 software are presented in
Figure 5.4 and 5.5, for PLGA NPs. Figure 5.4 depicts effect of different factors on % EE of NS
in PLGA NPs. It was observed that EE increases with increase in DS to NS ratio, PLGA
concentration, sonication time. While, Figure 5.5 depict effects of different factors on PS of
PLGA NPs. It was observed that PS size was increases with increase in PLGA concentration,
ratio of volume of inner aqueous phase to the organic phase, DS: NS charge ratio and with

decrease in surfactant concentration & sonication time
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5.4.1.1.5 Counter plot

Figure 5.6 shows the contour plots for % EE values which were also found to be non-linear and
having curved segment indicating non-linear relationship between variables. It was determined
from the contour that higher % EE could be obtained at higher level of all variables. Figure 5.7
shows the contour plot for PS of PLGA NPs values which were also found to be non-linear with
curved segment signifying non-linear relationship between variables. It was observed that PS
increases at higher level of PLGA concentration, ratio of volume of inner aqueous phase to the
organic phase, DS: NS charge ratio and at lower level of surfactant concentration & sonication

time.

The zeta potential of all the particles was negative and in the range of -20.3 mV to -24.5 mV.
High negative values of the zeta potential create an electrostatic repulsion between particles,
which helps to prevent aggregation and thus stabilizes the NPs dispersion (57). Zeta potential

values in the range -15 to -30 mV is common for stabilized NPs (58).
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Figure 5.4: Surface plot for PLGA NPs; A) effect of PLGA concentration & Volume ratio on EE; B) effect of Pluronic F 68
concentration & Volume ratio on EE; C) effect of DS:NS ratio & Volume ratio on EE; D) effect of Sonication time & Volume ratio on
EE; E) effect of Pluronic F 68 concentration & PLGA concentration on EE; F) effect of DS:NS ratio & PLGA concentration on EE; G)
effect of sonication time & PLGA concentration on EE; H) effect of DS:NS ratio & Pluronic F 68 concentration on EE; I) effect of
sonication time & Pluronic F 68 concentration on EE; J) effect of DS:NS ratio & sonication time on EE
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effect of sonication time & PLGA concentration on PS; H) effect of DS:NS ratio & Pluronic F 68 concentration on PS; I) effect of

sonication time & Pluronic F 68 concentration on PS; J) effect of DS:NS ratio & sonication time on PS
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Based on the aforementioned experiments, the optimized parameters were identified and are
listed in Table 5.6. Optimized NPs showed EE of 93.2342.7%, size 140.834+2.4 nm, with a
polydispersity index (PDI) of 0.130+0.018 (Figure 5.8 A) and zeta potential -23.45+3.06 mV
(Figure 5.8 B). The TEM image of NPs reveals that NPs are spherical in shape and uniform in
size (Figure 5.8 C).

Table 5.6: Optimal parameters for NS-loaded PLGA NPs

Parameters Optimized level Parameters Optimized level
Vwi 0.35 ml EE? 93.23 +2.7%,
CrLGA 15 mg Particle size? 140.83 £ 2.4 nm
Ethyl acetate 0.5 ml Polydispersivity index* 0.130 £0.018
Cprluoronic F68 (1.5%) 2+ 5 ml Zeta Potential? -23.45+3.06 mV.

DS:NS Charge ratio 2.5

aValues represent mean = SD (n = 3).
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Figure 5.8: A) The DLS results show that size of NSDS PLGA NPs is 140.83+ 2.4 nm (PDI =
0.130 + 0.018); B) zeta potential (-23.45+3.06 mV) of NS-loaded NPs; C) TEM micrographs of
NSDS PLGA NPs. DLS & TEM based characterization of NPs confirms that size distribution

and colloidal stability of mono-dispersed particles.
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Figure 5.9: A) The DLS results show that size of PEG NSDS PLGA NPs is 150.13+3.20 nm
(PDI = 0.295+0.07); B) zeta potential (-12.53+£1.78 mV); C) TEM micrographs of PEG NSDS
PLGA NPs. DLS & TEM based characterization of NPs confirms that size distribution and

colloidal stability of mono-dispersed particles.

Finally optimized formulation was surface modified using DSPE-PEG at a 3 % w/w lipid to-
polymer ratio. Characteristics of prepared PEGylated NS-loaded NPs are summarized in Table
5.7 in terms of size, PI, zeta potential and encapsulation efficiency. The PEGylated NPs were
successfully prepared with essentially spherical morphology and mean particle diameter of ~ 150
nm (Figure 5.9). PEGylation doesn’t affect EE of NS in PLGA NPs. Blank and non PEGylated
PLGA NPs had similar particle sizes indicating that the encapsulation of NS did not change the
particle size. Zeta potential was significantly increased as compared with blank PLGA NPs. The
high negative surface charges on the NS-PLGA NPs were due to presence of the anionic charge
on the DS chains, which further supported the role of electrostatic interaction with NS. However
slight reduction in zeta potential was observed in case of PEGylated NPs, it might be due the
presence of the PEG moiety on the surface of the NPs. Similar findings were found in the
reported references (46, 48, 49). Further PEGylation was confirmed by FTIR spectroscopy as

explained in later section.
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Table 5.7: Summary of drug encapsulation efficiency, particle diameter and Zeta potential of

PEGylated NS loaded PLGA NPs (mean + SD, n = 3).

Formulation DS:NS charge Particle size PDI Zeta potential EE %
Ratio (nm) (mV)
Blank -- 138.76+3.80  0.388+0.05 -3.72+0.41 --
NS-DS-PLGA NPs 2.5 140.83+£2.40 0.310+0.10  -23.45+3.06  93.23+2.70
PEG-NS-DS-PLGA NPs 2.5 150.13+3.20  0.295+0.07  -12.53+1.78  95.70+1.50

Further optimized formula was used to prepare fluorescently-labelled NPs (Rhodamine B-loaded
NPs) for in-vitro/in-vivo deposition studies. They were prepared in a same way by replacing NS
with Rhodamine B. Particles were characterized in terms of size, PI, zeta potential and
encapsulation efficiency (Table 5.8). Total amount of rhodamine B entrapped in PLGA NPs was
determined after dissolving NPs in Chloroform: Methanol (1:1). The amount of rhodamine B in
resulting solution was then determined by using a Spectrofluorometer (RF-5301PC, Shimadzu)
at excitation and emission wavelengths of 560 and 595 nm. The obtained particles were uniform

in size with similar characteristics as that of drug loaded NPs (Table 5.8).

Table 5.8: Summary of drug encapsulation efficiency, particle diameter and Zeta potential of

rhodamine loaded PLGA NPs (mean = SD, n = 3).

Formulation Particle PDI Zeta potential EE %
size (nm) (mV)
Rho-PLGA NPs 143.18+3.3  0.230+0.31 -24.88+1.35 85.47+4.41

PEG-Rho-PLGANPs  149.51+4.2 0.187+0.10  -13.91+2.298  83.53+£3.35

5.4.1.2 Differential scanning calorimetry (DSC)

DSC analysis is useful for demonstrating possible interactions between different compounds in a
mixture. The DSC analysis was performed on NS, PLGA, blank NPs and NS-loaded NPs (Figure
5.10 a). PLGA shows the endothermic peak at 44°C. DSC curves of the blank NPs show an
endothermic peak at 50°C owing to the PLGA. The DSC curve of the NS showed an

endothermic peak at 187.74°C and drug melting was followed by thermal decomposition.
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However, endothermic peak of NS was absent in the DSC curve of NS-loaded NPs, indicating
that NS was present in an amorphous phase in the NPs.

5.4.1.3 FTIR Spectroscopy

FTIR spectra of all the samples are shown in (Figure 5.10 b). The NS FTIR spectrum showed
peaks of C-O and C-N stretching band at 1010.91 ecm™'& 1125.94 cm™!, aliphatic C-H stretching
band at 3017.34 cm™! & C-H bending band at 619.51 cm™!, -NH stretching and -OH stretching
bands at 3100 to 3391.36 cm™!. N-H bending band observed at 1609.83, 1506, 1284.13 cm™'. In
the PLGA FTIR spectrum, peaks at 3506.64 cm™! for ~OH stretching and 3000.18— 2955.77 cm™!
for C-H stretching bands were observed as the typical band of PLGA. The ester C=0 stretching
band of PLGA was observed at 1757.01 cm'. All the typical bands of PLGA and NS were also
present in the FTIR spectrum of their physical mixture. However, the FTIR spectrum of NS
loaded NPs had only the characteristic peaks of the polymer. The absence of characteristic drug
peaks in the NPs sample indicates that non encapsulated drug was not present, which is in
agreement with previous studies involving PLGA particulate systems (59).

