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Abstract

The aim of this research has been to study and develop the engineering principles

associated with the 1mpact of formulation and device parameters on the safe delivery

of nano-31zed biomaterials such as plasmld DNA. In the present investigation, Omron -

U22 and U03 mesh nebulisets operating at frequenmes of ~175 kHz and ~65 kHz
resPectlvely were used. Since the U22 device is a recently 1ntroduced mesh nebuliser ,
for re5p1ratory drug de11very, detailed characterlsatlon experlmentatlon modelhng and-

a.naly51s was carried out for this device.

Plasmids of size 5. 7, 8.7, 13 and 20 kb were punﬂed from Escherichia coli cells and

used for nebulisation experiments. _Expenmen_ts on the nebulisation of plasmid DNA

'_ | using the U22 deyice ina bio-safety Cabiriet showed no 'darhage to the sc stfucture of
the 5.7 kb plasmid, but alrﬁost complete damage to the 20 kb plasmid in the condensed
aerosols collected using a fabricated aerosol coIIectien apparatus. The damage to the
se structure of plasmid DNA was 'analysjed using gel electrepheresis,' Picereen assay -
’and atomic force microscope (AFM). Engiheering anélysis was perfdrmed using
- computational fluid dynamics‘(CFD) modeling to determine the shear and eioﬁgational
strain rates in the mesh nozzle of nebuliser. The estimated maximum hydrodynarhic
force on plasmid DNA based on the Ryskin equation was calculated in pieoNewton
(pN) from the actual molecular size of the sc structure and predicted strain rates.
Optimisation of the formulation and device parameters were carried out uéing Design
of Exp-erim‘ents (DOE) to predict damage to the sc structure. Formulatioh of the 20? kb
plasmid with polyethyleneimine (PEI)' resulted in safe aerosol deIivery using the mesh

| nebuliser. vitro transfection studies in suspension-adapted Chinese Hamster OVary |
(CHO- S) cells resulted in successful 1ntegrat10n of Green Fluorescent Protem (GFP) ‘
from the 5.7 kb plasmld after nebullsatlon ‘ ' '

The commerc:ally available U22 mesh nebuliser 'prbmises to be a useful pulmonary
device for the successful delivery of plasmid DNA for non-viral gene therapy.
_ Realisation of this promise however will require both innovations in the design of

expenments formulation and methods of studymg plasmid DNA damage as

demonstrated in thls thesis.
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the vibrator horn is powered by a DC volt supply of 3V; plasmid DNA
sample from the ‘nebuliser chamber’ is taken to check mtegrlty of
supercmled (sc) structure.

44

Flgure 3.4: U03 mesh nebuliser: a) sketch of the device, b) schematic of
medication container showing nozzle mesh and nebuliser chamber;
liquid is drawn through the annular section and forced through the
mesh resulting in generatlon of aerosols. : -
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Figure 3.5: Aerosol col!ection‘apparatus from a U22 mesh nebuliser,
same apparatus was used for the U03 mesh nebuliser. - :
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Figure 36 (a) Vibrator horn (diaméter at the top of the horn is 3.5

set-up

mm) of the U22 mesh nebuhser, b) schematlc of a high speed imaging
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Figure 4.1: Figure 4.1: DNA homogeneity of purified supercoiled 5.7 kb
and 20 kb plasmids determined by densitonietric scan of an agarose gel;
sc 5.7 kb — 96.57%, sc 20 kb — 96.61% (an ethidium bromide correction
factor of 1.36 was applied to the sc structure)
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Flgure 4.2: Flgure 4, 2 DNA homogeneity of purified superco:led 8.7 kb

62

and 13 kb plasmids determined by densitometric scan of agarose gel; sc




8.7 kb — 96.34%, sc 13 kb — 96.9% (an ethidium bromlde correction

factor of 1.36 was applxed to the se structure). .

Figure 4.3: Scanning eleetron mlcrograph of the mesh of a U22
nebuliser showing (a) arrangement of nozzles on the mesh, (b) single
nozzle and (c) distance between nozzles. , :
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Figure 4.4: Cross-section of a nebuliser mesh of the U22 mesh
nebuliser; A and B represent total mesh thickness. “
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Figure 4.5: Average partlele size dlstnbutlon of aerosols during
'| nebulisation from U22 mesh nebuliser (n=3).
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Flgure 4.6: Nebulisation rate in the U22 mesh nebuliser (a) dlstllled
water — 0.44 mL/min, (b) saline solution — 0.45 mL/min (n=4).
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Figure 4.7: Agarose gel electrophoresis of nebulisation of 5.7 kb plasmid:

a) TE buffer; lanes 2 and 3: BN and AN samples in TE buffer; lanes 3,4 |

and 5: BN, NC and AN samples in TE buffer showing open-circular (oc),
{ linear form (Lf) and supercoiled (sc) forms of the plasmid; b) TE buffer
| with 160 mM NaCl; lanes 1, 2 and 3: BN,'NC and AN samples in TE
buffer with 160mM NaCl showing oc, Lf and sc forms of the plasmid.
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Figure 4.7 ¢) & d): Agarose gel electrophoresis of nebulisation of 5.7 kb
plasmid: ¢) and d) densitometer scans showing peaks of open-circular
(oc), linear form (If) and supercoiled (s¢) of Figure 4.7 a) and b)
respectively resultmg in less than 5% damage to the sc¢ form in both
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Figure 4.8: Agarose gel electrophoresis of nebulisation of 5.7 kb plasmid:
a) PBS buffer: BN and AN samples; b) HEPES buffer: BN. and AN
samples; ¢) TE with 150mM NaCl: BN and AN samples; open-circular
(oc) form of the 5.7 kb plasmid is damaged in the AN samples; DM —
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Flgure 4.9: Densitometric scans of agarose gel from nebulisation of 8.7

kb plasmid formulated in: a) TE buffer, b) TE buffer with 150 mM |

NaCl; % damage to sc structure in a) 45% and b) 6, 5%, BN —- before
nebuhsatlon, AN — after nebuhsatmn
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Figure 4.10: Agarose gel electrophore31s study of nebulisation of 20 kb
plasmid: lanes 2, 3 and 4: BN, NC and AN samples in TE buffer; lanes 5,
6 and 7: BN, NC and AN samples in TE buffer with 160mM NaCl
showing supercmled (sc) form of the plasmld
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Figure 4.11: Distribution of sheared DNA fragments after nebulisation
of the 20 kb plasmid generated from the densitometric scans of an
agarose gel (n=2); ‘x’ is the DNA molecu]ar size in kb determmed from
DNA marker as a reference. .
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Figure 4.12: Structliral analysis of s¢ structure of 5.7 kb plasmid DNA

by AFM imaging in air: a) before nebulisation, scan size of 0.75 x 0.75
pm, scale bar ~ 250 nm; b) after nebulisation showing s¢ structure and
sheared fragments of 5.7 kb, scan size of 25x 2 5 pm, scale bar — 500
nm. . .
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Figure 4.13: Structural analysis of sc structure of 20 kb plasmid DNA
by AFM imaging in air: a) before nebulisation; b) after nebulisation
.| showing sheared fragments of 5.7 kb, scan size of 2.5 x 2.5 ;Lm, scale bar
— 500 nm for both i lmages :

79

Flgure 4.14: Structural analysis of sc structure of condensed 20 kb
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plasmid DNA; scan size of 7.5 x 7.5 pm, scale bar - 2500 nm. -

Figure 4.15: ‘A standard DNA fluorescence graph using PicoGreen
assay for 5.7 kb plasmid at a) high concentration (0 800 ng/mL), b) low
concentratlon (0-3 ng/mL) range (n=3).
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Figure 4.16: PicoGreen assay for 5.7 kb plasmid exposed to alkaline
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denaturation at pH 12; kgp = 0.0154, k+p = 0.0108, k.o, = 1.43 (n=3).

Figure 4.17: PicoGreen assay for 5.7 kb plasmid exposed to chemical
degradation at 60°C for 24 hours; kgp 0.0032, k4p=0. 0017 k,,,,«,o =1.88
(n=3).
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Figure 4.18: PicoGreen assay for 5.7 kb plasmid exposed to chemical
degradatlon at 60°C for 48 hours; kgp = 0. 008 kip=0. 0127 kraio = 0 63
| (n‘2)
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Flgure 4.19: PicoGreen assay. for 5.7 kb plasmid exposed to
nebulisation; kan= 0.0036, kAN = 0.004, k4o = 0.9 (n=3).

Figure 4.20: A standard graph using PG assay for a 20 kb plasmld
(n“3)
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Figure 4.21: PicoGreen assay of nebulrsatlon samples of 20 kb plasmld
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exposed to alkaline denaturation (n=3).

Figure 4.22: 4Densnt0metrlc scans of agarese gel electrophoresis of
nebulisation of plasmids in Ul nebuliser: a) 5.7 kb, b) 8.7 kb, ¢) 20 kb
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Figure 5.2: Response surface contour and 3D plots of the effect of 3 pm |
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Figure 5.3: Response surface contour and 3D plots of the effect of 4 pm
nozzle size on the damage to the sc structure of 20 kb plasmid
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Figure 5.4: Response surface contour and 3D plots of the effect of 5 pm
nozzle size on damage to the sc structure of 20 kb plasmid
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Figure 5.5: Response surface contour and 3D plots of the effect of 10

ng/mL DNA concentration -on damage to the sc structure of 20 kb'

plasmnd
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Figure 5.6: Response surface contour and 3D plots of the effect of 20
pg/mL DNA coneentratxon on damage to the sc structure of 20 kb
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-| Figure 5.7: Response surface contour and 3D plots of the effect of 30
pg/mL DNA concentration on the damage to the sc structure of 20 kb
plasmld
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Flgure 5. 8 Response surface contour and 3D plots of the effect of 0 mM
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Figure 5.9: Response surface contour and 3D plots of the effect of 150
mM NaCl concentratlon on the damage to the sc structure of 20 kb
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Figure 5.10: Response surface contour and 3D plots of the effect of 300
mM NaCl concentration on the damage to the sc structure of 20 kb
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Figure 5.11: Minimum predicted damage to sc structure of 20 kb
plasmid for DNA and NaCl concentrations at nozzle sizes of: a) 3 pm,
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Flgure 6.1: Imagmg of aerosols from Sul droplet on wbrator without
mesh.
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Figure 6.2: High speed imaging of PBS solution aerosols genereted by
the mesh nebuliser (a) without mesh and (b) with mesh in place.
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Figure 6.3: Nebulisation of 20 kb plasmid with and without mesh.
Lanes 1,5 — before nebulisation (BN), lanes 2,6 — nebuliser chamber
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(NC), lanes 3,7 — after nebulisation (AN), DM - AHindIII DNA marker.

Figure 6.4: Agarose gel electrophoresis of nebulisation of 5.7 kb
plasmid in TE buffer (lanes 2,3) and TE buffer with 150 mM NaCl
(lanes 4,5); Chemical degradation of nebulisation samples (lanes 6 to 9);
DM — DNA marker, BN — before nebulisation, AN — after nebulisation,
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Figure 6.5: Densitometric scans of agarose gel (shown in Figure 6.4) of
'| chemical degradation of nebulisation samples (lanes 6t09).

Figure 6.6: a) Section of a nozzle of the mesh used in the U22 mesh
nebuliser; diameter of the nozzle — 3um; frequency of the vibrator horn
—~ 175 kHz. b) Dimensions and boundary conditions for the axi-

conditions - velocity inlet at the vibrator horn, pressure outlet at the
nozzle exit; wall at the nozzle wall; slip adjacent to the nozzle wall
symmetry axis at the axis of the nozzle. -

‘symmetric domain of a nozzle of the nebuliser mesh; boundary |
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.| Figure 6.7: Contours of velocity stream lines for steady state simulation
of the flow of fluid through the nozzle of the mesh nebuliser.
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Figure 6.8: CFD simulations of strain rates (in s™) used to determine
the maximum hydrodynamic force near the nozzle of the mesh

shows the strain rates in the nozzle exit.

'| nebuliser (a) elongational strain rate and (b) shear strain rate; Inset {-
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meshes (a) average strain rate at nozzle, (b) Average velocity at nozzle
and average pressure drop between inlet and nozzle for triangular and
quadrilateral meshes :

Figure 6.9: Grid dependency studies for triangular and quadrilateral |
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Figure 6.10: Percentage of plasmid DNA exposed to computed
hydrodynamic shear force upon passage through nozzle exit of mesh
nebuliser (a) 5.7 kb plasmid, (b) 20 kb plasmid, (c¢) formulated 20 kb
plasmid; Arrows indicate the forces defining the DNA stretchlng and
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Figure 6.11: Distribution of DNA fragments of 20 kb plasmid based on
molecular size after nebulisation as ' observed ln agarose gel
electrophoresis. ‘
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Figure 6.12: A schematic for generation of DNA fragments from

scission.

degradation of 20 kb plasmid; a total of eight scissions are required to |
generate fragments of size 2 S kb w1th the star symbol representmg al| =

158

Figure 6.13: Limiting size for safe aerosol delivery of supercoiled
plasmid DNA in the U22 mesh nebuliser (% damage data taken from
Table 4. 7)
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Flgure 6. 14 Limiting size for safe aerosol delivery of supercoiled
plasmid DNA in the U03 mesh: nebullser (% damage data taken from
| Figure 4.22). '
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Figure 7.1: Normal plot of standardlsed effects for plasmid and nozzle
sizes - :
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Figure 7.2: Pareto chart of standardlsed effects for plasmxd and nozzle
sizes : ‘
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Figure 7.3: Maln effects plot of plasmld and nozzle sizes for % damage '

to sc structure.
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Figure 7.4: Interactlons plot of plasmid and nozzle sizes for % damage
to $C structure . , , _
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| Figure 7.5: Model predlctlons from factorlal design of plasmld and
nozzle sizes: a) contour and b) surface plots of damage to sc structure of
the plasmid. E :
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Figure 7.6: Normal plot of standardised effects for plasmid size and
device frequency '
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Figure 7.7: Pareto.chart of standardised effects for plasmld sue and
device frequency
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Figure 7.8: Main effects plot of plasmld size and device frequency for %
damage to sc¢ structure ‘ ‘
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Figure 7.9: Interactlons plot of plasmld size and dev1ce frequency for %
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damage to sc structure.

Figure 7.10: Model predictions from factorial design of plasmid size and
‘device frequency: a) contour and b) surface plots of damage to sc
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structure of the plasmid. -

Figure 7.11: Prediction of damage to the sc structure of 5.7 kb and 20 kb | -
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plasmid at intermediate frequencies at a nozzle size of 3 pm. -

-Figure 8.1: Densitometric scans of agarose gel from nebulisation of 20 kb
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pDNA at DNA concentrations of: a) 15, b) 7.5, ¢) 5 pg/mL.

Figure 8.2: Agarose gel electrophoresis of nebulisation samples of (i)
‘| naked 20 kb plasmid, (ii) 20 kb plasmid complexed with DOTAP/DOPE

and (iii) 20 kb plasmid complexed with DOTAP/Cholesterol; damage to
the sc structure of naked plasmid observed, DM — DNA marker, BN —
before * nebulisation, NC — Nebuliser chamber and AN - after
nebullsatlon :
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Figure 8.3: Densitometric scans of agarose gel from nebulisation of 20 kb
pDNA complexed with DEAE—dextran at N/P ratios of a) 0.1, b) 0.2 and
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-Figure 8.4: AFM image of sc structure and DD/sc pDNA complex (N/P
ratio 0.1) before nebulisation. Inset shows DD/sc pDNA complex with
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[ nm, height— 5 nm).

Figure 8.5: AFM images of DD/plasmid DNA complex (N/P ratio 0.2)
before nebulisation (height — 5 nm), {(¢) & (d) after nebuhsatlon (helght -
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_ Figure 8 6: AFM images of unwinding of DNA strand from DD/sc pDNA
complex at N/P ratlo of 0.2 before nebulisation (height — 5 nm), scale bar
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Figure 8.7: AFM images of DD/plasmid DNA complex at N/P ratio of 0.4

before nebulisation (a) nanoparticles (scale bar — 600 nm, height -5 nm)," -

(b) aggregates (scale bar — 250 nm, height — 10 nm)
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Figure 8.9: Formulation studies of 20kb plasmid DNA: PicoGreen assay
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Figure 8.10: Formulation studies of 20kb_ plasmid DNA: Structural
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scan size of 4.35 x 4.35 pm, scale bar — 500 nm; b) after nebulisation, scan
size of 0.8 x 0.8 pm, scale bar — 200 nm; height 5 nm for both images.
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Figure 9.1: Viable cell density of Chinese hamster ovary cells transfected
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Figure 9.4: Effect of nebulisation and DNA concentration on transient
transfection: GFP intensity measured using a Flow cytometer for a)
untransfected CHO-S cells, b) unncbulised and ¢) nebulised pDNA at 20
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"| percent of eGFP positive cells in a transfected cell population.

Figure 9.5: Effect of nebulisation and formulation on transient
transfection: GFP intensity measured using a Flow cytometer for a)
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- CHAPTER 1. INTRODUCTION

1 | Contcxt of the Research

The -identification of the ‘gen'es in the human genome project has opened up
opportunitie§ for the treatment of genetic and acquired human diseases. The advent
. of recombinant DNA technolbgy has seen the prloduction iof fecoinbinant proteins
~ from therapeutic genes using cell culture technology. Thé targeted delivery of
therapeutic gencs to diseased cells promises a better approach than such proteins,
The \disadvantages of direct administration of proteins include bioavail_ability, _
systemic toxicity, in vivo stability, high hepatic and renal clearance rﬁtes, and the -
hiéh cost of manufacturing [Han et al.',‘ 2000]. The vectors reported'_in gene therapy
clinical trials are pred{ominantly viral, with a s'teady increase in the use of non-viral
vectors. The disadirantéges of viral vectors including insert-size limitation, safety
(immunogenicity) and manufacture, have led to an increased focus on the use of non-
_viral vectors for gene therapy. The maliin hurdle for _thé suécessful application of gene
therapy is the safe delivery of the vector to the targeted cells to obtain efficient gene

expression.

Presently, plasmid -DNA is th_e. most common vector for non-l{riral gene therapy,
~ although non-viral genetic techniques such as RNAi (RNA interference) and RNAa-
(RNA activation) have been .recently ‘discovered. The challengé for delivery of
plasmid DNA for non-viral gene therapy is the retention of the fragile supercoiled

(sc) structure of the plasmid during fonﬁulation and deli'\/éii'j/ to the tél_rgetéci site. In -
order to ensure regulatory compliance and maximum .bioavailability to the cells, the
sc structure of plésmid DNA needs‘to be preserved intact dﬁring delivery. LPulmona;'y
delivery of plasmid DNA is a promising emerging-non-in.v?asive delivery route using
: 'fespiratory devices such aélnebulisers and dry pbwder inhalers. Nebulisers have the
advantages of less challenging formulation requirements, large dosage handling

_capability, ease of operation and continuous aerosol delivery..
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| 'Cl_zapter 1 Introduction

' This thesis repo'rtls the results of ‘a close collaboration between Loughborough )
‘ Umver31ty and Un1vers1ty College London. Research has focussed on the use of a
‘mesh nebuliser for safe dehvery of the sc structure of different sized plasmlds
determination of the s¢ structure of plasmids using AFM, CFD modelling to predict
the hydrodynamic force on the sc structure, alternative formulations and bio-efficacy |
studies on transfection of aerosolised plasmid DNA in a mammalian cell line such as
Ch1nese Hamster Ovary cells. This introductory chapter presents the basic aspects of .

gene ‘delivery, a brlef statement of the problem and the structure of the the31s

1.1  Delivery of non-viral gene therapeutic

Vectors for gene transfer r_nay be classified based on the mode of deliVery as “in vivo®

and ‘ex-vivo’. In vivo delivery is the transfer of genetic 'material either locally (eg. = -

mtra—muscular, intra-tumoral 1nject1on, 1nhalat10n, local permeat1on) or systemically
| (mtravenous inj ect1on) to the intact body Ex vivo dehvery occurs when the transfer of f
genetlc material is performed on cells or t1ssues that are first explanted, cultured in the
laboratory, and then re-implanted into the pat1ent In this thesis, an ultrasonic mesh
nebuliser has been used for engineering studies on the aerosol delivery of plasmid

DNA for in vivo gene delivery. ' ;

Pulmonary delivery of therapeutics is a non-invasive approach for the treatrnent of
respiratory diseases. With the recent apnroval in the pulmonary delivery of insulin_; this
deliveryroute also offers promise for the treatment of systemic diseases. A number of
| challenges to the .pulmonary delivery of plasmid DNA via .‘ conventional jet
- nebulisation include damage to the sc structure due to the shearmg effects assocrated
with nebulisation, the requirement. to produce aerosol droplet sizes appropnate for

o optlmal delwery to the peripheral lung and to maximise the dose of DNA delivered to
lung surfaees. Non-{riral polyplexes are emerging as suitable candidates for use in
| pulmonary inhalation gene therapy; PEl-based formulations ,appear to be good.
candidates for aerosol delivery of genes for the treatment of a variety of genetic
pulmonary dlsorders including lung tumors. This the51s focusses on the study of both
fonnulauon for delivery and delivery of plasmid vectors via nebulisers and the

engineering required to ‘enable this delivery.




- Chapter 1: Introduction” "

12 Statement of the problem

- Aerosolisation of plasmid DNA is a challenge using .plﬂmonary devices due to the

requirement to protect the fragile supercoiled structure against damage. The main -

'objective' of this’investigaﬁon was to st'udy‘ and develoj) the engineering principles '

associated with the irhpact of formulation and device parameters on the safe delivery

of plasmid DNA. The motivation for the work resulted from the need for development -

of a superi:oiled' plaémid DNA-based formulation for‘ safe aerosol delivery using a B

commercial drug délivery device with potential applications for the treatment of
respiratory and systemic diseases. The main adva-ntage‘ of using a cliniéally proven
nebulise.r device is that it can be réadily tested in pre-clinical trials for the safe and
 efficient delivery of plasmid DNA and does not require regulatory épproval as a

device.

1.3 Structure of the PhD thesis

The structure of the PhD thesis is summarised here to provide a concise description of -
the chapters for the reader. Chapter 2 provides a detailed review of work on the basic

aspects of gene therapy with an ernphasis on aerosol no_ﬁ—viral gene delivery of -

plasmid DNA and current status of gené therapy clinical trials. A review'of the
-~ delivery systems reported in the literaturé_ shows the significance of pulmonary dfug
delivery. A description of the drug delivery devices lised_ for the réspiratory tract with
emphasis on nebuliser devices and t_he scope for targeted pDNA delivery using

magnetofection are summarised. The theories postulated for aerosol generation from

~an ultrasonic nebuliser are discussed. The chapter ends with a roadmap to non-viral.

gene therapy starting with th§ formulation of plasrhid DNA and ending with gene -

therapy clinical trials. -

+Chapter 3 presents the materials and methodology adopted for the experiments. The
pririciple of operation of the mesh nebulisers, MicroAir® (NE-U22) and U1 (NE-U03),

designated as U22 and U03 mesh nebulisers respectively are discussed. The methods

used for the purification, formulation, nebulisation and'anaiysis of plasmid DNA are

discussed. The protocol adopted for high-speed imaging of aerosol generation and




Chap{er 1: Introduction

transfectlon of suspension adapted Chlnese hamster ovary {CHO-S) cells Wlth the

formulated plasmid is descnbed in detail.

Chapter 4 discusses the puriﬁcation and nebulisation of plasmid DNA. I_h this chapter,

super-coiled plasmids of size 5.7, 8. 7 13 and 20 kb are purified from E, coli cells and

 the purity of sc structure assessed as per the specifications recommended for gene |

therapy The charactensatlon of the mesh nebulisers in terms of nozzle dlmensrons and

‘nebulisation rate is determmed The mtegrlty of the s¢ structure upon nebuhsatron of

. the plasmid formulations in the U22 and U03 mesh nebullsers is determined using

agarose gel eleetrophoresrs, and the P1coGreen assay. Analysis of the gel .

- electrophoresis and the PicoGreen assay results suggested that the sc structure of the
5.7 kb plasmid was intact while that of the 20 kb plasmid  was damaged after
nebuhsat1on Atomic force mrcroscopy (AFM) enabled visual examination of the sc

structure of the 5.7 and 20 kb plasmlds before and after nebuhsatlon

Chapter 5 dlscusses an mmal expenmental and statistical modellmg study to 1dent1fy
the effect of formulatlon and device parameters on damage to the sc structure upon
Inebullsatron of a 20 kb plasmid usmg a response surface method (RSM) based on
design of experiments (DOE). The RSM study enabled development of' a response
equatlon to predlct the damage to the sc structure of the 20 kb plasmld upon
 nebulisation. Analysis of the model suggested the minimum predlcted damage to the

sc structure at different nozzle sizes and ionic concentrations.

In chapter 6, 'engineering 'analysis.of the nebulisation of plasmid DNA is reported

~ High-speed imaging of aerosol generation from the mesh nebuhser is examined to .

determine the residence tlme and pressure amphtudes in the nozzle of the nebullser

and consider the possible effect of cavitation on damage to the sc structure. The

mechanism of supercoiled plasmid degradation and the time scales’ involved in the -

aerosolisation process are discussed. Estimation of the maximum hydrodynamic force

on the sc structure from the mechanics of fluid flow through the nozzle of the mesh

nebuliser using computational fluid dynamics and AFM imaging is reported. The

“extent of plaémid DNA degradation after. nebulisation for different sized plasmids |

enables a linear extrapolation of the plasmid size for safe delivery of the sc structure.
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_ Chapter 7 drscusses the parameters mﬂuencmg plasmid DNA damage .in the mesh

nebuhser DOE studles to determine the influence of plasrmd size and damage wuh"

respect to key device parameters such as nozzle size and frequency are discussed.

Damage to the 20 kb plasmid was observed to be higher with the 3 pum nozzle than -

~ with the 5 pm nozzle. Nebulisation using the U03 mesh nebuliser operated at 65 kHz
resulted in more damage to plasmids of size <13 kb than using the U22 mesh nebuliser
at 175 kHz. The interaction between the parameters and damage to sc structure of the

plasmid is reported. S

Chapter 8 discﬁsses the formulation of the 20 kb plasmid to protect the sc structufe
- during nebulisation in the hlesh nebuliser. Formulation with an adjtlvant and cationic
gene delivery agent such as DEAE-dextran resulted in retention of 15% of the sc
structure on nebulisation. Formulation of the 20 kb plasmid with PEI resulted in
protectiorr of the sc structure as confirmed by PicoGreen assay. AFM imaging of the
formulated plasm1d nanopartrcles enabled visualisation of the extent of complexatlon

of sc pDNA with the cat10n1c substrate

In chapter 9, transfection studies on suspension—adapted Chinese Hamster Ovary
(CHO-S) cells using formulated 5.7 kb plasmid bearing the Green fluorescent protéin
(GFP) gene before and after nebulisation are reported. - Formulation of the 5.7 kb
plasmid was attempted prior to transfection in order to transfect the cells efﬁciently in
suspension culture medium. Lower GFP expressiorr was observed with PEI formulated
5.7 kb plasmid after nebulisation than with before nebulisation, p'ossibly due to
compactionl of the nanoparticle during the nebulisation process. However, the

nebulised 5.7 kb plasmid when formulated with PEI prier to transfection resulted in

B comparable transfection efficiency to the unnebulised plasmid. The plasmid DNA -

delivery efficiency in the transfected cells using the condensed aerosols determined
using a flow cytometer is reported to validate the earlier results that the sc structure of

_the 5.7 kb plasmid is not damaged upon aerosolisation.

Chapter 10 discusses the conclusions of the research and the key parameters.for
aerosol delivery of supercoiied plasmid DNA in a mesh nebuliser. This chapter
summarises the contribution of the research in the aerosol dehvery of plasmid DNA
for non-v1raI gene therapy The opportunities for future research and the next steps for

further work in this area are highlighted.
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241 Introriuction to the chapter o

This chapter prov1des a rewew of gene therapy and focuses on plasm1d DNA as a
non-v1ral gene therapeutlc A brief overview of the therapeutic genes used in gene

| therapy, the productlon and processmg of plasmid DNA, and the quahty of plasmld

- DNA are discussed. The present status of plasmld DNA in gene therapy clinical -

trials is analys_:ed based on the data available in the clinical trials website |

" (www.wiley.co.uk/genetherapy/clinical). From this information, it is clear that there

 is scope for increasing use of pl_asmid DNA in future gene therapy clinical trials. The

formulation of plasmid DNA for non-viral gene delivery, the sequence of processes
leadmg to non-viral gene dehvery 1nto the cells and the’ barr1ers for gene delivery

'through the pulmonary route are discussed. The dlfferent routes for delivery of

plasmid DNA are reported with typical therapeutic targets for each route. The

- devices used for pulmonary dehvery such as pMDIs, DPIs and nebulisers are
rev1ewed The importance of mesh nebulisation technology in pulmonary dehvery of

macromolecules is highlighted. New aerosolisation devices in development such as

those based on electro-mechanical and - electro-hydrodynamic approaches and

" physical methods of targeted gene delivery such as magnetofection are also
discussed. The use of a commercial pulmonary delivery device based on mesh
technology to dellver the supercmled structure of plasmid DNA is the central theme
of this thesis. ' A

2.2 - Gene therapy

The advent of genetic engineering resulting in an unprecedented elucidation of genetic
data from genomic sequencing and gene chip analysis, and developments in
~ bioprocess engineering has helped identify and mass produce therapeutic genes,

leading to the development of new gene-engineered therapies. Application of human

gene therapy has been the hope for new therap‘eutic' approaches [Rubanyi, 2001].
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Somatic gene therapy is gene transfe'r targeted at only the genetic material of tissues

' | that do not contnbute to heredltary transmlssmn for 1nstance muscles, lung, brain,
bones, kidney and heart. In contrast, germ line’ gene therapy refers to gene transfer to
~germ cells for the modlﬁcatlon of the genome for transmission to su_bsequent
" génerations. The term ‘gene therapY’ in this thesis refers to ‘somatic gene therapy’
unless indicated otherwise. The jobjective cf somatic gene therapy is to deliver
functional groups of nucleic acids tc target cells. The subsequent alteration in the
productlon of a specific protem or changes in proteln expressmn ‘results in a-

therapeutlc benefit.

\

Over 4000 human diseases are essentially‘ disorders of genes' caused by inborn ‘.
alterations in a single gene. While cor_nmon therapeutic drugs often treat symptoms, -
gene therapy focuses on gene _transfer for treating or eliminating the cause of a disease
[Mountain, 2000]. Gene-based medical interventions will be of critical importance in
creating vaccines and antiviral therapies for HIV, hepatitis, herpes and other viral
'il.Inesses, as well as for developing new strategies for the prevention and treatment of
emerging diseases [Hellermann and Mohapatra, 2003; Liu and Ulmer, 2005]. The field
of gene therapy has constantly evolved since its inception, mcving from ex vivo to
direct in vivo gene-based medicine [Rolland, 2005]. Although newer delivery

techniques. are belng developed, choosing.the right approach for administration of

. gene medicine to the targeted cells still remains an tssue and poses a 51gn1ﬁcant L

constraint on the success of gene therapy.

2.2.1 Vectors for gene therapy

Gene therapy essentially involves treatment of a disease by delivering thera'peutic'
~ genes packaged in viral or non-viral vectors to -target cells in order to replace

‘malfunctioning or missing genes. The main viral vectors used for gene -transfer are:
' retrovirus, adenovirus and adeno-associated virus. Viral vectors have been more
_ ‘efﬁcient in-transfection (introduction of therapeutic DNA into cells) than'non-viral
vectors. Most gene therapy experiments and cllmcal tnals use viral vectors for gene
dehvery The first apphcatlon of gene therapy occurred ‘with the transfer of naked :
DNA leading to the expression of the transgene [Wolff et al., 1991]. Synthetic non- -

SN
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* viral vectors can be formed by condensing the plasmid DNA bontaining the
'therapéutic nucleic acid with“cationic lipids or polymers to form lipopiexes or
~ polyplexes respéctively, and with both to form lipopolyplexes [Montier et al., 2004].
The disadvantages of v-iral 'vectors cOnceming insert-size limitation, safety _

(immunogenicity) and manufacture have led to an increased focus on the use of non- -

viral vectors for gene therapy [El-Aneed, 2004; Rots et al., 2003]. A comparisoﬁ of the
factors considered when choosing between viral and non-viral vectors is shown in
Table 2.1. Non—viral'_ vectors have a more positive impact over viral veétors for the

~ " suceess and application of gene therapy.

Table 2.1: Viral and non-viral vectors for geﬁe thefapy

Factors Vector for gene therapy Reasons for positive impact -

: Viral Non-viral ' L '
Cultureof cell .. |  +++ +++ ‘Simple, robust, and high
lines (in vitro) C efficiency of gene transfer
Culture of +++ o+ High gene transfer efficiency due
primary cells (in. . | tointegration of viruses into host
Vitro) . | genome. ' |
Overall +++ : + Viral vectors achieve higher gene
transfection ' _ » | transfer rates in vivo and in vitro
efficiency : : -+ | than non-viral.
Transgene : + . 4+ Non-viral ability to transfect
capacity ' . ' larger DNA sequences (> 100 kb).
General safety : + +++ Non-viral systems generally non-

' | infectious." N
Cost : - + +++ Non-viral transfection reagents
: are inexpensive compared to viral.
Time + +++ More time required to develop a
- | viral vector compared to non-
. viral. . o
Gene delivery - + -+ Unclear — Major obstacle facing
Invivo and Ex - - | the development of gene therapy
-1 vivo :

Theldisadvantage_of viral vectors over non-viral for treatment of respiratory diseases
such -as cystic fibrosis is that repeated administration of the viral vectors is not possible

due to recognition by the immune system. Therefore non-viral vectors being non- .

immunogenic upon repeated administration have distinct advantage over viral vectors.
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222 Non-viral gene therapeutics ;

Non-viral gene therapeutics have the potential to provide nucleic' acid-based drugs that
could be more effective than traditional pharmaceuticals. 'They overcorne the -.
limitations assoéiatedr with the direct administration of therapeutic proteins, which
_mclude low bioavailability, systemlc toxicity, in vivo 1nstab1l1ty, high hepattc and renal
" clearance rates, and the hlgh cost of manufactunng [Han et al., 2000].