In Figure 5.11 DSPE PEG 2000 FTIR spectrum showed peaks of C=0 at 1738.59 cm™!, aliphatic
CH> band at 2919.29 cm™!, CH3 band at1352.79 cm™!, O-CHzband at 1101.19 cm™ and C=C
band at 1642.67 cm'.All these characteristic peaks are also observed in PEGylated NPs which
confirms the PEGylation of NPs.

5.4.1.4 In-vitro release study

Conceiving NPs for lung delivery, NS release studies were performed in experimental conditions
able to simulate the properties of the delivery site. On this matter, lung fluid should be taken into
consideration (60). To reproduce such a complex system in vitro, simulated lung fluids (SLF)
were used for NS release studies as an alternative to classical physiological buffer at pH 7.4.The
release profiles of NS from the NS loaded PLGA NPs in phosphate buffer (pH 7.4) and
simultaneous lung fluid at 37°C is shown in Figure 5.12 (A & B).
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Figure 5.10: a) Differential scanning calorimetry curves of (A) PLGA, (B) NS, (C) blank NPs,
(D) NS-loaded NPs; b) Overlay of FTIR spectra of A) PLGA, B) NS, C) Physical mixture, D)
NS loaded NPs. The absence of characteristic drug peaks in the NPs sample indicates that

nonencapsulated drug on NPs surface was not present
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Figure 5.11: Overlay of FTIR spectra of A) DSPE PEG 2000 B) PEG NSDS PLGA NPs. The
characteristic DSPE PEG 2000 peaks in the NPs sample confirms the PEGylation of NPs.

In both media, bi-phasic release behavior was observed, characterized by initial burst release
followed by sustained release of NS from NPs. Lower burst release was observed due to the
uniform distribution of the NS in NPs rather than just on the surface of the NPs (46). About 25%
of drug content was released within the first 24h, followed by sustained drug release. Though
polar structure of DS contained ether bonds and —OH groups, the strong electrostatic interaction
between NS and DS made the complex neutral and hydrophobic enough to be stored in the
PLGA for prolonged time, thus sustaining the drug release from NPs. In addition, the lipophilic
nature and solid matrix of NPs as well as immobility of the polymer chains results into slower
water penetration and drug diffusion. This can be explained by assuming that when the release
medium penetrates into the tiny pores of NPs the counter ions from the release medium compete
with NS to release it from the NS-DS complex through ion exchange, the dissociated NS
diffuses out through the pores. As the ion exchange and drug release progresses, more flexible
and hydrophilic polymer chains would be produced. Eventually the dissociated DS molecules are
dissolved and diffuse out, leaving the solid matrix more porous and accessible for aqueous
medium to diffuse in, which accounts for the later acceleration of release (46).Thus, results
indicate the role of DS in release behavior of the NS from NPs. However significant difference
was observed in release behavior of NS DS PLGA and PEG NS DS PLGA NPs (p= 0.00001; p <
0.05 & p=0.00001; p< 0.05 for PBS pH 7.4 & SLF respectively). Being a hydrophilic molecule
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DSPE-PEG enable a greater influx of water into the NP matrix, promoting greater degradation of

PLGA and improved NS release from NPs.
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Figure 5.12: A) Cumulative percent drug released in PBS pH 7.4; B) Cumulative percent drug
released in SLF.

Interestingly, no significant difference in NS release rate was observed in simulated lung fluids as
compared to results achieved in buffer at pH 7.4, suggesting that ion concentration in SLF does
not affect NS release properties. Projecting these results in humans, the fact that the developed
NP release NS according to a biphasic kinetics and a prolonged release helps to maintain NS
level above MIC to treat bacterial infection effectively.

To evaluate the mechanism of drug release from NPs, the release data were analyzed by using the
Korsmeyer—Peppas equation: Qy/Qq=k x t*

Where, Qy/Q is the fraction of released drug, t is the release time, k is a constant characteristic of
the drug—polymer system, and n is release exponent that characterizes the mechanism of drug
release (61). When log Qv/Qw vs. log t was plotted, it gave straight lines and the exponents n, k
were calculated from the slope and the intercept of the regression lines, respectively. The
calculated diffusional exponent (n) and kinetic constant (k) for the PEG NSDS PLGA NPs
formulations were found to be 0.4351& 0.9933in PBS pH 7.4; 0.4302& 0.9917in SLF
respectively. While that for diffusional exponent (n) and kinetic constant (k) for the NSDS PLGA
NPs formulations were found to be 0.4333& 0.9958 in PBS pH 7.4; 0.4291 & 0.9938 in SLF
respectively. As the n value is <0.5, one can conclude that the release of NS from NPs was by

Fickian diffusion (62)
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5.4.1.5 Antibacterial efficiency

Bacteria were exposed to different concentrations of blank NPs for 24 h and optical density was
measured at 600 nm (OD 600). In addition, microbial growth was ascertained by growing
bacteria on agar plates after suitable dilution. For both control and blank NPs, bacterial growth
and CFU counts were found to remain closely similar (Figure 5.13), which indicates that the
blank NPs do not possess any intrinsic antibacterial activity and antibacterial activity of the NS
loaded NPs was exclusively due to the NS. Moreover, increasing the concentration of the blank
NPs did not affect the growth of bacteria. This was further evaluated by growing bacterial cells
on agar plates. As the presence of the NPs did not have any effect on bacterial growth, bacterial
susceptibility testing was compared using only the NS solution collected from the in-vitro release
study without the presence of NPs during the assay.

The antibacterial activity of NS-loaded NPs was determined as MIC on P. aeruginosa. A MIC
value was found approximately equal to 18 pg/mL. In the same experimental conditions, the
MIC of control free NS was 2.4 ug/mL (Figure 5.14A), while the complete eradication of the
bacteria was observed at 44 pg/mL and 10 pg/mL for NS loaded NPs and native NS,
respectively. The higher MIC value for NS-loaded NPs was attributed to the progressive release
of the drug from the NPs; i.e. the amount of drug released by the particles after 12 h was ~ 25 %,
which should result in a concentration of available drug similar to the MIC observed for the NS
alone. Therefore, it could be estimated that the MIC and MBC value for the native NS and NS
released from NPs were similar. In case of PEG NSDS NPs MIC & MBC values were found 14
png/mL & 36 pg/mL respectively.
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Figure 5.13: CFU count from blank NPs susceptibility testing. We observed that CFU count for
both control and the blank NPs, were closely similar, which demonstrate that the blank NPs do

not possess any antibacterial activity. The antibacterial effect is mainly due to the NS

encapsulated in the NPs.
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Figure 5.14: A) In vitro antibacterial activity of free NS and NS-encapsulated PLGA NPs against
P aeruginosa. (OD = absorbance at 600 nm of UV-spectrophotometer measurement). The higher
MIC value for NS-loaded NPs was attributed to the sustained release of the drug from the NPs,
however the amount of drug released by the particles after 24 hour was similar to the MIC
observed for the NS alone; B) Effect of the encapsulation on the antibacterial activity of NS. We
observed that there is no significant difference (p > 0.05) (p=0.138; p > 0.05 & p=0.385; p> 0.05
for NSDS PLGA & PEG-NSDS PLGA NPs respectively) in the bacterial eradication rates of the

encapsulated NS and native NS, which confirm that encapsulation of NS in NPs doesn’t affect

it’s antibacterial activity.
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Further effect of the encapsulation of NS in NPs on the antibacterial efficiency of NS was
evaluated by comparing the native NS and NS released form the NPs. Bacterial cells were
exposed to the same antibiotic concentration (2.4 pg/mL) and ODgoo was measured after 6, 12
and 24 h. The results (Figure 5.14B) indicate no difference between the bacterial eradication
rates of encapsulated NS and native NS after 6, 12 and 24 h antibiotic exposures (p=0.138; p >
0.05 & p=0.385; p> 0.05 for NSDS PLGA & PEG-NSDS PLGA NPs respectively). Hence, the
results confirm that NS can be efficiently encapsulated into the polymeric NPs without

compromising its antibacterial activity
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Figure 5.15: Fate of NS antibacterial activity in-vivo. NPs show the better performance than free
NS due to the protection of the NS by NPs when incubated with bronchial cells. NS was released
slowly from NPs over the period of time and retains its antibacterial activity against P.

aeruginosa. *Significant difference; P < 0.05.

To mimic the in-vivo condition, CFBE410- cells were incubated with free NS or NS-loaded NPs,

and antimicrobial activity was tested every 24 h for 5 days. It was observed that NPs were more
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effective in eradicating the bacterial growth as compare to free NS. The cations present in the
airway surface fluid (63) antagonized the activity of the NS when incubated with bronchial cells
and decreased its antibacterial efficiency (27). However improved efficacy was observed with
NPs due to the protection of the NS by NPs during incubation with the bronchial cells. NS was
released slowly from NPs over days and retained its antibacterial activity against P. aeruginosa.
Encapsulation in NPs significantly reduced (p < 0.05) (p=0.039 p <0.05 & p=0.046; p< 0.05 for
NSDS PLGA & PEG-NSDS PLGA NPs respectively) the decline in the antibacterial activity of
NS (Figure 5.15), and could provide better activity against bacteria in-vivo. Further, it was
observed that PEGylated NPs were found more effective than non-PEGylated NPs. Reduced
negative charge of PEGylated NPs could promote the NPs penetration in bacterial cells. Also
faster release of drug from PEGylated NPs as compare to non-PEGylated NPs could enhance it’s
antibacterial activity.