The simplest non-viral'gene therapeutic system uses ‘nake'd’ ‘plasmid D_NA; which
when injected directly into'cértain:tissues, particularly muscles,' produces significant ..
levels of gene expression, though lower than those achieved with viral vectors. Sinee'
plasmid DNA is susceptible to rapid degradetion upon 'entry into the cell in the extra-
cellular milieu, protection from that degradation could be eipected to lead to higher
levels of gene express1on Plasmid DNA being anionic in nature, readlly fonns a

complex with cationic substrates such as cationic lipids and cat1on1c polymers

Another non-viral app_roach employs a peptide nucleic acid (PNA) clamp to directly
and irreversibly modify plasmid DNA, witllout affecting either its conformation or its
ability to be efficiently transcribed. This strategy helps to “functionalise” the gene by
direct coupling of ligands (fluorophores, peptides, proteins, sugars or oligonucleotides)
to plasmid DNA. The usefulness of this technique is that it provides versatile tools for

- specific targeting and efficient delivery, thereby overcoming the obstacles of synthetic

non-viral gene delivery systems [Zelphati et al., 2003].

A novel non-viral approach, RNA interference (RNAI) is gaining recognition as a
powerful tool in gene.therapy for post-transcriptional gene‘silencing [Agami, 2002;
Gene et al, 2004]. With RNAIi, small sequence speciﬁc, double-stranded, short
interfen'ng'RNA (siRNA) molecules bind to a complementary portion of mRNA and

- either prevent it from being translated or trigger its destruct10n The spemﬁc gene-

targeting technology of RNAi to shut down the expression ofa d1sease causmg gene’

has added to the benefits of gene therapy [Orive et al., 2003].
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22,3 Plasmid DNA-based non-viral gene therapeutic

The use of plasmid DNA as a non-viral vector for gene therapy has shown promise in

the development of new therapeutics [Wolff 2005]. Plasmids are extra-chromosomal

DNA capable of being transmitted from celI to cell. They are super-c01led circular

covalently closed (ccc) strands of DNA ranging from 5 kb to 400 kb that replicate

mdependently of the host DNA. The essential components of a non-v1ra1 plasmld_'

" DNA based gene therapeutic “approach include (i) a therapeutic gene encoding a - |

specific protein; (ii) a gene expression plasmid controlling the function of the
therapeutic gene within the target cell; and (iii) a gene delivery system controlling the

delive'ry' of gene expression plasmid to specific locations within the body.

2231 Therapeutic gene

‘ Over 1300 different gene types have been transferred in gene therapy clinical trials
worldw1de The diseases addressed by gene therapy clinical trials are reported in
section 2.2.4. An example indicates the approach based on gene therapy for the cure of
cystic fibrosis (CF) [Moraes and Downey, 2004; Klink et al., 2004]. CF is a common
genetic disease occurring due to a recessive genetic rnutation that‘ causes deﬁciencies
in the transport of salt across the membranes of secretory cells. This abnormal

metabolic transport causes the accumulation of thick, sticky mucus in the respiratory

and dlgestlve tracts, leading to recurrent lung infections, pulmonary damage and
dlfﬁcultles in food intake. Clinical trials in CF patlents have been conducted usmg '

~_cationic liposomes carrying the genes for the Cystic Fibrosis Transmembrane- -

- conductance Regulator (CFTR) [Rochat and Morris, 2002; Brown, 2002]).

2.2.3.2  Gene expression plasmids

Essentially, gene expression occurs in two' steps: (i) transcription — a process of

‘converting inform_ation encoded in DNA into a molecule of RNA, the messenger RNA

(mRNA) and (i) translation — a process of converting information encoded in the

nucleotides of mRNA into a defined sequence of amino acids in a protein. A gene

10
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expression plasmid is a plasmld DNA Whrch is capable of expressmn of the

therapeutlc gene 1nto the desired protein,,

22321 Production and p‘ro'cessing'of plasmid DNA

Preparatlon of plasmid DNA is a’ srmp]er manufactunng process than the v1ra1 -
packaging and punﬁcatlon method [Spack and Sorg1 2001] Although non—vrral
vectors are less effective than viral forms, the’ relative ease of plasmid DNA
production poses no constraint to the quantity of plasmid DNA that could be used for
: gehe therapy [Wahlung et al., 2004]. Recent advances in the large-scale manufacturing
procese for prbductioh of pDNA as a DNA vaccine for an influenza pandemic ha_ve
been reviewed to explore the potentiel of non-viral over viral gehe therapy [Hoare et
“al,, 2005]. The production of pharmaceutical grade ccc plasmid DNA [Prather et al.,
_ .2003] essentially involves the steps of: (i) cloning the therapeutic gene rnto a plasmid
vector, (ii) transforming the plasmid into Escherichia coli, (iii) cultiirating E. coli cells
in bioreactors for mass ﬁlasmid production and (iv) cell lysis and purification of
plasmid DNA. Extensive purification procedﬁres are required to ensure that the gene
product contains a high percentage of plasmids in super-coiled form. Interest in
producing large quantities of super-coiled plasmid DNA has recently increased as a

result of the rapid evolution of gene therapy and DNA vaccines [Ferreira et al., 2000].

Plasmid DNA is a very fragile molecule and is highly susceptible to shear during the
manufacturing process. Medium to high shear processes such as mixing, turbulent
flow during transport, filtration, lyophih;zation,‘_ and spray-drying' are comrnonly',
encountered in the operatiorrs of a pl_asmid manuf:_;lcturingprocess.‘ Since any breakage '

in the DNA strand affects the quality and perferrriance of the gene product, especially

if the damage is in the promoter or gene-coding region, it is necessary to address the
potenti’al of shear related damage that may occur during processing of the DNA
[Lengsfeld and Anchordoquy, 2002] A method for protect1on of plasmid DNA from
high shear induced damage uses simple divalent cations and the lyophlhzable alcohol,
tert-butanol, to self-assemble DNA mto condensed, shear-resistant forms [nght and

Adami, 2003]. As a result of their economic 1mportance, the development of plasmid

DNA production and purification strategies for gene-therapy vectors have been’
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“ performed in pharmaceutical -companies within a conﬁdehtial environment,

: Con'seq'ueﬂtly,'detaile'd information on large-scale plasmid purification is not available = -

“to the scientific community..

22322 _4 | Quélity of plasinid DNA for gene therapy

_Thé manufabturing of bIdsr_nids cofnpliant to current Good Manufacturing Practice .
' {(cGMP) as required by the Food and Drug Administration (FDA), and the Edropean :

. Medicines Evaluation Agehcy (EMEA) is crucial to obtain a product that is consistent

| " in purity, potency, identity, efficacy and safety [Prazeres and Ferreira, 2004]. Possible

contaminants in a plasfnid DNA preparation include genomic DNA, RNA, protein,
lipids and microflora. The level of contaminénts in plasmid DNA 'preparat_ions‘ can be
" checked by quality assurance tests (Table 2.2) to meet the spééiﬁcations required for
- administration as a ‘gene therapéutic [Schleef and Schmidt,' 2004:]. ‘Supercoiled
multimeric flasmids ;clre of interest for phannaceuﬁcal purpose because they contain
multimeric copies of therapeutic gene and can therefore be more efficient vectors [VoB

et al., 2003].

Table 2.2: Quality assurance tests of plasmid DNA preparation for gene therapy

S.No. | Test _ Analytical Method
1 DNA concentration UV-absorption (260 nm)
2 General purity - | UV-scan (220-320 nm) | .
3 Homogeneity (ccc - CGE (capillary gel electrophoresis)
_ content)
4 Purity (visible) Visual inspection
5 Purity (genomic DNA) Agarose gel (visual); Southern blot;
B ' 3 quantitative PCR (polymerase chain reaction)
6 .  Purity (RNA) Agarose gel (visual); fluorescence.
assay; quantitative PCR
7 Purity (protein) - BCA (Bicinchoninic acid) test
8 Purity (LPS) - LAL (Lymulus amebocyte lysate) test
9 Purity (microorganisms) | Bioburden test; sterility test
10 Identity (vector structure) | Restriction fragment length conforms to -
: ' : reference in AGE (1-3 enzymes)
11

Identity (sequence)

Sequencing (double strand)
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'2.2.4 - Gene therapy clinical trials

The Journal  of - Gene  Medicine clinical trials . website

(http://www.vyilev.co.uk/genetherapv/clinical/) provides updated information on the

- world-wide clinical trials in gene therapy. The vectors used and the diseases addressed
in the gene therapy clinical trials are shown in Figure 2.1. Viral vectors have been the
most frequently employed vectors in the clinical trials, with adenovirus and retrovirus
being the most mdely used. Plasmid (naked) DNA and other non-v1ral vectors have
been used in about one-quarter of the trials. Comparison of the plasmld DNA clinical
trial information over the past few years has shown a steady increase in the number of r
* clinical trials [Forde, 2005]. Among the therapeutic targets addressed in gene therapy
clinical trials (Figure l2.1b), unmet ‘-mediczlll needs such as cancer, cardiovascular,
monogenic and infectious diseases have received major attention. Plasmid DNA and
viral vector-based cancer vaccines have many inherent featur_es that .mnke them

promising cancer vaccine candidates [Anderson and Schneider, in press].

. Analysis of the status. of gene therapy clinical trials for the four dominant vectors
(Figure 2.2) shnws that the percentage of open elinical trials with naked/plasmid DNA
is higher than that for the adenovifal and retroviral vectors. From Table 2. 3 plasmid
DNA leads in the percentage of open trials for the clinical phases of testmg and also
has the least number of closed clinical trials suggesting that results in the early chmcal
~ phase are encouraging, Although gene therapy clinical trials have been camed out for '
more than a decade, the small number of clinical trials in phase II1 (Table 2.3) suggests
that the commonly used gene dehvery approach of intervention by injection could be
| one of the bottlenecks in gene therapy. The route to plasmid DNA delivery into cells is -
discussed in section 2.4.1. Currently, .there are no clinieal, trials using pDNA for

- intervention by the pulmonary route [http:/clinicaltrials.gov/).

13
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Figure 2.1: Gene therapy clinical trials: (a) vectors used, (b) diseases addressed (Data

taken from website http://www.wiley.co.uk/genetherapv/clinical/ as of July 2007).
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a Figure[2.2: Comparison of the main vectors used in gené therapy clinical trials (Data

taken from: http://www.wiley.co.uk/genetherapy/clinical/ dated as of July 2007).

Table 2.3: Main gene therapy vectors in the c]inica_.lr phase of the gene therapy trials

Clinical phase - | Number of open (in %) trials of the total trials for each vector *
stage Plasmid DNA | Lipofection Adenovirus Retrovirus
Phase ! 386 284 - 32.0 31.5
Phase I/II 12.1 7.8 8.2 128
Phase 11 11.2 6.9 8.5 3.6
Phase /I 0.8 0 0.9 0
Phase II1 1.2 1.0 1.5 0
Closed 36.1 55.9 48.9 52.1

* - Source: http://www.wiley.co.uk/genetherapy/clinical/ dated as of July 2007.

23

Formulation for non-viral gene delivery

The development of non-viral gene transfer methods requires proper formulations that

are both effective in vivo and non-toxic. The development of non-viral gene vectors for

therapeutic delivery must take into account the stability of the vector when expoéed to

~ physiological conditions. Aqueous formulations of non-viral vectors at the high

15
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? corrcentrations necessary for clinical trials are very unstable when compared to frozen
formulations [Anchordoquy et al., 2004b]. | o

Cationic liposomes. (lipoplexes) and .oationic polyrrlers (polyplexes) are the most
frequently used non-viral gene _transfer systems. Llpoplexes have been used as
nonviral vectors in human clinical trials of gene therapy worldwrde [Martm et al.,
2005; Ewert et al. 2005] Electrostatlc interactions between the positive charges ofthe
catlomc 11p1d headgroups and the phosphate DNA backbones are the marn driving .
force for the hpoplex formatlon [Elouahabi. and Ruysscharet 2005]. Complexes
B between cationic lipids and plasmid DNA are typically prepared by mixing preformed '
cationic liposomes and DNA in an arqileous solution [Hirko et al., 2003]. A scalable
a.rrd extrusion-free method for efficient liposomal encapsulation of plasmid DNA for
gene therapy has been reported [Jeffs et al, '2.0.05]. Developing - nonviral,
pharmaceutical formulations of genes for human therapy is important in functional

. turmor targeting of gene ther’zrpeutics Ligand-directed lipoplex targeting-enables dual |
expression of ligands such as folate, transferrin or antl-transfemn-receptor antibody,
and 11pop1exes Such targetlng methods have been used for gene delivery and -
" expression in human breast, prostate, head and neck cancers [Schrnldt~Wolf and
Schmidt-Wolf, 2003]. -

The common cationic polymers used for complexing plasmid DNA include
poly(ethylenimine) (PE), poly(L-lysine) (PLL), Chitosan, Dendrimers and Poly(2-
dimethylamino) ethyl methacrylate or pPDMAEMA. The cationic lipids include M[1- |
(2,3-dioleyloxy)propyl]-N,N,N-trimethylammonium  chloride) (DOTMA), 3B[(N-
(n',N’;dimethylam'inoethane')-carbamoyl]cholesterol (DC-Chol), 2,3-dioleyloxy—N—[2— :
(sperminecarboxamido) ethyl]-N,N—dimethj{l-l-propanaminium‘ trifluoroacetate
(DOSPA) and a neutral phospholipid, such as dioleoylphosphatidylethanolamine
(DOPE) [Mahato, 2005]. The DNA/cationic polyplexes are generally made in low salt
solotions, because the complexes form micron-sized aggregates in either physiological ‘
saline or in blood. Pol.yethylem'mine (PEl)lis the most efficient nonviral gene vector
for transfer of plasmid DNA. Gene transfer etl“ﬁ.ciency and cytotoxioity ‘with
PEL/pDNA complexes depend on the molecular weight of PEI [Demeneix and Behr,
12005]. Smaller PEIs of size < 25-kDa, although less efficient are non-cytotoxic.

Increase in gene fransfer efficiency with minimal cytotoxicity can be achieved by

16
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cross-lmkmg of small PEIs w1th potentially biodegradable lmkages [Thomas et al.,

2005}

Among the biodegradable polymers, cyclodextrin and chitosan prov1de a suitable .

substrate for formulatlon Cyclodextrins are useﬁil templatés for further modification

to produce molecular constructs capable of enhanced gene delivery. Polycatlomc :

- cyclodextrin utility in promoting DNA cellular-uptake is dependent on proteoglycan-
| 'mediated binding to cells ‘[Cr‘yar'llet al., 2004]. PEGylation is a common and effective
means of conferring salt stability to polyplexes. The most striking dift'ere‘noe between
cationic 11p1ds and cationic polymers is the abihty of the latter to more efﬁcwntly
. condense plasmid DNA [Agarwal et al 2005]. '

" Chitosan is a non-toxic blodegradable polysaccharide composed of two subunits, D-
glucosamine and N-acetyl D- glucosamirie linked together by a B(I' 4) gllycosidic
bond. Catlomc—charged chitosan interacts with the negatively charged phosphate

groups of DNA [Richardson et al., 1999]. Because chitosan is a mucoadhesive

polymer ch1tosan/DNA complexes are attractlve candidates for transfectmg.

gastromtestmal epithelia and/or i 1mmune celIs in gut-associated 1ymph01d tissue after

‘being carried across the mucosal boundarles In one report cells transfected with
lactosylated chitosan had a gene expressmn hlgher than PEl-mediated transfection
[Erbacher etal., 1998]. | |

24 Non-viral gene delivery

- Recent developments in the formulation of plasmid DNA for production of non-viral

gene therapeutics should pave the way for the preparation of gene therapies to treat a

wide range of inherited and acquired human diseases. However, the desigh of an
optimal gene delivery -system for effective non-viral gene therapy is limiting

progress. Gene delivery systems should serve to protect the plasmld DNA. from

premature degradatlon in the extra-cellular milieu, mediate non-specific or cell- '

- specific delivery to target cells and facxhtate intracellular trafficking [Mahato et al.,
©1999]. The main hurdle to the success of plasmid DNA based gene therapy is the
lack of efficient, specific and safe DNA delivery systems that can permeate the

physiological ('extrace!lu]ar) and biologicai (intracellulat) barriers to gene transfer

17
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~and expression [Luo, 2004; Davis, 2002; Pilewski, 2002]. The physiological barriers .
to gene delivery ére mainly influenced by the methods of protection of DNA éﬁd the
delivéry 'routé chosen for administration of the gérie therépéutié. ‘The biological
barriers arise from intracellular events in the gene transfer route which include cell |
membrane entry, endosomal release, nuclear localization andl gene expression
[Pouton, 1999]; The immunological barriers to non-viral DNA delivery. result from

~ the acti%r_ation of the innate- immune system by the plasmid DNA [Haﬂand et al.,

,20'04].'_ A séhématic of physic‘al processés' i.nvolv-e'drin gene transfer of cationic -

- plasmid formulation into targeted cells is shown in Figure 2.3,

' P’olyethylcnimine (PED) is the compound with the highest charge density and a high
intrinsic endosomolytic activity because of a strong buffer capacity at viftuaily any
pH. PEI is only partially protonated at phystological pH. The positively-charged
PEI/pDNA complex enters through the ceiI membrane by endocytosis resulting in
the formation of endosomes. - Upon acidification within endosomes or
_endolysosomes, ?EI is thought to act as a proton sponge, with the protonation
préSurnabiy tﬁggeriﬂg passive chloride ion influx. Proton and chllo'ride‘ ion
accumulation is followed by the influx of w_atér,_ causing osmotic swelling witﬁ
subsequent .endosorr_le rupture, thus allowing the e_scapé of polyplexes into the
cytosol [Kirghies et al.,, 2001]. Endosomal release resulting in high transfection
efficiency is reported for PEIs with molecular weighté above approximately 10 kDa.
. Although the exact mechanism of entry of polyplexes. into the nucleus is not
understood [Densmore, 2003], it has been reported that formulation aids in high

tranSfcction efficiency.

2.4.1 Route for plasmid DNA delivery into cells

Upon administration, non-viral vectors have to encounter extra-cellular barriers before
they réach the targeted cells for gene transfer. To reach target cells, non-viral vectors
rﬁu'st'pass throﬁgh capillaries, avoid reccn‘gnitibn by mononuclear phagocytes, emerge
from the blood yessels to the inferstifial sites, and bind to the surface of the target cells
‘[Niéhikawa et al., 2005]. Cationic ve'ctors‘may attract serum proteins and blood cells
when‘ entering into blood circv.ilat_ion; this attraction results in dynamic changes in their

physicochemical properties.
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" Biological barriers compromise the delivefy of plasmid DNA in the targeted cell to

gene expression resulting in loy\fer therapeutic efﬁ_cécy. The sequence of events
leading to gene delivery upon entry into the cell inclﬁde: (1) endocytosis, (ii)
dissociation of plasmid DNA from its non-viral carrier, and (iii) pDNA uptake in .

‘nucleus for transgene expression [Poulton é.nd Seymour; 2001].

2411  Endocytosis

' Aﬁer delivery to the targeted cell, viral/ non-viral vectors enter through endocytosis,

an internalisation process for the degradation of foreign/ extracellular material. For
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efficient gene transfer, the cytosolic release of lplasmid DNA is a prerequisite for
lnuclear translocation. Since entraptrtertt and degradation of plasmid DNA in endo-
lysosomes constltutes a major barrier to gene transfer, proper formulation is essential |
to encapsulate and protect the plasmld DNA. Formulation of 11p0p1ex w1th a neutral
lipid, DOPE has been shown to increase the efficiency of gene transfer. DOPE
promotes.the fusion of VlipidJDNA particles with endosomal membtanes, facilitating
 membrane diéruption and increasing the amount of plasmid molecules released into -
‘the cytoplasm. ~Formulated - non-viral vectors based on PEI and HVJ
(Hemagglutinating Virus of Japan)- llposome has been charactenzed to escape

- endosomal degradatmn [Kaneda et al., 2002}

2.4.1.2  Dissociation of plasmid DNA from non-viral carrier

Following intemaliza;tion of the DNA-polycation complex by endocytosis a large
fraction is targeted to the lysosomal compartment by default Once the plasmid DNA
is released in the cytoplasm and before entering the nucleus, it can be qulckly
' degraded by Ca-sensitive cytosolic nucleases. Only a small fraction of intemnalized -
plasmid DNA penetrates the cytoplasm. Hence the platsmid DNA sht)uld be imported
" into the nucleus quickly to be transcribed and avoid nuclease attack. It is estimated that
at least 10° 'plasmids per cell are required in the extracellular compartment to ensure

that a few DNA mo]ecules are taken up into the nucleus of non-mitotic cells
.. [Lechardeur et al., 2005]

24.1.3 ' Plasmid DNA uptake in nucleus

For cellular plasmid-based expression, .r‘luclear impsort is a rate-limiting étep, and
intracellular trafficking of pDNA, either naked or complexed to synthetic vectors, is
largely uhcharacterized. After entry of plasmid DNA into the nucleus, a therapeutic
- gene has to be transcribed to generate an mRNA, with or without integration into the

" host’s genome. This process would be expected to be common between viral and non- B

‘viral vectors. Gene regulation is very much dependent on the transcription and proper
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transcrlptlon control of a transgene is an lmportant issue in gene therapy [Kam1ya et
' al 2001] '

3

. Dunng non-viral gene trapsfer, entry of exogenoﬁs DNA into the n_ucleus /oc'curs only
in cells that are actively di\tiding, i.e., when the nuclear enve10pe breaks down. ThlS is
| consistent with the observatlon that well- dlfferentxated non-dividing : alrway eplthehal
cells show very Iow transfection efﬁcwncy Hence dehvery of therapeutic plasmid
DNA to a non-proliferating cell nucleus is an inefficient process. Nuclear import of
sxgna]-medlated pDNA usmg nuclear localisation mgnal (NLS) has been attempted
[Tachlbana et al,, 2001; Munkonge et al., 2003] One of the main obstacles to the
development of gene therapy for the airways is the inability of current viral and non-
viral gene transfer vectors to direct sustained expression of a thérapeutic transgene.

- This may be due to several causes 1nclud1ng loss of the vector (espec1ally if present in
.. an episomal form) transcnptmnal sﬂencmg of the transgene promoter, "loss of the '
transfected cell through cell turnover, or the generation of an immune response to the
transgene product or the transfected cell itself [Ferrari et al., 2002]. The puclear import
of exogenous genes using plasmid DNA/importin—[beta] conjugates has been observed-
to enhance the nuclear localization of €X0genous: DNA ina non—v1ral gene delivery
system [Nagaskl etal. 2005]

2.5  Delivery systems for administration

The following section examines gene delivery via the following routes for
administration of plasmid DNA for gene therapy, namely: (i) parenteral, (ii) oral, (iii) .

nasal, (iv) transdermal, (v) ocular and (vi} pulmonary delivery.

© 251 Parenteral delivery

The three major types of parenteral routes for delivery are (i) subcutaneous, ‘(ii)
intravenous and (m) 1ntramuscular mjectlon Blodegradable polymenc mlcrospheres

based on polylactlc ac1d -co-glycolide and chltosan have been used for parenteral
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* delivery of drugs containing peptzdes such as luteinising releasmg hormone and
growth hormone [Dav1s 2006] '

2511 Subcut_aneohs injection ~ |

Direct DNA injection info skin tissues results in low transfection efficiency cor_npare_d
to viral \}ector systems due to its fapid degradation by_endogcndus huclease‘ activity
urithin tissues. Hence, the coadministration- of plasmid DNA and a competitive -
“nuclease inhibitor, aurintricarboxﬂic acid (ATA) by direct .intradefmal injecﬁoﬁ is
more effectlve than the admlmstratlon of naked DNA [Glasspool-Malone et al., 2000] :
Compared to naked DNA 1rnmumsat10n entrapment of plasmid-based DNA vaccines
into liposomes by the dehydration-rehydration vesicle (DRV) method has been shown
to érihancg both hun;oral and cell;mediated iﬂﬁnune responses to encoded antigens
- administered be a variety of “routes. Effectively entrapping plasmid DNA in DRV
| vésif:les withih a range of lipid and non-jonic based vesicie formulations may be a
useful system for subcutaneous delivery of DNA vacciﬂes [Perrie et al., 2004]. Somé
DNA vaccines adminiStered'parenteraliy induced strong sYstenﬁb humoral and cell
mé;diated immune responses, while mucosal immune responses have generally ndt

been observed [Shroff et al., 1999]..

2.,51.2  Intravenous injection

Hydrodynarﬁics-based gene delivery essentially involves a largé'-volum'e, high-speed
intravenous injection of néked plasmid DNA (bDNA), whiéh yi.e_:ld's a 'signiﬁcantly. g
high_ level: of transgené expression in vivo [Kobayashi et al.,-2005; Fabre, 2005]..
Applic;ation of hydrodynmﬁics—based procedﬁfes to therapeutic vectors for cﬁokine '
dehvery and small interfering RNA (siRNA) or mRNA—expressmg naked vectors in
vivo have been reported [Tuschl and Borkhardt, 2002] The delivery of interferon
(IFN) genes, whxch play a cruc1al role in tumor suppressmn and rejection, holds
| con51derable promlse for in vivo cytokme gene therapy The therapeutic effect of
intravenous interferon gene delivery with naked plasmld DNA in murine metastasis.

models was observed_:to be better than subcutaneous deii'very [Kobayashi et al., 2002].
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The.potential of dendritic poly(l-lysine) of the 6th generation (KG6) as a nonviral gene
=‘ can-ier in vivo of pla'smid.D'NA aﬂ“ef intravenous administration in ﬁunor—beaﬁﬁg mice
was found to be- better than with DOTAP/Chol hposomes and PEL KG6 carrier
developed hi gh transfection ability without si gmﬁca.nt cytotoxicity in vitro [Kawano et
al., 2004]. Intravenous RNAi-based gene therapy encapsulates plasmid DNA inside
receptor-specific pegylated immunoliposdmes (PILs). This RNAi approach achieveda
90% knockdown of brain tumour-specific gene expreesion with a single intraveﬁous"

injection in adult rats or mice with intraci'anial brain cancer [Pardridge, 2004].

2.5.1.3 Intramﬁscular injection

Intramuscular genedelivery has been'caﬁ‘ie’d out using formulations of piasmid DNA
with labile sphingosine—based liposomes and phosphatidylcholine. Upon intramuscular
injection, the lipoplex DNA was resistant to serum enzymatic digestion and induced an -
increased inhibition of gene expressron as compared with naked DNA. The catlomc
llpopIexes used for in vivo gene transfer form a weakly compacted structure and are
potentially labile i in vivo [Baraldo et al., 2002]. The delivery of plasmid DNA coding
for intracellular or secreted beta-cell-_l‘antigen, glutamic acid decarboxylase (GAD)
resulted in less effective disease suppressi_oh with intramuscular (im.) delivery
compared to an intradermal (i.d.) or oral route of administration [Li and Escher, 2003].
Although DNA vaccmes are highly effective in 1nduc1ng both cell-mediated and
humoral immunity, the uptake of plasmid DNA in vivo has only been observed in the, .
| cells of the bone marrow and lymph node B cells after intramuscular immunization
[Coelho-C_a_stelo et al., 2003). Further, . the administration of plasmid vectors
engineered for gene delivery into mammalian mﬁscle did not induce the productioh of
- anti-double stranded (ds) DNA and anti-nuclear autoantibodies in normal mice
‘[MacColl et al., 2001]. Peripheral intramuscular immunization in rats using plasmid-
DNA’ complexed with PEI Was studied to document gene transfer in neurons of the
- central nervous system (CNS). The results showed that the‘non-viral‘neuronal gene

delivery method bypasses‘ the blood-brain barrier and suggests a possible therapeutic

strategy for noninvasive CNS gene transfer [Wang et al., 2001].
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2.52 Oral delivery

Oral delrvery assumes importance due to the availability of a large mucosall surface
housing the immune inductive gut-aséociated lymphoid tissues (GALT) in the gastro-
_'intestinal (GI) tract. The two nrain areas of opplication for oral gene delivery are
corrective gene therepy (both local and systerrric) and geneﬁc mucosal immunization .
via the Peyer’s Patches, the immune 's;i_mpling portals that oceur in discrete patches in
_ the small intestine [Page and Cudmore, 2001} DeIiVery of foreign genes to ‘the
. drgestlve tract rnucosa by oral admrmstratron of non—replrcatrng gene transfer vectors
- -should be a useful method for vaccmatlon and gene therapy. However, an inevitable
. _dlsadvantage of oral delivery of polyplexes is the d1srntegrat10n of the_ complex in the
GI tract due to mechanical, chemical and enzymatic barriers. A PLGA microparticle
carrier containing PEI polyplexes for the deposrtron of intact polyplexes in intestinal |
lymphoid tissue yielded transgene expressmn [Howard et al., 2004]. A DNA vaccine
for treating gastrointestinal diseases comprising plasmid DNA was orally dehvered to
the intestines using N-acetylated chitosan as a ca_rﬁer [Kai and Ochiya, 2004]. The
delivery of plasmid DNA to the mucosa of the small intestine was confirmed by the
reéult’s of immunochistochemical analyses using-'an. expression plasmid encoding
Homan Immunodeficiency Virus env (HIV env) gp120. After oral administration of
virus-like particles (VLst loaded with HIV env ¢cDNA, significant levels .o.f specific .
| IeG arrd IgA to HIV env in fecal extracts and 'sera was obtained_ [Takainura et el.,
2004], . | N

2.5.3 Nasal delivery

In man, the target site for a nasally administered vaccine formulation is believed to be
the nasal-associated lymphoid tissue (NALT) situated mainly in the pharynx as a ring
~of lymphoid tissue, Waldeyer’s ring Waldeyer’s ring comprises the nasopharyngeal
- tonsil, attached to the roof of the pharynx; the palred tubal tonsrls by the Eustachian
| opemngs the paired palatine tonsils at the oropharynx and the lingual tonsil [Smmla
- and Kraal, 1999]. From a pharmaceutical standpomt drfferent formulation strategies

can be employed for nasal vaccine dehvery These can be split into two major types;

particulate a.ntrgen dellvery systems such as emulsions, liposomes, mlcrospheres,
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where the antigenic material is entrapped of presented on the surface of a partiele, and
solution systems, where the antigen is dissolved or suspended within a simple solution
vehicle‘ [Mlum et al., 2001]. With nasal inoculation of liposome/DNA complexes, |
liposomes are trapped within the lung epithelium and the cationic lipid to DNA ratio is
changed during transit through the lung epithelial cells [Tanaka et al, 2004].
Administration by nasal instillation of PEI-PEG/DNA complexes in mice resulted in -

: S1gn1ﬁcant levels of transgene expression [chhler et al., 2002].

2.5.4 Transdermal delivery

The success of the transdermal approach has resulted 'inldelivery of low'-.molecular
weighf drugs available in the market [Langer, 2004]. Transdermal delivery of lafge
macromolecules is restricted due to low skin perme'ability. Thus, a main goal for
transdermal delivery -is increasing the permeability of the skin for transfer of
therapeutic drugs into the body. Transdermal delivery can be achieved by using two
different methods to render the skin permeable to drugs,,nzifnely physical and electrical
forces. The three phy_sical modes -which have been adopted to enhance skin
- permeability for transdermal drug delivery inelﬁde photoacoustic waves [Doukas and
“Kollias, 2004], low-frequency sonophoresis- [Mitragotri and Kost, - 2004], and
microneedles [Pré.usnitz, 2004]. The electrical means of delivering drugs transdermally
include iontophoresis [Kalia et al., 2004} and eleetroporation [Denet. etal., 2004]. With
success in delivery of drugs transdermally, the use of delnvery vectors such as
liposomes, transferosomes and nano/m1cropartlcles [Kohll and Alpar, 2004] has the

potent1al to be used as a less destrucuve approach for gene therapy.

Currently, most pDNA delivery systems based on synthetic polymers are non-
biodegradable and toxic both in cell culture and in animals in vivo at cohcentrations
high enough to yield therapeut1c effects. This therapeutic mdex is unaeceptable for
' apphcatlons in humans, and hence alternative transdermal delivery options for non-
viral gene transfer hold promise. A hydrogel formed by an aqueous based,
~thermosensitive, biodegradable and biocompatible‘ tribloek copolyther based on -

poly[ethylene glyco!—b—(D,L—lactie acidco-glycol acid)-b-ethylene glycol] (PEG-
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: PLGA—PEG) could be a promlslng platform for non—v1ral dehvery of pDNA for gene

_ therapy in wound healmg [Valenta and Auner, 2004].

'There isa potential'application for ultrasound as an enhancer for topical gene therapy

[Cao et al., 2000]. Topical gene therapy requires penetration - of the vector-gene

complex to the target cells within the skin, With the identification of genes reSponsibIe' '

. for almost 100 diseases affecting the skin, the poss1ble option of cutaneous gene

therapy for treatment of d1seases such as severe forms of part1cular genodermatoses
(monogenic skin d1sorders), such as ep1dermolys1s bullosa and 1chthyos1s is possﬂ)le_
[Lavon and Kost, 2004] ' '

The application of an electric field for electroporation dramatically enhances plasmid

gene transfer in Vivo [W_ell_s,' 2004]. Electroporation for the gene therapy of skin has

“also been employed for in vivo delivery of lacZ DNA to hairless mice. Three days’

after treatment, the skin was removed and stained with X- gal (a colorigenic substrate

for the LacZ enzyme). Extensive express:on of the lacZ gene was observed in the

‘dermis, including the hair follicles confirming the use of electro oratlon for DNA _

vaccination [Banga and Prausnitz, 1998] However electroporatlon is partlcularly "

useful for dellvery to more superficial tissues such as skin and muscle. The major
limitation of electroporation is the invasive nature of delivery which results in cell

damage.