5.4.1.6 Mucus Penetration

To assess how the composition of the formulation affected NP diffusion through lung lining
fluids, the amount of Rhodamine permeated through an artificial mucus layer after 8, 12, and 24
h of release from fluorescent NPs was assessed. As can be seen in Figure 5.16 a higher percent of
Rhodamine was found in gelatin when PEG-modified NPs were deposited on the mucus layer as
compared to non PEGylated NPs. Mucus is mainly comprised of mucin. Mucin fibers form a
network with a mesh spacing size of 30-100 nm which can physically entrap any foreign
particulates that exceed this low spacing cut-off (64). The mucus barrier poses a serious obstacle
that prevents the penetration of therapeutics across epithelial lining.

Studies shows that particulates as small as 30-60nm can diffuse across mucus matrices (65),
however particles above 100 nm in size exhibit retarded diffusivity in mucus. The surface
chemistry of the NPs plays a crucial role since mucus could bind various surfaces that come in
contact with it by either lipophilic or hydrophilic interactions (66). Consequently, NPs with
cationic termini are more likely to adhere to the mucus layer retarding its diffusion. Negatively
charged NPs however can also be problematic as they can be electrostatically repelled by the
anionic barrier which could explain the retarded diffusion of some negatively charged NPs (67).
Uncharged or neutral NPs on the other hand could be highly hydrophobic, which causes
considerable hydrophobic interactions and retardation in the mucus in the same fashion as with

different bacteria (68).
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Quantitative data were supported by visual inspection of the well plates as shown in Figure 5.16,
indicating that Rhodamine loaded PEG-NPs diffused faster through mucus. This could be
explained by surface charge present on the NPs. Non PEGylated NPs can be electrostatically
repelled by the anionic barrier of mucin due to strong negative surface charge which retard their
diffusion through the mucus. While PEGylation of NPs enhance their interaction with mucin
through formation of hydrogen bonding thus promote their diffusion through mucus (69).

Taken together, these results suggest the great potential of the PEGylated NPs to act in vivo as a
drug reservoir which slowly releases the active agent to the target to have a prolonged

therapeutic effect.
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Figure 5.16: a) Percent amount of Rhodamine permeated in the gelatin layer after 8. 12, 24 h.
Data are mean = SD (n = 3); b) visual inspection of NP penetration through an artificial mucus

layer (representative image at 8, 12, 24 h). A: PEG NSDS PLGA NPs; B: NSDS PLGA NPs.
*Significant difference; P < 0.05

5.4.1.7 Safety studies

5.4.1.7.1 Cell viability

Results of the MTT assay are reported in Figure 5.17A. The percentage of cell viability was
compared to control cells (100%) obtained at the same time under the same experimental
conditions. Positive control SDS treatments showed cell viability of only 10.74+1.92% after 24h
of incubation when compared with control cells (100+£6.04%). However, test samples containing
NS-loaded NPs and blank NPs formulations both demonstrated cell viability of ~80% even after

24h at concentrations as high as 5Smg/mL compared to control. Results showed that NPs exhibit
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cell toxicity in a dose-dependent fashion. Further incorporation of DSPE-PEG in formulation
helps in improving cell viability (Figure 5.17 A) due to reduction in surface charge, suggesting

their safe use in these formulations
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Figure 5.17: A) Effects of NP formulations on viability of CFBE 41 o- cells after 24 h
incubation.Test samples contained 0.5 mg/mL, 1 mg/mL, 2 mg/mL and 5 mg/mL of formulation.
Datarepresent mean = SD, n =6; 6 (* results are significantly different from other treatment
groups, p < 0.05) B) TEER analysis of CFBE 41 o- cells layers exposed to NPs over time. We
observed that there was significant difference in TEER when using the NSDS PLGA NPs as
compared to the control (p=0.03; p<0.05 for NSDS PLGA NPs and control & p=0.22; p>0.05
PEG-NSDS PLGA NPs and control). The results of MTT & TEER study suggest the safe use of
developed NPs system.

5.4.1.7.2 TEER Analysis

Transepithelial electrical resistance (TEER) measurements were performed on CFBE41o- cells
to determine the effect of NS-loaded NPs on cells under liquid/liquid culture conditions. The
presence of an intact cell monolayer was confirmed by steady TEER values (450500 Qcm?)
after 3 days of culturing and the monolayer was visible by light microscopy. After exposure to
the NPs, TEER was measured at a defined time interval for 5 days. TEER depends on tight
junctions between cells, which can be disrupted by noxious stimuli (70) and therefore provides a
convenient measure of barrier function (71). NPs at a concentration of 2mg/mL, which was

shown to yield at least 85 % cell viability, was used to evaluate the resistance of the epithelial
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layer. The PEGylated NPs doesn’t show any significant difference in the TEER value when
compared to the control (p=0.22; p > 0.05). While in case of the non-PEGylated NPs the
decrease in TEER value observed. This could be attributed to the charge on the particles. (Figure
5.17B). Although Fiegal et al. reported change in the barrier properties of lung epithelial cells
during exposure to PLGA NPs (72), this was not observed with PEGylated PLGA NPs
mentioned in the present work. Taken together, these results suggest that the safety of NPs in

vitro and need in vivo evaluation for further confirmation.

5.4.1.8 Cell uptake study

Rhodamine loaded NPs used to assess cellular association and uptake of NPs (Figure 5.18). Both
PEGylated and non-PEGylated NPs showed cell uptake, as revealed by fluorescence microscopy.
PEGylated NPs shows significantly higher cell uptake than non-PEGylated NPs. This
observation was further confirmed by the quantitative fluorescence spectrophotometric analysis
(Figure 5.18 C). The uptake of PEGylated NPs in the cells was significantly higher than non-
PEGylated NPs (P=0.02; P <0.05).The results shows that PEGylated NPs has lower zeta
potential as compare to non PEGylated NPs, which seems to provide better cell uptake. A.
Ibricevic et al reported that entry of PEGylated particles followed clathrin-independent
endocytosis pathway, while non-PEGylated particles follow clathrin-dependent route for
endocytosis (73). Thus, PEGylation promote the uptake of the NPs. PEG could serve a variety of
functions such as to reduce aggregation and aid in diffusion of the particles, and shield the high
surface charge of NPs. Suh et al (74) also reported that the PEGylation increases average NPs
diffusivities by 100% compared to nonPEGylated particles in live cells. They hypothesized that
PEGylation of therapeutic colloids improve their cytoplasmic transport (once the particles have
escaped endosomal vesicles) by minimizing attractive forces to cytoskeletal elements, such as
microtubules or actin filaments, or to other intracellular organelles. Saduzuka et al. (75) also
studied the cellular uptake of PEGylated liposomes and reported significantly higher cellular
uptake due to PEGylation.

These findings will opens new door to treat intracellular bacterial infections in CF. To treat
intracellular bacterial infections, it is important that, drug must penetrate across the mucus layer
and deliver the drug pay load to the underlying epithelium. This phenomenon is important to

treat intracellular infections in CF (76, 77).
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Figure 5.18: Confocal microscopy of CFBE cells (63X) after 24 hours of incubation with NPs:
A)PEG NSDS PLGA NPs; B) NSDS PLGA NPs; C) The NPs uptake in CFBE cells (n = 9). Top

images represent slices from the middle of a z-stack of a CFBE cells. Bottom images are
projections in the z-axis created from a z-stack of the same CFBE cells displayed in the top
image*Significant difference; P=0.02; P < 0.05. Cells were treated with Rhodamine loaded NPs
(red), fixed and nucleus stained with Hoechst dye. A more efficient NP uptake is apparent for
PEGylated NPs as compared to non-PEGylated NPs.

5.4.1.9 Stability study

The stability of NPs was assessed by suspension in 0.9% saline simulated lung fluid & 10% fetal
bovine serum by evaluating particle size measurements at fixed time intervals. The NSDS PLGA
NPs showed increased particle size over the period of time (Figure 5.19).The enhanced particle
size is due to the flocculation effect induced by cations present in the solutions. However serum
proteins (particularly albumin) bind with NPs which also responsible for enhanced particles size
when incubated with serum. The resulted aggregates limits their cell uptake (78). Addition of
PEG in NPs preparation gives a significant advantage in shielding the NPs from adsorption of
proteins (79). DLS sizing measurements demonstrate that the PEG NSDS PLGA NPs remain
stable over 48 h with no significant change in size (Figure 5.19). This result suggests that the
DSPE-PEG 2000-COOH density on the NPs does not drop below the range of full electrostatic
and steric stabilizations over the time period. This result suggests that the current formulation has
sufficient stability derived from steric repulsion due to the hydrodynamic diameter of the PEG

chain and electrostatic repulsion from the negatively charged carboxylic-end group, as well as
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adequate coverage of the polymeric core (80-82). Based on this study, NSDS PLGA NPs are less
favorable, compared to PEGylated NPs, for pulmonary administration as their instability in

media may lead to reduced therapeutic efficacy due to faster clearance from the lung.
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Figure 5.19: Stability of NPs was tested by measuring particle size in (A) saline solution; (B)
simulated lung fluid at 37 °C; (C) 10% fetal bovine serum. The PEGylated NPs remained stable
for up to 2 days while non PEGylaed NPs tended to show aggregation, indicating comparatively

less stability. Data are shown as mean + SD (n = 3)

From the all results obtained it is observed that PEGylated NPs system is most promising drug

delivery system hence, it will be used for further studies.
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5.4.2 Development of pDNA loaded NPs

Lack of efficiency and/or safety of viral and liposomal vectors for the treatment of genetic
disorders, such as CF, has prompted investigation into novel polymer-based systems for disease
treatment. PLGA represents an FDA-approved, biocompatible material that has been extensively
studied for gene delivery purposes but has also lacked efficiency as a gene delivery vehicle on its
own (21,83,84). This lack of efficient expression is probably due to the negative charge on PLGA
at physiologic pH, which leads to low DNA encapsulation and limited association with the
negatively charged plasma membrane of cells. Gene delivery efficiency is highly affected by the
physicochemical properties of NPs which in turn depends on the method of preparation of NPs.
Prior to systematic comparison between two different PLGA-based NPs systems, we have
evaluated various formulations for determination of the optimal PLGA-based NPs.

5.4.2.1 Preparation and characterization of pDNA-loaded, PEI-modified PLGA NPs

In this study, we used modified water/oil/water (w/o/w) emulsion method for preparation of
PLGA-PEI NPs. According to several literatures, PEI dissolved in organic solvent likely
partitions the water/organic interface during the process of NP formation due to its hydrophilicity
(85). Various solvents were tried for initial screening and based on initial evaluations chloroform
was selected as an organic solvents for preparation of NPs. D.N. Nguyen et al. (85) reported that
bulk of the PEI was distributed within the surface of the poly(ortho ester)(POE) microsphere
matrix due to diffusion, and only little amount of PEI was found in the core which also increased
zeta-potential. POE has two monomeric units, glycolic acid and lactic acid in their backbone and
has been synthesized by the incorporation of residues of glycolic and lactic acid by pH-sensitive
orthoester linkage into the polymer backbone. It is noteworthy that POE microspheres have
similar hydrophobic features as that of PLGA. Sonication process was used for preparation of
NPs may affect the pDNA integrity which results in loss of pDNA activity. Thus, before
processing for the NPs preparation effect of process parameters mainly sonication amplitude and
sonication time were evaluated of pDNA integrity. Initial trials were taken to decide the
sonication amplitude and sonication time for primary and secondary emulsification.

During preparation of NPs particles were sonicated using probe sonicator at 10, 20, 30 amplitude
for 20 sec to generate primary and secondary emulsion. The effect of sonication on pDNA
integrity was evaluated by extracting pDNA at various stage using chloroform and diluted with

TE buffer. The extracted plasmid was then analyzed by using agarose gel electrophoresis (0.8 %)
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(Figure 5.20). The results of gel electrophoresis showed intact nature of the pDNA extracted
from both 1° and 2° emulsion when compared to untreated pDNA, indicates that the used
amplitude for emulsification process doesn’t disrupt pDNA. The amplitude 20 was used for
further process.

Further primary and secondary emulsions were sonicated at amplitude 20 for 20, 30, 40 seconds
to know the effect of sonication time on pDNA integrity and evaluated by agarose gel
electrophoresis (0.8 %) (Figure 5.21). The results of gel electrophoresis showed intact nature of
the pDNA extracted from both 1° and 2° emulsion at various time points when compared to
untreated pDNA, indicate that the used sonication time for emulsification process doesn’t have

strong impact on integrity of DNA. The sonication time 30 sec was used for further process.

Figure 5.20: Agarose gel electrophoresis of pDNA extracted at various stage during process
optimization.Lane 1: Control non-treated Plasmid; Lane 2: Amplitude 10, 1° Emulsion; Lane 3:
Amplitude 10, 2° Emulsion; Lane 4: Amplitude20, 1° Emulsion; Lane 5: Amplitude20, 2°
Emulsion; Lane 6: Amplitude30, 1° Emulsion; Lane 7: Amplitude30, 2° Emulsion.

A B
Figure 5.21: Agarose gel electrophoresis of pDNA extracted at various stage during process
optimization. A: Primary emulsion: Lane 3: Control non-treated Plasmid, Lane 4: Sonication
time 20 sec, Lane 5: Sonication time 30 sec, Lane 6: Sonication time 40 sec; B: Secondary
emulsion: Lane 3: Control non-treated Plasmid, Lane 4: Sonication time 20 sec, Lane 5:

Sonication time 30 sec, Lane 6: Sonication time 40 sec.
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The PEI-modified PLGA NPs were prepared by inclusion of PEI in the organic phase at different
PEI to PLGA weight ratios. The composition, size, PDI and zeta-potential of the resulting
formulations are listed in Table 5.9. The size of the NPs was affected by inclusion of PEI into
the PLGA matrix, and a significant concentration-dependent decrease in size was observed at
increased PEI concentrations ranging from 246.8 + 7.59 nm for the unmodified NPs to 166.2 +
2.55 nm at 12.5% (w/w) PEIL. The PDIs were below 0.216 for all compositions, suggesting
relatively mono-disperse suspensions (Table 5.9). The incorporation of increasing amounts of the
cationic polymer PEI into the PLGA matrix resulted in a significant reduction of the particle size
and PDI. The decreased particle size along with the introduction of PEI into the PLGA matrix
occur as a result of the reduced interfacial tension between the particle surface and the aqueous
medium. In addition, the reduced particle size could be a result of a condensation of the PLGA
polymer upon interaction with the cationic polymer PEI (86).

The zeta-potential was also significantly affected by the inclusion of PEI and a PEl-ratio
dependent increase in the zeta-potential was observed ranging from - 06.53+1.00 mV for
unmodified PLGA NPs to + 34.004+2.44 for particles containing 12.5% (w/w) PEI. This negative
charge for unmodified PLGA NPs is due to uncapped end carboxyl groups of PLGA present on
the surface of the particles(87). However, such negatively charged particles are unable to
encapsulate negatively charged pDNA. To render the PLGA NPs with a positive zeta potential, in
the present study, we dissolved PEI in the organic phase along with PLGA. The results of Table
5.9 show that indeed positively charged PLGA NPs were obtained. The zeta-potential of the
PLGA NPs was increased from negative to positive at increasing content of PEI, suggesting that
PEI molecules are present on the surface of the NPs, which is further confirmed by FTIR study.
Figure 5.22 A & B shows the results of particle size and zeta potential of NPs containing 10 %
PEI (particle size: 180.3+ 2.06 nm (PDI = 0.097 £ 0.004); zeta potential: + 27.66 = 2.05
mV).The TEM image (Figure 5.22C) of NPs further reveals that NPs are spherical in shape and
uniform in size

The pDNA encapsulation efficiency was also positively affected by the addition of PEI (Table
5.9). The results showed a significantly increased pDNA encapsulation efficiency as PEI
increase. ~100 % pDNA loading was obtained at 10 % PEIL. pDNA is negatively charged and
highly hydrophilic in nature make it difficult to entrap into negatively charged highly
hydrophobic polymer. Addition of the positively charged PEI molecule in the system results in
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the formation of hydrophobic complex between positively charged PEI with negatively charged
pDNA. This hydrophobic cationic complex get easily entrapped in PLGA core thus enhances

pDNA loading (86).
Table 5.9: Physicochemical characterization of pDNA loaded PEI-PLGA NPs.
Formulation Particle size Zeta Potential Encapsulation
(% PEID) (nm £ SD) PhI=:SDh (mV £ SD) efficiency % =+ SD
PLGA alone 246.8+7.59 0.216+0.016 -06.53+1.00 10.46+3.83
2.5 230.56 £6.50 0.170+0.024 +07.63+£1.53 30.20+5.47
5 208.2+£6.52  0.123+0.020 +1246+2.12 57.66+5.43
7.5 192.7+£5.51  0.186 £0.028 +20.93+£2.69 81.00+4.54
10 180.3+£2.06 0.097 £0.004 +27.66+2.05 98.66+1.24
12.5 166.2£2.55 0.092+0.005 +34.00+£2.44 99.16+0.84
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Figure 5.22: A) The DLS results show that size of NPs is 180.3 + 2.06 nm (PDI = 0.097 +
0.004); B) zeta potential (+ 27.66 = 2.05 mV) of PEI-PLGA NPs (10%w/w PEI); C) TEM
micrographs of PEI-PLGA NPs (10%w/w PEI). DLS based characterization of size and zeta
potential of NPs confirms that size distribution and colloidal stability of mono-dispersed
particles. TEM based size and surface characterization of NPs confirms size distribution and

colloidal stability of mono-dispersed particles
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5.4.2.2 FTIR studies