- Microneedle delivery of plasmid DNA encoding hepatitis B surface antigen induced -

stronger immune responses compared to hypodermic injectibn requiring fewer '

immunizations for full seroconversnon Delivery of naked plasrnld DNA into skm
. ‘usmg coated mlcroneedles [Gill and Prausnitz, 2007] was ‘achieved by d1pp1ng arrays
into a solution of DNA and scrapmg multiple times across the skm of mice in vive 1o
create mlcroabrasmns The expressron of a luciferase gene showed a 2800-fold

increase using microncedles compared to topical application [Mlkszta et al,, 2002].

2.5.5 Ocular delivery

- Although the deferise mechanisms of the eye protect it against exogenous and

endogenous pathogens, inflammatory and immune-mediated processes are still the
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1ead1ng cause for bhndness The eye is eas11y accessrble and occupres an “immune-
pnvrleged” site, offering opportumtles for successful development of gene therapy An ”
additional advantage of usmg the eye for gene therapy is the possibility of assessmg-

the success of the treatment in a non-invasive manner by directly measunng v1sua1 |
 function. [Borras 2003 Andrleu-Soler et al., 2006] Gene therapy has the potentlal to
1nterfere with the _1mmune response - at  different  steps modulatmg the
microenvironment of the eye [Pleyer and R_itter, 2003]. Naked DNA delivery to the

» cornea has the potential to alter the treatment of a wide variety of corneal and anterior

~ segment diseases [Stechschulte et al., 2001] Transfer of exogenous genes to the entire

retina and other ocular structures is possible with a vascular route of gene dehvery
using a non-v1ral gene transfer method [Zhang et al., 2003]. Jn vivo delivery of
exogenous genes to the eye has the potent1al of treating ocular diseases. {Efﬁment and
stable transfer of the functional gene was achieved with PEO-PPO-PEO polymeric
‘micelles through toplca]. delivery in mice and rabbits. These: in vive experiments
indicate the possible potential use of blook copolymers for DNA transfer [Liaw et al.,
2001]. Non-viral gene therapy strategles open real therapeutrc potentra] for the ‘_‘

treatment of ocular diseases [Bloquel et al., 2006].

2.5.6 Pulmonary delivery

- The pulmonary epitheliam has been an important delivery route for gene therapy in the .
" last decade. The overall structure of the resplratory tract constitutes the upper arrways
(larynx) and the lower arrways (consrstmg of trachea, bronchi and alveoh) and are
shown in Figure 2.4. The dehvery of aerosol therapeutlcs into the pulmonary systemis
~ dependent on the aerosol particle size and target region in the respiratory\tract. Inhaled
" acrosols are effective therapeutic carriers capable of non-invasive systemic delivery of o
therapeutics [Dalby and Suman, 2003r Sullivan et al., 2006]. The aerosol
characteristics for targeted tllle'rapeutie delivery to the different regions of the lung
- during inhalation are shown in Table 2.4. Only delivery by breathing. via the mouth is -

considered for aerosol dosage forms,
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Figure 2.4: Human respiratory system showing anatomy of the lower airways

comprising trachea, bronchi and alveoli.

Table 2.4: Targeting aerosols to the lung via inhalation [Hanes et al., 2003]

Target region Particle Primary deposit | Inhalation Potential target
diameter | mechanism method diseases for
gene therapy
Extrathoracic > 8 Um Impaction High Cancer
inspiratory flow
velocity
Tracheobronchial | 4-8 um [mpaction and | Slow CF, COPD,
sedimentation inspiratory cancer
flowrate
Alveolar 2-5 um Sedimentation | Slow Vaccines,
and diffusion inspiratory cancer cytokine
flowrate therapy
0.02-0.05 | Diffusion
um

Pulmonary gene therapy holds considerable promise for the treatment of many
previously incurable lung diseases, such as cystic fibrosis [Davies, 2006]. DNA
compacted with polycations has been used with good success in animal models, with

minimal toxicity, and is currently being tested in human trials [Davis and Zaidy,
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2.0:03]. Cationic liposomes have been used successﬁill'.y for DNA del'ivery.to eimay
cells in vitro and are being tested in human-clinical trials for their efficacy in cystic
fibrosis transmembrane conductance regulator (CFTR) gene delivery in cysﬁc fibrosis
patients. However, hposomes are not as effective for gene dehvery to human airway
cells in vivo when cornpared with- transfec’aon of airway .cells in vitro. The.
physiological barriers to gene delivery in cystic fibrosis lungs are the main reasons for

the reduced expressmn levels [Baatz et al. 2001]

The main physiological barriers to gene delivery in the lungs [Vadoles-‘et.al.‘, 2002] are :'
. mucus, pulmonary surfactant and alveolar macrophages. Mucus is the most frequeﬁtly
reported .extracellular barrier to the delivery of genes to the cells of the upper -
respiratory tract. Respiratory mucus lines the luminal side of the tracheo-bronchial tree-
-from the entrance of the trachea to the terminal bronchioles, humidifying inspired eir‘
" and tfapping small pafticles or microorganisnis uﬁtil they can be transported out of the
lungs. Pulmonary surfactant synthesized by type II alveolar cells and non—ciliated ‘
epithelial cells is a surface-active material that reduces the surface tension in the lﬁngs. | . |
~ The main components of surfactants are phospholipids, neutral lipids, serum proteins,.
and surfactant proteins. Surfactant proteins may reduce the efficiency of gene delivery
when the DNA vectors contain carbohydrate moieties. Gene therapy tafgeted to the
aly)eolar regions of the lung' or to the systemic circulation via the alveoli may be

- limited by the actions of the alveolar macrophages [Hanes et el.; 2003].

2.6  Devices used for pulmonary delivery

The three types of pulmonary delivery devices corf)monly used in the treatment of
respiratory ailments such as asthma,TCOPD (chronic obstructive pulmonary disease)
and cystic fibrosis, and delivery of anti-infectives include (i) pressurized metered dose
inhalers (pMDI), (ii) dry powder inhalers (DPI) and (iii) nebulisers. The most
importanf parameters that define Vth'e site of deposition of aerosol drugs within the
: respiratorx tract are the particle charactetistics of the aerosol. The nature of the aerosol |
droplets is dependent on its MMAD (mass median aerodynamic diameter), Which isa .

function of particle size, shape and density. The aerodynamic size of aerosol particles

generated by various inhalers is fundamental to lung delivery since only the fine
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paltlole fraction (FPF) of appfoximatel)'r' <5 um 'dianl'leter can potentially reach the
target surface Within the lung [Smith and Pai*ry-Billings, 2003]. Polmonary drug
administration imposes stringent requirements on the delivery device, since particle
~ size of the powder or droplet greatly influences the accessibility to the delivery site,
‘ and ultimately the degree of drug absorption from the lungs [Agu et al., 2001]. |

g 2.6.1 _ Pressurised m_etered dose _inhalers-

'Pressuris_ed metered dose inhalers (pMDIs) are the most popular vehicle for drug

' delivery into the lungs, and some 500 million units are r'nanufacturedeach year. MDIs
. utilize propellants (chlorofluorocarbons and increasingly, hydrofluoroalkanes) to
atomize the drug solution, which results in a uniform spray. Macromolecules are not
soluble in pMDI propellants and ha\}e to be forrnulated as dispersed systems i.e., solid
particles dispersed in propellants. Dornase-o. and salmon calcitonin have been
formulated in pMDI systems, demonstrating good retention of primary and secondary
structures [Oliver et al., 2001]. However, such dispersed formulations have an affinity
for sggregation and particle growth, resulting in some macromolecules ‘with an

intrinsic instability in the environment of the propellant formulations [Taylor and

. Gumbleton, 2004]. Research on the technology for producmg drug nanoparticles for

dlspersmn in HFA propellant for pulmonary gene therapy has been studied [Birchall,
2006].

2.6.2 Dry powder inhalers

The development of macromolecular fomlulations for dry powder inhaler (DPI)'

devices has been prompted due to the potent1a1 for longer product shelf-life. In the

1980s and 1990s the passive systems were developed into Diskus (GSK, RTP, and -

NC) and Turbuhaler (Astra Zeneca) which are multi-dose, blister and reservoir
systems, respectively. Recently, additional smgle dose devices such as the Aerolizer
(Novartis, Basel, Switzerland) and the Han‘dihaler (Boehringer Ingelheim, Germany)
and mutidose devices like Clickhaler (Innovata Biomed, St. Albans, UK) have been

approved [Dalby and Sumé.n, 2003]. The Nektar Pulmonary Inhaler and AspirairTM
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- ‘(Vectura) - device are eXami)leS of active ‘devices that rely upon hand-as.sis'ted' \
compressed air for acrosol generation. Whilst dry powder formulations for DPIs have -
considerable potential for gene therapy in the lu.ng, the issue of formulation refnains a
major obstacle to their practical use [Davies et al., 2005]. 'An inhaler and pbwdef
formulatién develdped by Nektar, Exubera® (humaﬁ insulin of rDNA origin) insulin_'
inh'alatlion p_oWd_er is approved in the US and EU for adults ‘with Tyi:ue 1 and Type 2

diabetes.

2.6.3 Nebulisérs

An altemative to pMDIs and .DPIs for delivery of biopharmaceuticals is the nebuliser,

which can generate reSpi;abIé aerosols from the liquid vslrith‘ less formulation
requirements and a wider dose range. 'fhe types of nebulisers common]y used for
respiratory drug 'deiivery are Pneumatic or Jef nebulisers and Ultrasonic nébulisers |
. [Barry, 2002; Le Brun et al., 2000]._-The European Standard for Nebulising Systems
[EN 13544-1:2001] specifies CEN (European Committee for Standardisation)
fn'ethodology to measure aerosol output and aerosol particie size [Dennis and Pieron,

2004]. | |

2.6.3.1 J'et nebuliser

The operation ofa pnemhatic nebuliser requires a pressurized gas supply as the driving -
~ force for liquid atomization [Hess, 2000]. C_ompressed gas is delivered through a jet,
causing a region of negative pressure. The solution to be aerosolized is entrained into
the gas stream and 'sheéred into an unstable liquid ﬁlrﬁ, which breaks into droplets
‘because of surface tension forces. The aerosol is delivered into the inspiratory gas

stream of the patient.

2.6.3‘.2 Ultrasonic nebuliser

The ultrasonic nebuliser uses a piezoelectric transducer to produce ultrasonic waves

that pass through the solution and aerosolize it at the surface of the solution. The

.
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* frequency of the ultrasonic waves determines the size of the particles, with an inverse

relationship between fr_erluency and particle size. The conversion of ultrasonic eriergy

to mechanical energy by the transd_ueer. produces heat, which is absorbed by the

solution near the transducer. Srriall-_volume ultrasonic nebulisers are comrnercially_

available for deli\rery of ‘bronchod.ilators Large-volume ultrasonic nebulisers are used

to deliver mhaled antibiotics m patlents with cystic fibrosis [Webb et al., 2004]:

| } Ultrasonlc nebulisers produce a large number of droplets per unit volume wh1ch in the

absence of air crrculatlon through the nebuliser will tend to aggregate and settle in the

case of a low velocity aerosol [Taylor and McCallion, 1997]:

26321 _ Conventional type

The conventional ultrasonic nebuliser with two tanks utilizes the cavitation effect of
ultrasonic waves for nebulisation. The energy of ultrasonic' vibration from an
ultrasonic transducer is focused onto the surface of a solution through cooling water.

The solution is nebulised by the effects of cavitation. The nebulisation volume can be

.‘adjuste.d by changing the amount of electric energy applied to the transducer. The

nebulised medication is carried to a mouthpiece by airflow that is blown by a fan.
Ultras_oni'c_nebuliser resulted in inefficient delivery of liposomes compared to jet and

mesh nebulisers [Elhissi and Taylor, 2005]..

2.6.3.2.2 Mesh type

L
The mesh- fyjae of ultrasonic nebuliser is seen as the next-generation of nebulisers. The

liquid passes through a mesh with an array of hundreds or thousands of mxcron sized

holes. Mesh type nebullsers may be classified into two types based on their mode of

' v1bratron as actlve or passive vibrating mesh. An active vibrating mesh indicates the

mesh itself is vibrated directly by a piezoelectric crystal. For a passive vibrating mesh,

~ the vibrations of an ultrasomc horn force liquid through the mesh, which vibrates in

* sympathy with the horn [Newman and Gee~Tumer, 2005]. The key mesh nebulisers
either in development or on the market following regulatory approval [Knoch and
Keller, 2005] include: | -
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| . Aotive vibrating mesh: |
(@)  &Flow® (PARL Germany), Touchspray® (Odem, UK)
(i)  AeroNeb™ Aerodose® (Aerogen, USA), |
e Passive vibrating mesh:
@ MicroAitr® (Omron, Japan) |
(i)  Microflow™ (Pfeiffer, Gennany)
The advantages of ultrasonic mesh nebulisers include little re'quirement for patient
coordination necessary, small dead volume and quiet operatlon, aerosol
accumulation durmg exhalation, high dosage delivery, no chlorofluorocarbon releasé
" and fast drug delivery. It has the potential for smaller volume fills, lower or no
residual volumes of drug, higher lung deposition and shorter nebulisation times. The
disadvantages which have limited their acceptance are that they are expensive, prone
" to electrical and mechanical breakdown, not recommended for all drug formulations -

available and requirement of drug preparation. Some ultrasonic hebulisers may be

used with the solution to be nebulised placed directly over the transducer. The use of

nebulisers to administer biopharmaceutical agents has many important limitations.
Such drugs are often very unstable in aqueous solutions, and are easily hydrolyzed.
" In additi_on, the process of nebulisation exerts high shear stress on the labile
compounds, which can lead to produet denaturation or degradation. Other important
characterlstlcs of nebuliser performance include nebulisation time, cost, ease of use,
'and requirements for cleamng and sterlhzatlon Technical profiles of the next-
generation mesh nebulisers for pulmonary dehvery and their regulatory/market status

are compared and shown in Table 2.6.

2.6.4 Alternative aerosolisation m'ethods

. The altematlve aerosolisation methods based on electro-mechanlcal and electro- )

hydodynam1c prmmples shown in Table 2 5 are discussed in the next sectlon




. Chapter 2: Review of Literature

Table 2.5: Technical specifications for next-generatién mesh nebulisers

ST - Aerosol
Nebuliser Trade : Mass , ‘ . .
type/ driving A MMAD | . Aerosol TFechnical ' ,
o Name fraction vre . e Ref,
force/ - | * (jem) . - Condition information .
Company (Status) . <Spm . _ -
Vibrating THZZT"J‘;"E Adult % Dose
mesh: - Aeroneb - - o deposited :13; | Aerogen
_ E : 0.083% i ‘ >
- OnQ Pro 3.1 83 Albuterol Minimum vol. | website
technology (Market) ' ity 03 mL; (1]
- /Aerogen : : (3mL); Freq. (Autoclaveable)
08 | 128kHz
: Nebulized Intact DNA
Vibrating medium—(1)--|  following
mesh: ‘ ..~ | CCplasmid | aerosolization: _
Ultrasonic s T:u?]]:; ) ggg % 64%,1((12))’ DNA &(2)- | (DCC-10% :]m;r(tme;
/Odem pray { Al | linear plasmid; | (2) CC-50%; | &
: Temp - 23°C; | - Minimum vol.
RH - 50%; 03mL
Vibrating - . " | Single pass; no CF
mesh: ParieFlow | GSD 63; NA recirculation; - ebsite
Ultrasonic/ | (Market) 1.5 _ Minimum vol W [2]]
Pari - ‘ 0.73 mL
Vlbratmg 10, | Lung deposition
mesh: " . Temp—10- 1 ™ of vol fill): | Omron
MicroAit 40°C; RH- .
Ultrasonic / 5.0 80 or. 18.1 (8.0); ~ website
- (Market) . - 30-85%; N
Omron Freq. 180 kHz Minimum vol. f3]
. 0.5 mL
_ Electro- Nebulized Dia -1pm; Unit | Deshpan
Mechanical AERx | "%g_ TNa | medium—Aq— | dose; Minimum__ deetal.
Extrusion/ | . (NA) v Formul. vol. 0.045 mL 2002 |
~_Aradigm N
Electro- Mystic _ ‘ Nebulized Minimum vol. | Battelle
Hydrody- Inhalation ' - | medium— 0.02 mL website
namic device | device 2'85‘ 90-95 | NaCl in [4]
./ Battelle (NA) ethanol

* MMAD — Mass Median Aerodynamw diameter; NA — Not avallable
_ [17 - http://www.aerogen. com/uploads/Flle/pdﬂsmpres aaaal 0504.pdf

- 2] - http://www.sourcecf-crd.com/

[3] - http://www. omronhealthcare com/enTouchCMS/F11eUp1Folder/NE-U22V BR-

3687.pdf

[4] - http: //www battelle. or,q/healthcare/pdf/mvstic pdf

2.64.1"

Electro-mechanical device

" An electro-mechanical extrusion device for aerosolisation of liquid is the AER,®

-delivefy device (Aradigm, USA). This device is not yet approved and essentially

consists of a single-use nozzle contained in each disposable AER, Strip™

created as
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a laser-machined array, The nozzle exit is approximately 1 pm in diameter with a
uniform shape which is expected to deliver consistent, fine-particle dosing from the
blistet/strip containing 50 pl of medication. The aerosol is generated by extruding
‘the formulation under pressure through an array lof holes. Aerosolisation of
- unformulated plasmid DNA (pCMV-SEAP with an approx. size of 7.5 kb)has shown
it is degraded upon passage through the AERy nozzle system [Deshpande et al.,
2002]. However, formulation of the plasmid DNA with cationic lipoplex has resulted ,
~in no damage to the sc structure on delivery. The AERx system has been used for the-
pulmonary delivery of small molecules such as,molrphine and fentanyl and proteins
such as _irisuIin (6 kDai) and recombinant human deoxyribonﬁclcase I (thDNase - 37
kDa) [Dennis 2004]. Aradigm’s AER insulin Diabetes Maﬁagement System (iDMS)
‘has- been licensed to Novo Nordisk for Pha_se 3 testing of Type 1 and Type 2

diabetes.

2.6.42  Electro-hydrodynamic device
The electro-hydrodynamic (EHD) process applies an electric field over a flowing

conductive liquid. The electric field is generated by transferring high voltagé DC

~ (direct current) through an-array ofelectrodes; creating: a-field- of-discharge.ions.i
front of a r.nulti—spray'site nozzle. These cations induce an accumulation of charge at
the liquid’s surface causing a Taylor cone to form at each spray site [Taylor, 1964].
As the surface charge overcomes the surface tension of the liquid, a fine mist of
| nearly mono-disi)ersed droplets is fofmed. As the droplets pass through the field of
ions, their charge is slibsequently neutralized, causing the cloud to disperse into
uniform'lif sized droplets. A device presently in its dévelopment uﬂsing the electro-

hydrodynamic technology (Ventaria, USA) has been reported to efficiently

-reproduce aerosol droplets in the 1-5 pm range [Williams, 2007]. Research on the
aerosolisation of plasmid DNA using an EHD device is discussed in detail in
Chapter 4.
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2.6.5 Targeted gene delivery by magnetofection

In addition to the physical modes of gehe transfer used for transdermal delivery,
another appreach based on the application' ofa rnagnetic field promises targeted n.on-
invasive gene delivery. Magnetofeetion is the delivery of genes using.magnetic
- forces and has been shown to enhance tra.nsfectlon efﬁc:1ency of non-v1ra1 systems up

to several- hundred fold. Non-viral gene carriers, such as polyethylemmme (PEI), are -

associated with superpara- magnetic nanopamcles and complexed with plasmld ‘
DNA. Gene delivery i is targeted by the application of a magnetlc field leading to an '
'accelerated sedimentation of magnetofectlns on the cell surface and increase in

contact time, They do not dlrectly affect the 1ntracellular uptake mechamsm and

could lead to efficient targetmg of gene expressmn into the desired organ and tissue

in vivo [Huth et ‘al 2004). Magnetofectien may overcome the fundamental

limitations of non-viral gene transfer to the airways [Gerstmg et al., 2004] The

greatest potentlal for using magnetlc nanopartlcles to treat paediatric respiratory

illness lies in the nanopa:rtlcle-facmtated delivery of therapeutic genes for cystic

fibrosis [Dobson, 2007]. TransMAG'E! (Chemicell, Germany), a PEI- coated iron
oxide particle, complexed to Genzyme Lipid 67 (GL67) mixed with luciferase .

plaemid DNA was tested ‘in mouse mamrriary epithelial cells, Although an increase

in. gene_transfer_in_vitro_was._ observed, there_was_no_increase_in. the. trahsfeetion___J
efficiency in vivo [Xenariou et al., 2004]. Biocompatible magnetic nanoparticles for-

gene 'de]ifery show much promise. for in vitro and in vivo transfection. studies

[Dobson, 2006].

2.7  Theory of aerosol generation from an ultrasonic nebuliser

In ultrasonic '.device‘s, the energy-'required to (atomise a. hqhid comes 'fr_om' a
piezoelectric crystal which vibrates at a hi gh‘frequency The base of the crystal is held

firm such that the v1brat10ns are transmltted from its front surface to the nebullser

fluid. During ultrasonic nebuhsatlon waves are formed on the surface of the solution. -
When the ultrasonic v1brat10ns are sufﬁmently mtense, a fountain of hquld is formed at
the surface of the liquid in the nebulization chamber. It is observed that large droplets

are emitted from the apex and a fog of small droplets is emitted from the lower part

36




Chapter 2: Review of Literature
'[Topp, | 1973] Two theones have been developed which describe the mechanism of

.. : 11qu1d d131nteg1‘at1on and aerosol productlon in ultrasomc dev1ces namely (i) capillary

'theory and (u) cavitation theory

2.7.1 Capillary theory

. The capillary wave theory depicts droplet formation as resulting from the production .
of capillary waves on the surface of the excited liquid. When the aimpli_tude of the
applied energy“ is sufficiently high, the crests of the capillary wcves break off and
droplets a'_re formed. The rate of generation of capillary waves is _:dependent on the
intensity of the ultrasonlc vibration and the physicochemical properlies of the liquid
‘being atomized [Flament et al., 1999]. | | -

- 272 Cavitation theory

The cavitation theory postulates that liquid is 'atomized by hydraulic shocks produced

" by the implosion of cavitation bubbles near its surface [Niven et al,, 1995]. The . \

dependence of atomization on the cavitation phenomena was demonstrated for
frequencies between 0.5 and 2 MHz. A combined approach of the above theory states
that droplet formatlon resu]ts from caplllary waves 1n1t1ated and driven by cavitation
bubbles

2.8  Aerosol gene delivery . |
- The field of aerosol gene delivery began to decline until it was discovered that
- polymers (PEI) resulted in far better transfection within the lungs lhandid lipids or
* naked DNA [Densmore, 2003]. A number of potential obstacles to the intrapulmonary
delivery of genes via conventional jet nebulisation include shearing effects associated

with nebuhsatlon and requ1rements to produce aerosol droplet sizes approprlate for

' optlmal delivery to the penpheral lung and to maximise the dose of DNA delivered to

lung surfaces. Non-viral polyplexes are emerging as suitable candidates for use in
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- pulmonary inhalation gene therapy. PEl-based formulations appear to be. gqod“
candidates for aerosol delivery of genes for the treatment of .'a‘ variety of genetic-
pulmonary disorders, including lung tumors [Ruc_lolph‘ et al., 2005]. Polyclecirolyte
_ complexes betwe’en DNA and PEG/PEI. subjected to aerosolization in an ultrasonic
nebuliser was milder than jet nebulization [Kleemann et al., 2004]. Aerosol—deliveyéd' ;
PEI-based formulations are very effectivé; in transfecting the lungs, but produce‘
relatively low levels of transfection in the ;iasal l.passages of mice [Densmore, 2.003].
~ Although the results from gene therapy clinical trials are expected soon, developing an
aerosol gene _delivery mechanism which would be as safe and effective as intrayenous_

delivery will be a challenge to the healthcare industry.

2.9  Roadmap to non-viral gene therapy

The road map to non-viral géne therapy is shown in Figure 2.6. The essential steps
: ‘re.quired to deliver gene therapeutic grade plasmid DNA to the clinic includes (i}
plasmid DNA formulation, (it} delivery route and device, (iii) gene expression and (iv)
clinical trials. As shown in the roadmap, different formulations hav‘e. .Been attempted

for the delivery of plasmid DNA, although each formulation has to be tested for a

pai‘ticular delivery-route-and device.-The expression of. thetransgenejo a_large extent
influences the choice - of formulation. The barriers to gene expression llmltlng ‘
transfectlon may be biological or physmloglcal The former is prlmanly due to
extracellular/ intracellular interactions with the transgene, while the latter due to the
limitations in DNA delivefy through the device or administration route. A number of
gene therapy chmcal trials are in progress for the treatment of cystic fibrosis, cancer, ‘

influenza and cardlovascular dlseases
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210 Conclusions

K Gené therapy is gaining credibility and is an emerging afea in medicine today.
PIasmid—baséd gene tﬁerapy has been proven ‘to be well-tolerated and safe for
administration by a variety of routes (e.g., intramuscular, intratumoral, pulmonary,.

transdermal) but efficiency has often been limited with current technologies. A rational
| approach towardé the desikgn of syhthétic gene delivery systérhs is necessary taking
info account the route of administration and the targeted site at which gene expression
is expected to take place, A major milestone in the efficiency of plasmid delivery for
gene therapy will be the develoiamént of '_highly pure plasmid DNA formulaﬁons -
ca}.Jable“ of safe passage throuéh .the delivery device and route. The use of a
* commercially available device for safe delivei'y of sﬁper-coiled stricture of plasmid
" DNA pfovides a starting point that will ensure 'rapid adoption forifhe pre-clinical
testing of geneticﬂ drugs. A mesh nebuliser promises to deliver respirable aeroso-ls
through the non-invasive route for the treatment of re_spifatory and syétemic diseaseé.
The utilisation aﬁd Idéveloprhent of state-of-the-art delivery 'dévices is of considerable
importance for the success of plasmid-based medicines and vaccines as innovative
therépies for the future. The next chapter of the thesis discusses the materials and -
methods adopted in this thesis. |
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CHAPTER 3. MATERIALS AND METHODOLOGY

3.1 ° Materials/ Equipment
This chaptef discusses all the materials and equiprhent used for the experiments in this

research thesis.

3.1.1 Chemicals

All the chexﬁipals used in the experiments were purchased from Sigma chemicals,
UK, unless specified. Solutions were made from deioniéed, bacteria-free water (of

resistivity >18 MQ.cm) from an Elgastat UHP (Elga Ltd., UK) system..

3.1.2 Delifery device

The delivery devices used for the aerosolisation of liquid solutions were. U22

—————— (MircoAIR® NE-U22) and U03 (U1 NE-U03) (both from Omron Healthcare, Japan)
2) and U03 (U1 NE-U03) (b |
' mesh nebulisers operated at frequencxes of 175 kHz and 65 kHz as shown-in- Flgures\

3.1 and 3.2 respectively. Both the nebulisers are used for producmg therapeutlc
aerosols of liquid solutions, while the U2 isa recently introduced nebuliser regarded
asa prbmising device for the pulmonary delivery of liquid suspensions. The U03 mesh

nebuliser and nebuliser mesh (496A) was provided by Omron Healthcare, Japan.

3.1.3 Plasmid DNA

“The plasmids giWIZ (5.7kb) and pQR] 50 (20 kb) were obtained by pun'ﬁcatidh froﬁ :
- Escherichia coli DH5a (Gibco-Life Technologieé, Gaithersburg, MD) cells harvested
from a fermentation batch and sfored at -80°C. A plasmid puriﬁ::ation kit (QIAgen)
- was used for the purification of the super-coiled plasmid DNA (pDNA) The quality of
the superc01led pDNA used for the aerosolisation experiments was checked to ensure

" it had an Aoee/Aggo ratio of 1.8-1.9 (dlscussed in section 3.2.7.1).
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Figure 3.1: A U22 (MicroAIR" NE-U22) mesh nebuliser.

200 mm

Figure 3.2: A UO3 (Ul NE-UO03) mesh nebuliser
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3.1.4 Equipment used for the experiments

A summary of the equipment used for the research experiments is shown in Table 3.1.

Table 3.1: Equipment/software used for experiments

Experiment Objective of the Equipment/ Make/ Facility
experiment software

Nebulisation of Aerosolisation of Omron mesh Omron Healthcare,

plasmid DNA plasmid DNA nebuliser Japan

Aerosol Particle size Laser diffraction Malvern Master

characterisation determination sizer, UK

Collection of Condensation and Fabricated glass In-house

aerosols collection of aerosols | apparatus fabrication

Dimensions of the | Nozzle size SEM (Leo 440) Leo EM, UK

o Nozzle shape Interferometer Zygo, USA

Mesh thickness Optical Universal | Societe Genevoise,
measuring Switzerland
machine

Nozzle details Light microscope | Olympus, UK

Analysis of pDNA
damage/
nanoparticles

Analysis of pPDNA GelDoc 2000 gel Biorad, UK
documentation
Asgo/ Azgo ratio Biomate” Genesys, UK

Spectrophotometer

o 7

PicoGreen assay Tecan Safire Tecan UK
Microplate reader

Atomic force Dimension 3100 Veeco

microscopy

SPM

Instruments, USA

Transfection of
CHO-S cells with
plasmid DNA

Growth of CHO-S
cell line

Galaxy S CO;
Incubator

Woll Laboratories.
UK

Cell Viability/ cell
count

Casy cell counter
and analyser
system

Scharfe System,
Germany

Transfection
efficiency

Flow cytometer

Beckman Coulter
UK

F 1 uorescence
determination

= T
['ecan Salire
Microplate reader

Tecan UK

Aerosolisation
from nebuliser

Frame speeds (1/s)
of 4500/9000.

Kodak Ektapro
high-speed camera

Kodak Ektapro

Computational
fluid dynamics

Generation of grid
for CFD domain

Gambit 2.1

Fluent, UK

CFD simulations of
flow through nozzle

Fluent 6.2

Fluent . UK

Design of

Response surface

DesignExpert

Stat-Ease Inc..

experiments method (RSM) USA
Factorial design of Minitab Minitab, UK
experiments
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3.2 Methodology

The methodology adopted for the experimentation is detailed below.

3.2.1 Operation of a U22 mesh nebuliser

The U22 mesh nebuliser is representative of the next-generation of pulmonary devices
capable of delivering respirable aerosols with high throughput, high dosage handling
capability, portability and ease of operation. The U22 mesh nebuliser operated at a
frequency of 175 kHz (determined using a laser vibrometer). A schematic of the

medication container of the U22 mesh nebuliser is shown in Figure 3.3.

Medication 1o be changed
Arr inlet 10 make the nto fine particles for
pressure in the bottle \\-\_\ ‘ nebulization
equal to that of » : .

Nebulisation
external pressure

chamber

T

The weight of medication e
itself helps medication to be
supplied to the hom vibralor
and the mesh.

When enly a small amount of
medication is left. surface tension and
vibration energy helps medication to
be supplied 1o the mesh

Figure 3.3: Principle of operation of the U22 mesh nebuliser [Kishida et al., 2003]
showing the medication container and the mesh of the device; the vibrator horn is
powered by a DC volt supply of 3V; plasmid DNA sample from the ‘nebuliser

chamber’ is taken to check integrity of supercoiled (sc) structure.
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3.2.2  Operation of a U03 mesh nebuliser

The UO3 mesh nebuliser is a lower frequency device operating at 65 kHz compared
to the U22 mesh nebuliser. The nozzle size of the U03 device was equal to that of the
U22 device. A schematic of the nozzle and chamber of the U03 device is shown in
Figure 3.4 (Yamamoto and Asai, 2004). The U03 mesh nebuliser operates with the
same principle as the U22 device, except that liquid is drawn to the nozzle mesh by

the annular section of vibrator horn (Figure 3.4).

/18,5 14
Arn, GRS Mesh cap
= : B e T e Puw :
T P N - e Vibrator
A S o TR horn
| ““ S
- R 0 04 g - (=4 | g =)
2l o r "L Y ]
53 ;: HED';, | ’ Viso o e
™ : . - N e Annular
/ ~SW ' ! =112 |24 2e .
_ - i AT : section
—— X0
f =="330
] L 17 = 3%
W o 2
WS it i
\ i )
~0 f 7 7
1 =2 i Nebuliser
| &2 & : —gher
(a ) | i sazt| 57 — chamber
I \ 218 4
| L2 LS
: ¢ L 1
6a !
I °
| (b)
L ‘ '3
—

Figure 3.4: U0O3 mesh nebuliser: a) sketch of the device. b) schematic of medication
container showing nozzle mesh and nebuliser chamber; liquid is drawn through the

annular section and forced through the mesh resulting in generation of aerosols.
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3.2.3 Characterisation of the mesh nebuliser

The mesh plate of the U22 mesh nebuliser was studied for the configuration and
orientation of mesh holes using a Scanning Electron Microscope, a Zygo
[nterferometer, an Optical Comparator and a Light Microscope. A SEM was used for
the determination of the nozzle dimensions and arrangement of nozzles on the mesh. A
Zygo Interferometer is a three dimensional, surface structure analyzer, which provides
graphic images and high resolution numerical analysis to accurately characterize the
surface structure. The New View uses scanning white light interferometry to image
and measure the microstructure and topology of the surfaces in three dimensions. An
optical comparator (Type-214 B universal measuring machine) was used to measure
the thickness of the mesh. The machine had accuracy in the pm range, suitable for the
dimensions of the nebuliser mesh. A section of the nebuliser mesh was molded in

epoxy resin and polished to observe the section of the nozzle under a light microscope.

3.2.4 Aerosol collection apparatus

A straight forward aerosol collection apparatus including USP (United States
Pharmacopeia) throat geometry was fabricated in glass for collection of aerosols from
the mesh nebuliser as shown in Figure 3.5. The aerosol collection strategy was
designed based on a modification of the apparatus used for collection of nebulised
proteins by Cipolla and Gonda [1994]. The aerosols from the nebuliser were allowed
to pass through a fabricated glass USP throat [Zhang et al., 2004] and collected in a
sterile test tube placed in a vacuum flask containing ice. In order to facilitate
condensation of the aerosols suction was applied using a vacuum pump at the outlet of
the vacuum flask. An optimum suction flow rate of 15-20 L/min resulted in maximum
condensation of the aerosols in the test tube. Approximately 15-20% (v/v) of the

aerosols with pDNA was recovered in the condensed form in the collection test tube

after 5 min of nebulisation.
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TSP throat
Ay flowr meter

Hebulisex

YV amuum panp

Figure 3.5: Aerosol collection apparatus from a U22 mesh nebuliser, same apparatus

was used for the UO3 mesh nebuliser.