FTIR study was used to confirm the presence of PEI on NPs surface. When PEI added to organic
solution containing PLGA, process involves the electrostatic interactions of PEI with the
negatively charged surface of PLGA NPs, but possibly PEI also had reacted with PLGA by
aminolysis (88). This reaction results in the formation of amide bonds connecting PEI and PLGA
which was further confirmed by FTIR spectroscopy. The FTIR spectrum of the PEI, PLGA,
PLGA/PEI NPs are shown in Figure 5.23. The FTIR spectrum of PEI shows peaks at 2955.80
and 2847.49 cm™! that can be attributed to asymmetric and symmetric vibrations of the CH2
group, respectively, and the peak at 1457.07 cm™! corresponds to in-plane bending of CH2. The
peaks for the bending vibration of the NH group and the stretching vibration of the C-N groups
of PEI can be seen at 1589.12 cm™! and1124.30 cm™!, respectively (89). Peak at 1635.92 cm!
evident of NH2-vibration of PEI (90). In the PLGA FTIR spectrum, peaks at 3506.64 cm™' for —
OH stretching and 3000.18 —2955.77 cm™ for C-H stretching bands were observed as the typical
band of PLGA. The ester C=0 stretching band of PLGA was observed at 1757.01 cm™".On the
other hand, the spectrum of the PEI PLGA NPs showed a peak at 1752.82 cm™! indication the
PLGA ester C= O stretching peak. Apart from a NH2-vibration of PEI at 1636.26 cm™!, a weak
but evident absorbance at 1623.12 cm™! of amide bonds (90) is also detected in PEI PLGA NPs.
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Figure 5.23: Overlay of FTIR spectra of A) PLGA, B) PEI, C) PEI PLGA (10%) NPs. Presence

of characteristic PEI peaks in the NPs sample indicates that the presence of PEI on NPs surface.
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5.4.2.3 In-vitro release study

The timing of NP degradation and DNA release appears to have a significant modulating effect
on the gene expression (91).We hypothesized that incorporation of PEI into the PLGA matrix
would influence the release kinetics of pDNA as well as transfection efficiency. Therefore the
comparison between two systems could provide a complete understanding of their
physicochemical properties and it will also give rational view for excipient selection for
formulation development. The in-vitro release of pDNA from both of the two formulations was
studied at pH 7.4 and pH 5.0. DNA quantity was calculated from a standard curve of known
concentrations as discussed in chapter 4. Here we compared the kinetics of pH-triggered release
of pDNA from PLGA NPs containing different weight of PEI. To simulate acidic condition in the
endolysosome of cells following intracellular uptake, NPs were incubated in PBS pH 7.4 for 24 h
and then the half of NPs were transferred to a solution having pH 5.0 to mimic endolysosomal
condition. At predetermined time points, pDNA release was measured by QuantiFluor™ dsDNA
System (Promega). It was observed that the incorporated pDNA were released rapidly from NPs
within 48 h, followed by very slow release until day 10 (Figure 5.24). Initial higher burst of
pDNA release was observed for the unmodified PLGA NPs systems than that observed for
PLGA-PEI NPs. It was observed that increasing concentration of PEI in NPs system significantly
reduces burst release. This difference might be due to the strong electrostatic interactions
between PEI and pDNA. Also being a hydrophilic molecule located at the NPs surface, PEI may
facilitate degradation of the NPs by increasing hydration and thus accelerate PLGA hydrolysis
(92). However, the cationic nature of PEI may retard pDNA release due to the electrostatic
attractions between them thus sustain the PEI release. Further PEI content could be judiciously

utilized in controlling the sustained release of pDNA.
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Figure 5.24: Cumulative release of pDNA from NPs A: PBS pH 7.4; B: Sodium acetate buffer
(pH 5.0) at 37 °C

In both the cases, at the initial phases no significant change in release rate was detected even
though the samples were incubated at pH 5.0. But, the release rates were abruptly accelerated
around day after 24 h only at pH 5.0 for all formulations. This result could be attributed to the
pH dependent degradation nature of PLGA. PLGA is degraded through cleavage of the ester
linkage which leads to the generation of lactic acid (LA) and glycolic acid (GA), and finally to
COz and H20 (93). They have observed that after one day PLGA microparticles (MW = 25,000)
started to change their spherical geometry and showed a decrease in MW as well. The results
showed the fragmentation of microparticles at pH 5.0, however, at pH 7.4, the surface erosion
was noticed (93). These results indicates that the release of the pDNA from PLGA-PEI or
PLGA-NPs is depends on the on the degradation kinetics of PLGA matrix after initial burst of
the pDNA that located at the NPs surface.

The structural integrity of the plasmid released from NPs at various time point was observed
using 0.8% agarose gel in comparison with control DNA (Figure 5.25). It can be observed that
the DNA released specifically from PLGA-PEI (10%) was predominantly supercoiled in form,
intact and comparable with the native DNA in both media. These results indicate that NPs could

protect the loaded plasmid DNA from degradation in the release duration.
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Figure 5.25: Structural integrity of pDNA released from NPs (PLGA-PEI 10 %) A: PBS pH 7.4;
B: Sodium acetate buffer (pH 5.0).

5.4.2.4 In vitro bioactivity

Particle formulations were evaluated for their ability to transfect cells in culture. CFBE41o —
cells were chosen as a relevant target cell line for therapy. Transfection efficacy for all particle
preparations was determined by quantifying the expression of luciferase encoded on the plasmid
on 2, 4 and 10 days after transfection. The blending of PEI with the PLGA matrix resulted in
increased transfection. Other research groups also have shown increased transfections with
surface modified PLGA nano- and microparticles with cationic polymers (94-96). It was
observed that increased PEI concentration increases luciferase transfection (Figure 5.26). This
could be attributed to the increase positive charge on particles which promote cell uptake and
thus luciferase expression. These results are in agreements till PLGA PEI NPs 10%. At 12.5%
PEI luciferase expression was reduced as compared to 10 % PEI These results could be
explained by considering PEI-induced cytotoxicity as well as intracellular localization. Surface
adsorbed PEI chain promote cellular uptake which results in large amount of cell death and
induced decrease in transfection efficiency of PLGA-PEI NPs 12.5 %. High coating
concentrations of PEI showed high membrane toxicity in cells (97).

Naked pDNA transfected cells were used as negative control and the Lipofectamine plus
(Invitrogen) transfected cells were used as a positive control. In case of naked DNA, luciferase
expression were observed negligible as compare to the NPs and lipofectamine plus. This could
be attributed to the low transfection efficiency due to the negative charge of pDNA. Though
pDNA gets internalized into cells pDNA could be degraded in endosome before reaching to the
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nuclei. After 48 h lipofectamine plus shows highest luciferase expression than NPs. But
following 48 h luciferase expression was reduced as compared to NPs. While in case of NPs
luciferase expression was observed consistent even till 144 h. This could be attributed to the
sustained release of DNA from NPs. In case of PLGA NPs, the majority of DNA may have been
released prior to internalization into the cells in transfection medium due to initial burst release.
However negative charge on the PLGA NPs also reduces its internalization in cell could also be
attributed to the reduced luciferase expression. With increase in PEI %, positive charge on the
NPs surface increase, which results in much more favorable electrostatic interactions with the
cell membrane, facilitating internalization into the cells. Cationic charge on the surface of
microparticles has demonstrated increased uptake of particles in both monocytes and dendritic
cells (98). Additionally, being a hydrophilic molecule mounted at the NPs surface, PEI may
accelerate NPs degradation by inducing hydration. Following hydration, NPs release PEI/pDNA
complex only without any release of free pDNA (99), and as a result it may promote transport of
PEI/pDNA complexes towards the nuclei (100). On the other hand, in case of PLGA-NPs, pDNA
located at the surface of NPs was released very rapidly due to absence of any electrostatic
interactions.

We observed that, out of all formulations PLGA-PEI NPs 10 % showed better transfection

efficiency, thus we chose it for further evaluations.
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Figure 5.26: Transfection of CFBE cells treated with PEI-PLGA NPs encapsulating pCDNA-3
LUC-WT plasmid along with large T antigen and normalized to total protein content. Particle

formulations contained PLGA and 0%, 2.5%, 5%, 7.5%, 10% and 12.5% PEI. Transfection
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efficiencies were compared to Lipofectamine plus (prepared according to the manufacturer's
dose and PEI content. NP-10 and NP-12.5 formulations produced considerable cell toxicity

especially at high doses. These cytotoxic effects are likely due to the high positive surface charge
imparted by the PEI, which is apparent from the increased zeta potential with increasing PEI

Particle toxicity was evaluated by using the MTT assay after exposure to controlled doses of
particles (Figure 5.27). There was a substantial increase in particle toxicity which increases in

instructions) as a positive control and pDNA as a negative control.

5.4.2.5 Safety studies
5.4.2.5.1 Cell viability

it

content. Though PEI is considered to be the most effective cationic polymer for gene delivery,

especially at high molecular weight which

dependent toxicity,

is also associated with dose

we aimed to reduce the toxicity of

further results in reduced transfection efficiency (101). Thus,

the formulations and thus to improve the transfection efficiency.
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A) Effects of NP formulations on viability of CFBE 41 o- cells after 24 h

Figure 5.27

6; (* results are

incubation. Test samples contained 0.05 mg/mL, 0.1 mg/mL, 02 mg/mL, 0.4 mg/mL, 0.8 mg/mL,

It was reported that PEG covalently linked to DSPE - a lipid that tethers PEG to the NP surface
through interaction with the hydrophobic polymer matrix can be used to coat the surface of

1 mg/mL, 2 mg/mL and 3 mg/mL of formulation. Data represent mean + SD, n
significantly different from other treatment groups, p < 0.05)

5.4.2.6 PEGylated PEI-PLGA NPs
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PLGA NPs with PEG and PEG-ligand conjugates (24). Here, we used that approach to add PEG
to PEI-PLGA NPs. We chose to add this surface modification to PLGA-PEI NPs 10 % particles
because they showed the most promise as a transfection vehicle in CFBE41o— cells (Figure
5.26). DSPE-PEG is amphiphilic molecule was designed to hydrophobically associate with sthe
polymer matrix via the acyl chains in DSPE, and present a PEG moiety on the particle
surface(24).

5.4.2.6.1 Characterization of PEGylated PEI-PLGA NPs

PLGA-PEI NPs 10 % formulation was surface modified using DSPE-PEG at 3 % w/w lipid to-
polymer content. Characteristics of prepared PEGylated PLGA-PEI NPs are summarized in
Table 5.10 in terms of size, PI, zeta potential and EE. The PEGylated NPs were successfully
prepared with essentially spherical morphology and mean particle diameter of ~ 190 nm (Figure

5.28). PEGylation doesn’t affect EE of pDNA in NPs (Table 5.10).

Table 5.10: Physicochemical characterization of PEGylated pDNA loaded PEI-PLGA NPs.

Results denote mean + SD

Particle size Zeta Potential Encapsulation
Formulation PDI £ SD
(nm = SD) (mV £SD) efficiency % + SD
PLGA NPs 240.1+5.20 0.223+0.012 -0746+1.46 12.73+2.37
PEI-PLGA NPs 10 % 178.9+4.33 0.090+0.008 +28.33+£2.86 99.00=+0.81

PEG- PEI-PLGANPs 10 %  189.5+4.22 0.059+£0.041 +16.66+2.49 99.90+0.14

Surface modification with PEG significantly reduces zeta potential as compared with PLGA-PEI
NPs (Table 5.10). This could be due to the shielding effect imparted by PEG. Further presence of
PEG on NPs surface further confirmed by FTIR spectroscopy (Figure 5.29). In Figure 5.29
DSPE PEG 2000 FTIR spectrum showed peaks of C=0 at 1738.59 cm™!, aliphatic CH, band at
2919.29 cm™!, CH3 band at1352.79 cm™!, O-CHz band at 1101.19 cm ™! and C=C band at 1642.67
cm !, All these characteristic peaks were also observed in PEGylated NPs which confirms the

PEGylation of NPs.
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Figure 5.28: A) The DLS results show that size of NPs is 189.5 + 4.22 nm (PDI = 0.059 +
0.041); B) zeta potential + 13.66 +1.69 mV of PEGylated PEI-PLGA NPs (10%w/w PEI); C)
TEM micrographs of PEGylated PEI-PLGA NPs (10%w/w PEI). DLS based characterization of
size and zeta potential of NPs confirms that size distribution and colloidal stability of mono-
dispersed particles. TEM based size and surface characterization of NPs confirms size

distribution and colloidal stability of mono-dispersed particles
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Figure 5.29: FTIR spectra of A) DSPE PEG 2000 B) PEI PLGA NPs, C) PEGylated PEI PLGA
NPs. The characteristic DSPE PEG 2000 peaks in the NPs confirms the PEGylation of NPs.

Further this formulations were used to prepare fluorescently-labelled NPs (6-coumarin loaded
NPs) for in-vitro/in-vivo studies. Particles were characterized in terms of size, PI, zeta potential
and encapsulation efficiency (Table 5.8). Total amount of 6-coumarin entrapped in NPs was
determined after dissolving NPs in Chloroform: Methanol (1:1). The amount of 6-coumarin in
resulting solution was then determined by using a Spectrofluorometer (RF-5301PC, Shimadzu)
at excitation and emission wavelengths of 430 and 485 nm. The obtained particles were uniform

in size with similar characteristics as that of pDNA loaded NPs (Table 5.8).
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Table 5.11: Summary of drug encapsulation efficiency, particle diameter and Zeta potential of 6-

coumarin loaded PLGA NPs (mean + SD, n = 3).

Particle size Zeta Potential EE
Formulation PDI +SD
(nm = SD) (mV = SD) % = SD
C-6 PLGA NPs 248.4+4.80 0.230+0.014 - 08.06+1.51 97.66x1.24
C-6 PEI-PLGA NPs 10 % 181.6+4.05 0.091+0.030 +29.66%3.09 96.33+3.09

C-6 PEG- PEI-PLGA NPs 10 % 193.8+5.20 0.062+0.043 + 17.33+£2.49 95.234+3.99

5.4.2.6.2 In-vitro release study

Further effect of PEGylation on the in-vitro release of pDNA from NPs was studied at pH 7.4
and pH 5.0 (Figure 5.30). DNA quantity was calculated from a standard curve of known
concentrations as discussed in chapter 4. There was a significant difference in release from non-
PEGylated and PEGylated NPs in both media (p= 0.00001; p < 0.05 & p=0.012; p< 0.05 for PBS
pH 7.4 & Sodium acetate buffer pH 5.0 respectively). However it was observed that the
incorporation of PEG enable a greater influx of water into the NPs matrix, accelerate PLGA
hydrolysis and thus promoting greater degradation of PLGA and improved DNA release from
NPs.

To evaluate the mechanism of pDNA release from NPs, the release data were analyzed by using
the Korsmeyer—Peppas equation: Qy/Qw= k x t"

Where, Q/Q is the fraction of released drug, t is the release time, k is a constant characteristic of
the drug—polymer system, and n is release exponent that characterizes the mechanism of drug
release (61). The calculated diffusional exponent (n) and kinetic constant (k) for the PEI-PLGA
NPs 10 % formulations were found to be 0.4448 & 0.9899 in PBS pH 7.4; 0.4729 & 0.9914 in
Sodium acetate buffer (pH 5.0) respectively. While that for diffusional exponent (n) and kinetic
constant (k) for the PEG PEI-PLGA NPs 10 % formulations were found to be 0.4462 & 0.9918
in PBS pH 7.4; 0.4890 & 0.9909 in Sodium acetate buffer (pH 5.0) respectively. As the n value is
< 0.5, one can conclude that the release of pDNA from NPs was by Fickian diffusion (62).
Further structural integrity of the plasmid released from NPs at various time point was observed
using 0.8% agarose gel in comparison with control DNA (Figure 5.31). It can be observed that
the DNA released from PEG PEI-PLGA NPs (10%) was predominantly supercoiled (S.C.) in
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form, intact and comparable with the native DNA in both media. These results indicate that NPs

could protect the loaded plasmid DNA from degradation in the release duration
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Figure 5.30: Cumulative release of pDNA from NPs A: PBS pH 7.4; B: Sodium acetate buffer
(pH 5.0) at 37 °C

A B
Figure 5.31: Structural integrity of pDNA released from NPs (PEG-PEI-PLGA 10 %) A: PBS
pH 7.4; B: Sodium acetate buffer (pH 5.0).