3.2.5 High speed imaging of aerosolisation

High-speed imaging of aerosolisation from the vibrator horn with and without mesh
was carried out for the U22 mesh nebuliser. For high speed imaging of the
aerosolisation process, a buffered solution of PBS (Phosphate-buffered saline) was
placed on the vibrator horn (Figure 3.6a). Aerosol formation was imaged using a high-
speed video system based around a Kodak Ektapro motion analyser [Versteeg et al.,
2005] at 4500 and 9000 frames per second to visualize aerosolisation with and without
mesh. A schematic of the high speed imaging set-up is shown in Figure 3.6b. To gain
optical access to the vibrating horn a section of the fluid container was removed in the
tests without mesh. Consequently, instead of utilizing the fluid container to hold the
formulation, 0.5 pl of formulation was pipetted directly onto the surface of the vibrator
in both cases, to allow meaningful comparison of aerosolisation with and without
mesh. At the chosen frame rate it is of course not possible to resolve flow events due
to individual oscillations, but overall features of the aerosolisation process were

captured adequately.



Chapter 3: Materials and Methodology

(b) . Kodak Ektapro high-speed video set-up

Computer for
Image Processing

Kodak Controller Video
(4500 frames/sec)

source

Nebuliser
Diffuser

Figure 3.6: (a) Vibrator horn (diameter at the top of the horn is 3.5 mm) of the U22

mesh nebuliser, (b) schematic of a high speed imaging set-up.

3.2.6 Purification of plasmid DNA from cells

Escherichia coli (DHS a) cells containing the plasmid (pQR150) of size 20 kb was
grown in a pilot fermenter and harvested from the fermentation broth. The cell paste of
the 5.7 kb plasmid prepared from an earlier fermentation batch was used for plasmid
purification and nebulisation. The QIAprep mini/maxi-prep kits were used for the
purification of plasmid DNA [Qiagen, 2004] as detailed below. The general procedure
consists of three basic steps: (i) preparation and clearing of bacterial lysate, (ii)
adsorption of DNA onto the QIAprep membrane and (iii) washing and elution of
plasmid DNA.

The procedure for miniprep plasmid DNA purification is described. Firstly, the
E.coli cell paste was made up to a uniform cell suspension using 0.9% (w/v) NaCl

solution to achieve an optical density at 600 nm of 10-12.5. One mL of the cell
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suspension was then centrifuged at 4000 rpm for 10 min. The pelleted bacterial cells
were resuspended in 250 pi of resuspensioﬁrbuffer (PD and transferred to a mierb
centrifuge tube. Care was taken to avoid any visible cell clumps after resuspension of
- the pellet. To the micro centnfuge tube with cell suspension in P1 buffer, 250 ul
lysis buffer (P2) was added and gently inverted 4-6 times to mix. However, the lysis
~ reaction was not allowed to proceed for more than 5 min. To the lysete in the micro
. centrifuge tube, 350 pl neutralisation - buffer (N3) was 'alddec_l and inverted
inirhediately but gently 4-6 times. The neutralized lysate was then centrifuged at
13, 000 rpm (~17,900 x g)‘ ina table-top micro centrifuge for 10 min. A compact
white pellet was formed. The supematants from step 4 were then transferred to the
| QIAprep spm column by decantmg Centrifugation was done at 13, 000 rpm (~17, 900 o |
X g) in a table-top micro centrifuge for 3060 s. The flow-through was discarded.
The QIAprep spin column was washed by.addi'ng 0.5 ml plasmid binding buffer
(PB) and centrifuging at 13,000 rpm (~17,900 x g) Ain'a table-top micro centrifuge for
3—l)—60 s. The flow-through was discarded. This step was necessary to remove any
trace nuclease activity exhibited by the strains. ‘The QIAprep spin column was |
washed by adding 0.75 ml plasmid elution buffer (PE) and centrifuging at 13,000 g I
rpm (¥17,900 x g) in a table-top micro centrifuge for 30-60 s. The flow-through was
discafded and centrifuged again for an additional 1 min to remove any’ frace of
residual wash buffer in order to avoid the residual ethanol from PE buffer to inhibit
subsequent enzymatlc reactions. The QIAprep column was placed in a clean 1.5 ml
- micro centrifuge tube. To elute DNA, 50 i equahsatlon buffer (10 mM Tris-Cl, pH
8.5) or TE buffer was added to the centre of each QIAprep spin celumh, let stand.for
1 min, and centrifuged at 13,000 rpm (~17,900 x g) in a table-top micro centrifuge

for 1 min.

327 Analysis of plasmid DNA

The a_nalysis of plasmid. DNA in the samples after puriftcation, formulation and

nebulisation were carried out by absorbance measurements of DNA concentration and

purity, agarose gel electrophoresis and a PicoGreen asséy.
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3.2.7.1. DNA concentration and purity measur"ements'_

-The purified plasmid solution was quantiﬁed using UV spectroscopy. A sample of the
plasmid solution was resﬁspended in 1X TE buffer (the dilution was done to achieve
an absorbance within the linear range of 0.1-1.0 AU). The Biomate’ UV-Visible
Spectrophotometer is programmed  to measure the absorbance readings at Asg
(maximum absorbance for DNA), Aago (maximum absorbénce for RNA) ﬁnd Azeo/Aaso
ratio (plasmid DNA purity). A ratio of Aze/Azgp reveals information on the plasmid ‘
‘punty, with a DNA ratio of 1.8-1.95 requlred for plasmld DNA preparations used in
| gene therapy experlments The spectrophotometric analysis of Aggo/Argg ratio between
1.8-1.95 served as a functional test to determine the purity of plasmld DNA for gene
therapy app11cat10ns [Schleef 2005]

3272 Agarose gel electrophoresis

Electrophoresié refers to the moverheﬁt of charged particles in a gel when subjected to
~ an electric field. This method uses an electromotive force to pull charged molecules
thréugh a gel matrix to .achieve separation based on mass-charge ratio. Nucleic acids
are negatively charged due to their ionized phosphate groups. As the size of the
nucleic acid increases, charge also increases so the mass-charge ratio remains constant. -
The electrbphoretic séparation'o.f' compouﬁds is almost entirely based on size and is
achieved by the sieving effect"of the gel matrix. Ethidium bromide, an intercalating
dye that binds to ds DNA, ssDNA and RNA is added. 1t is useful to visualise different
conformations of the plasmid (namely supercoiled, open-circul.ar énd Jhicked).
Fragments of linear DNA migrate through agarose gels with a mobility that is
. inversely proportidnal to the logio of their molecular weight, As a quality check, for a
plot of migration distance of linear DNA fragments (Lambda HindIlI DNA marker)

from the well against the log;o of either their molecular weights or number of base

pairs, an approximate straight line is obtained.
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3.2.7_.2.1 Pll.'eparatit'm of buffers and agafjose gel

The recipe for preparation of TBE buffer (5X) is (i) Tris Bése‘ (Tris-

hydroxymethylmethyamine; M=121.13) - 54.43 g, (ii) Boric acid - 27.78 g, (iii)
' ‘EDTA 1.85 kS which are dissolved in 800 mL of ultrapure water and volume adjusted

to 1L. In order to make 0. 5X TBE Buffer for the gel the prepared 5X TBE buffer was -

- diluted with ultrapure water.

For agarose gel electrophoresis, 0.8% (w/v) agarose gel was-preparéd using the

standard procedure. The open edges of an electrophorésis tray were sealed w1th an.

autoclave tape tolfor.m a mould. In order to prepare 130 mL of 0.8% (wiv) agarose
solution, 1.04 g of powdered agarose was taken in 130 mL of 0.5X TBE Buffer in a
clean Erlenmeyer flask. The flask containing buffer solution with agarose was heated

in a microwave oven for time intervals of 1 min with constant swirling, till the agarose

was completely dissolved and the solution was clear. The solution was then cooled to

60°C. Using a 1 mL Gibson pipétte, the edges of the eleCtroPhbresis tfay were sealed

~ to form a mould with a small qliantity of agarose solution. The gel comb was

positioned in the mould of the gel tray The agarose solution was then transferred toan

Erlenmeyer labelled “ethidium bromide” in a fume chamber used for handling

Ethidium bromide (EtBr). EtBr solution was then added from the stock solution to

achieve a final concentration of 0.06 ug/mL. The flask was swirled gently in order td

mix the ethidium bromide. The warm agarose solution was then poured into the
mould. Any air bubbles formed during the transfer were pricked with a pipette tip. The
aga;'osé gel was then allowed to set at room temperature for 45 min and then the comb
was carefully r'emloved. The gel was wrapped in a cling-film and placed in a flat-

bottomed container in a refrigerator at 4°C until further use.

32722 ‘ Loading of DNA samples in the agarose gel

The DNA samples required to be run on the gel were first prepared and the followihg

procedure adopted for loading DNA samples in the gel. The loading buffer and the

DNA samplé were added in the ratio of 1:1. The number of eppendorfs required to
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' prep'are the DNA samples and the marker were placed on the eppendorf rack. The -

DNA ea.mples (5to 15 ul).and ma{ker (Sul) were added to the labelled eppendorfs on -
the rack. The loading buffer (Spl) was added to the eppendorf labelled as marker
(Lambda ‘HindIII) and 10ul to the remaining eppendorfs contamlng DNA samples

The eppendorfs were then spun in a bench micro centrifuge at 13000 rpm for 30 s. The
- eppendorfs were then placed in the rack. Prior to preparation of the DNA samples, the

~ agarose gel was unwrapped and the sealed autoclave tape taken from the edges of -

electrophoresis tray. The agarose gel with the electrophoresis tray was then placed in
the central compartment of the electrophoresis box. The positioh of the well in the gel
was checked to t_nake sure that the DNA ran thrcugh' the gel towards the anode. 0.5X
TBE buffer was then poured into the gel box at both ends' until the buffer just covefed |
the top of the gel. The contents of each eppendorf were then carefully pipetted into ‘the

wells of the agarose gel, taking care not to spill the samples or push air mto the wells. |
The top of the gel box is then replaced and the power pack controls set to 40-80 V for

2-8 hours. The gel was then run till the required separation was achieved..
3.2.7.2.3 Quantificaticn of agarose gel

For quantification of DNA in the agarose gel, the electrophoresed gel was removed

from its container and slid .caIeﬁ‘Jll‘y into the transilluminator, The hood of the

- transilluminator was closed and UV light switched on. The focus of the camera and

I

lighting was adjusted. When the gel was out of the frame, the positioe of the gel was
adjusted in order to capture the image of the gel and save it on a disk for future . '

referehce ‘The UV light was turned off and hood opened A piece of foil was slid

" under the gel and removed from the transﬂlummator The gel was wrapped in a cling-

film and foil ancl placed in its container and stored at 4°C. The percentage damage to
the plasmid DNA was calculated from an analysns of the band mtens1ty observed in the
agarose. gel by densitometry using Geldoc Quant:tyOne (B10Rad software) by
comparing pre- and post-nebulisation samples. The dens1ty of the DNA band before

nebulisation was taken as the reference to determme the percentage damage durmg

‘nebulisation. In order to account for the differential binding of ethidium bromide to the

different plasmid structures, a corfection factor of 1.36 was applied to the sc structure.

5
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3273 'PicoGreen assay

The P1coGreen assay uses the well- establlshed principle of DNA denaturahon in alkali
for molecules with 1ncreased smgle stranded mcks PicoGreen (Molecular Probes, .
Paisley, UK), a dsDNA bmdmg ﬂuorescent dye,. bmds selectively to double-stranded

(ds) DNA. The microplatc-basedr fluorescence assay was based on the protocol
reported .by Rock et al. [2603].- The DNA concentration used for the assay was 200- - -
300 ng/mL. Two aliquots of" 50ul of plasmid DNA were combined vv{th 50 pl of
PicoGreen (1/200) and taken in the wells of a microplate (Sarstedt, Leicester, UK).

The microplate was incubated for 5 minutes and the ﬂuoreécencc signal was measured
using a Safire? ™ {Tecan, UK) Microplate reader. To one well, 0.075M NaOH was -
added and mixed well to increase the pH to 12.4. The decrease in fluorescence was

monitored due to the release of the fluorescent dye denaturation of DNA by alkali. The
 relative fluorescence which is a ratio of the fluorescence signal at pH 124 to the
fluorescence at pH 8 was computed. The damage to the supercoiled structure in the "
- samples of the 5.7 kb plasmid band the PE/DNA formulations of the 20 kb plasmid
- was analysed and the relative fluorescence computed An XFluor software was used

for direct control from Excel and reporting the results of the assay.

3.2.7.4 Atomic force microscopy

AFM imaging for visualisation of pDNA was camed out in a Dimension 3100

Scanmng Probe Mlcroscope (SPM) (Vecco Instrumcnts Santa Barbara, CA, USA)

| - TappingMode™ etched silicon probes (TESP) cantilever tips used for AFM imaging

in air were purchased from Veeco Instruments (Veeco Instruments, Dourdan, Frdn_ce). o
AFM provides the two-dimensional conformatioo of the sc structure of the plasmid by
immobilization of thc DNA molecules on a flat mica sulrf'ace. Bciog an atomically flat
surface with negative charge,. mica cannot bind the negatively charged DNA
molecules without cationic treatment to the surface.” A freshly cleaved mica disc
(diameter - 20 mm) was coated with 100 pl of 10 mM NiCl; to render the mica surface

cationic for the adsorption of anionic pDNA [Hansma and Laney, 1996].’ The ‘p[.)NA
* was frozen and stored in a deep freezer at -4°C prior to imaging in AFM. Sm of pDNA

. N
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‘squtlon were diluted to a concentratlon of 1 ug/mL and p1petted onto the mica
surface. After 1 min, the mica dlsc was washed w1th sterile, filtered water and dried
pnor to AFM i 1magmg For samples of formulated plasmld DNA wrth PEI, no surface
'treatrnent of the mica disc was necessary due to the posrtrve charge of the formulatmg
agent. The AFM unagmg was carried out in TappmgMode m air at.room

. temperature with a TESP probe usrng a D1mensron 3100 SPM (Veeco Instruments,

Santa Barbara, CA). TapprngMode imaging. allows high resolution topographic

imaging of sample surfaces that are loosely held to their substrate or otherw13e

difficult to image by other AFM techmques The AFM images were ﬂattened for

better clarity using a Nanoscope IV controller.

3.2.8 Fo_rmulation of plasmid DNA

_ The purified plasmid DNA with an As/Asg ratio greater than 1.8 was formulated
prior to nebulisation using the mesh nebuliser. Formulation of the plasrhid DNA was
} cam’ed out using ionic buffers and cationic substrates. The ionic buffers used were
NaCl solutlon (150-300, mM), PBS and HEPES. The cationic substrates used were
liposomes, DEAE dextran and PEL

--3.2.8.1 Formulation using liposomes

The _fbnnulation of liposomes was carried out according a protocol described in the‘
MegafeCtinTM Opti- kit application manual (Qbiogene USA) An initial DNA
concentration of the 20 kb plasmid used for the preparation of the cationic hposomes
was 67 pg/mL. A stock solution of the: llposomes, DOTAP/DOPE and
DOTAP/Cho]esterol was prepared by suspension of the lyophilized lipids in 200 plof
~ sterile 20 mM HEPES buffer. The final concentration of the cationic lipid is 1 mM. In
order to make a formulation of catio_nic ltposome_s with DNA to cationic lipid ratio of '
0.5 (recommended), the plasmid DNA solution was mixed with liposomes and HEPES

~ in the followmg ratio: liposomes:HEPES: Plasmid DNA = 2: 3:5. The formulations

prepared were incubated for 15 min at room temperature and protected from light, A-

final DNA concentration in the cationic liposome formulation was 33 ug/m_L. An
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" unformulated control with a plasmld DNA concentration of 33’ p.g/mL was also

prepared

_3.2..8.2 ' Formulation using DEAE-dextran

DEAE-dextran (DD) is a cationic polyelectrolyte used for complexing plasmid DNA.
A sample of DEAE-dextran was procured from PK Chemicals, Denmark. According

to the manufacturer’s product specifications, the nitrogen content in DEAE-dextran is -

3.2% (1.1 nmol nitrogen per pg). DNA contains 3 nmol of pfhlosphatél per ug. A stock -
~ solution of 0.1% (w/v) DD in 0.01M PBS was prepared and filter sterilized using a 0.2

um filter. Formulations of plasmid DNA with DD were prepared with nitrogen to

‘ phdéphate ratios of 0.1, 0.2 and 0.4. The formulations were incubated at room

 temperature for 30 min and then stored at 4°C.

32.83  Formulation using PEI

A stock solﬁtion of PEI (0.9 mg/ml) was prepared in deionised water and the pH was
adjusted to 7.2 w1th HCI followed by filter stenhzatlon and then stored at room
temperature (RT) P]asmld DNA (20 kb) was mixed wﬁh PEI to achieve 2 PEI
nltrogen.DNA phosphorus ratio of 10:1 [Densmore et al, 2000]. The solutlon was

allowed to incubate at RT for.15 min prior to use for acrosolisation studies.
. (- : ] o

' 3.2;9 'Trans_fection studies

‘Transfection studies were carried out using suspensmn-adapted Chinese Hamster

Ovary Cells and are described below in detall
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32.9.1  Chinese hamster ovary cells .

The cell line. used in this :study -was CHO-S suspension-adapted cells
(Invitrogen/Gibco, La Joll‘a, USA).I All eelIs were stored in liquid nitrogen in the

growth medium added with 10 % DMSO. For experimental studies, cells —_—
| thawed rapidly and cehtrifﬁged at 150 '-'g for 3 minutes, After removal of the

. - supernatant, the cells were re-suspended in 10 mL of growth medium and incubated

_in a Galaxy S™ incubator (Wolf Laboratories, UK) set at s'tand.ard cond.ition's' (37 ‘f’C, '
3% C02)7

3292 Maintenance of CHO-S cells

After recovery from cry0preservatic5n, cultures were maintained in CHO-S Serum Free
Medium II (CHO-SFM 11, Inviti'ogen/Gibco, La'Jolla, USA), at viable cell densities
between 2 x 10° - 3 x 10° viable cells per mL. Cells lwere cultured in 250 mL
Cerhing® cell culture flasks (50 - 100 mL worl_{ing volume) at 120 rpm (orbital shaker)
in .a Galaxy S™ incubator (Wolf Laboratories, UK) set at standard conditiohs (37°C,5
% CO;). Cells were mamtamed as described, and used for experlments up to 25

' passages

3.2.93  Preparation of PEI-pDNA complexes using 5.7 kb plasmid

A stock solution of 0.9 mg ml™ polyethyleneimine (PEI 25 kDa; brenched) was
prepared in deionised water, neutralized to pH 7.0 with HCl and filter sterilised. Stock
solutions were stored at room temperature The DNA samples of the 5.7 kb plasmld at
a concentration of 20 pg mL" were used for nebulisation expenments In order to
- prepare formulated PEI/pDNA for nebulisation, the 5.7 kb plasmid was mlxed with |
PEI to achieve a PEI nitrogen:LDNA phosphorus ratio of 10:1. The formulated
PEUpDNA cofnplex was nebulised in th.é, U22 mesh neBuliser, and samples before and
after nebulisation used for.transfection studies. To prepare PEI-pDNA complexes with
nebulisation samples of the 5.7 kb plasmid, the before and after nebulisation pDNA
| Sam'pl_e's were mi>éed with _PEI te_ achieve a PEI nitrogen:DNA phosphorus ratio of

10:1. The solution was allowed to incubate at RT for 15 min prior to transfection.

56
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K 3294 . PEI-pDNA transfection of CHO-S cells

~ Transfection experiments were performed in Corning® ultra low-binding (ULB) 24- '

well plates (Sigrna, UK) to ensure that the cells remained in suspension according to a

'. protoc.ol‘ described . in Tait [2006]. CHO-S cells were grown in CHO-S SFM 1I -

" medium and used for transfection with the before and after nebulisation formula't.ed '

samples. CHO S cells were taken from m1d-exponent1a1 growth phase culture (age 24

“hours) and cenmﬁrged in a Beckman GS-6 centrifuge to pellet 6.3*10° cells.mL™.

The cells were resuspended in 30 mL CHO-S SFM II medmm to achieve a cell den31ty

- 0f2.1*10° cells.mL". 950 pul of this cell suspenslon was aliquoted into the wells of the

24-well plate. The wells were loaded with 50 ul of the furmulated'pDNA samples'

. before and after nebulisation samples in triplicate, allowmg duphcatron for sampling at- .

24 and 48 hours after transfectron Control untransfected wells were loaded with 50 ul

of medium. The 24-well plate was covered with Breathe EasyTM “membranes

| (Diversified Biotech, Boston, MA, U.S.A)) to ensure even gaseous exchange and

evaporation from all wells. T_he iolate was incubated in a Galaxy S™ incubator (Welf ‘

Léboratoﬁee,' UK)'set at standard cohditions (37°C, 5% CO,). The {nitiai cell density

- used for transfection was determined, After 24 hours, the membrane was cut down the .

middle and the 24 hour transfected samples collected in sterile eppendorfs. The cell

" density was determined for each of the transfected samples. In order to measure -

fluorescence of the transfected samples on a microplate reader, 300 pl of the. “

- transfected and untransfected 24 hour sarnples'were spun in an Eppendorf® centrifuge

(Model 5415 R) at 1000 rpm for 3 min. The pellet was resuspended in 100 pl of PBS

solution and the fluorescence measured in the dark using a SaﬁreZTM

micrOplate_ )
reader Similar anaIy51s was performed for the 48 hour transfected and untransfected

(control) samples.

32.9.5  Determination of viable cell density .and percentage viability

Vlable cell den51ty and cell v1ab111ty were determined by e1ther haemocytometer cell
counting (trypan blue exclusion) or the CASY® technology usmg a cell counter and

analyser model TTC (Scharfe System, Germany). The principle for the CASY
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system is based on 'puls_e' area ahalysisl‘by electric sensihg zone method. Similar to
trypan blue exclusion method where the trypan blue dye stains the dead cells by. '
entering the ruptured cell membrane and not intact cells, the CASY technology
detects the viable, dead and total cell count by pulse area analysis and can detect
minuscule changes in membrane integrity. The cells suepended “in Casytoh®
colourless isotonic saline solution and asp1rated through a precision measuring pore
of diameter 150 pm. The cells passing through the measuring pore are scanned at a
frequency of 1 million measurements per second in a low voltage field. The resulting

signal of every individual cell is analyzed in area, height and width, and time course.

_ 3.2.9_.6 ~ Flow cytometric analysis

The .transfection efficiency was determined by flow cytometry using a Coulter Epics
XL MCL flow cytometer (Beckman Coulter UK Ltd, Bucks, UK) equipped with
EXPO 32™ ADC software. CHO-S cells were transfected with eGFP gWiz'™ plasmid -
DNA es described in sect.ion. 3.2.74. Cells were harvested by centriﬁdgation (IOOO
rpm, 3 min), washed once with S mL of PBS, fixed in 5 mL of 4% (V/v)
paraformaldehyde (PFA) and 1ncubated at -20°C for 15 min. Cells were then washed
twice with PBS and stored in PBS at 4°C Transfection efﬁc1enc1es (deﬁned as the
percentage of eGFP posmve cells i.e., the cells expressing the GFP protem resulting in
 fluorescence in a transfected population) were detennined by excitation of eGFP with

an Argon laser at 488 nin, with emission meaeured at 510-530 nm. The QC for the
fluorescence measurement was carried out using flow check ﬂuorosphere_s, which are

10 um latex partictes fluorescent on all wavelengths detécted by XL.

3.3 Summary

ThlS chapter hlghllghted the matenals/equlpment and methodology used to carry out
+ the expenments on the purification and nebulisation of plasmid DNA. The operation -
of the mesh nebulisers used in this research 1nvest1gatlon the techmques used for
analy51s of plasmld DNA damage and the transfection protocol are dlscussed Chapter
4 discusses on the purification of plasmld DNA from host Escherichia colz cells and 1ts .

- nebulisation using a mesh nebuliser. -
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OF PLASMID DNA

41  Introduction

‘The objective of the work reported in this chapter was to 'produce pure supercoiled

plasmid DNA in the form recommended for gene therapy and study the extent of.

.damage to the fraglle s¢ structure of different plasmid sizes upon aerosol delivery B

using a mesh nebuliser. Purification of pIasmld DNA for non-viral gene therapy isa
critical process in the productlon of plasmld DNA based therapeutics. During the

punﬁcatlon of plasmid DNA it is possible that the fragile sc structure ‘may be

disintegrated 1nto the open-01rcular and linear forms of the plasmid. It is essential to ..

-produce purified plasmid DNA in the supercoﬂed form to the necessary quality
standards required for gene therapy expenments. The plasmid specifications and test
method guidelines‘ [Schieef, 2005] for gene therapy trials stipulate a number of

| assays pertaining to the purity of plasmid DNA and DNA hon'logeneity. The
recommendations for the purity and DNA homogeneity suggest an Ajgo/Angg ratio of

-1.8-2.0 and >95% supercoiled form (using agarose gel electrophoresis) respectively.
Nebulisers are the common‘ respiratory devices for aerosol delivery of liquid
formulations and have the advantages of large dosage handing capabitity, ease of
operation and low formulation requirements. Aerosol delivery of plasmid DNA in
the intact sc form using a nebuliser rernains a challenge to be surmouuted for the
success of the non-invasive respiratory route as an approach for admlmstratlon of

gene therapeutlcs

This chapter is structured into three main sections, namely: (i) purification of -
. plasmid DNA of sizes from 5.7 to 20 kb, (ii) characterisation of U22 and U03 mesh
" nebulisers and (iii) nebulisation of pIasmid DNA in a U22 and U03 mesh nebuliser.

+
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4.2 Purification of plasmid DNA

In this research investigation, Escherichia coli cell paste harbouring plasmids of size
5.7 kb and 20 kb, produced separately from UCL pilot plant trials were purified using
plasmid purification protocols [Qiagen Ltd, UK]. A single colony of E.coli cells each ‘
containing plasmids of size 8.7 kb and 13 kb (received from Dr. John Ward, Molecular
Biology Department of UCL) were cultured in shake-flasks by fermentation to achieve
the cell-density required for plasmid purification. The fermentation and purification of

plasmid DNA and the protocols are described in Chapter 3.

4.2.1 5.7 kb and 20 kb plasmids
The purity of gWIZ™ GFP (5.7 kb) and pQR150 (20 kb) plasmid DNA in buffer

urified using plasmid purification protocol was assessed by determination of (i)
p gp P p y

Aseo/ Asgo ratio (Table 4.1) and (ii) DNA homogeneity (Figure 4.1).
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Figure 4.1: DNA homogeneity of purified supercoiled 5.7 kb and 20 kb plasmids
determined by densitometric scan of an agarose gel; sc 5.7 kb — 96.57%, sc 20 kb —

96.61% (an ethidium bromide correction factor of 1.36 was applied to the sc structure).
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Table 4.1: Plasmid DNA purity for 5.7 kb and 20 kb plasmids by Aaq0/Aag ratio (n=6)

Plasmid DN A AZ(.U AZSU Az(,u/Azs()
5.7 kb 0521 £ 0.12 0.269 + 0.06 1.93 £ 0.02
20 kb 0.496 +0.14 0.255£0.08 1.95 £ 0.02

Figure 4.1 shows the DNA homogeneity determined from the densitometric scan of an
agarose gel from the peak values of the band intensity for the sc structure compared to
the open-circular and linear forms of the plasmid. A correction factor of 1.36 was
applied to the sc structure to account for the differential binding of ethidium bromide
to the sc structure. DNA homogeneity of = 95% for the sc structure indicated a high

percentage of sc plasmid as per the requirements for non-viral gene therapy.

4.2.2 8.7 kb and 13 kb plasmids

The production of Escherichia coli Topl0 and Escherichia coli IM107 cells from a
single colony harbouring pOR492 (8.7 kb) and pOR186 (13 kb) plasmids respectively,
was carried out using shake-flask fermentation. The fermentation process consisted of
an inoculum development stage and a cell mass production stage. The operating
conditions for the shake-flask fermentation are presented in Chapter I11. The cell mass
from the fermentation process was used as input for plasmid purification using the
QIAgen Maxi-prep purification kit. The purity of supercoiled plasmid DNA as output
was assessed by determination of (i) Aas/Asgo ratio (Table 4.2) and (i) DNA
homogeneity using a densitometric scan of an agarose gel (Figure 4.2). From Table
4.2, the purity of 8.7 and 13 kb plasmids are assessed by Aaq/Aagg ratio between 1.8

and 1.95.

Table 4.2: Plasmid DNA purity for 8.7 kb and 13 kb plasmids by Asso/Asg ratio

Plasmid DNA Ag(,u A.’.H{] Az(,u/A]gu
8.7 kb 0.686+0.14 | 0.367+0.08 1.87 + 0.003 (n=4)
13 kb 0.358 0.196 +0.002 | 1.824 + 0.01 (n=2)
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Figure 4.2: DNA homogeneity of purified supercoiled 8.7 kb and 13 kb plasmids
determined by densitometric scan of agarose gel: s¢ 8.7 kb — 96.34%, sc 13 kb — 96.9%

(an ethidium bromide correction factor of 1.36 was applied to the sc structure).

4.3 Characterisation of a U22 mesh nebuliser

The characterisation of the nebuliser was carried out to determine the dimensions of

from the U22 mesh nebuliser.

the nebuliser mesh, the aerosol particle size distribution and the nebulisation rate
4.3.1 Dimensions of the nebuliser mesh

The nebuliser mesh was observed in a SEM to determine the size of the nozzle and the

distance between the nozzles. The magnification required to observe the nozzle size

was 10,000X, while that required to determine the distance between the nozzles was

2,000X (Figure 4.3). The dimensions of the nozzle are reported in Table 4.3.
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Figure 4.3: Scanning electron micrograph of the mesh of a U22 nebuliser showing (a)
arrangement of nozzles on the mesh, (b) single nozzle and (c) distance between

nozzles.
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A section of the nebuliser mesh was molded in epoxy resin (section 3.2.3) and the
images of the nozzle were captured using a light microscope to determine the
dimensions against a calibrated image of a scale bar. A cross-section of the nebuliser

mesh is shown in Figure 4.4 below.

Bottom surface of mesh

Magnification 40 X

Figure 4.4: Cross-section of a nebuliser mesh of the U22 mesh nebuliser; A and B

represent total mesh thickness

The dimensions of the U22 nebuliser mesh determined using Scanning Electron

Microscope, Zygo Interferometer and Optical comparator are shown in Table 4.3.

Table 4.3: Dimensions of mesh of the U22 nebuliser mesh

Dimension details Tool used for determination (um) (n=2)
SEM 71 OC Computed

Diameter of the mesh nozzle 30+£0.01 |3.0£08 |-

Distance between mesh nozzles 56 +0.2

Mesh plate thickness (A) - 122 +1.0] 13.0+0.05 | -

Mesh plate thickness (B) - - 13.0+0.05 | -

Mesh plate thickness (A+B) 26.0 = 0.05

Internal arc radius of the nozzle 15.6
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4.3.2 Aerosol particle size distribution

The aerosol particle size was determined using a Malvern Mastersizer 7 Laser
Diffraction Instrument at a distance of 25 mm from the receiver lens and height of 20
mm from nebuliser. Figure 4.5 shows the average particle size distribution of distilled
water aerosols from the mesh nebuliser sampled during the nebulisation process. The

fine particle fraction (1-5um) of the aerosols was observed to be 35-40%.
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Figure 4.5: Average particle size distribution of aerosols during nebulisation from U22

mesh nebuliser (n=3).

4.3.3 Nebulisation rate

The nebulisation rate of acrosols from the U22 mesh nebuliser is shown in figures 4.6a

& b. As shown in the figure. the nebulisation rate was found to be ~0.45 mL/min for

the U22 mesh nebuliser.
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Figure 4.6: Nebulisation rate in the U22 mesh nebuliser (a) distilled water — 0.44

mL/min. (b) saline solution — 0.45 mL/min (n=4).

4.4 Characterisation of a U0O3 mesh nebuliser

The characterisation of a U03 mesh nebuliser was carried out to determine the nozzle

dimension of the nebuliser mesh and the nebulisation rate. Limited analysis and
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experimentation was carried out due to the non-availability of this mesh and device
in the market. The U03 mesh nebuliser used for the experiments had a mesh with a
nozzle size of 3 um, which was determined using a high-resolution light microscope.
The nebulisation rate of saline solution in the U03 mesh nebuliser was 0.2 £+ 0.01

mL/min

4.5 Aerosol delivery of plasmid DNA

As has been already indicated, aerosol delivery of plasmid DNA holds considerable
promise for the treatment of many demanding respiratory diseases, such as cystic
fibrosis, influenza or lung cancer. The delivery of plasmid constructs in the size range
of 5 to 20 kb is particularly challenging. The retention of the supercoiled structure (sc)
of the plasmid during aerosol delivery is essential for its use as a genetic drug and to
comply with regulatory requirements on product quality. In order to ensure maximum
retention of the supercoiled content in the aerosols, plasmid DNA in liquid formulation
was used for aerosolisation. Although. plasmid DNA has been used in liquid
aerosolisation devices, damage to the sc structure has been reported and is summarised

below.