5.4.2.6.3 In-vitro bioactivity

5.4.2.6.3.1 Luciferase Expression

PEGylated particle formulations were evaluated for their ability to transfect cells in culture.
CFBE410 — cells were chosen as a relevant target cell line for therapy. Transfection efficacy for
all particle preparations was determined by quantifying the expression of luciferase encoded on
the plasmid on 2, 4 and 10 days after transfection. It was observed that PEGylation of NPs
showed improved luciferase activity (Figure 5.32). These results could be explained by
considering reduced cytotoxicity (Figure 5.34) as compare to the non-PEGylated NPs as well as

improved cellular uptake of NPs (Figure 5.35). It has been reported that entry of PEGylated
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particles followed clathrin-independent endocytosis pathway (73). Thus, apart from electrostatic
interactions with negatively charged cell membrane due to presence of PEI PEGylated particles
also followed clathrin-independent endocytosis pathway which help in improved cellular uptake
of particles. Additionally, being a hydrophilic molecule (both PEI and PEG) mounted at the NPs
surface, they accelerate NPs degradation of PLGA NPS by inducing hydration. Following
hydration, NPs releases PEI/pDNA complex (99), and promote intact transport of PEI/pDNA
complexes towards the nuclei (100). PEI is one of a few polycations that has a high transfection
potential due to its intrinsic endosomolytic activity caused by high buffer capacity. The efficient
gene transduction ability of PEI proceeds via the proton sponge effect, implying that the primary
amines buffer the protons being pumped into the lysosomal compartment by the v-ATPase
(proton pump). This results in heightened pump activity, leading to the accumulation of a Cl" ion
and a water molecule for each proton that is retained; ultimately, this leads to osmotic rupture of
the endosome and delivering the particles to the cytosol (102, 103). PEG could serve a variety of
functions such as to reduce aggregation and aid in diffusion of the particles. Also it was reported
that PEGylation of therapeutic colloids improve their cytoplasmic transport (once the particles
have escaped endosomal vesicles) by minimizing attractive forces to cytoskeletal elements, such
as microtubules or actin filaments, or to other intracellular organelles (74) thus helpful to deliver

pDNA to nucleus.
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Figure 5.32: Transfection of CFBE cells treated with NPs encapsulating pCDNA-3 LUC-WT

plasmid along with large T antigen and normalized to total protein content. Particle formulations
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contained PLGA NPs, PEI-PLGA 10 % and PEG-PEI-PLGA 10 %. Transfection efficiencies
were compared to Lipofectamine plus (prepared according to the manufacturer's instructions) as

a positive control and pDNA as a negative control.

5.4.2.6.3.2 Western blot analysis

Results of luciferase expression were further confirmed with western blot analysis. Fluorescence
spectroscopy and western blotting assays were performed to estimate efficiency of the NPs to
transfer pDNA into CFBE 41o- cells, which transiently express CFTR after transfection. After
144 h expression of GFP (Figure 5.33) was observed under confocal microscope (Carl Zeiss,
Confocol LSM 510 META, 20x) and then cells were used for western blot analysis. WT-CFBE
cells were used as positive control. The western blot analysis showed that the monoclonal
antibody directed against the C-terminal of the CFTR protein detected two bands: one band
around 170 kDa corresponded to the fully processed and fully glycosylated form of CFTR;
another band at about 150 kDa referred to the immature, core-glycosylated form of CFTR that is
retained in the endoplasmic reticulum (ER) or in an intermediate ER-associated compartment
(104, 105). While sodium potassium ATPase was used as internal control. The most intense
signals were reported with a PEG PEI-PLGA NPs (10%) followed by PEI-PLGA NPs (10%),
PLGA NPs, Lipofectamine plus. Absence of any CFTR band in cells treated with DNA (Figure
5.31 F2; Lane 1) only indicated the need of the delivery vector. The Western blot observations
shows similar results when correlated with the GFP expression. Highest GFP expression was

obtained with PEG PEI-PLGA NPs (10%) (Figure 5.33 D).
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Figure 5.33: Fluorescence image of GFP expressing cells 144 h after cells were treated with NPs
that had been loaded with pIRES2-EGFP-CFTR cDNA. A) cells treated with DNA alone; B) cells
treated with PLGA NPs; C) cells treated with PEI-PLGA NPs (10%); D) cells treated with PEG-
PEI-PLGA NPs (10%); E) cells treated with Lipofectamine plus; F1) CFTR expression 144 h
after transfection of CFBE 410- cells with different NPs. Lane 1: cells treated with DNA; Lane 2:
cells treated with PLGA NPs; Lane 3: cells treated with PEI-PLGA NPs (10%); Lane 4: cells
treated with PEG-PEI-PLGA NPs (10%); Lane 5: cells treated with Lipofectamine plus; Lane 6:
WT- CFBE cells (positive control), band C corresponds to mature, complex-glycosylated CFTR,
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whereas band B corresponds to core-glycosylated CFTR. Na-K ATPase alpha subunit serves as an
internal control; F2): Quantification of immunoblots by densitometry by monitoring the relative
amounts of bands C and B normalized to the background and the WT- CFBE cells control. The
optical density of all the bands and background were measured, and then the two bands for WT-
CFBE cells were designated 100% and the background as 0%. The percentage for each band is

then calculated separately.

5.4.2.6.4 Cell viability & TEER analysis

It was observed that PEGylation significantly reduces toxicity of the particles. The reduced
surface charge further reduces the toxicity of the particles significantly (Figure 5.34 A). PEG
shield the particle surface, reduces surface charge thus improve the cell tolerance. Further it was
confirmed from TEER analysis on cells under liquid/liquid culture conditions (Figure 5.34 B).
The presence of an intact cell monolayer was confirmed by steady TEER values (450—500
Qcm?) after 3 days of culturing and the monolayer was visible by light microscopy. After
exposure to the NPs, TEER was measured at a defined time interval for 5 days. TEER depends
on tight junctions between cells, which can be disrupted by noxious stimuli (70) and therefore
provides a convenient measure of barrier function (71). Incubation of monolayers with PEI-
PLGA NPs at a concentration of 1 mg/mL, which was shown to yield at least ~70% cell viability,
did alter the resistance of the epithelial layer. This was confirmed by the progressive decrease in
TEER value over the period of time with significant difference between PEG-PEI PLGA NPs
and control cells (p=0.011; p < 0.05 & p=0.027; p< 0.05 for cells &PEG-PEI PLGA NPs
respectively) (Figure 5.34 B). While there was no significant difference in TEER value of cells
and PEG-PEI PLGA. Taken together, these results suggest that the PEGylated NPs do not
interfere with the integrity of the airway epithelial cells in vifro and may not have toxicity effect

when used in vivo to treat lung disorders.
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Figure 5.34: A) Effects of PEI-PLGA NPs 10% & PEG-PEI-PLGA NPs 10% formulations on
viability of CFBE 41o- cells after 24 h incubation Test samples contained 0.05 mg/mL, 0.1
mg/mL, 02 mg/mL, 0.4 mg/mL, 0.8 mg/mL, 1 mg/mL, 2 mg/mL and 3 mg/mL of formulation.
Data represent mean = SD, n =6; (* results are significantly different from other treatment
groups, p < 0.05) B) TEER analysis of CFBE 41o- cells layers exposed to NPs over time. We
observed that there is a significant difference in TEER when using the PEI-PLGA NPs (p=0.011;
p < 0.05 & p=0.027; p< 0.05 against untreated cells and PEG-PEI-PLGA NPs respectively). The
results of MTT & TEER study suggest the safe use of developed PEGylated NPs system.

5.4.2.6.5 Cell uptake study

6-coumarin loaded NPs used to assess cellular association and uptake of NPs (Figure 5.35). Both
PEGylated and non-PEGylated NPs showed cell uptake, as revealed by fluorescence microscopy.
PEI-PLGA NPs shows significantly higher cell uptake than PLGA NPs. This observation was
further confirmed by the quantitative fluorescence spectrophotometric analysis (Figure 5.35 D).
The uptake of PEI-PLGA NPs in the cells was significantly higher than PLGA NPs (P=0.001; P
<0.05). The presence of PEI on NPs surface imparts a positive charge to the NPs, which helps in
the electrostatic interaction with the negatively charged cell membrane thus promote their
uptake. Further PEGylation of these particles again improved their uptake (P<0.05; P=0.003
against PEI-PLGA NPs & PEG PEI-PLGA NPs; P=0.001 against PLGA NPs & PEG PEI-PLGA
NPs). Though presence of PEI shows enhanced uptake but their cell uptake is limited as serum
proteins (particularly albumin) bind with PEI prior to cell uptake which abrogate the uptake of
NPs (78).Addition of PEG in NPs preparation gives a significant advantage in shielding the NPs
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from adsorption of proteins (79). This promote the uptake of the PEGylated NPs. PEG could also
serve a variety of functions such as to reduced aggregation and aid in diffusion of the particles.
This promotes interactions with the cell membrane and thus improve cell uptake. These findings
are in concert with results of previous studies. Suh et al (74) also reported that the PEGylation
increases average NPs diffusivities by 100% compared to nonPEGylated particles. They
hypothesized that PEGylation of therapeutic colloids improve their cytoplasmic transport (once
the particles have escaped endosomal vesicles) by minimizing attractive forces to cytoskeletal

elements, such as microtubules or actin filaments, or to other intracellular organelles.
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Figure 5.35: Confocal microscopy of CFBE cells (63X) after 24 hours of incubation with 6-
coumarin loaded NPs: A) PLGA NPs; B) PEI PLGA NPs (10%); C) PEG PEI PLGA NPs (10%);
Cells were treated with 6-coumarin loaded NPs (green), fixed and nucleus stained with Hoechst
dye & cell membrane with FM® 4-64 membrane stain. Top images represent slices from the
middle of a z-stack of a CFBE cells. Bottom images are projections in the z-axis created from a
z-stack of the same CFBE cells displayed in the top image; D) The NPs uptake in CFBE cells (n
= 9). *Significant difference; P < 0.05. A more efficient NP uptake is apparent for PEGylated
NPs as compared to non-PEGylated NPs.
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5.4.2.6.6 DNAse protection assay

Efficiency of NPs to protect encapsulated pDNA against nuclease digestion was evaluated by
exposing them to DNAse I followed by agarose gel electrophoresis (Figure 5.36). It was
observed that naked plasmid DNA (lane 3) was completely digested within 5 min of incubation,
while DNA encapsulated in NPs (lane 4-6) remained intact up to 4 h when incubated with
DNAse I (Figure 5.36).When compared with controlled pDNA, pDNA extracted from NPs
doesn’t showed any degradation while naked DNA was completely degraded, which shows the
efficiency of the encapsulation process against the degradation effect of the enzyme. Thus
Hydrophobic PLGA matrix can be served as an effective protection layer to encapsulated pDNA

when administered in-vivo from protein and enzyme.

Figure 5.36: Agarose gel electrophoresis of plasmid DNA extracted from particles after
treatment with DNase I. Lane 1: marker DNA; Lane 2: control non-treated pDNA; lane 3: naked
pDNA after incubation with DNase I; Lane 4: pDNA encapsulated in PLGA NPs; Lane 5: pDNA
encapsulated in PEI-PLGA NPs; Lane 4: pDNA encapsulated in PEG PEI-PLGA NPs; after
incubation with DNase I for 4 h.

5.4.2.6.7 Mucus penetration study

To assess how the composition of the formulation affected NP diffusion through lung lining
fluids, the amount of 6-Coumarin permeated through an artificial mucus layer after 8, 12, and 24
h of release from fluorescent NPs was assessed. As can be seen in Figure 5.37 a higher percent of
6-Coumarin was found in gelatin when PEG-modified NPs were deposited on the mucus layer as
compared to non PEGylated NPs. Mucus is mainly comprised of mucin. Mucin fibers form a

network with a mesh spacing size of 30-100 nm which can physically entrap any foreign
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particulates that exceed this low spacing cut-off (64). The mucus barrier poses a serious obstacle
that prevents the penetration of therapeutics across epithelial lining.

Studies shows that particulates as small as 30-60nm can diffuse across mucus matrices (65),
however particles above 100 nm in size exhibit retarded diffusivity in mucus (106). Diffusivity
of these particles can be improved by increasing the residence time of the NPs in the tightly
packed layer of mucus (107). The surface chemistry of the NPs plays a crucial role since mucus
could bind various surfaces that come in contact with it by either lipophilic or hydrophilic
interactions (66). Consequently, NPs with cationic termini are more likely to adhere to the mucus
layer retarding its diffusion (108). Negatively charged NPs however can also be problematic as
they can be electrostatically repelled by the anionic barrier which could explain the retarded
diffusion of some negatively charged NPs (67). Uncharged or neutral NPs on the other hand
could be highly hydrophobic, which causes considerable hydrophobic interactions and
retardation in the mucus in the same fashion as with different bacteria (68).

Quantitative data were supported by visual inspection of the well plates is shown in Figure 5.37,
indicating that 6-Coumarin loaded PEGylated NPs diffused faster through mucus. This could be
explained by surface charge present on the NPs. Non PEGylated NPs can electrostatically
interact with the anionic barrier of mucin due to presence of positive surface charge which retard
their diffusion through the mucus. While PEGylation of NPs reduces their electrostatic
interaction with mucin but promote formation of hydrogen bonding with mucin thus promote
their diffusion through mucus (69, 109).

Taken together, these results suggest the great potential of the PEGylated NPs to act in vivo as a
drug reservoir which slowly releases the active agent to the target to have a prolonged
therapeutic effect. Further-more, according to therapeutic requirements, NP composition can also
be considered a useful means by which pDNA release rate, activity and NP interactions with
mucus can be tuned.

Nonetheless, NPs will be released in vivo in the lung mucus, which will prevent them from
reaching the target and affect NP therapeutic potential. Thus, the assessment of mucoadhesive
properties of the NPs is also fundamental to the development of clinically -relevant gene delivery

systems for treatment of cystic fibrosis.
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Figure 5.37: a) Percent amount of 6-coumarin permeated in the gelatin layer after 0, 8, 12, 24 h.
Data are mean £+ SD (n = 3); b) visual inspection of NP penetration through an artificial mucus
layer (representative image at 8, 12, 24 h). A: PEG PEI PLGA NPs; B: PEI PLGA NPs
*Significant difference; P < 0.05

5.4.2.9 Stability study

The stability of NPs was assessed by suspension in 0.9 % saline simulated lung fluid & 10% fetal
bovine serum by evaluating particle size measurements at fixed time intervals. The PEI PLGA
NPs showed increased particle size over the period of time (Figure 5.38). The enhanced particle
size is due to the flocculation effect induced by ions present in the solutions. However serum
proteins (particularly albumin) bind with surface PEI of NPs which is also responsible for
enhanced particles size when incubated with serum. The resulted aggregates limits their cell
uptake (78). Addition of PEG in NPs preparation gives a significant advantage in shielding the
NPs from adsorption of proteins (79). DLS sizing measurements demonstrate that the PEG PEI
PLGA NPs remain stable over 48 h with no significant change in size (Figure 5.38). This result
suggests that the DSPE-PEG 2000-COOH density on the NPs does not drop below the range of
full electrostatic and steric stabilizations over the time period. It could be that the DSPE-PEG
covalent bond in PEGylated lipid molecules is very stable and the PEG group is not hydrolyzed
off, or that the lipid monolayer does not peel off over 48 h. Thus, the NPs prepared in this study
should remain stable in vitro for relatively long periods. This result suggests that the current
formulation has sufficient stability derived from steric repulsion due to the PEG chain (80-82).
Based on this study, PEI PLGA NPs are less favorable for pulmonary administration as their
instability in media may lead to reduced therapeutic efficacy due to faster clearance from the

lung.
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Figure 5.38: Stability of NPs was tested by measuring particle size in (A) saline solution; (B)
simulated lung fluid at 37 °C; (C) 10% fetal bovine serum. The PEGylated NPs remained stable for
up to 2 days while non PEGylated NPs tended to show aggregation, indicating comparatively less

stability. Data are shown as mean = SD (n = 3)

From the all results obtained, it is observed that PEGylated NPs system in most promising delivery

system hence, it will be used for further studies.

5.5 Conclusion

PLGA nanoparticles were successfully developed and optimized for maximum entrapment
efficiency as it was one of the major challenges for development of NPs of highly hydrophilic
therapeutics like netilmicin sulfate (NS) and pDNA. In case of NS loaded NPs, EE was improved
due to formation of drug- dextran sulfate complex and it subsequently lead to sustained drug release
with improved antibacterial activity. Further incorporation of PEG results in improved cell viability
as well as better penetration of the NPs through mucus. Also improved cell uptake will be
benefitted to treat intracellular bacterial infections in CF. In case of pDNA loaded NPs, interaction
between PEI and PLGA helped to encapsulate pDNA for its sustained delivery. Sustained release of
pDNA was might be due to electrostatic interaction between PEI and pDNA. Blending of PEI with

the PLGA matrix also resulted into increased transfection efficiency of pDNA. Moreover,
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incorporation of PEG to PEI-PLGA NPs emerged as the most promising vector for transfection in

CFBE410- cells. However it was observed that the incorporation of PEG enable a greater influx of

water into the NPs matrix, accelerate PLGA hydrolysis and thus promoting greater degradation of

PLGA and improved DNA release from NPs. Qualitative and quantitative studies showed that
uptake of PEI-PLGA NPs was significantly higher than that of PLGA NPs. pDNA extracted from

NPs did not show any degradation while naked DNA was completely degraded against DNAse

enzyme which proved the importance of delivery vehicle. It was observed that PEGylated

formulations were stable in pulmonary fluids and can be used effectively for pulmonary

administration.
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