Studies on liquid aerosolisation devices have shown that aerosolisation can result in
damage to the sc structure of the pDNA in the aerosols due to shear effects (Table 4.3).
In order to assess the level of damage due to the aerosolisation process. the integrity of
the supercoiled structure was compared in the chamber before aerosolisation and in the
aerosols after aerosolisation. As seen in Table 4.3, jet nebulisation resulted in damage
to a 5 kb and 9.8 kb plasmid. the loss of the sc content being possibly due to
hydrodynamic shear and shock waves [Lentz et al., 2005]. Damage to a small plasmid
of size 4.8 kb in the aerosols of a jet nebuliser was reported by Kleemann et al. [2004]
due to the shearing effects of aerosolisation. Ultrasonic nebulisation of plasmid DNA
resulted in no damage to a 5 kb plasmid in the nebuliser chamber [Lentz et al., 2006a].
Aerosolisation based on electrohydrodynamic (EHD) delivery did not damage

supercoiled pDNA. Although there is no damage to the sc structure of the plasmid in

the aerosols. the EHD device is yet to be commercialized for pulmonary delivery in
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the clinic [Davies et al., 2005]. A press release from Ventaria Pharmaceuticals [dated
March 21, 2006] stated the device based on EHD technology (Mystic'™) is in the
manufacturing stage with Nypro Inc.,, a medical device manufacturing company
[Ventaria website]. A commercial mesh-based nebuliser (eFlow") has also been
reported to damage extensively plasmid DNA [Smart et al., 2002]. However, the
acrosol delivery of a naked gWizTM Luc plasmid has resulted in an intact supercoiled
structure in the aerosols using a miniaturized nebulisation catheter device [Koping-

Hoggard et al., 2005]. The results of the experiments on the nebulisation of plasmid

DNA in a mesh nebuliser is discussed in the next section.

Table 4.4: Damage to sc pDNA in the aerosols and nebuliser chamber of some

reported aerosolisation devices

Aerosolisation | Plasmid | Percentage damage to sc DNA Reference

device size (kb) | Aerosols Nebuliser chamber

(clinical status)

Jet nebuliser 5.0 40% NA Lentz et

(approved) 9.8 90% NA al., 2005
4.8 >75% NA Kleemann

et al.. 2004

4.6 NA After 4 min: 50% Davies et
71 NA 90% al.. 2005
9.2 NA 100%

Ultrasonic 50 NA After 9 min: Nil Lentz et

nebuliser 9.8 NA 50% al.. 2006

(approved) 4.6 NA After 4 min: 70% Davies et
T NA 80% al., 2005
9.2 NA 90%

EHD device (in | 4.6, 9.2, | No damage Davies et

trials) 15.3 al.. 2005

Mesh nebuliser 4.5 50% NA Smart et

(approved) 11.0 90% NA al., 2002

Nebulisation 6.7 No damage Koping-

catheter device Hoggard et

(preclinical al., 2005

trials)

NA — Data not available
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4.6 Nebulisation of plasmid DNA in a U22 mesh nebuliser

The objective of this experiment was to investigate the use of a commercially available
mesh nebuliser (MicroAIR" NE-U22) for nebulisation of plasmids of size from 5.7 to
20 kb. Aerosols of plasmid DNA from nebulisation using the U22 mesh nebuliser in a
Bio-safety cabinet were condensed and collected in a sterile aerosol collection
apparatus (shown in Chapter 3) and assessed for damage to the sc structure. In order to
determine the extent of damage to the plasmid DNA in the nebuliser chamber, the
nebuliser was switched off during the middle of the nebulisation process and a sample

taken from the nebuliser chamber as shown in figure 3.3.

In order to assess the extent of damage to the supercoiled structure of plasmid DNA
upon aerosolisation in the mesh nebuliser. the plasmids were formulated in a suitable
biological buffer including TE (Tris-EDTA), phosphate-buffered saline (PBS) and N-
2-Hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES). The sc structure of the
plasmid has been reported to be condensed in the presence of an ionic salt solution
[Levy et al., 1999] and this was adopted to reduce size of the sc structure and
consequently damage during nebulisation. The ionic salt solution used in this
investigation was 150 mM and 300 mM NaCl. In the following section, nebulisation

of the plasmids in the U22 mesh nebuliser are discussed and the results are reported.

4.6.1 Assessment of pDNA damage

The assessment of damage to the sc structure during nebulisation was determined by
agarose gel electrophoresis, atomic force microscopy and PicoGreen assay, and the

methodology for these is described in Chapter 3.

4.6.1.1 Agarose gel electrophoresis for pDNA damage

The damage to the plasmids of size from 5.7 to 20 kb during nebulisation in the U22

mesh nebuliser was quantified using agarose gel electrophoresis.
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4.6.1.1.1 5.7 kb plasmid

Nebulisation of the 5.7 kb plasmid formulated in buffers with and without ionic
strength due to NaCl were carried out using the U22 mesh nebuliser. In order to
ascertain the extent of damage to the sc structure during and after nebulisation, the
commonly used technique is an agarose gel electrophoresis (AGE). AGE is a
qualitative tool to determine the extent of plasmid DNA damage. However, a
densitometric scan of the agarose gel provides a quantitative estimate of the plasmid
forms based on the band density. Figure 4.7 shows agarose gel electrophoresis of the
samples of 5.7 kb plasmid formulated in TE buffer taken during and after the
nebulisation process. A sample was taken from the nebuliser chamber (NC) mid-way
through the nebulisation process. Aerosols of plasmid DNA were condensed and
collected after nebulisation (AN) using an aerosol collection apparatus as discussed in

Chapter 3.

Negative control samples of the buffer before and after nebulisation (lanes 2 & 3) were
carried out prior to nebulisation of 5.7 kb plasmid, to ensure the absence of DNA in
the nebuliser from previous use. As observed in lanes 5 and 6 of Fig. 4.7a. sc structure
of the plasmid was intact in the nebuliser chamber and in the aerosols, respectively.
Smears of damaged DNA in lane 6 of Fig. 4.7a and lane 3 of Fig. 4.7b are likely to be
a result of fragmentation of the open circular to linear forms. These results suggest that
the sc structure of the 5.7 kb plasmid is able to withstand the forces due to
acrosolisation, while the larger and less compact open-circular forms are degraded

during nebulisation.
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Figure 4.7: Agarose gel electrophoresis of nebulisation of 5.7 kb plasmid: a) TE
buffer; lanes 2 and 3: BN and AN samples in TE buffer; lanes 3, 4 and 5: BN, NC and
AN samples in TE buffer showing open-circular (oc), linear form (Lf) and supercoiled
(sc) forms of the plasmid: b) TE buffer with 160 mM NaCl; lanes 1, 2 and 3: BN, NC
and AN samples in TE buffer with 160mM NaCl showing oc, Lf and sc¢ forms of the

plasmid.

The densitometer scans corresponding to the agarose gels in Figures 4.7a and 4.7b are
shown in Figures 4.7c and 4.7d respectively. The bulk of the sc 5.7 kb plasmid is intact
(>98%) after nebulisation, while a major portion of the oc (30-60%) is damaged. The

plasmid formulated in 160 mM NaCl also showed a similar degradation of the oc and

linear isoforms of the sc plasmid (Figure 4.4d) in the aerosols after nebulisation.
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Figure 4.7 ¢) & d): Agarose gel electrophoresis of nebulisation of 5.7 kb plasmid: ¢)

and d) densitometer scans showing peaks of open-circular (oc). linear form (1f) and
supercoiled (sc) of Figure 4.7 a) and b) respectively resulting in less than 3% damage

to the sc form in both cases.
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PBS buffer HEPES buffer  TE with [50mM
NaCl
Figure 4.8: Agarose gel electrophoresis of nebulisation of 5.7 kb plasmid: a) PBS
buffer: BN and AN samples; b) HEPES buffer: BN and AN samples; ¢) TE with
150mM NaCl: BN and AN samples; open-circular (oc) form of the 5.7 kb plasmid is
damaged in the AN samples; DM — DNA marker.

Agarose gel electrophoresis of the nebulised 5.7 kb plasmid formulated in common
biological buffers such as phosphate-buffered saline (PBS) and N-2-
Hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES) resulted in no damage to

the sc structure (Figure 4.8). However, a smear of linear DNA fragments in the after
nebulisation samples suggested partial fragmentation of the open circular forms of the
plasmid. Densitometric scans of the agarose gel revealed damage of < 2% to sc
structure of the 5.7 kb plasmid formulated in the above buffers. In order to investigate
the influence of plasmid size on damage to supercoiled structure upon nebulisation in

the mesh nebuliser, plasmids of size 8.7, 13 and 20 kb were used for the experiments.
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4.6.1.1.2 8.7 kb plasmid

Nebulisation of 8.7 kb plasmid formulated in TE buffer resulted in damage to the sc
structure of the plasmid was observed in an agarose gel. In order to reduce the size of
the sc structure, the plasmid was formulated in TE buffer with 150mM NaCl.
However, the sc structure was less damaged when observed in an agarose gel.
Densitometric scans provide a better representation of the damage to sc structure

compared to an agarose gel (please refer Appendix) and are shown in Figure 4.9.
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Figure 4.9: Densitometric scans of agarose gel from nebulisation of 8.7 kb plasmid
formulated in: a) TE bulfer. b) TE buffer with 150 mM NaCl: % damage to sc

structure in a) 45% and b) 6.3%: BN — before nebulisation. AN — after nebulisation.
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From Figures 4.9a and 4.9b, densitometric scans of the agarose gel indicate that
nebulisation resulted in partial damage (47.64 + 6.05%) and slight damage (6.5%) to
the sc structure of the 8.7 kb plasmid formulated in TE buffer, and TE buffer with
150 mM NaCl respectively. Formulation of the 8.7 kb plasmid in buffer with ionic
strength (150 mM NaCl) enabled condensation of the sc structure to a smaller size,
thereby resulting in less damage. The scans also revealed complete damage to the oc
structure resulting in a smear of linear DNA fragments. In order to examine the
influence of plasmid size on damage to its sc structure when nebulised in the mesh
nebuliser, a 20 kb plasmid was used for the experiments and the results are presented

in the following section.

4.6.1.1.3 20 kb plasmid

Nebulisation of 20 kb plasmid formulated in TE buffer with and without ionic strength
due to NaCl was carried out using the U22 mesh nebuliser. Ionic strength using 150
mM or 300 mM NaCl was used to condense the large sc structure in order to avoid
damage. Figure 4.10 shows gel electrophoresis of the samples of 20 kb plasmid
formulated in TE buffer (lanes 2 to 4) and in TE buffer with 160mM NaCl (lanes 5 to
7). As observed in Fig. 4.10, the sc structure of the 20 kb plasmid remained intact in
the nebuliser chamber (lane 3). while the sc structure was completely degraded in the
aerosols (lane 4). The smear of DNA in lanes 4 and 7 indicate that after acrosolisation
the pDNA was completely degraded into smaller fragments. Formulation of the 20 kb
plasmid in TE buffer with 160 or 300 mM NaCl did not stabilize the sc structure
during aerosolisation. Lanes 3 and 6 sampled from the nebulisation chamber showed.
however, that no damage to the 20 kb plasmid occurs in the chamber. This suggests
that DNA damage primarily occurs during the passage of the solution through the
mesh or when the aerosol is formed just above the mesh. The size distribution of the
sheared fragments alter nebulisation shown in Figure 4.11 was obtained by
densitometric analysis of Fig.4.10. The 20 kb plasmid was disintegrated into smaller
fragments ranging from about 5 kb to less than 0.5 kb. A major proportion (~90%) of

the fragments were in the size range of 0.5-2 kb and 2-4.3 kb. quantified based on the

molecular weight of the marker DNA.




D

Chapter 4: Purification & Nebulisation

BN NC AN BN N(‘ AN
DM: il gt 7

dd\ ;UU *
=
-

il

L

\ A

Damage to
sc DNA

\ y I% -

160 mM NaCl

BN- Before nebulisation.

NC- Nebuliser chamber,
AN- After nebulisation
DM - ADNA/ HindIII

Figure 4.10: Agarose gel electrophoresis study of nebulisation of 20 kb plasmid: lanes
2, 3 and 4: BN, NC and AN samples in TE buffer; lanes 5, 6 and 7: BN. NC and AN
samples in TE buffer with 160mM NaCl showing supercoiled (s¢) form of the

plasmid.
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Figure 4.11: Distribution of sheared DNA fragments after nebulisation of the 20 kb
plasmid generated from the densitometric scans of agarose gel (n=2); *x’ is the DNA

molecular size in kb determined from DNA marker as a reference.

4.6.1.2 Atomic force microscopy for plasmid DNA imaging

In order to visually examine the damage to sc structure of the plasmid. AFM imaging
in air was carried out using a Scanning Probe Microscope. The methodology adopted

for preparation of the samples for AFM imaging is detailed in Chapter 3.

4.6.1.2.1 5.7 kb plasmid

In order to visualise the extent of damage to the isoforms of 5.7 kb plasmid, nano-scale
characterisation of the plasmid was carried out using an atomic force microscope
(AFM). AFM imaging of the 5.7 kb plasmid before nebulisation (Figure 4.12a)
indicated a molecular size of approximately 330 nm for a single sc structure. Imaging
an after nebulisation sample (Figure 4.12b) showed the sc structure with the presence
of a small number of DNA fragments from the open circular isoforms. This

observation was in agreement with the results from agarose gel electrophoresis

reported in earlier. To identify the plasmid isoform which resulted in generation of
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DNA fragments upon nebulisation, an assay based on PicoGreen dsDNA binding dye

was performed and is reported in the next section.

Supercoiled
structure

Figure 4.12: Structural analysis of sc structure of 5.7 kb plasmid DNA by AFM
imaging in air: a) before nebulisation, scan size of 0.75 x 0.75 um, scale bar — 250
nm; b) after nebulisation showing sc structure and sheared fragments of 5.7 kb, scan

size of 2.5 x 2.5 um, scale bar — 500 nm.
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4.6.1.2.2 20 kb plasmid

The size of the sc structure of the 20 kb plasmid in TE buffer (Figure 4.13a) was
observed to be approximately 1250 nm, about four times the size of a 5.7 kb
plasmid. Upon nebulisation, the 20 kb plasmid was completely disintegrated into
spaghetti-like fragments (Figure 4.13b). The disintegration of the sc structure into
such fragments of molecular size less than one-fifth of the original size is probably
caused by shear experienced by the plasmid upon passing through the nozzles of the

nebuliser mesh.

Figure 4.13: Structural analysis of sc structure of 20 kb plasmid DNA by AFM
imaging in air: a) before nebulisation; b) after nebulisation showing sheared

fragments of 5.7 kb, scan size of 2.5 x 2.5 um, scale bar — 500 nm for both images.
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nm

<. .r' nm

Figure 4.14: Structural analysis of sc structure of condensed 20 kb plasmid DNA:

scan size of 7.5 x 7.5 um, scale bar — 2500 nm.

From figure 4.14, a condensed 20 kb plasmid in ionic buffer exhibited a large
molecular configuration possibly due to the agglomeration of two or more plasmids.
Although the presence of ionic buffer resulted in a tightly twisted geometry, damage
to the sc structure was observed to be the same as that without an ionic buffer as
shown in Figure 4.10. A PicoGreen assay was performed to identify the damage to

the sc structure of the plasmid and is discussed in the next section.

4.6.1.3 PicoGreen assay for analysis of DNA damage

PicoGreen is a fluorescent dye that selectively binds only to double-stranded DNA.
Damage to the linear, oc or sc plasmid DNA after nebulisation is shown by a change in
fluorescence due to differential dsDNA binding of the PicoGreen dye. The relative
fluorescence of the sample is directly proportional to the concentration of double-
stranded DNA (X) available to the PicoGreen dye [Georgiou and Papapostolou, 2006]

and is given by equation 4.1, where k is the DNA binding constant.

L BED R SRR Equation 4.1
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" The DNA binding constant (k) is determined from the slope of the RFU vs plasmid-
- DNA concentration plots for before and after nebuhsat1on or degradatlon The DNA

bmdmg constant ratio (km,,o) is detenmned from the ratio of kgy or kgp before

nebulisation or degradation to ke or kup that after nebuhsation or degradatlon and

provides an 1ns1ght into the extent of damage to the plasmld forms. If km,,o 1, there'.
should be no degradatlon to the plasmid DNA sample. If au0 >1, 2 de_crease in the
- fluorescence after nebulisation/degradation ‘suggests dissociation of linear double
stranded (ds) DNA to single stranded (ss) DNA If k,a,,-;, <i an increase in the
| fluorescence after nebuhsatlon/degradatxon suggests dlssoc1at10n of oc/sc DNA to
- ,Imear dsDNA. | |

Assessment of DNA dar_nage to the plasmid forms\is' crucial for the ultimately
" successful aerosol delivery using the mesh nebuliser. It is essential to determine
whether the shear to the plasmid forms observed using the agarose gel is a result of
| damage to the sc structure or other forms of the plasmid. A]tho'ugh densitometric scans
~from agarose gel prov1de valuable information on damage to the sc structure, they
depend toa large extent on the migration of the different plasmld forms on the agarose |
gel. Besides, the differential binding of the Ethidium Bromide dye to the sc structure -
also suggests that the results from agarose gel can provide complimentary information
611 damage to the plasmid forms. However, the PicoGreen assay‘provides a highly
sensitive approach for selective binding of the dye to dsDNA at DNA concentrations

in the picogram range.

46131  5.7kbplasmid

A standard graph of fluorescence against DNA concentration for the 5.7 kb plasmid

. exposed to PicoGre_en dye for high and low concentration range_‘i_s' shown in Figure

- 4.15. A linear relationship was observed between relative fluorescence units (RFU)

and plasmid DNA concentration. - S

In order to understand the extent of degradation to the isoforms of 5.7 kb plasmid, the
plasmid was exposed to alkaline denaturation at pH 12 and the dsDNA quantified
using PicoGreen assay. As shown in Figure 4.16, a decrease in the fluorescence on

e}tposure to alkaline pH suggested possible disintegration of the linear dsDNA plasmid
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form due to alkalme denaturatlon As observed from the ﬁgure, the RFU vs DNA
concentration graph was observed to be 11near The ratio of the sIopes of trend lines of
the ﬂuorescence vs DNA concentration plot at pH 8 to pH 12 (krar,) Was found to be
.1.43. A km,-,-o value >1 suggested damage to the linear forms of the ds plasmid DNA to |
ssDNA. o .
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. Figure 4.15: A staﬁdard DNA fluorescence graph using PicoGreen assay for 5.7 kb
plasmld at a) hlgh concentration (O 800 ng/mL), b) low concentration (0-3 ng/mL)

© range (n=3).
2000
1800 - ,
: : _ y = 0.0154x
1600 ~ = 2| R? = 0.9562
1400 - 4 pHS
1200 A — — Linear(pH 12)| - B .
- ) _
& 10004 Linear (pH 8) - . __.-i
o 200 - o L T __‘_,;a—"'- y = 0.0108x
_ - I R? = 0.9509
600 4 i - .
400 - T
22009 T ‘
0 — . . — ; —
0. 20 40 60 80 © 100 - 120

" DI I d
DNA concentration (pg/mL) nousands

' Figure 4.16: PicoGreen assay for 5.7 kb plasmid exposed to alkaline denaturation at
pH 12; ksp=0.0154, kyp = 0.0108, kraio = 143 (n-3) |
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Figure 4.17: PicoGreen assay for 5.7 kb plasmid exposed to chemical degradation at
60°C for 24 hours; ksp = 0.0032, ksp=0.0017, kraso = 1.88 (n=3)..

In order to assess the extent of damage to sc structure of the 5.7 kb plasmid due to |
chemical degradation, a PicoGreen assay was carried out. The 5.7 kb plasmid was
" exposed to chemical degradation by incubating at 60°C for 24 hours. As ghown in

Figure 4.17, the fluorescence of the plasmid expdsed to chemical degradation was

Jower than the undegraded plasmid, s’uggesting a possible degradation of the linear .
dsDNA to ssDNA. Consequently, Krario wa's_' found to be higher at 1.88.

Incubatioﬁ of the 5.7 kb plasmid at 60°C for an additional 24 hours, led to an increased
fluorescence of the degraded. sample (Figure 4.18) fof DNA concehtratidns >500
ng,/mL.l This increase in fluorescence of the degraded plasmid sample i.s a result of
increased degradation to the oc and s¢-forms of the plasmid into linear dsDNA. The
- formation of linear dsDNA led to an increésed binding of thé ﬂuofgscent dye resulting
in higher ﬂuorescerice énd-coﬁsequenﬂy' Iowér krasio. The 1ower value of R? fdlll‘rthe

degréded plasmid DNA suggested that the relationship between RFU and DNA

concentration was non-linear for concentrations >500 ng/mL.
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Figure 4.18: PicoGreen assay for 5.7 kb plasmid exposed to chemical degrédation at
60°C for 48 hours; kzp = 0.008, k4p = 0.0127, kygy, = 0.63 (n=2). '
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- Figure 4.19: PicoGreen assay for 5.7 kb plasmid exposed to nebulisation; kay = )
~ 0.0036, kgy = 0.004, krario = 0.9 (n=3). . |

" The ﬂudrescencq of 5.7 kb plasmid after nebulisation was observed to be slightly'

higher than before nebulisation (Figure 4.19). This is due to the increased binding of |
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| PlcoGreen dye to linear dsDNA which was formed by degradatron of elther the oc or

- sc structure of the plasmld The blndlng constant’ rat1o km,,o 0. 9, closer to unlty, B |

suggested that the linear dsDNA generated after nebulisation resulted primarily from '
" the oc structure of the plasm1d The densitometric: scans of agarose gel as shown m_

Flgure 4.7 ¢ confirmed the above ﬁndmgs that the smear of 11near DNA fragments did

originate from the damage to the oc structure of the plasmld A surnmary of the results o

* from the PicoGreen assay on the nebulrsatlon/ degradatlon of the sc structure of the 5.7 |
kb plasmid are shown in Table 4.5. S '

Table 4.5: Summary of PicoGreen results on damage to 5.7 kb plasmid-

PG assay for 5.7 kb plasmid in RFU=k*X | kyaipo= | Inference to pDNA
the range ' ' | (X in pg/mL) | kpv/kan | damage

5.7 kb plasmid -

0 to 800 ng/mL. - | Y =0.0072%¥X pDNA standard

0 to 3000 pg/mL 1 Y=00222*X | (Figure 4.15)

pDNA at pH 8 : ' 4 Damage to linear .

0 to 100 ng/mL : | Y=0.0154*X ' pDNA (Figure 4.16)
pDNA denaturation at pH 12 ' :

0 to 100 ng/mL : Y=00108*X |1.43 _

pDNA (before degradation) ' Damage to linear

0 to 300 ng/mL : | Y =0.0032*X pDNA (Figure 4.17)
pDNA degradation (24 hours) E ' ' '

( to 300 ng/mL Y=00017*X | 1.88

pDNA (before degradation) ‘ ‘Damage to sc/oc

0 to 800 ng/mL. Y = 0.008*X pDNA (Figure 4.18)
pDNA degradation (48 hours) : R

0to 800 ng/mL. . - 1 Y=0.0127*X | 0.63 _

pDNA (before nebulisation) - Y = 0.0036%X - | Damage to oc pDNA | -
pDNA (after nebulisation) Y =0.004*X" [ 090 | (Figure 4.19) '

" The above results suggest that the PG assay could serve as a rapid te'ehnique to
detect damege to the isoforms of the 5.7 kb platsrnid during formulation and delivery

as a non-viral gene therapeutic. The high sensitivity of detection with the P'icoGreen. |
dye promises efficient quantification of dsDNA in the plasmid isofdrms. In the ne}tt -

section, nebulisation of the 8.7 kb plasmid is discussed and the results are presented.
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46132  20kbplasmid

A standard graph ‘of fluorescence versus plasmid. DNA concentration for 20 kb
" plasmid using PicoGreen feagent was plotted as shown in -Figuie 4.20. A PicoGreen
assay was carried out for nebulisation samples of 20 kb plasmid exposed to alkaline -
- denaturaﬁon at pH 12 (Figure 4.21). ‘An increase in fluorescence of the after
nebulisation sample. at pH 8, suggested an increase in dsDNA‘ due to the almost
~ complete degradation of the large sé structure. An increase in.DNA concentration in
the after nebl_llisation sample based on Azgo ‘measurement (Table 4.6) waé_ conﬁr_med:
. with the increase in DNA concentration due to increased ﬂuorescence;_ Incubation in
alkaline pH of the before nebulisation and nebuliser chamber sample resulted in no
significant change 1n fluorescence due to the non-degradation of the compact sc
structure. However, incubation of the after nebulisation sa;hple.in alkaline pH resulted -
in decreased fluorescence due to the degradation of the linear dsDNA into ssDNA.
Agarose gel e]éctrophoresis also confirmed the almost comple'terdegr.adation of thersc'

' structure of the 20 kb plasmid on nebulisation.

600

001 y=0.0047x

: R?=09587 -
400 -

300 - - : [« 20kb
. o : ' —Linear (20 kb)

RFU

200 1 -

100

O T T ‘ ) 1 1
0 .20 a0 0. 80 100 © 120

) ' Thousands
Plasmid DNA concentration {(pg/mL)

. Figure 420: A standard graph using PG assay for a 20 kb plasmid (ri=3).
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~ Before Nebulis‘ation' .

Nebuliser chamber  After Nebulisation - .

B Figure 4.21: PicoGreen assay of _nebulisatidn samples of 20 kb plasmid exposed to

* alkaline dénaturatior_l (n=3).

- Table 4.6: Absorbance measurements of hebulisation’ samples of 20 kb plasmid (n=2)

Az60/Azs0

DNA conc

20 kb plasmid Aigo Aago

sample ' : {ng/mL)
Before 0.367+0.01 | 0.194 £ 0.002 | 1.895+0.082 | 16.13 £ 0.77
Nebulisation {BN) . S '
Nebuliser 0.34=0.029 | 0.165+0.03 |2.077+0.19 |[1544+0.79
chamber (NC) g - :

After Nebulisation | 0.599+0.18 | 0.324 +£ 0.09 | 1.843 £0.053 | 26.04 £ 8.22
(AN) ' ' : ' i

4

" 4.6.2 Sﬂmméry of pDNA nebplisatiqfl in a U22 mesh nebuliser

Plasmids of size 5.7, 8.7, 13 and 20 kb Were used for nebulisation studies in the UZé -
‘mesh nebuliser.\F.rom Table 4.7,.a 5.7kb plasmid formulated in a buffer with ioﬁic
- strength due to NaCl can be nebulised with no signiﬁcaht damage to the sc structure;
However, the sc structures of plasmids of size 8.7, 13 and 20 kb were observed to be
damaged on nebulisation. The extent of damage to the sc structure for plasmids of
size >5.7 kb was observed _fo be higher with increasing ‘- plasmid size for the

~ experimental parameters studied here upon acrosolisation in the U22 mesh nebuliser. -
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Table 4.7: Summary,of plasmid DNA nebulisation in a U22 mesh nebuliser

.| Plasmid | DNA concentratnon/ buffer % damage to sc | Tools to detect| -
size condltlons o | plasmid DNA | pDNA damage
- ' ' (n=2 minimum) '
57kb DNA 20pg/mL, TE buffer 5.52 Agarose gel
: electrophoresis
DNA - 20pg/mL, n 0.55 j (AGE),
TE buffer + 150mM NaCl =~ -+ | PicoGreen assay,
DNA -20pg/mL, . | 0.41 Concentration
| TE buffer + 300mM NaCl' - ' : based on Azgo,
| DNA - 20ug/mL, PBS buffer 0.54 Atomic force
DNA 20pg/mL, HEPES buffer, 127 - ~ | microscopy
. L (AFM)
8.7kb DNA 20pug/mL, TE buffer - 47.64 Agarose gel
' DNA - 20pg/mL, : 6.45 electrophoresis
TE buffer + 150mM NaCl | R
13 kb DNA - 20ug/mL, TE buffer 70.68 :
- | 20kb DNA -20pg/mL, TE buffer -~ = | 96.15 AGE, P1coGreen
, DNA - 20pg/mL, 9227 assay,
TE buffer + 150mM NaCl Concentration
- | DNA - 20pg/mL, : 96.45 ‘ based on Ajso,
~ | TE buffer + 300mM NaCl ' . | AFM )

4.7  Nebulisation of plasmid DNA in a U03 mesh nebuliser N

Nebulisation of 5.7, 8.7 and 20 kb plasmids' were carried out in a U03 mesh
nebuliser to determine the extent of damage to the sc structure. Densuometnc scans .
of agarose gel for nebulisation samples of 5. 7, 8.7 and 20 kb plasm1ds are shown i in

| Figure 4.22.
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_Figure 4.22: Densitometric scans of agarose gel electrophoresis of nebulisation of
plasmids in UO3 nebuliser: a) 5.7 kb, b) 8.7 kb,‘c) 20 kb (20 pg/mL), d) 20 kb (30
pg/mL); % damage to sc structure after nebﬁlisation .in a) 24.3%, b) 55.9%, "c).
92.5%, d) 90.7%. o | |

The sc structure of all the pIasmids was ob_sérvéd to be damaged_ after nebulisation.

 This contrasts with the higher frequency U22 device which was able to safely deliver

the 5.7 kb plasinid. The damage to the 5.7 kb plasmid in the U03 device may be due

to the increased residence time of the plasmid in the nebuliser chamber.
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4.8 Discussi(r)nr

Studies on the quality of punﬁed plasmld DNA shown in Flgures 4.1 and 4.2 and

| Tables 4.1 and 4.2, suggest plasm1d formulations were suitable for non-v1ral gene

therapy. In addition to DNA homogeneity from Figures 4.1 & 4.2, the agarose gel also -
~ confirmed the absenée of chrombsomal DNA and RNA [Schleef, 2005]. Research in
the aerosol delivery of pDNA is being pursued in mahy existing pulmonary devices.
The emerging generation of rnesh nebulisers are claimed to have greater aerosolisation
efficiency, precision and consistency of drug delivery to the lungs than conventional

jetor uItrasomc nebulisers [Dhand 2003]

The charactens_atlon of the U22 and U03 mgsh nebulisers enable.d determination of the
‘nozzle size, nebulisation raie and aerosol péﬁicle size .diStl’ibllltiOI]. The ﬁozzle size of 3
pm was same ﬁsr the two nebulisers studied. waever, the nebulisation rate for the -
U03 nebuliser was less than half of the U22 mesh nebuliser. This was due to the low
frequency of the U03 device compared to the U22 device. Since the U22 device is
available in the market while the U03 device is an earlier version of the U22 and is .
not currently avallable, majority of the plasm1d DNA nebuhsatlon experiments were

camed out usmg the U22 mesh nebuliser.

In order to evaluate a device for the acrosol delivery of pDNA, it is of utmost
importance to check the integrity of the sc structure of the plasmid in the aerosols.
. Nebulisation of 5.7 kb plasmid was carried out to study the effect of aerosolisatioh,on
the integrity of sc structure of the plasmid. The 5.7 kb i)lasrﬁid after nebulisation
showed a smear of the open-circular structure in the aerosols, suggesting disintegration
into linear fragments. The plasmid formulated in 160 mM NaCl also'. _showgd‘a similar
degradation of fhe oc and linear isoforms of the sc.plasmid (Figure 4.7b) in the .
aerosols after nébulisation. The densitometer scans corresponding to the gel (Figure
4.7d) showed that the bulk of the sc plasmid remains intact (>98%), while a major
portion of the oc (30-60%) is damaged. The formulation of 5.7 kb plasrﬂid in suitable
ionic strength buffers such as PBS, HEPES was carried out to check the effect of
*‘buffer on nebulisation. As shown in Figure 4.8 and confirmed with densitometric

scans of the agarose gel (data not shown), the sc structure of the plasmid was intact -

(<1.5% damage) after nebulisation.
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. The isoforms of a plasmid (linear and open-circular) are more susceptible to damage

than the sc form due to their length when exposed to large hydrodynamic forces

- [Lengsfeld and Anchordoquy, 2002]. F or 1nstance the multimeric forms of a 5. 2 kb

plasm1d were observed to be degraded on plasmid punﬁcatlon [Chowdhury and
- Akaike, 2005]. ‘Past work has also shown that the damage potent1a1 to the sc structure
was observed to be greater with larger 51zed p]asrmds when usmg dlfferent
aerosohsatmn devices as 1llustrated by Table 4.4. Attempts by Smart et al. [2002] to
deliver a 4.6 kb and 11 kb plasmrd using a mesh nebuliser with a vibrating membrane
reSLrlted in 50% and 90% degradation respectively to\closed circular structures, anda3 |
kh and 11 kb linear DNA subjected to 50% degradation upon nebulisation. It was
suggested by the authors that torsional stress could be respon31ble for the damage to

the closed c1rcular plasm1d

AFM imaging has been reported to assess the;damage to pDNA as a result of '
irradiation [Murakami et al., 2000]. Visualisation of the pDNA using AFM is a
valuable tool to quantify the size of the plasmid and evaluate the extent of damage
upon nebulisation. AFM imaging by tapping mode in air had heen reported t‘or
plasmids of size 1.2 kb and 9.7 kb in order to measure the contour length [Podesta et
al., 2004]. Although the exact hydrodynamic conformation of the pDNA in solution is
not -known, a_two dimensional confonnatlon ls likely -to prdvide a reasonable
assessment of the size of such large shear sensitive sc structures. The absence of
damage to se 5.7 kb plasmid after nebulisation suggested that at'a size of 330 nm
(Figure 4. 12b), it can casily pass through the 3 pm dlameter nozzle of the mesh
nebuliser with lrttle adverse effect on the supercorled structure. The presence of almost
intact sc structure in the aerosols of the 5.7 kb plasm1d indicated that the mesh .

nebullser could be used for the aerosol dellvery of such plasmids. Unsuccessful

delivery usmg some nebuhsers could be attributed to the different operating conditions R

of the devrce, namely vibration frequency, mesh nozzle size, etc.

Nebulisation of 8.7 kb plasmid in TE buffer and TE buffer with 150 mM NaCl using
U22 mesh nebuliser resulted in,darhage 10 the sc structure. As shown in Figure 4.6, sc‘
 structure of the plasmid. in TE buffer uvas oartially damaged (45% damage), while in
TE buffer with 150 mM NaCl damage was marginal (6.5% damage). Condensation of
the sc structure of 8.7 kb plasmid in buffer with ionic strength protected the fragile

ol
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" structure from significant damage.' Acrosolisation of a lérgér plasmid of size 20 kb -
using the same nebuliser resulted in fragmentation of the sc Sti'uct.u're‘ (>90%). of the-
naked 20 kb plasmid in the aerosols after nebulisation (Table 4.7); However, absence

- of damage to the sc structure in the nebuliser chamber and damage in the aerosols

o suggeéted shear .experience'd during aerosol formation from the mesh nebuliser as the

-+ cause of the fragmentation. The size distribution of the DNA fragments in the aerosols

rahging from about 5 to 0.5 kb (Figﬁfe 4.11) was possibly'due.to the effects of high
hydrody'nami-c_ forces, similar to that experienced when DNA .was subjected to
_hydrodynamic. shear ﬁsing a Poillt.-sirﬂ; Shearer device [T_'horstensoﬁ et al., 1998). This
device uses a syringe pump to create hYdrodynathic shear forces by pushing a DNA .-
sample through a small abrupt contraction, to genefate short linear f’ragmeﬁt; for DNA
sequencing. The DNA fragments genérated were in a tightrsize range with the size of
the largest fragments o be twice as that of the smallest. The size distribution of the
fragménts obServed:aﬁei‘ ‘neblilisatibn of the 20 kb plasmid in the aerosols also resﬁlted
in a similar distribution. Although éc plasmid DNA in higher ionic strength buffers has
*been reported to have a tightly twisted geometry [Levy et ail., 1999], it was ineffective

" in withstanding the shearing effects of acrosolisation as observed in the results.

Naked supercoiled-20 kb plasnﬁid in a two-dimensional conformation was found by -
AFM imaging to have a moleéul_ar length of 1250 ﬁm, which is almost half the nozzle
size for the devices under study. This suggested that the plasmid would be highly
susceptible to the forces assdciatéd with its passage through the nozzles of the
nebuliser mesh. Ionic strength .due to NaCl r.esulted in a more condensed structure to
the plasmid [Lyubchenko and Shylakhtenko, 1997]. AFM iiﬁaging of the condénéed sC
plasmid in NaCl showed evidence of a larger molecular size (Figure 4.14) possibly.

~ resulting from the agglomeration of two or more sc structures. Hence, nebulisation

o produced destruction of the sc structure into spaghetti-like fragments shown in Figure

- 4.13b. This may have been accompanied by the size of the plasmid molecule and

release of torsional strain from the sc structure of the plasmid.

To assess the extent of degradation to the isoforms of 5.7 kb plasmid, Aa' f]uoréscence ,
_based assay was performed using PicoGreen reagent for double-stranded DNA

quantiﬁéation. Levy et al. [2000] have reported the quantification of sc content in

~ plasmid DNA solutions using a fluorescence-based method. The linear concentration
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range for DNA qnantiﬁoation'extends over four orders of magnitude ] 25 pg/mL‘to 1
ug/mL, with a single dye concentration [Singer et al., 1997]. A linear standard graph

- of relatrve fluorescence units versus DNA concentration was obtarned for high and

low concentration ranges of 5.7 kb plasmid (Figure 4 15). In order to understand the

damage to the pIasrmd isoforms,’ the 5.7 kb plasrmd was exposed to (i) alkaline
denaturatlon (pH 12) and (ii) chemical degradatlon (60°C for 24 and 48 hours), and the. |
double-stranded DNA quantified using PG assay. From Figure 4,16, the decrease m.
* fluorescence at alkaline pH is due to degradatron of the isoforms of linear dsDNA into
‘ ssDNA The b1nd1ng constant (k) is dependent on the dsDNA concentration available
for the PicoGreen dye. Based on the ratio of the binding constant (Kratio) before and .
after alkaline denaturation, it is possible to infer whether damage:to the isoforms of
plasmid is due to linear or oc/sc isoforms. Alkaline denaturation of the 5.7 kb plasmid
with a Keaio of 1.43, suggested damage is predominantly due to linear iSoforms Under
controlled alkaline condrtrons, the degree of denaturation of dsDNA molecules is
known to increase with increasing number of breaks and alkaline lablle sites (i.e.
- depurinated sites) [Rock et al., 2003]. Chemical degradatlon (24 hours 1ncubat10n) of

the 5.7 kb plasmid resulted in a similar damage with a Ko of 1.88. (Figure 4.17). |
However, chemical degradation for 48 hours resulted in an increased fluorescence and
low Kpatio (0. 63) as shown in Figure 4 18, possibly due to the predommant damage of
‘ oc/sc dsDNA into linear dsDNA. A shght increase in fluorescence and a Ko close to -
1 (0 9) for the after nebulisation sarnple of 5.7 kb plasmid (Figure 4.19), suggested '.
possible damage to the oc dsDNA as conﬁrmed by agarose gel electrophoresis (Flgure

A7)

A linear standard graph of fluorescence versus DNA co'ncentraﬁon based on
'PicoGreen assay for 20 kb plasmid is- shown in Figure 4.20. A PicoGreen assay of
alkaline denaturation of the nebullsatron samples of 20 kb plasmld (Figure 4.21)
showed no increase in fluorescence confirming no damage to the sc structure in the
nebuliser chamber as aiso' evident from agarose gel electrophoresis.” However, an
increase'in fluorescence of the after nebulisation sample suggested damage to the sc
structure due to the formation of linear dsDNA. Alkaline denaturation of the after
nebulisation sample resulted in decre_ased fluorescence possibly due to the damage of
linear dsDNA leading to ssDNA. This shoWs that the PicoGreen assay could serve as a

 useful technique for quick assessment of damage to plasmid DNA during nebulisation.

. .

03
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Absorbance measurements at 260 nm as shown in Table 4.6 revealed a higher DI\’IA‘
concentration in after nebulisation sample resulting . from degradauon of the sc

structure into linear DNA fragments

The 5U03 mesh nebuliser operating at a lower frequerlcy was chosen to investigate the
| extent of damage to the sc structure of plasmid DNA due to the driving force for _
aerosolisation. Nebulisation of plosmids of size 5.7, 8.7 and 20 kb using the U03
nebuliser showed mgmﬁcant damage to the sc structure (Figure 4.22). The da:mage to |
the sc structure of the 5.7 kb plasmid using the U03 device may be due to the increased
-~ residence time in the device. 'I'he aerosol droplet size generated dunng ultrasonic
atornization is reported to be inversely proportional to the device frequeney [Yule and
Al- Sulelmam 1999]. The larger droplet size due to the lower frequency of the Uo3
device may have resulted-in the generauon of high shear forces near the nozzle exit

also leading to damage of the sc structure of the 5.7 kb plasmid.

4.9 Conclusion

Puriﬁcation of plasmid DNA in its supercoiled form from recombinant Escherichia
coli celle as per the specifications for gene therapeutics is crucial for its epplication in |
non-viral gerre therapy clinical trials. Aerosol delivery of plasmid DNA has potential
“applications for the treatment of acute respiratory diseases such as cystic fibrosis,
influenza and SARs. Here typicél plasmids of size from 5.7 to 20 kb were purified in
the supercoiled form and the formulations of pla'smi.d DNA aerosolised using a
commetcially available, clinically approved rU22 mesh nebuliser. In order to facilitate
quick adoption of a potentlal plasmid DNA based genet1c drug, the U22 mesh
nebuliser was chosen for this research mvestlgatlon ‘Nebulisation of the 5.7 kb
plasmid resulted in safe aerosol delivery of the sc structure. However, damage to the
o'c.structure of the 5.7 kb plasmid and sc structure of 8.7, 13 and 20 kb plasmids were
detected using gel electrophoresis, atorrric force microscopy and the PicoGreen assay
using the U22 mesh nebuliser. Safe delivery of sc structure of tlre 5.7 kb plasmid using
the U22 mesh neouliser suggested_ that 'dameg.e is dependent on the size of the

- molecular sc structure. Further experiments based on a DOE to predict the influence of

" nozzle size, tonic and DNA concentrations on darhage to the sc structure of the 20 kb
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plasmid were attempted to provide valuable information for formulation of the 20 kb

' .pIasm_id. The experimental design adppted for the DOE and the results are reported in

. the next chapter.




CHAPTER 5, NEBULISATION OF PLASMID DNA:
| DESIGN OF EXPERIMENTS

51 Introduction to Design of Experiments (DOE)

The aim of the demgn of experiments (DOE) was to study the mﬂuence of formulatlon

and dev1ce factors on damage to the sc structure of 20 kb plasmld upon nebullsauon

and predlct a relatlonshlp between the response and variables. A demgn of expenments '

based on the response surface method (RSM) was adopted to investigate the

significant variables affecting delivery of 20 kb plasmid using the U22 mesh nebuliser.

The RSM is used when only a few 51gmficant factors are 1nvolved in the optlmlsatlon

[Ragonese et al., 2002] RSM is a collection of statlstlcal and mathematlcal techmques

useful for developing, improving, and optimizing processes, based on a graphical -

perspective of the problem environment [Myers & Montgomery, 2002].

A response surface is the geometric representation obtained when a response variable
is plotted as a function of one or more quantitative factors, while a contour plot is a
series of lines or curves that identify values of the factors for which the response is
constant [Mason et al, 2003]. The experimental desigh) adopted for the RSM
optimization was Box-Behnken design. A Box-Behnken design is an independent,
rotatable or nearly rotatable‘qtlladr_atic design, in which the exper'imehtal combinations
are at"the midpoints of the edges of the process space and at the centre [Box and
Behhken, 1960; Zidan et al., 2007; Ferreira et al.; 2007]. Box-Behnken design can be

used when performing non-sequential experiments and allow efficient estimation of

the first- and second-order coefficients. In addition, Box-Behnken designs have fewer

desigh points than central composite designs for the same number of factors and

ensure all factors are never set at their -high levels simultanebusly [Design-Expert
Manual, Stat-Ease Inc., USA]J. |
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5.2 ' Nebulisation of 20 kb ‘piasmid — Response surface method
o As observed in Chapter 4 the size of the 20 kb plasmrd is of the order of a nozzle size,
.‘ and significant damage to plasrmds of i increasing size, suggested nozzle size as an
important variable for further experimentation. Since the size of the plasmid DNA can
) be condensed in the presence of ionic salts such as NaCl, DNA and NaCl N
.- .concentratlons were chosen as the other two varlables to study the effect of interaction
~ on damage to plasmid DNA. The main objective of thrs chapter is to discuss the effect
of chosen vanables such as nozzle size, DNA concentration and NaCl concentratron
on damage to the sc structure of 20 kb plasmld upon nebuhsatlon based on a three-

" dimensional optimization using the DoE approach

Nebulisation of 20 kb plasmid in the U22 mesh nebuliser.was carried out based on the
experimental design involving chosen variables and levels as disc_:uSsed in section 5.1.1
below. The response identified was percentage damage to the sc structure of the
plasmid after nehulisatien, quantified using densitometn'c scans of the agarose gel. The
densitometric scan measurements were obtained from two or more agarose gels, and
the average value used as an actual response to determine the response function usmg

Desrgn-Expert soﬁware

_ 5.2.1 Choice of variables and levels

Nebulisation experiménts in Chapter 4 enabled identification of the key variables
mfluencmg damage to the sc structure of the plasmld Nebulrsatron of different sized
plasmlds showed maximum damage to the sc structure of the 20 kb plasmld with the

standard 3 pum nozzle of U22 mesh nebuliser. The safe delivery of the 5.7 \kb plasmid

- using the same device and nozzle size suggested damage could be dependent on the -

- relative size of the plasmid compared with the mesh nozzle. Hence, nebulisation of 20
kb plasmid at mesh nozzle sizes of 4 and 5 um (hrovided by Omron Healtheare, 'Japan).
‘was attempted to study the effect of nozzle size on damage to the sc.’structure.' The
plasmid DNA concentration reported to be used for transfection studies [Tachibana et
al., 2002] was 20 ug/mL.r[‘)NA concentrations of 10, 20 and ‘30 pg/mL were therefore

chosen for the study, in order to investigate their influence on damage to the sc

structure after nebulisation. In order to understand the effect of ionic concentration on
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_ pDNA formulations in ionic buffer and its impact on pDNA’ damage, the concenti'atiqn ’

levels used for the expeﬁmental'design Wert; 0, 150 and 300 mM NaCl. The variables

and levels chosen for the expéritnen'tal desi gn are summarised in Table 5.1.

Table 5.1: Variables and levels chosen for experimental design

Variables ' Levels - - . _
I . , - - 0 ' + . : . .‘ . VV - - \‘
" Nozzle size (ym) 30 | 40 | 50 |

DNA concentration (pg/mL) 10 20 30

NaCl concentration (mM) | 0 150 | 300

- 5.2.2 Experimehtai design

" The expertmental design chosen for the resp(')nse: surface method was a Box—Behnken
design. Box-Behnken design has the 'advantage of performing limited experimental
runs 1z +3 :centre points) bompared to a fﬁll factorial design (3° = 27) for a three
variable experimental design with three evenIy spaced levels. The experiméntal design.
with the levels of the variables and resp_onsé of % damage to the sc structure from

average values of densitometric scans of agarose gels is shown in Table 5.2.

“The statistical analysis, diagnostié plots, contour plots and response surface plots were .

- used for choosing the model, checking the adequaby and interpreting the response.
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Table 5.2: Box-Behnken experimental design and experimental response'

* - (n=3) Average measurements from densitometer scans of triplicate gels. -

523 Statistical analysis of Box-Behnken design

- The results of the Box'-Behnken design using Dcsign-Expe_:rt® .7.2. (Stat-Ease, Inc.,
-_ ‘Minneapolis, USA) software are reported. The statistical analysis of the model is
shown in Tables 53,54 and 5.5. Statistiéal analysis based on ‘Sequential Model Sum
of Squares’ (SMSS) as shown in Table 5.3 corflpares the three models: lineai', 2F1

(Two factor interaction) and quadratic. The table suggests that the linear and quadratic

models are signi'ﬁcant, since the p-value is <0.05. However, the lack of fit tests shown _

99

Run" Noizle size | DNA éonc“ _NaCl éonc Experimental Response*
' Xonozie | Cpna Cvecc | (Yo damage to sc
| (nm) (ng/mkL) (mM) structure)
4 | 20 | 150 | R0
2 10 0 | 4594
3 7 10 T B AT
2 ! 5 10 56 T 300
5 3 10 | 150 959
6 e 20 150 2174
7 5T 30 | 50 | 2328 B
I B S 300 —355
9 3 20 0 TT5636
10 2 30 | 0 3575
1 3 20 | 300 | 957
12 | 4 20 150 |, 2867
13 PR 30| 300 %991
7 E— T 30 | 150 CTRT:
15 5| 20 0 ; 3038
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!

in Table 5.4 suggests that the qliadratic mode! fits well compéiqd to‘;the linear model,
as evident from the insigﬁiﬁcance of lack of _ﬁt tests. The insignificance of lack of fit is

» good since the objective of the model is to fit the response.

(

~ . Table 5.3: Statistical ahalysis of Box-Behnken design based on SMSS *

Source Sum of | Degreesof | Mean | Fvalue | p-value | Significance.
squares | - freedom | square ~ (Prob
@an >F)
Linear 9856.78 3 328559 | 895 | 0.0018
2F1 | 146.20 3 148.73 0.11 0.9551 | ' : ‘
Quadratic | 4521.27 | 3 1507.09 | 100.31 <0.0001 Significant

Table 5.4: Lack of Fit Tests for Box-Behnken design

Source Sumof | df | Mean Fvalue' | p-value | Significance
squares square

Linear | 4742.82 | 9 526.98 70.69 0.0005

2FI 259662 | 6 | 766.10 | 10277 | 0.0002

Quadratic . 75.36.

W

25,12 337 0.1356 Insignificant

Table 5.5: Mlgdel summary statistics for Box-Behnken design

Source | Standard R* Adjusted | Predicted | PRESS | Suggestions
: deviation : R? R’

Dimear | 19.16 | 06738 | 05985 | 04256 | 8402.48

2F1 - | 2151 | 0.6838 | 0.4940 -0.1736 | 17168.70

Quadratic 3.88 - 0.9928 0.9836 09144 1252.29 | Significant

PRESS — Predicted Residual Sum of Squares
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Table 5.5 prov1des the overall summary of the model statistics and indicates that the
coefﬁc1ent of detennmatlon R? and adjusted R2 values for the quadratic model agree

well, suggesting good pred1ctab111ty (Predlcted R?) of the response function.
The ANOVA for the responsé surface quadratic model is given in:Table 5.6.

Téble 5.6: Analysi's of Variance (ANOVA) ‘

Source Sumof | df{ Mean F.v.alue p-value | Suggestions |
‘ squares square | : o L
Model 1452425 | 9 | 1613.81 | 107.41 -| <0.0001 | Significant

Xoozte - Nozzle size | 961538 | 1 | 961538 | 639.96 ?0.0001 Significant

Cpw4 ~DNA conc -1.16 1 1.16 0.077 0.7889

Cnaci—NaClconc | 24024 | 1 240.2_4 15.99 0.0052 | Significant -

- Xoozte™ Cpna. ) 20.48 1 20,48 1.36 0.2813 .
Xoome* Cract | 538 | 1| 538 | 036 | 0.5683
Covi® Cuat | 12034 | 1| 12034 | 801 | 00254 | Significant

KXnozzie™ Xnozzie 431421 | 1 | 431421 | 287.14 | <0.0001 | Significant

Cona*Cowa | 5563 [ 1] 5563 | 3.70 0.0957
Crvact* Chvac 2775 | 17| 2775 185 | 02163
Residual | 10517 | 7 15.02 |
LackofFi:t 7536 |2 | B2 | 337 | 013% Insignificant
Pure Ervor %8 (4] 745 | | |
“CorTonl | 1462942 | 16 .

Table 5.6 implies thé.t the Model F-value of 10741 is Signiﬁcaht,_with only 0.01%
" chance ﬂiat a “Model F-value” this large could occur due to noise. The significant
variables of the model were nozzle size (X)), NaCl concentration (CNac;) and the
" interaction between DNA and NaCl concentration ‘(CDNA*CN,,C;). T'_he model equation

used: to predict the damage to sc structure of the 20 kb plasmid is given by the
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quadratic polynomial equation.shown below, with the nozzle size in pm, DNA |

~ concentration in pg/mL and NaCl concentration in mM.

Damage,. = +688 647 — (285, 062* )c;,ozz,e) (1 135* CDN,,) - (0. 113* CN,,C,) -
(0 226* -X;rozzle * CDNA) (7 733E-3* Xnozzfe *_CNaCI) + (3 656E-3* C‘DNAI * CNaCl) +
" (32.009* Xyomie’) + (0.036% Cona D) + (1.141E-4% Criact?)vevevenenene. Equatlon (5.1)

) - The next sectlon w1ll analyse the dlagnostlc plots to check the adequacy of the

model

5.2.4 Model Diagnostic plots -

"The normal probab111ty plot shown in Figure 5 la indicated that the residuals
followed a normal dlstnbutlon, which indicated that the model satisfied the
- assumptions of the analysis of variance. The predicted Versus actual response values
shown in Figure 5.1b showed good correlafio_n as confirmed by the pre_dictl.ed R =
0.9144 (Table 5.5). | -

- ‘5.2;5 Model predictions: Contour and Response surface plots

The model pfedictions for all_ three levels of the three variables were studied in order
to check the__relevance of the model predictions and derive useful information from

the contour and response surface plots generated using Design-Expert 72.-
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Figure 5.1: Diagnostic plot: a) Normal probability; b) Actual versus Predicted

response.
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5.2.5.1 Effect of Nozzle size

h

25:1:1 Nozzle size 3 pm

As shown in Figure 5.2, the sc structure of the 20 kb plasmid is predicted to be
damaged (> 85%) on nebulisation with 3 pm nozzle of the mesh nebuliser.
Maximum damage (>95%) to the sc structure was observed up to DNA and NaCl
concentrations of 15 pg/mL and 100 mM respectively. Condensation of the sc
structure with NaCl, resulted in 85-90% damage at NaCl and DNA concentrations
>200 mM and <20 pg/mL respectively. However, at DNA concentrations >25
ug/mL damage to the sc structure was more pronounced due to inefficient

condensation in limiting concentrations of the ionic buffer.

82512 Nozzle size 4 pm

Damage to sc structure of the 20 kb plasmid was significantly lower than that in the
3 um nozzle (Figure 5.3), possibly due to increased nozzle size. Damage levels of
30-40% were predicted with an ionic concentration less than 150 mM and DNA
concentrations less than 20 pg/mL. However. at =150 mM NaCl and 20-25 pg/mL
DNA concentrations, damage was predicted to be minimum, possibly due to the
elfective condensation of sc structure at high ionic strength. At DNA concentration
30 pg/mL, damage was marginally higher due to inefficient condensation of the sc

structure.

52513 Nozzle size S pm

Damage to sc structure of the 20 kb plasmid (Figure 5.4) was similar to the 4 um
nozzle. As observed in Figure 5.4, damage levels of around 25-40 % were observed
with ionic concentration <200 mM NaCl and DNA concentration up to 30 pg/ml..
These predicted damage levels compared to the 4 um nozzle are probably lower due
to the increased nozzle diameter. However, at NaCl concentrations =200 mM.,
damage to sc structure was predicted to be <25%. This is probably due to the
effective condensation of sc structure to a molecular size leading to less damage

when passing through the 5 pm nozzle.
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Design-Expert® Software Damage to sc structure
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Figure 5.2: Response surface contour and 3D plots of the effect of 3 um nozzle on

damage to the sc structure of 20 kb plasmid
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Design-Expert® Software Damage to sc structure
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Figure 5.3: Response surface contour and 3D plots of the effect of 4 um nozzle size

on the damage to the sc structure of 20 kb plasmid
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Design-Expert® Software Damage to sc structure
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Figure 5.4: Response surface contour and 3D plots of the effect of 5 um nozzle size

on damage to the sc structure of 20 kb plasmid.
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52.5.2 Effect of DNA concentration

The effect of DNA concentration on the damage to the sc structure was studied in the

predicted contour and response surface plots as shown below.
Seldeided DNA concentration 10 pg/mL

Damage to the sc structure of the plasmid at 10 pg/mL. DNA concentration was
predicted to be high at lower nozzle size as shown in Figure 5.5. At a nozzle size of 3
um, sc structural damage was observed to be higher at ionic concentration <150 mM,
possibly due to the inefficient condensation of the sc molecules at low ionic strength.
Structural damage (80-85%) to the sc plasmid was predicted for the 3 um nozzle at
NaCl concentrations >150 mM. With an increase in nozzle size up to 4 pum, less
damage to the sc structure was observed with increasing ionic concentration. For
nozzles of size between 4 um and 5 um. the extent of damage to the sc structure
indicated by the model was similar with lower damage at high ionic strength. The
model predicted a region of minimal damage to the sc structure at a NaCl

concentration >150 mM.

52.5.2.2 DNA concentration 20 pg/mL

For a DNA concentration of 20 pg/mL, the damage to the sc structure of the plasmid
was predicted to be >80% for the 3 pm nozzle (Figure 5.6). There was no decrease in
damage to the sc structure due to the presence of ionic strength with the 3 pm nozzle,
suggesting that the size of the condensed supercoiled molecule may be of the order
ol the nozzle size. However, for nozzle sizes from 3 pm to 4 pum. the model
predicted a low damage to the sc structure at NaCl concentration >150 mM, similar
to that predicted at 10 pg/mL. DNA concentration. For the 4 um nozzle, the damage
level was predicted to be the same at different ionic concentrations, suggesting no
effect of condensation of the sc structure with increase in ionic concentration. For a
nozzle size between 4 um and 5 pm. the model predicted a region of minimal
damage to the sc structure at NaCl concentration =100 mM. suggesting that a
minimum NaCl concentration of 100-150 mM is required to condense the sc

molecule at 20 pg/mlL DNA concentration.
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Design-Expert® Software . Damage to sc structure
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Figure 5.5: Response surface contour and 3D plots of the effect of 10 ug/mL DNA

concentration on damage to the sc structure of 20 kb plasmid.
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Figure 5.7: Response surface contour and 3D plots of the effect of 30 pg/mL DNA

concentration on the damage to the sc structure of 20 kb plasmid.
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52523 DNA concentration 30 ng/mL

As shown in Figure 5.7, damage to the sc structure of the plasmid was predicted to |
be > 95% for the 3 pm nozzle. For nozzle sizes between 3 um and 4 um, damage to
the sc structure was predicted to be independent of NaCl concentration. This could
be due to the inefficient condensation of the sc structure with NaCl at high DNA
concentration. For a 4 pm nozzle, damage level was similar to that observed at 20
ng/mL DNA concentration, suggesting no effect of condensation of the sc structure
with increase in nozzle size. For a nozzle size between 4 um and 5 pm, the model

predicted minimal damage to the sc structure.

5.2.5.3 Effect of NaCl concentration

Theoretically, the sc structure of the plasmid is susceptible to maximum damage
when formulated in buffer with no ionic concentration. The predicted response for

the three 1onic concentrations is discussed below.

5.2.5.3.1 0 mM NaCl

The model predicted the sc structure to be more damaged in the 3 um nozzle than in
4 um and 5 pm nozzles (Figure 5.8). suggesting size as a significant parameter for
damage to the sc structure. Maximum damage (>80%) was predicted at the 3 um
nozzle for all DNA concentrations. Damage levels from 40-80% were predicted for
nozzle sizes between 3 um and 4 um. The model predicted that at a nozzle size >4
um, the damage was less than that at smaller nozzle size. Low levels of damage (20-
40%) were predicted between 4 pum and 5 pm nozzle sizes suggesting that the
uncondensed sc structure experienced less degradation forces at increasing nozzle

size.

52.5.3.2 150 mM NaCl |

Nebulisation of the 20 kb plasmid in 150 mM NaCl resulted in a compact sc

structure of smaller molecular size, as evident by the somewhat lower damage to the



Chapter 5: Nebulisation of plasmid DNA: DOE

sc structure, when compared to that without ionic concentration at the 3 pm nozzle
(Figure 5.9). Damage to the sc structure was also predicted to be less for nozzles of
size from 3 - 4 um. A region of minimal damage to the sc structure was predicted
between 4 um and 5 pum nozzle sizes, suggesting that the reduced size of the sc
structure was primarily due to condensation in the presence of ionic concentration.
The extent of damage to the sc structure in the presence of 150 mM NaCl was
predicted to be lower than that without NaCl concentration. The significance of NaCl
concentration (p<0.05) in the model suggested damage to the sc structure during

nebulisation can be protected by ionic concentration.

52.533 300 mM NaCl

The increase in ionic concentration to 300 mM NaCl has perhaps resulted in efficient
condensation of the sc structure leading to lower damage as predicted in Figure 5.10
than with an ionic strength of 150 mM NaCl. At the 3 pm nozzle, for DNA
concentration <20 pg/mL less damage to the sc structure was predicted. This is
likely to be due to a reduction in molecular size. However, for higher DNA
concentration the damage levels were similar to those observed at 150 mM NaCl.
Damage was also predicted to be similar at 150 mM NaCl between 3 um and 4 um
nozzle sizes. For nozzle sizes between 4 pum and 5 pm, prediction of minimal
damage regime widened perhaps due to better condensation of the sc structure to a
smaller molecular size at DNA concentrations <25 pg/mL. However, at 30 pg/mL
DNA concentration, damage was predicted to be slightly higher due to the inefficient
condensation of sc structure in high DNA concentrations, resulting in larger

molecular size.

From the response surface and contour plots. it is clear that the model is capturing
the effect of the variables in a statistical way allowing prediction at intermediate
levels of the variables. As predicted by the model statistics. the variables of nozzle

size and NaCl concentration and interaction between variables of DNA and NaCl

concentrations had a significant effect on damage to the sc structure of the 20 kb

plasmid.
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Figure 5.8: Response surface contour and 3D plots of the effect of 0 mM NaCl

concentration on damage to the sc structure of 20 kb plasmid.
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Figure 5.9: Response surface contour and 3D plots of the effect of 150 mM NaCl

concentration on the damage to the sc structure of 20 kb plasmid.
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Design-Expert® Software Damage to sc structure

000

Damage to sc structure
® Design Points
98 18

18.16

X1 = A Nozzle size g
X2 = B: DNA conc ) | pEma
(57222142 2411)¢

Actual Factor |

C: NaCl conc = 300.00

B: DNA conc
s

5 00

100 150 ‘o0 450 500

A’ Nozzle size

Damage to sc structure
@ Design points above predicted value _a
D) - . _— — x“‘\_ o

98 18 e - S — -
b 103 |

18.16 I
X1 = A Nozzle size o ‘

X2 = B: DNA conc

Actual Factor
C: NaCl conc = 300.00

Damage to sc structure

500

3000
2500

:0\03\

B8: DNA conc

400

A: Nozzle size

1000 300

Figure 5.10: Response surface contour and 3D plots of the effect of 300 mM NaCl

concentration on the damage to the sc structure of 20 kb plasmid.
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5.2.5.4  Response from model predictions

From the model equation 5.1, the predicted response showing the effect of NaCl and
DNA concentration on minimum damage to the sc structure for different nozzle sizes
are shown in Figure 5.11. As reported in the contour and response surface plots,
damage to the sc structure of the 20 kb plasmid at the 3 um nozzle was observed to
be the maximum without NaCl concentration. However, a decrease in damage was
observed with NaCl concentration. For nozzles of size 4 um and 5 um, damage was
lower than that at the 3 um nozzle. This study showed that nozzle size is a significant
parameter in the damage to the sc structure of the 20 kb plasmid. In order to relate
nozzle size with aerosol particle size, aerosol characterisation from the nozzles was

carried out and is reported in the following section.

5.3 Aerosol characterisation from the U22 mesh nebuliser

The characterisation of aerosols from the mesh nebuliser with 3 pm and 4 um
nozzles is shown in Table 5.7. The aerosol particle size was determined using a laser
diffraction instrument (Malvern Master Sizer". Malvern Instruments, UK). The
diameter of the aerosols using the 3 pm mesh was observed to be 4 to 5 times higher
than that with a 4 pm mesh. Large liquid droplets were generated using the 5 um

mesh and hence the aerosol particle size was not characterised.

Table 5.7: Characterisation of distilled water aerosols from the U22 nebuliser with 3

um and 4 pm nozzle sizes

Nozzle size D43 (um) Do) (um) Dy, 0.5 (m)
(1m)
3 9.29+0.17 5.40 +0.39 7.54 £ 0.06
CV 1.79% 7.18% 0.82%
4 45.06 £ 3.60 21.73 £ 1.50 36.02 £2.55
CV 7.98% 6.90% 7.08%
5 Droplet size not determined
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54 Discussion

The micron-sized nozzle of the mesh nebuliser permits generation of uniform
aerosols. The size of the aerosols generated is dependent on the nozzle size. The 3
um nozzle of the commercially available U22 mesh nebuliser results in the
generation of respirable aerosols. In order to investigate the damage to the sc
structure at varying nozzle size, a 4 pm and 5 pum nozzle mesh were used for the
experiments. Aerosol characterisation from the 4 pm nozzle mesh using laser
diffraction resulted in aerosols of size up to 4 times higher than the 3 pm nozzle.
Only a spray of liquid droplets was generated from the 5 um nozzle mesh. However,
the effect of nozzle size is an important variable; nozzles of size 3, 4 and 5 um in the
experimental design provide an insight into the influence of nozzle size on damage

to the sc structure of the 20 kb plasmid.

Earlier experiments (Chapter 4) on the nebulisation of plasmid DNA had shown that
damage to the sc structure varied with the concentration of plasmid DNA used. The
main purpose of the experimental design here was to further examine the influence
of factors responsible for damage to the sc structure of plasmid DNA. Based on the
screening experiments. the concentrations of plasmid DNA at 10, 20 and 30 pg/mL

was employed as a second variable to assess its effect on damage to the sc structure.

Persistence length is the length in which DNA can bend for half a turn at energy of 1

kgT. where kg is the Boltzmann constant, 7" is the temperature. Persistence length (/,)
of DNA that indicates the stiffness of a polymer in good solvent and 1s characteristic
of a semi-rigid polymer. DNA has been reported to have a shorter persistence length
(~50 nm) in ionic concentrations [Lasic 2000]. The positive effect of NaCl
concentration on damage to the sc structure of the plasmid has been observed for the
5.7 kb plasmid (Chapter 4). In order to understand the effect of NaCl concentration
on large sized plasmids, it was chosen as the third variable for the experimental
design at concentrations ol 0. 150 and 300 mM. The concentration of 0 mM NaCl
served as a control to enhance the model of damage in the presence of 150 and 300

mM NaCl.

The statistical analysis of Box-Behnken experimental design suggested the quadratic
and linear model as significant (Table 5.3). However, the lack of fit tests showed

(Table 5.4) insignificance for the quadratic model, suggesting the model fitted well.
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This result from the lack of fit test was confirmed from fhe model summary statistics
shown in Table 5.5. A predicted R? value of 0.914 agreed reasonably with the
adjusted R? value of 0 983 ‘

The model F value of 107.41 determined from ANOVA (Table 5. 6) implied that the
- model was significant. The p-value < 0.05 for nozzle size, NaCl concentration and |
interaction between NaCl .and DNA concentration, suggested these terms as
51gmﬁcant for the model. The model dlagnostxc plots of normal probablllty plot and |
actual versus predicted response shown in Figure 5.1 suggested adequacy of the

model.

The predicted damage to sc structure for the signiﬁcant'variables of the model i.e.‘
'Nozzle size and NaCl concentration is summarised in Figure 5.11. As shown in
Figure 5.11a, at 3 pm nozzle size, 51gn1ﬁcant damage to the sc structure of 20 kb
plasmld was predlcted without NaCl concentration. However, at 150 and 300 mM
NaCl concentrations damage was predicted to be lower. In companson at the 4 ym
and 5 dm nozzle, damage was predicted to be somewhat similar, at lower levels of
damage than with the 3 pm nozzle. A feductidn in damage level was predicted for all |
the three nbz;le sizes with increasing NaCl conéentration, Suggesting a positivé
influence of the significant interaction between NaCl and DNA concentrations
(Table 5.6) towards damage to the sc¢ structure. However, DNA concentration was

not found to significantly influence damage to the sc structure. _

To summarise,'thg results of DoE on nebulisation of 20 kb plasmid confirm “size” as
~ an important parameter influencing aerosol delivery of plasmid DNA. In order to
understand the relationship between the variables of nozzle size and plasmid size, a -

22 factoriall_ experiment was performed as discussed in chapter 7.

55  Conclusions
A design of experiments based on a Box-Behnken design identified the significant

variables affecting the sc structure on nebulisation using the U22 mesh nebuliser.

The model predicted the actual response well and enabled better understanding of the
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damage to the sc structure ilpoﬁ nebulisation. Low damage to sc structure of 20 kb
- plasmid was predicted at nozzie sizes >3 pm. Hoﬁveiier, the requirement to use a
‘nozzle size >3 pm to render inhalable aerosols for respiratory dehvery suggests that

20 kb plasmld needs to be further condensed by formulation in order to circumvent

damage From the model predictions and ana1y51s it is concluded that the size of 20

'.kb plasmld remains the main bottleneck for aerosol dellvery of the sc structure,
Engineering studies on the mechanism of ﬂu1d flow through the nozzle of the mesh
. nebuliser using hlgh-speed 1rnag1ng and computatlonal fluid dynamws in the next
chapter are discussed to prqvxde a detailed understanding of the phenomenon of
aerosolisation and the hydrodynamic force responsible for damage of . the sc

structure. - - -

121




' CHAPTER 6. ENGINEERING ANALYSIS ON
NEBULISATION OF PLASMID DNA

6.17 Introduction

Earlier results on the nebulisation of plasmid DNA and the inﬂuence of design
variables on nebuhsatlon in Chapters 4and 5 respectlvely suggested the nozzle size

of the mesh nebullser as a bottleneck for safe aerosol dehvery of large plasmids. In

this chapter engincering analysis of the nebulisation of plasmid DNA was camed out

‘to study more closely the factors which damage the sc structure upon aerosolisation

and predict the forces responsible for causing damage to the sc structure. In order to -

provide an understanding of the droplet generation from the vibrator hom the factors

respon31ble for droplet size and strain rates are discussed. H1gh speed 1 Imagmg of .

aerosol generation was performed to determine the influence of the mesh on aerosol
generation and subsequent damege to sc structure of 20 kb plasmld. Modellmg of

fluid flow through the nozzle of the mesh nebuliser using computational fluid

dynamics predicted the hydrodynamic forces responsible for damage to the so
structure. Estimation of plastnid DNA size for safe delivery of the supercoiled
structure in the mesh nebuliser was attempted from the plasnﬁid DNA degradation
kinetics based on molecular size. In order to perform engineering analysis of the
nebulisation of plas.mid DNA, it was essential to understand the mechanism of._

degradation of sc structure, and evaluate the molecular relaxatlon time and

: tlmescales assoc1ated with fluid/ partlcle ﬂow through the device.

6.2 . Droplet formation from capillary waves

The purpose of this enalysis is to examine, using capillary theory, the importance of

various physical effects on droplet generation in the mesh nebuliser chosen for the

research; The mean droplet SIZE: generated from thin layers is proportional to the -

_'caplllary wavelength on the 11qu1d surface [Topp, 1973]. The droplet dxameter (D) can .
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“be expressed in terms of capillary waveler_igth (A) with a dimensionless empirical -

- factor by the following equation:

D03 srvvvreseresesnernEquation 6.1

The caplllary wavelength can be represented by the Kelvm equatxon [Yule and Al-

Suleimani, 2000] as glven below:
E R e | . -
A= (-ﬁ—y;) ....................... e Equation 6.2

where y1s the suxface tension in N/m, p 1s the dens1ty in kg/m and fis the frequency in

cycles/s. The droplet diameter can be determined by substltutlon of the result of the

above equation into Equation 6.2.

The threshold amplitude for generation of capillary waves is given by [Taylor and
McCallion, 1997]: | o -

B === revererrerernieieiaareraa Equation 6.3

where apy, 1s the threshold amplltude v is the kmematlc v1scos1ty of the liguid, f is the

acoustic frequency and A is the capillary Wavelength

The typical amplitude a in nebulisers can be determined from the threshold

amplitude and is given_ by:
a=4a, ..... e ORI Equation 6.4

Assuming the vibrator horn -transducer vibrates in a sinusoidal motion, the

displacement of tr_ansducer is given by:
¥ =a sin(ait).............‘......;...'...'...-..'..Equation 6..5'
where @ = 271 = angular frequency .(rad.s']).

Differentiation of equationr 6.5, yields the velocity of the transducer which is

represented by:

13
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V() =dy/dt = am cos(oH) ..vennnn....... Equation 6.6
The root mean s'quarf_: (RMS) V'elocitytis given' by:

V=Bl e, e Equation 6.7

The strain rate (7 is represented as a ratio of the root mean square velocity and the

'dropllet diameter and is givén by: -
Y =0 =25 i, Equation 6.8

In order to understand the influence of device parameters such as Vﬁ'equency and
physical properties such as viscosity, surface tension, density on droplet diameter and |
strain rate, equations 2.2 to 29 were used fof the computation and are tabulated in
| -_ Tablé 27. Assuming the physical prop.e.rtiesl of fluid (water) are surfé.ce tension =
0.073 Nm”, density = 1000 kgi®, and viscosity = 0.001 kgm™'sec’.

As shown in Table 6.1, aerosolisation at a higher frequency results in the generation of
smaller droplets aﬁd higher strain rates thaﬁ at the operating condition of the device at
175 kHz. No effect on drbplet size was observed with a change in'vi'scosity, but fhe
strain rafe is found to vary linearly with viscosity. An incréase in _droplef size was
6bserve_d at higher surface tension than at 0.073 kg.s~, buta decrease in strain rate was -,
observed. At higher density the d'i‘opiet size and strain rate decreased when compared
" with that at 1000 kg.m™. Theoretical models of the effect of frequency and fluid
- physical properties on droplet diémeter_ and strain rate provided useful infonnaﬁon_

prior to high-speed imaging of aerosol generation from the mesh nebuliser.
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Table 6.1: Theoretlcal predictions of the effect of frequency and physxcal propertles on

: droplet size and strain rate in a mesh nebuliser

Effect of parameter - Operating + Increase in
: ' ' ' condition : _ parameter
- Effect of Frequency : o
Frequency (kHz) . | . 75 175 1750
Droplet size (um) 17.1 9.8 2.1 Decreases
- Strain rate (s™) >0.6x10° | >1.8x10° | > 40x10’ Increases
Effect of Viscosity : ‘
Viscosity (kg.m™s”) 0.0001 0.001 0.01 |
Droplet size (um) 9.9 - 99 9.9 No effect
Strain rate (s”) 1 >0.18x10° | >1.8x10° | >18x10° Increases
Effect of Surface tension | :
Surface tension (kg.s™) 0.0073 0.073 0.73 -
Droplet size (um) 4.6 9.9 214 Increases
Strain rate (s”) >8.3x10° [ >1.8x10° | >0.4x10° | Decreases
Effect of Density : : : :
Density (kg.m™) 300 1000 1500 '
Droplet size (um) 12.5 99 - 8.7 | Decreases
Strain rate (s”) >2.3x10° | > 1.8x10° | > 1.6x10° Decreases

6.3 High-speed im_agihg of aerosolisation

63.1 Introgluction

High-speed imaging studies of aerosol generation from the mesh nebullsers provide an
improved understanding of the underlymg phenomena and the timescales involved in
- aerosolisation. A hlgh speed video was used to capture aerosol generation from a U22
mes'h'nebuli;s_er. to visualise events at small timescales and help identify mechanisms

with the i)otential to damage plasmid DNA during nebulisation.

6.3.2 Aerosolisation usihg the U22 mesh nebuliser

The vibrator: horn represents: the heart of the nebulisation device. High speed

imaging of aerosolisation of the liquid from the vibrator horn without mesh provides
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an insight into time and veloc1ty proﬁles occurrmg at millisecond time intervals. The
liquid chosen for the acrosolisation studies was phosphate-buffered saline (PBS)_ 4
- The expenmental set-up for the high speed imaging has been discussed in detail in
sectlon 3. 2 5 of Chapter 3. In order to mimic the presence. of a hquld film on the
surface of the v1brator horn between the horn and the mesh aerosoI generation from .
,‘-the v1brator horn was studied for a 0.5yl liquid droplet. Aerosol generation for an
‘initial 5pl dreplet‘ was 'studied in order to understand the size of the droplet
generation with redueing liquid.ﬁlm_on the surface of the vibratd; horn _without-

_mesh,

" 6.3.2.1  Aerosolisation from 5 dfoplet without mesh

High speed imaging of the acrosolisation events from the vibrator horn of a 5 pl droplet
without the mesh was carried out. The vibrator hom vibrates at a frequency of 175 '4
kHz. The mesh of the nebuliser with micron-sized nozzles is passive with respect to
the vibrating horn. To understand the vibration-induced atomisation without the inesh,
high speed imaging of droplets generafed from 5 pl PBS pipetted onto the surface of
the vibrator was perfermed. Frame sequences at the early-, mid- and late-
ae'rdsolisation. phases in F ig.6.1 show fine particle aerosols in the late phase, possibly
due to shorter surface wavelengths (&) [Yule and Al-Suleimani, 2000] from the
reducing thickness of hquld film.
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10.8 ms

Mid 3129 ms

Late 574.2ms 576.0 ms 577.8 ms 579.6 ms

Figure 6.1: Imaging of aerosols from 5Sul droplet on vibrator without mesh.

6.3.2.2 Aerosolisation of 0.5 ul liquid film without and with mesh

The position of the mesh and vibrator in the device during nebulisation is likely to
result in the formation of a thin liquid film. To mimic the presence of a liquid film
without a mesh, a 0.5 pl initial volume of solution was used. Visualisations of transient
nebulisation of 0.5 ul of PBS solution without the mesh and with the mesh are shown
in Figures 6.2a and 6.2b respectively. Aerosolisation without mesh resulted in an
aerosol cloud with maximum density after 4.5 ms, whereupon liquid depletion causes
a reduction of the density of the cloud and gives it a more focused appearance along
the axis of the transducer. Aerosol formation with the mesh resulted in a continuous
stream of very fine droplets (average size reported as 4.4 um [Kishida et al., 2003]),
with decrease in cloud density due to depletion of liquid after about 30 ms. The aerosol
production ceases after 60 ms, while it takes 80 ms for complete aerosolisation with
mesh. Analysis of the images of aerosolisation without mesh yielded droplet size

estimates of around 10 um.
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(@) 3 5 mm
Vibrating
horn

(b) = 3.5 mm

End of
nebulisation

o P o

End of
nebulisation

Figure 6.2: High speed imaging of PBS solution aerosols generated by the mesh

Mesh

nebuliser (a) without mesh and (b) with mesh in place.

6.3.2.3 Nebulisation of plasmid DNA without and with mesh

Agarose gel electrophoresis analysis of recovered aerosols (Figure 6.3) from
nebulisation of a 20 kb plasmid with the U22 mesh nebuliser with the mesh in place
showed no damage to the super-coiled (sc) DNA in the nebuliser chamber (lane 2),
but almost complete damage (95.1% damage) in the aerosols (lane 3). Nebulisation
of 20 kb plasmid DNA without the mesh in place showed partial damage to the sc
DNA in the nebulisation chamber (lane 6) and in the recovered aerosols (lane 7).
Densitometric scans of the agarose gel revealed partial damage in the nebuliser
chamber and recovered aerosols of 46.1 and 48.0% respectively. Since the 20 kb
fluid does not pass through the mesh holes, another damage mechanism must
therefore occur. In the following section further analysis was carried out to
determine the influence of cavitation on damage to the sc structure in the nebuliser

chamber.
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Figure 6.3: Nebulisation of 20 kb plasmid with and without mesh. Lanes 1,5 — before
nebulisation (BN), lanes 2,6 — nebuliser chamber (NC), lanes 3,7 — after nebulisation
(AN), DM - AHindIll DNA marker.

6.3.2.4  Analysis of high-speed imaging

Analysis of high speed images on aerosolisation from the vibrator horn with and
without mesh suggested a slightly longer aerosolisation time with the mesh. For
aerosolisation from the vibrator horn without mesh, the acceleration amplitude of the

horn can be determined by the following equation [Bassett and Bright, 1976].

2pw

Acceleration amplitude @ =——......ccccerianansionaines Equation 6.9
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In equation 6.9, f is the pressure amplitude (in Pa), @ is the angular frequency (in
rad/sec) given by 2af. with f as the frequency of the vibrator horn (in Hz), p is the

density of the liquid (in kg/m®) and ¢ is the velocity of sound (in m/sec).

In order to determine the pressure amplitude, the acceleration amplitude (a) was first
computed. The velocity V" of the vibrator horn is subjected to sinusoidal oscillations
due to ultrasonic vibrations from the transducer and is given by the following

equation:

V = VSNt oooeeeeeeeeeeeeeeeaeeaens Equation 6.10

Differentiating equation 6.10 to obtain the acceleration, the above equation is

modified to

A= QCOSDl «eovveveeeeeveseesain, Equation 6.11

In equation 6.11, (a) is the acceleration amplitude and can be represented by the
constant of differentiation. Veo. The value of = 0.6 m/sec was determined from
laser vibrometry measurements. The angular frequency () for a frequency of 175
kHz = 1.09x10° rad.s™. From the values of ¥ and @, an acceleration amplitude ( a)
of 6x10° m/s’ was obtained. Substituting the value of acceleration oscillation

amplitude in equation 6.9, the pressure amplitude (/) generated without the mesh

was 2.3 bar.

For aerosolisation with mesh, a 10 fold increase in acceleration amplitude was
observed, resulting in pressure amplitude of ~ 40 bar. At pressure amplitudes >2 bar
for a bubble radius of O(um). transient acoustic cavitation is reported at a frequency
of 20 kHz | Young. 1999]. From this study. it could be interpreted that. at a frequency
of 175 kHz. partial damage to the sc structure on aerosolisation without mesh is a

result of transient acoustic cavitation.
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6.3.3 Discussion

The formation of sprays from a liquid film on a vibrating surface is generally
explained by the formation of droplets from the apexes of an orderly pattern of
standing capillary waves, with a wavelength that can be related to vibration
frequency by stability analysis. However, this assumption is challenged by the fact
that, after droplet formation commences, the orderliness of the standing-wave pattern
is lost due to one or more secondary instability phenomena. These phenomena,
which lead to disorderliness were investigated by using high-speed imaging
techniques and a low-frequency vibrating film to model the high-frequency case,

because of the difficulty of penetrating clouds of small droplets in the latter case.

The droplet-formation processes from a film on a vibrating wall have been examined
at frequencies less than 1 kHz [Yule and Al-Suleimani, 2000]. Although, droplets are
formed from capillary waves, the organized, generally orthogonal, standing-wave
pattern found before atomization inception becomes disorganized during
atomization. Variability of the droplet-formation process is observed, which leads to
the range of droplet sizes typically found for ultrasonic atomization. This variability
can include multiple droplet formation from single ligaments; variation in ligament
orientation, length and diameter; and emergence of a fully formed droplet from the
crater formed at the lower limit of the vibration of a wave, the so-called volcano
mode. Initial droplet angles of flight and velocities exhibit wide ranges of values.
and individual wave cells eject droplets intermittently, with a variable number of
cycles between ejections. Reasons for this disorder may include irregularity caused
by the rapid backflow of wave crests from which droplets have formed: asymmetry
of inflow into wave cells during ligament formation when surrounding waves have
formed droplets in a previous cycle: and recovery from depletion of liquid from

wave cells due to droplet formation.

In order to physically scale-up the atomization process. it is necessary to maintain
similar values of important dimensionless parameters for the small-scale. high-
frequency and the large-scale, low-frequency cases. The parameters from the point

of view of instability (in the order of decreased importance) are
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74 Uh J / ; _
We = LA , Re=2l ;s Fr= : Y - SR Equation 6.12

o i ga a P,

where We is the Weber number, U is the velocity scale given by f a, which was
reported to be 1 ms' [Barrero and Loscertales, 2007]. The values of the units
considered were o is the surface tension in Nm™ | 7 is the dynamic viscosity in kg m”
s, pis the density in kg m™ . fis the frequency in kHz, / is the film thickness in m. «

is the amplitude in m.

The droplet size estimate of 10 um for aerosolisation without the mesh corresponds
with Yule and Al-Suleimani’s theoretical estimate for droplet size from a vibrating
liquid surface [Yule and Al-Suleimani, 2000] using the operating parameters of the
nebuliser. Using Bassett and Bright’s theory and laser vibrometry measurements of
the horn acceleration, typical pressure amplitudes of 2-40 bar in the liquid were
computed. Cavitation is likely under such pressure amplitude conditions and is
known to initiate drop formation from vibrating liquid surfaces [Topp, 1973]. The
above high speed imaging study strongly suggests cavitation as a candidate damage
mechanism. Damage to the sc structure of a 9.8 kb plasmid was also observed in the
nebuliser chamber of a conventional ultrasonic nebuliser and attributed to cavitation
[Lentz et al., 2005]. The occurrence of partial damage to the plasmid DNA in the
nebuliser chamber without the mesh and no damage with the mesh suggests that in
the latter case. the effects of cavitation may be experienced only by the liquid film
between the horn and the mesh during the short residence time just prior to

aerosolisation.

6.4 Background to engineering analysis

Experiments on nebulisation of plasmid DNA have shown the sc structure of the 20
kb plasmid to be almost completely degraded into linear fragments of size varying
from 4 to 0.5 kb. In order to understand the mechanism of damage to the sc¢ structure,
chemical degradation of the sc structure of a 5.7 kb plasmid has been attempted.
Levy et al. [2000b] compared damage to the sc structure based on chemical
degradation with that due to high shear rates. Further reversible transition of the

plasmid isoforms (sc. oc and linear forms) during exposure to strain rates during
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flow has been reported [Meacle et al., 2006]. It is crucial to understand the
timescales associated with the transition of the plasmid isoforms. In this work,
knowledge of the relaxation times and time scales involved in the aerosolisation has
been determined to provide insights into the duration of exposure to strain rates

capable of causing damage to the sc structure.

6.4.1 Mechanism of degradation of supercoiled plasmid DNA

In order to understand the mechanism of degradation of a supercoiled plasmid DNA,
the sc structure of a 5.7 kb plasmid was nebulised and then subjected to chemical
degradation. Figure 6.4 shows a comparison of results of agarose gel electrophoresis
of nebulised only, and nebulised and subsequently chemically degraded 5.7 kb
plasmid DNA. As shown in the agarose gel (Figure 6.4), nebulisation of 5.7 kb
plasmid in TE buffer and TE buffer with 150 mM NaCl resulted in damage to the
open-circular (oc) forms of the plasmid. showing a smear of fragmented DNA below
the sc structure. The reasoning for damage to the oc structure and no damage to the
sc structure is due to exposure of loose oc structure to shear forces during the
aerosolisation process. In order to induce chemical degradation, the nebulisation
samples were exposed to high temperature. As shown in Figure 6.4, the sc structure
of plasmid in TE buffer (lanes 6, 7) was completely degraded to oc and linear forms.
Due to efficient condensation of sc structure in ionic strength buffer, chemical

degradation resulted in less damage to sc structure (lanes 8. 9).

The densitometric scans of the agarose gel (Figure 6.4) are shown in Figure 6.5. The
sc structure of plasmid in TE buffer upon chemical degradation at high temperature
(95°C for 10 min) is almost completely damaged as shown in Figure 6.5a. However,
condensation of the sc structure in ionic strength has resulted in retention of a sc
structure (Figure 6.5b). The results of this study suggest that chemical degradation to
sc plasmid DNA follows an irreversible transition from sc — oc form with the
formation of a nick or breakage in DNA strands, and then further breakage of oc —
linecar forms. The linear double-stranded (ds) DNA fragments are susceptible to
degradation to yield single-stranded (ss) DNA fragments, as reported in Chapter 4.

Hence, the mechanism of sc plasmid DNA degradation can be represented as: sc —
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oc — linear dSDNA — ssDNA. However, depending on the size of the sc molecule
and nature of forces, degradation of the sc structure to linear dsDNA is possible as
observed for a 20 kb plasmid in Chapter 4. A notable aspect of the above study is the
encouraging information on the stability of sc structure of plasmid in ionic strength
even at high temperature. This is important for stabilisation of the sc¢ structure in
ionic buffers at high temperature. The next section deals with the timescales

involved in damage to the sc structure during nebulisation.

<+— open-
circular

(oc)

linear
form (If)

<«— super-
coiled (sc)

Figure 6.4: Agarose gel electrophoresis of nebulisation of 5.7 kb plasmid in TE
buffer (lanes 2,3) and TE buffer with 150 mM NaCl (lanes 4.5); Chemical
degradation of nebulisation samples (lanes 6 to 9); DM — DNA marker, BN — before

nebulisation, AN — after nebulisation.
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) 6.4.2' Time scales involved in .pr'bcess )

Understanding of the time scales ihVolved‘in' the aerdsblisation~proééss.could
pfovide useful information on damage to t‘h‘e‘ DNA sc structure. DNA being a
‘ _'ﬂeXible. biopolymer, the time scales involved in the nebulisatio_n‘provide'clues'

* whether relaxation of the DNA strands could lead to structural transition between the

‘plasmid isoforms, In hdm_ogenous exfensi@nal flow, theory predicts' that a coil-

* - stretch transition occurs when the Deborah number (De), the product of the longest
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relaxation time and the strain rate of the flow exceeds a critical value [Larson and -
Magda 1989]. While the relaxatron time provrdes a time scale for the time requ1red.

for a stretched polymer to recoil back to natural equ111br1um the strain rate 1s atime -

scale for the speed of the fluid that is deformmg the molecules. The ratio between

these two time scales provides a critical value in determining the stretching of the

~ molecule [Wong et al., 2003]. Meachem et al. [2005] reported the timescales for

droplet formation and ejection processes by accounting for key fluid mechanical
- features of the ph_endme_na from a basic understanding of the governing physics

gained through careful _vlsualization_and scaling. Relaxation ti_mels are significant

_parameters in polymer solution dynamics and indicate the time required for the

~ stretched polymer to regain its equi_librium position. They take into account the size

of the molecule and hydrodynamic properties of the solution and are discussed below

6.4.2.1  DNA relaxation time scales

o Relaxation of the plasnrid DNA could occur in the regions close to the nozzle mesh

experiencing a combination of elongational and shear flow. For the behaviour of

buffered DNA xn solutlon as a ﬂex1ble coil, the relaxation tlrne can be calculated |

from the Rouse model The Rouse model predlcts the dnstr1but1on of polymer

relaxation times based on freely drammg theory [Larson, 1999]. This theory assumes
the .sol_vent drag on each part of the polymer molecule is the same as it would be if
the other part of the polymer was not present, neglecting the effect of hydrodynamic _ h
interactions. The Rouae relaxation time for the flow of DNA in microfluidic devices -

aré represented as a function 'of intrinsic viscosity [?7] solvent- ViSCOSitY (n, ) :

molecular weight of the DNA (M) the gas constant (R) and temperature (T)
‘[Shrewsbury et al ,2001] by the fo]lowmg equauon o

)= [UEZIQM |

Relaxation time (7, e e Equation 6.13

y

For a flexible polymer in a solvent with dominant hydrodynamic interactions, the

intrinsic v1scosny can be determined from un1versal hydrodynarmc constant [Larson _

1999] using the following equatlon _

136



lChap_tei" 6: Engineering analysis on nebulisation

7= KoM ot e, Equation 6.14

In equation 6.14, the hydrodynamic coefficient K, = (D[<R2)/ MY e.nd depends on |
the chemical make-up of the polymer and can. be calculated from the eIementary ]
" structural properties of the polymer, R,ms = (R )” 2 s the root mean square -

separatlon of the ends of the molecule and & is the universal hydrodynamxc constant
_, _25*1021 dl em” moll - :

‘Fora 5.7 kb plas_rnid, assuming Roms = 330%107° m (t_lxe diémeter detexminecl froln
| AFM imaging) = .330*10‘7 cm, M=3.55%10°% gm/mole a base pair — 623 gm/mole),
'Ky coefficient = 0.013, dl g (g/mol)™® = 1.3 cm® g? (g/mOl)’m, the intrinsic
viscosity [n] = 2449 cm3/g, the relaxation time (7) for as 17 kb plasrnid is'3 ms.
Similarly, for a 20 kb plasmld of moIecular welght M= 12 46*106 gm/mole, the

relaxation time (7) is 23 ms.

Hydrodynamic 'intereetion's. éue disturbances in the solvent velocitj) field created by
the motion of one part of a polymer chain that then affect the drag exerted by the
solvent on other parts of the same chain [Larson, 1999; p132]. Hydrodynamic

" interactions inﬂuence both linear and nonlinear rheological pronerties of dilute

" solutions. The Imear propertles of “dilute chains affected by hydrodynam1c

- interactions are intrinsic viscosity, relaxatlon time and d1ffus1v1ty

The Rouse model is regarded as inappropriate in dilute solutions and hence the
~dynamics of a flexible polymer in dilute solution with hydrodynamic interaction is~ °
- represented by the Zimm model [Doi and Edwards, 1986). The chain relaxation time -

according to the Zimm model is given by the following equation:
e U U Equatlon615
where [ rp] is the 1ntrms1c v1sc051ty, 1 is the solvent v1s<:051ty, M is the molecular

welght of plasmld The computed chain relaxatlon times based on the Zimm model

for the 5.7 kb and 20 kb plasr_mds are 1.83 ms and 14.83 ms respeenvely.
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‘Expenmental studles on the nebuhsatron of plasmld DNA using a mesh nebuliser -

_dlscussed in Chapter 4, showed the sc structure of a 5.7kb plasmld is not degraded

B ~ while that ofa 20 kb plasmld is degraded With the lack of data in 11terature on DNA

damage and relaxation time. scales of DNA using such devrces, companson of the _ .

_relaxatlon tlme- with the timescales based on the particle/fluid flow through the

 device may provide information on damage to:large sized plasmids Timescales

based on parameters such as pamcle size, frequency, 1ne111a caplllary and viscous

) pr0pert1es are discussed beIow

6.4.2.2 ,Precess time scale

The periodicity of the aerosols generated from the vibrator horn is dependent mainly
. on the oscillation ‘frequency. The inverse of driving frequency can be used as a
parameter to defir_'le the characteristic time scale for the aerosolisation process. The
process time scale (z;) for a mesh nebuliser eperating with a frequency (f) of 175 kHz

© can be determined by

....... Gevsniessinnne.. . Equation 6.16

o

The process time scale is therefore of the order of 5 microseconds.

6423 Ihertial time scale

The mertlal tlme scale () charaeterlzes the 1mpetus for fluid motlon and is defined
las the ratio of the characteristic length scale (r,) and the ejection velocity (U) of the
droplets The minimum velocity (Umm) of e_]ected droplets was computed from a
._product of radius of the orifice (r,) and dev1ce frequency (). Upin was observed to
be one-fourth of the droplet ejectlon velocity (U) of 1- m/s, determined from

frequency and volumetric flow rate measurements.

u ’ . . - r L
o Inertial time scale 7, =U U SO, Equat10n6 17
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For an inertial time scale of 1.5 ps the validity of the ejectlon law [Meachem et aI

20035] holds smce T, <7, and ejection takes place
6.4.2.4  Particle lfelakation time scale
The particle relaxation time based on Stokes nm_nber [Finlay, 2001]_is given by |

p,d%
Tg = 187

...... R Equat10n618

In the above equation, d is the diameter of the plasmid particle, 'pp is the particle -
density (assuming 500 kg.m™) and ‘17 is the viscosity of the buffer with 'pIasmid :
DNA. Incorporating in equation 6.9, for a 5.7 kb plasmid, when d = 330 nm, 7 =

2.82 nano second and for 20 kb plasmid, when d = 1250 nm, 75 = 0.04 micro second.

- These two tirnescales indicate that the plasrnid DNA particle motion.adjusts itself
easily to the 1mposed process and 1nert1al timescales, so the partlcle motion is

effectlvely quasi-steady.

- 6.4.25 'Capillary time scale

The caplllary time scale is the time scale at which the surface tenswn acts at the
1nterface This gives a measure of the time constant that defines the dynamlcs of the

interface deformatlon Capillary time scale is a function of the surface tensmn (»,

the charactenst:c length scale (7,), and the fluid den51ty (p) and is represented bythe

.followmg expression:

Capillary time scale'ra' = (= ey Equation 6.19
Using p = 10° kgn?, y=0.072 Nom™ and r, = 1.5x10° m, this yields the capillary
timescale 7, =2.15 x 107 s = 0.21 ps. The \}alidity of the cjection law [Menchem

et al., 2005] holds since 7, <7, and droplet ejection takes place.
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- 6.4.2.6 Viscous time scale - |

The viscous time scale characterizes fluid relaxation via viscous forces induced by

" the fluid motion and is defined as the square of the characteristic Iength scale ,

~ divided by the v1scous dlffusmty (q/p) and ‘is represented by the followmg

) expressmn

- Viscous time scale 7 ST s treveernneenseesr Equation 6.20

-~ The viscous time scale (2 25 ps) was observed to be comparable to other time

: scales

6.4.2.7 Summa}y of time scales

The values of time scales discussed above for 5.7 and 20 kb plasmids relatéd to DNA

dynamics, relaxation, and aerosolisation process are summarised in Table 6.2. The
relaxat1on timescales for the plasmids were observed to be slower than all the flow

tlmescales ‘This observation suggests that the ﬂow changes so fast that the DNA

" - configuration is effectively frozen. However, the Stokes relaxation timescales for the

plasmids are observed to be faster than all other flow timescales. In such a situation,

the motion of the plasmid DNA particle as a whole is quasi-steady;' i.e. the particle

effectively immediately adjusts itself to local flow. The next section deals with the-

" mechanics of fluid ﬂow through the nozzle of the mesh nebuliser and predicts the |

hydrodynam;c force responsible for damage to the DNA sc structure.

“Table 6.2: Comp.uted time scales studied fof aerosolisation of 5.7 and 20 kb plasmids‘

Timescales studied Time - 5.7 kb plasmid - | 20 kb plasmid
DNA/ polymer models Relaxation time 1.83 ms . 1483 ms
- DNA particle size | Stokes relaxation time 2.82ns 0.04 us
Fluid flow though - Process time 5us
device - Inertial time 1.5 us
' - Capillary time . : 0.21 ps
Viscous time . : 2.25 us

I
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65 Mechanics of fluid flow throagh nebuliser ,

A computatlonal ﬂuld dynamlcs study was carned out to assess the ﬂow of fluid -

 through the nozzles of an ultrasonically dnven mesh nebuliser in order to examme if it

is possible to predlct the potential degradatlon of a genetlc drug within the device.
- Typlcal strain/deformation - rates ' through the nozzle of the  meésh durmg the

nebulisation process were determined to understand the deformatlon/degradatlon of
the therapeunc A knowIedge of the strain rates and size of the sc structure determmed N

using atomic force microscopy enabled prediction of the hydrodynam1c force -

. responsible for damage to the sc structure.

6.5.1 CFD methodology

~ The CFD approach was aimed at model.li'ng the flow of fluid through a nozzle of the -

mesh nebuliser to estimate the level of strain rates prevalent in the ﬂow conditions.

therature on the dynamlcs of flow through the micro-scale domain provxdes no-

1nformat10n on the level of strain rates responsible for the damage of shear-sensitive

materials in mesh type nebuhs_ers. The assumptions within the model include:
1. The fluid has the physical properties of water and the flow is laminar,

2. The motion of the fluid relative to the mesh nozzle was examined in a frame

of referenee that was attached to the moving mesh wall,

3. The relatlve fluid motion was simulated by means of a linear (steady-state) ‘

- and sinusoidal (unsteady-state) ve10c1ty mlet

4. Axisymmetric flow and friction between fluid and air is neglected.

6.5.1.1 Modet geometry and bodhdar’y cohditions

v

A cross-section of the nebuliser mesh of the U22 device and an axi-symmetric domain

*chosen for the flow of fluid through a single nozzle with boundary conditions is shown

in Figure 6.6.
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Figure 6.6: a) Section of a nozzle of the mesh used in the U22 mesh nebuliser;
diameter of the nozzle — 3pum; frequency of the vibrator horn — 175 kHz. b)
Dimensions and boundary conditions for the axi-symmetric domain of a nozzle of the
nebuliser mesh; boundary conditions - velocity inlet at the vibrator horn, pressure
outlet at the nozzle exit; wall at the nozzle wall; slip adjacent to the nozzle wall;

. symmetry' axis at the axis of the nozzle.

The nozzles in the mesh have a diameter of 3 um and a radius of 15.6 um at the inlet.

The dimensions of the mesh for a single nozzle are also shown in Figure 6.6. The
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dimensions and bou_ndary conditions for the domain are discussed in Chapter 3. A slip |

boundary condition was\intr'odueed' beyond the nozzle exit in order to simulate the

" formatron of a 11qu1d Jet surrounded by air in the region near the nozzle exit, A fine

. gnd of 78 983 triangular cells created in | Gambit was used to generate the results |

. presented here. Steady-state and transient ﬂow simulations were carried out usmg the

" commercial CFD code Fluent 6.2. In the latter case, a sinusoidal velocity component

which ﬂuctuated at a frequency of 175 kHz and with assumed amplitude of 10% of the =

~ inlet veloc1ty, was added to the mlet ve1001ty. Flow through the nozzle is laminar

{Reynolds pumber ~ 3) for the domain and the solution algorithm adopted was

o SIMPLE pressure-vel.ocity coupling [Versteeg‘and Malalasekera, 1995] along: with

second-order discretisation. for pressure and - third-order MUSCL (Monotone

Upstream-Centred Schemes for Conservation Laws) momentum discretisation. The

strain rates based on elongatlonal and shear strain determined from CFD were used to
. calcu]ate the maximum hydrodynarmc force from the elongatlonal and shear-induced
elongational strain rate components respectlvely Grid dependency  studies using

triangular and quadrilateral meshes (dlscussed in section 6.3.1. 3) with parameters of

 pressure drop and average strain rate at the nozzle exit were carried out to establish ifa

mesh was refined in sufficient detail to reveal the velocity gradients.

6.5.12  CFD simulation for fluid flow though nozzle

In order to determine the dominant strain effects and the rnagnitude of the strain rates
- in-the fluid flow, a CFD model was developed of the flow through a single axi-

symmetric nozzle as shown in Figure 6.6b. The flow of ﬂu1d through the mesh nozzle

of the nebuhser poss1b1y resu]ts in the followmg strains on the fluid near the nozzle Q)

shear strain due to friction between the nozzle wall and the fluid, (n) elongational
strain_due to reduction in arca as the fluid passes through ‘the nozzle and (111)

» compressmnal strain as the ﬂu1d leaves the nozzle due to the change from solid/liquid

~

to gas/liquid boundary conditions ‘and the associated rapid redl_strlbutron of the .

- velocity profile. A contour plot of streamlines for steady-state simulation is shown in

. Figure 6.7. The streamlines exhibited by the fluid flow through the nozzle suggested :

. that the computatlona] grid has been refined well to characterize the effect of strain.

fields for the domain. The steady state simulations revealed the general trends of the
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shear strain rate and compressional/ elongational strain rate profile calculated by

Fluent in the vicinity of the nozzle exit.

Transient simulations yielded similar levels of strain rates near the nozzle. The highest
strain rate occurred near the nozzle exit and due to the constriction at the nozzle of the
nebuliser mesh. Theoretically, the maximum strain rates at the nozzle exit determined
by ‘v/d’ ratio (defined by ratio of velocity of fluid at nozzle to the diameter of the
nozzle) are in the order of 10°s™, Plasmid DNA is susceptible to elongation and shear
due to its fragile molecular structure and hence elongational and shear strain rates were
used to predict the maximum hydrodynamic force. The resulting elongational and

shear strain rates computed from the flow field are shown in Figure 6.7.

Velocity
inlet \

~ ) ;
- Nozzle exit

Symmetry axis

Figure 6.7: Contours of velocity stream lines for steady state simulation of the flow of

fluid through the nozzle of the mesh nebuliser.
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Figure 6.8: CFD simulations of strain rates (in s") used to determine the maximum
hydrodynamic force near the nozzle of the mesh nebuliser (a) elongational strain rate

and (b) shear strain rate; Inset shows the strain rates in the nozzle exit.

6.5.1.3  Grid dependency studies

In order to check the accuracy of the strain rate predictions from the CFD
simulations, grid dependency studies were carried out. Grid refinement was carried
out using triangular and quadrilateral meshes. Table 6.3 compares the results of the

CFD simulation for different mesh sizes using triangular and quadrilateral meshes.
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Table 6.3: Grid dependency studies w.ith trianghl_ar’ and q'uadrilaterall meshes

Results w1th trlangular mesh

- 1:Mesh cells

Average

% Emor

_Pres_sure drop | Average strain between
velocity - at between_ inlet | rate at  nozzle trlangu]ar : &
nozzle (m/s) | and - nozzle (xIO_6 1/s) :- | quadrilateral mesh

e | (&kPa) .. S B (stram rate) '
115,840 - [1.319 19.75 184
20771 1319 | 19.82 1.85
[a2r 1318 - [1997 . |187 160
" [78983 - | 1316 2004|195 0.10
_ . Results with'quadrilateral mesh
' | Mesh cells- Average : Pressure_ drop | Average .strain % Error between|
| velocity at | between inlet | rate at nozzle | triangular. .= & |,
nozzle (m/s) { and  mozzle (x10§1/s) - | quadrilateral ~mesh
L KPyy . ' (press drop) -
12510 [1322 1980 190 B
10280 (1318 - | 1998 1.95 0.05
41200 | 1317 2001 1.95 015

From Flgures 6. 9 (a) & (b) it 1s seen that the average straln rates, pressure drop and'
average velocrty are sufﬁcrently resolved for the domain. The results w1th the :
-Aboundary layer mesh showed smriar levels of stram rates. The stram rates have been . |

reported for the CFD domam based on 78 983 cells correspondmg to umt meshf

. llength of 37 Snm
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6.5.1.4 Estimated hydrodynamic force on pDNA from strain rates.

The strain fatos expei'ien'oed by . the fluid in the nebuliser domain are fixed by the

operatirig conditiono of the devioe and can be used to estimate the hydrodynamic force

on the frﬁgile p.l'c_lsm.id pétrticles in the fluid. Lengsfeld and Anchordoquy {2002]

reported the DNA molecule to assume a completely extended configuration xesulting

in maximum Z, when the applied forces are greatest and most likely'to break covalent -

bonds. Lentz et al. [2005] shows that the hydrodynamic force (F) on the sc¢ structure of
a plasmid is proportional to the length (L) of DNA molecule squared and the strain rate

The mégnifude of the hydrodynamic force can be estimated ﬁsing Ryékiﬁ [1987] who
showed that the magnitude of the stretching force at the midpoint of the chain is given

by,
Fo = knp2 oo :............'...Equation 6.21

where Fmax is the maximum hydrodynamxc force kisa dlmensmnless constant (given

by equauon 6. 10), 77 is the viscosity, 7 is the elongatlonal strain rate and L is the

length scale.

k= ln‘; ........................... Equation 6.22
2 In(57/2c[n)) o .

where ¢ is the concentration in g/c.m3 and /#] is the intrinsic viscosity in cm’/gm. Fora

. DNA concentration of Q(_)xlO'6 g/em’ and an _intﬁnsic viscosity of ~2450 cm*/gm, the

A dimensionless constant k value was determined to be 0.3.

As shown in section 6.3.2. 4, the small size of a pDNA molecule can be expectéd to

move w1th the Iocal flow velocity. The hydrodynamxc force’ expenenced by the

molecule is caused by local velocity gradlents To ﬁrst order in linear dimensions the

velocity gradlent tensor for an mcompressﬂ)le fluid éan be regarded as a superposition
of a pure stralnmg motion and a r1g1d body rotation [Batchelor, 1967] The latter
cannot cause structural damage. A pDNA particle will experience variable stretching
forces, which can lead to structural damage The stretching strain rates are as follows

if  is the axial flow velocity:
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(i) au/az is the elohgationai strain rate e)tperienced. when a molecule is aligned with °

local streamlines, and,

(i) 0 50uf or is the elongatlonal strain rate expenenced by molecules in a pure shear

flow that are onented at 45° to the strea.mlmes, where 6u/ Or isthe shear strain rate.

‘ The r'ot_ation' of the molecule will cause the orientation to vary duri“ng its travel through
the nebuliser mesh holes, so the elongational strain rate yin Equation (6.21) must be

computed as the max1mum anng each streamline of the flow field of the elongational -

. strain rates due to the superposed strain and shear fields:

4 = max(g—:-,O.S %} e : ) rererieeenaeas Equatlon 6 23 .
The evaluation of the hydrodynanﬁc force (equation 6.21) requires a great deal of care
since the force experlenced by a pDNA molecule depends on its unknown
configuration. Naked plasmid DNA behaves like a random coil, makmg it dlfﬁcult to
measure the supercoﬂed length. Moreover, the length scale changes as the partlcle
distorts due to the flow forces. In order to define a realistic length scale for estimation

“of hydrodynamic force, the pDNA length scale was assumed as L4rys (determined from

- AFM), Where the DNA molecule forms a geometric projection from 3D to 2D [Valle )
et al,, 2005]'of it.s free, unstretched state Furthermore, a theoretical estimate of the

~ maximum plasmid size based on the molecular welght (M in kb) is glven by the

folIowmg equatlon [Kong etal. 2006]
L =0.4x0,34M T Equatlon 6. 24

In equation 6.24, the estimated supercoiled length_ (Ls) is 40% of the contour length.
. For a 5.7 and 20 kb plasmid, the' estimated Ly is‘775 nm and 2720 nm respecti‘vely
" ~The average molecular dlmensmns deterrnmed usmg AFM (Lary) for the 5.7 and 20
kb p]asmlds were 330 nm and 1250 nm respectlvely Hydrodynamlc force estimates
based on both these length scales Ly and Lyeps w111 be computed for unformulated
plasmid. For a formulated plasmld the estimate is based on LAFM only, since L, for a

compacted formulated plasmld cannot be determined.

+
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Plasmld DNA molecules were assu.med to be umformly dlstnbuted throughout the
fluid at the 1nlet plane and to have random orientation on entry to the nozzle It is

possible that each partlcle executes at least a 90 degree rotation: upon its passage

through the nozzle Equatlon (6. 21) was evaluated at several ax1al locations along all.

the streamlines that pass through the mesh points in ‘theé nozzle exit plane to yleldl

_ estimates of the maximum hydrodynamlc force expenenced by pDNA particles. The

amount of flow, and hence the number of pDNA molecules, associated with any given .

| mesh point is proportional to the radius of its location. ~These estimates were

subsequently sorted in order of size of the hydrodynamic force for the purposes of

 reporting in Figtfre 6.10 as a cumulative pereentage of pDNA partieles experiencinga

hydrodynamle force “equal to or smaller than a certain magmtude Assuming the

pDNA to be umformly dlstnbuted throughout the ﬂow this can be lnterpreted asa

fractlon of the pDNA partlcles that expenence a given force level at some instant in

- time during its passage through the nozzle.

In order to gauge the levels of maximum hydrodynafnic forc'e comf)arable to the bond
© strength it is neee'ssary to estimate the force required to stretch and damage the

plasmid DNA molecule. Double-stranded DNA breakages have'_ been studied

extensively theoretically énd,experimentaﬂy over the last 10 years by means of

stretching loads. Table 6.4 summarizes the forces acting and the structural response of
DNA. The stretching forces (30-300 pN) have a reversible elastic behaviour, while at
hlgher forces (300-600 pN) strand separation and nick formation occur resulting in an
irreversible transition, even before the limiting forces to break a covalent bond (1600 -

5000 pN) are reached. This work compares computational estimates of the stretching

forces experienced by pDNA molecules during flow through the nebuliser mesh with

the above estimates of maximum stretching loads.
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‘Table 6.4 Summary of forces reported for st'retching/damaging DNA

| Force | EffectofforceonDNA Reference Force

level { . , : : o defining
| ol o . ©_ iregion
10 -30 | Tensional forces for : ‘| Bustamante et { DNA
PN - | (i) Positively supercoiled DNA transition , | al., 2003 stretching
from plateau to extension state ' | , region
<65 - | (i) Nicked DNA transition from plateau to ' (Reversrble
pN extension state - . o | transition)
65 - (iii) Positively supercoiled DNA in the ' ' '
110 pN | extension state - -
165 pN | Breakage of intermolecular structure Lavery et al.,
' based on non-covalent bonding - 12002 '
220 pN | Rotation of basepairs relative to - .| Konrad and
: phosphodiester backbone - - | Bolonick,
: ~ | 1996
300 pN Shearmg of bulk DNA in ﬂowmg buffer Bustamante et | DNA '
‘ al., 2000 structural
480 pN | The breakmg of double strands reported to | Bensimon et deformation
occur al., 1995 region .

'| 500 pN | Breakage of double stranded DNA based | Lebrunand (Irreversible
' : on retreating meniscus © - | Lavery, 1996 | transition) -
600 pN Mechamcal separatlon of DNA strands - | Konrad and ' '

- , Bolonick,
: _ 1996
1600 | Force required to break a covalent bond Lavery et al., .
pN " . - : 2002
5000 Force needed to cause bond scission in Bustamante et

pN DNA according to Bond potential theory _al;, 2000

~ The basis for the ealculatiorl of magnitude of the hydrodynamic force acting on the

plasmid DNA is as per formulae given by .equations 6.21 & 6.22, which prir_narily o

- depends on the strain rate and molecular length. Figure 6.10 provides information
relating to the flow environment experienced by a typical .pDN.A.molecule ex-pres'sedr
- as the percentage of the nezzle exit cross section area that is subject to a pérti'cillar'
value of computed hydrodynamic force. Flgures 6.10a-c shows estimates of the -
~ hydrodynamic stretching forces experienced by pDNA partlcles upon passage through-
' the nebuliser mesh nozzle. The results are displayed as’a cumulative dlstnbutlon, '
- Where the vertical axis indicates the percentage of particles that experience at value less
- thari or equal to a particular stretching force. These vaIuee are COmpiIed by aésumfrrg a

R umform distribution of the partlcles in the nebuliser fluid and dlsplayed in the form of

a hlstogram for any glven cross-sectional plane in the wcmnty of the nozzle exit.
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Figure 6.10: Percentage of plasmid DNA exposed to computed hydrodynamic shear

force upon passage through nozzle exit of mesh nebuliser (a) 5.7 kb plasmid, (b) 20 kb
plasmid, (¢) formulated 20 kb plasmid; Arrows indicate the forces deﬁning the DNA

stretching and deformation region

as given in Table 6.4.
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652 Discussion

In order to deternrine the flow patterhsexperienced by.bio'lo'glical macronrolecules
through micro—deviees, a flow of lambda DNA through a microchannel is examined.
A microflow composed of biological macromolecules consti_tutes a multifaceted
problem, with a combination of elongational/ compressional flow and shear ﬂow
' '[Shrewsbury et al., 2001] The relaxation time scales through'such a mierdchannel
for A DNA in a buffered solvent at a v130031ty of 0.904 cP is 0.041 second.
Relaxatlon tlmes are reported as the key parameters for polymer solution dynamlcs '
since they drrectly correlate different modes of molecule motion -and the
hydrodynam1c propertles of the solutlon [Wong et al., 2003]. Wong et al studied the'
~ dynamics of single DNA molecules (T2 DNA with a size of 164 kb) under
extensional flow throﬁgh 2 microchannel for hydrodynamic foeussing and observed a
relaxation time of 0.63 second. The measured longest relaxation time for T7 DNA -
(size ~40 kb) was reported to be 50 ms [Resse and Zimm, 1990]. DNA intrinsic .time

- scale is an upper bound estimate.. It is likely that there will be shorter time _scales '

. associated with short ranging structural re-arrangements.

Scaling analysis of e;iectiOn physics enabled characterisation of droplet;formation'
process based on timescales '[Meachem et al., 2005]. The generation of aerosols from
the nozzle of the ultrasonieally driven mesh nebuliser is analogous to the‘ejection of
droplets from an ultrasonic droplet ejector driven by a piezoelectric transducer, As a
. first step, for any ejeetion to occur, the comparison between inertial-time scale and
© process time scale i.e, Tu < Trprovides a quiek esti_mare. This condition is satisfied for
. the nebuliser device. Secondly, the specific mode of gjection is életermined by the
- relationship between proee'SS tinr'e scal_e -and capillary time Scale. Due to the - "
escillatory mQtiQn of the ultrasonic transducer, a positive and negative pressure
- gradient w'ithrin‘_ the chamber results in a “push-eull” phenomenon of the flow. When
)_ To < 15, surface tension reacts rriore quickly thanl rhe positive preSsure gradie’nt;_
reSulltingl in a disruption of the unstable neck of wavy jet near the oriﬁce.ﬂT‘his leads
to the formation and eject.ien of an individualldreplet. This condition is also satrSﬁed

for the nebuliser device and conforms to the release of aerosols during nebulisation. ° )
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-Analysis based on time scales provides an insight into the physics of the process. It
proVides information'on the nature of the relative fluid flow motion, 'namely' (i)

relaxation times are slow so the parhcle has a frozen orientation in the changing flow,

(i) the partzcle translates by following the mean flow and (111) DNA pamcles_'

expenence flow forces or moments due to local strains. The residence time of the -

-particle in the nozzle is too short for the slow upper bound relaxation time for DNA.

The time scale for damage of a 20 kb plasmid based oﬁ steady shear rate experiment

is reported to be 2 ps at a shear rate of 4.8x1 0° s [Levy et al.,, 1999]. Time scales
associated with the device parameters and physical properties of fluid other than
relaxation ti_x_nesceles are of the order of microseconds, suggesting damage is more

likely forﬂ.xe 20 kb plasmid. However with lack of information on time scale for a

- 5.7kb plasmid,_it is observed that the upper time scale limit is slow compared with -

the other time scales. In the event of shorter internal time scales compared to

relaxation time scales, it can be assumed that the DNA behaves just as an ordinary

particle. Stokes relaxation time and capillary time scale are an order-of-magnitude

shorter than the time scales associated with flow motions. This implies that the

DNA pai'ticles are likely to follow the streamlines of flow, as discussed in the later

section on cofnplitational fluid dynamics.

CFD simulations of fluid flow through the nozzle of mesh predicted strain rates in the

v1c1n1ty of the nozzle exit. Durmg the passage of plasmid DNA through the nozzle, the

sc structure is exposed to elongat:onal strain rates along the axis of the nozzle and then

further exposed to shear strain rates Just before the nozzle exit. As shown in Figure

6.4, shear and e]ongatio'nal strain rates were estimated to be greater than 105 1A

maximum shear strain rate (yshear) of 6 xlO6 s” and e]ongatlon strain rate (Yetong) of 1
x10° s was localized to a very small reglon of the nozzle exit. Levy et al. [1999a]
reported 90% damage to naked sc structure of the 20 kb plasmid on exposure to a
shear rate of 1.2 x10% s for a period of 5-10 secs. The susceptibility of plasmid DNA
to hydrodynamic shear has been reported in a homogeniser, centrifuge and atomizers

at strain rates in the range of 10° - 10° s [Lengsfeld and Anchordoquy, 1999)

Estimates of the hydrodynamic force on the unformulated 5.7 and 20 kb plasmids
based on both the lower and upper limits of molecular length are shown as two

distributions labeled Length (AFM) and' Length (sc contour) in Figures 6.10a and
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6.10b. Comparison showed that both cumulative distributions for .L(AFM) (Jand L(sc‘
~ contour) were within the region of reversible stretching for 5.7 - kb pDNA (Fig
- 6.10a). Equation (6 21) shows that the hydrodynamic forces will scale as the square of |

+ the partlcle size. Thus, naked 20 kb pDNA wﬂh a particle size of around four times
| that ofa 5.7 kb pDNA is estimated to experience stretehmg forces that will be larger
by a factor of 16. Flgure 6.10b mdlcated that forces on the 20 kb plasmid would be

within - the range where 1rreversrb1e structural deformation was _expected for
| _ approxxmately 90% of the particles exposed to forces >300 pN Formulation of the 20
kb plasmid in PEI produced a compact molecule of size roughly the same as that of an

_ unfomlulated 5.7 kb, with forces in the reversible stretching region (Figure 6.10c).

The hydrodynamic force on the plasmid \raries with the flow and molecular

parameters. The flow parameter characterised by the strain rate (#) is the same for

any particular device, where as the molecular parameter characterised by the
molecular length of the plasmid varres with the molecular welght of the plasmid.
Lengsfeld and Anchordoquy [2002] reported the DNA molecule to assume a
completely extended configuration resulting in maximum L, when the applied forces

are greatest and most likely to cause damage. This length scale configuration

changes as the particle distorts due to the flow forces AFM enables determination of o

-the molecular length of the sc structure, enablmg predlctton of reahsttc
| hydrodynamrc force. Lentz et al. [2006a] and Kong et al, [2006] reported_the
_theoretical supereoiled length of the plasmid as proportional to the molecular weight
of the plasmid. The length 'determined by AFM was found to be half of the
theoretical supercoiled length and can be used as a lower and upper limit for the

determination of the hydrodynamrc force actmg on plasmld DNA

From figure 6.10a, the sc 5.7 kb plasmid is in the DNA extension/ stretching' region, |
such levels of hydrodynamic force (<300 pN) on the compact sc structure of 5.7 kb
. plasmid are not likely to result in damage. ‘The absence of damage to the 5.7 kb -

plesmid after nebulisation suggested that at a size of 330 nm, it can easily pass through
the 3 um dierneter nozzle of the mesh nebuliser without much adVerse effect on the
supercoiled structure. However, ~95% of the 20 kb plasmid was exposed to forces
greater than the 300 pN (Figure 6.10b) resulting in irreversible damage to. the sc

structure as confirmed by gel electrophoresis of the nebulised plasmid. The naked
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supercoﬂed 20 kb plasmrd had a molecular length of 1250 nm, almost one-third of the |
nozzle size. Although the 1omc strength due to NaCl resulted in a more condensed
| structure [see also- Lyubchenko and ‘Shylakhtenko, 1997], nebulisation produced :

‘destrucuon of the sc structure 1nto liriear fragments ‘The damage to the sc structure
_ resulted in the release of torsmnal strain from the molecule as ev1dent from ‘the

spaghetu—lxke fragments observed in the AFM.

CFD results suggest damage to the sc structure of 20 kb plasmid'i.s likely to be due to '
~ high hydrodynamm forces experlenced by a large fractlon of the pDNA part1c1es upon |
- their passage through the nozzle of the nebuliser mesh Shear rates of the order >108s
.have previously been found to cause damage to 20 and 29 kb plasmtds dunng .'
processing [Levy et al, 1999]. The fragmentatmn of DNA ina hydrodynannc shear )
testmg device [Thorstenson et al., 1998] suggested that the velocity gradlent at the ‘_ .‘
* orifice resulted in stretching of the DNA beyond its breaking point. It is suggested that
. the mechanism of sc pDNA degradation during aerosolisation proceeds via the
formation of first an open-eircular form (extension and breakage at the mid-point ofa
chain) followed by subsequent disintegration of the nicked plasmid to linear fragments -

(exposed to hydrodynamic forces > 300 pN).

The Ryskm equation used for the deterrnlnatlon of magnltude of the hydrodynarmc _
~ force as given by equation 6.21 suggested that. breakage initiated at the mid-point of
~ the polymer chain or DNA molecule. Flgure 6.11 shows the distribution of the DNA

fragments based on molecular size after nebulisation of the 20 kb plasmid as observed
'.m an agarose gel electrophore31s The peak of the DNA fragments after nebulisation
| was observed to be around 2.5 kb. The maximum amplitude of the peak of degradatlon -
products aﬁer nebuhsatlon was observed to be almost half of the peak of undegraded
supercorled 20 kb plasmld (band density of 224. 4 corrected w1th a sc factor of 1. 36 for
. Ethldlum bromide binding to sc DNA). This result based on amplitude of the bancl
intensity coupled with the distribution of the fragmented molecules confi rmed the
assumptlon used for determmatlon of hydrodynamic force that breakage to the plasmld

‘sc structure occurred at the mldpomt of the molecule.
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'Flgure 6.11: Distribution of DNA fragments of 20 kb plasmld based on molecular size

after nebuhsatlon as observed in agarose gel electrophore31s

e Zimm and Resse [1990] studied the flow-induced degradation of T7 DNA through an
' -orifice and showed that the extensional flow leads to a broadddistributioh of DNA
scission products. A schematic for the degradation of sc structure of a 20 kb plasmid is '
shown in Figure 6.12. If damage of the sc structure of th.e 20 kb plasmid were to occur
at the mid-point of the polymer chain, a minimum of eight smssrons on the molecule |
are required to generate DNA fragments of size 2.5 kb: In order to generate fragments ,
of size from 0.5t05.5 kb, the number of scissions is higher for smaller fragments and
four for fragments of size ~5 kb. The uniform drstrlbutlon of DNA fragments of srze
from 0.5 to 5.5 kb is possrbly due to exposure to hydrodynam1c forces based on
extensmnal strain rates along the axrs of the nozzle, followed by forces due to shear.
strain rates near the nozzle exit. "[he shear to the open—crrcular forms of the 5.7 kb
plasmid also indicates the susceptlblllty of more damage_to the large open-c1rcular
forms present in the initial preparation. Hence, hydrodynamio forces present "a realistic

| estimate of the chances of safe deli\rery of large sized plasmids and inform formulation

for reduction of size of the sc structure.
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20 kb plasmid molecule

One scission -

" He linear plasmid
of size 20 kb

One scission -

1. two fragments
of size 10 kb

<— % <— || <—=

Two scissions -

T W 1 [ w1 fourfragments
of size 5 kb

] <—

L i, B - i,
Four scissions -

eight fragments
of size 2.5 kb

Figure 6.12: A schematic for generation of DNA fragments from degradation of 20
kb plasmid; a total of eight scissions are required to generate fragments of size 2.5 kb

with the star symbol representing a scission.

Although engineering analysis has provided information on the hydrodynamic forces
responsible for damage and attributed the limited influence of transient cavitation on

plasmid DNA damage, it is essential to predict the limiting size of the plasmid for
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. .safe delivery in the nebuliser. In the next section,'plasmid DNA degradation in the
) mesh nebuliser is stud1ed to determme the plasm1d size for safe passage of the s¢

structure 01’1 aerosollsatlon

6.6  Prediction of pllasmid DNA size for safe delivery - |

" In order to prediet the size of- plasmid DNA' for safe aerosol delivery in a mesh |

|
l
l
l
.‘ n.ebuliser' the relative darnage to the ‘sc structure of the plasmids was studied. |
.Expenments on the nebullsatlon of different sized plasmlds using the U22 and U03 |
nebuliser dewces are reported in Chapter 4. From these results, the ratio of intact sc
‘plasmld DNA before nebulisation (C,) to the intact sc plasmid DNA after nebulisation
(C) was determmed for dlfferent sized plasrnlds A natural logarithm of (CO/C) was
plotted agamst the plasrmd DNA molecular size to extrapolate the 11m1t1ng size for

safe delivery of sc structure of plasmid through the mesh nebuliser.

6.6.1 Degradation of plasmld DNA in a U22 mesh nebuliser

Figure 6.13 shows the plot for the degradation proﬁle of plasmid DNA in a U22
‘mesh nebuliser. Extrapolatlon of the data from the plot estimated that a plasmld size

_' <6. 7 kb can be safely del1vered in the U2 mesh nebuhser operatmg at a dev1ce | .
~ frequency of 175 kHz. L

662 Degradatlon of pleomid DNA in a U03 mesh nebuliser :

-Figure 6.14 shows the plot for the degradation proﬁle of plasmid DNA in a U03
mesh nebuliser, Extrapolaﬁon of the data from the plot, estimated a plasmid size <
3.8 kb can be safely delivered in the U03 mesh nebuliser operating at a device |
frequency'of“ 65.'kHz.‘The influence of device par'emeters like _frequency of the
vibrator horn on damage to the sc _strdcture of the plasmid is discussed in the hext |

chapter.
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Flgure 6.13: Limiting sme for safe aerosol dellvery of supercoiled plasmld DNA inthe
* U22 mesh nebuliser (% damage data taken from Table 4.7). '
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Flgure 6. 14 Limiting size for safe aerosol delwery of supercoiled plasmld DNA in the

U03 mesh nebullser (% damage data taken from Flgure 4 22)
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6.6.3 Discussion

Plasmid DNA degradation in a mesh nebuliser was observed to f_'ollow a linear profile

_ based on the molecular size of the plasmid. Meacle et al. [2006] have shown the sc
. plasmid DNA degradation within a capillary device to be a first order process. Odell et

al. [1988] have modelled flow-induced fracture as a rate process in which the energy

barrier for. bond breakage is lowered By _rnechanical forces exerted on the polyme'r by -

the .ﬂ.ow. Lentz et al. [2005] studied the degradation of plasmid DNA in a jet nebuliser

and suggested a minimum shear force,'must'bé‘ excéeded before the .hydrodynarpi'c

 degradation rate constant becomes non-zero and therefore a m_olec'ular' length scale

exists below which degradation does not occur. No imprdyement in degradation rate is

realised'regardless of how far below this size one conipacts DNA. However,. Lentz et

al did not provide any relatlonshlp to predlct the size for safe dehvery of plasmld DNA'

. usinga nebuliser device.

From figures 6.13 and 6.14, the limiting size of plasmid DNA for safe delivery upon

"nebulisation is estimated by extrapolatioh of the relationship between ratio of the sc

'plasmid before nebulisation to the intact sc structure after nebulisation and the plasmid

size. Nebulisation in the U22 and U03 mesh nebulisers enables safe passage to

- “plasmids of size less than 6.7 kb and 3.8 kb respectively. Damage to plasmi'ds‘ of

-~ smaller size ﬁsing the U03 dévice at low frecjuency was perhaps due to. effects of

cav1tat10n as a result of mcreased re31dence time (low nebulisation rate) i in the devxce
These figures are helpful in a practlcal sense to determine the limiting size for the safe

delivery of the sc Structure

- 6.7 - Conclusions B

" Engineering analyéis of the nebulisation of plasmid DNA has provided data on the -

hydrbdyn'amic' force required for damage to the supercoiled_ structure of plasmid .

' DNA. Damage to sc of the 20 kb plasmid and safe delivery of 5.7 kb ‘plasmid‘is |

explained on the basis of estimated hydrodynamic force computed from the strain

rates predicted using CFD modelling and sizing _of sc structure using AFM imaging,

© * Determination of hydrodynamic force levels to damage DNA in micro-scale flow

environments has not yet been reported in the literature. This technique for
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. estimation of. hydrodynamic force "promises to - provide infotmation on the
degradation of shedr-sensitive ~ therapeutics in - such drug-delivery device

" combinations.

In addition to hydrodyuarnic force 1evels, high-speed imaging previded an insight on' “
damage to the sc structure as a result of the motion of the ultrasonic vibrator hom
Partial damage to the sc structure without the mesh, suggested the mﬂuence of
cavitation due to the oscillatory motion of the horn. Aerosolisation without mesh i isa
" result of multiple vibrations of the vibrator hom. The out-of-phase vibrations of the
- horn and mesh result in a single-pass dreplet gerleration through the mesh nozzle. A
linear plot of plasmid DNA degractation against molecular size euabled estimation of
the limitirrg size for safe passage of the sc structure upon aerqsolisation tn the mesh '
nebuliser. An unformulated plasrrrid ot‘ size less than 6. '7 kb and 3. 8 kb was estimated |
for safe dehvery of the sc structure usrng the U22 and uo3 mesh nebullsers '

respectlvely

‘The influence of hydrodynamic force on damage to sc structure was observed tobea
signifi icant parameter affectmg delivery and reductlon of the size of SC structure _
ensured lower levels of hydrodynamic force and consequently safe aerosol dehvery.
The method of estimatirlg limiting plasmid DNA size fo'r safe delivery in.a mesh
‘nebuliser provides data for the design of plasm'id' DNA based gene therapeutics
‘From the engineering analysis on the nebulisation of plasmld DNA, it is observed
that the device parameters such as nozzle size and frequency are crucial for the safe

- aerosol delivery of the sc structure of pIasmlds The influence of these two

parameters on plasmid DNA damage for different plasmid sizes is discussed in the

~ . next chapter.




CHAPTER 7. DEVICE PARAMETERS INFLUENCIN G
PLASMID DNA DAMAGE

7.1' " Introduction .

Engmeenng studies on the nebulisation of plasmid DNA in a mesh nebuhser have

shown damage to be dependent on the size of the sc structure of plasmld Results

from the umvarlate analy31s in chapter 4 suggest that in addition to plasmld sizeand.

" nozzle size, “device frequency may also mﬂuence damage to sc structure of the
plasmid. Device frequency imparts the dr1v1ng force responsible for aerosolisationof
the liquid and hence experiments on the effect of driving frequency and plasmid size
are expected to provide information on damage to the sc structure. Factorial designs_
of experimen_ts wefe carried out to investigate the influence of size and frequency on |
damage to the sc¢ stiucture of plasmids upoa nebulisation Two multivariate two-level
full factonal designs were performed with the followmg variables: (i) plasmid size
and nozzle size, and (ii) plasmld size and device frequency The 2? factorial demga
was used to check the s1gn1ﬁcance, main effects and 1nteract10ns of the variables

involved.

I3

72 Influence of size on damage DOE usmg factorial des1gn

As d:scussed in the earlier chapter, nozzle size of the mesh nebuliser is a cruc1a1 |
factor limiting the plasmld size for safe_acrosol dehvery of the sc structure. DoE
using factorial design‘ was carried out to understand the influence of nozzle size on

damage to the sc Structure‘qf different plasmid sizes.

7.2.1 Choice of variables and levels =

" The variables for‘the' 2? _facto'ﬁal design chosen were plasmid DNA size and nozzle

size and the response was damage to the sc structure of the plasmid after nebulisation.

To study the response and its interactions across a range of plasmid and nozzle sizes, a
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plasmld 31ze at the lower hmlt (8.7 kb) and hxgher limit (20 kb) was chosen for the |

- study. Slmllarly, nozzle sizes at the lower (3 pm) and hlgher (5 pm) limit were

employed. . The Vanables and levels chosen for the experimental de31gn are shown in

' Table 7. 1

, Table 7.1: Variables and levels chosen for factorial design of -experi.mer_its _‘ |

Variables L_eveis '

_ : o _
Plasmid size (kb) 8;7 120
- Nozzle size (pm}) . 3.0 . 50

7.2.2 Experimental design |

The expenmental design chosen was a full factorial design (22=4)fora two variable

experimental design with two Jevels. The expenmental de51gn con31stmg of 4 runs

with the levels of the variables is shown in Table 7.2.

Table 7.2: A 22 factorial experir_nental design for plasmid and nozzle sizes as variables

Run | Plasmid size (kb) | Nozzle size (um)
| (Coded unitsy (Coded units)
T %70 BEICE
2 20 30
3 2009 50
7 870) 30)

The response of % damage to the sc structure was determmed from average values of

tnphcate measurements from the densitometric scans of separate agarose gels.
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7.2.3  Analysis of factorial experimental design

Th_e analysis of 2* factorial design was done using Minitab® 15.1 (Stat-Ease, Inc.,
‘ Minneapolis, USA), and the results from the statistical analysis, model diagnbstic

plots, contour plots and response surface plloté are reported.

The results of the factorial fit for % damage to sc stnictu;e versus plasmid size and
nozzle size are given in Tables 7.3 & 7.4. The estimated effects and coefﬁcients for %
*damage are shown in Table 7.3. This table indicates the coefficient of determmanon

R? and adJusted R? values for this model are good wnh a predlctable response.

‘Table 7.3: Estimated effects and coefficients for % damage in coded units

Term | Effect | Coefficient | SE T P

' | Coefficient :
Constant 4446 | 1.021 4333 [0.000
Plasmid size (kb) | 35.60 | 17.80 1.021 17.43 0.000
.Nozzle size (um) -52.60 | -26.30 S ro21r -25.75 0.000.
Plasmid size (kb) * |-17.38 | 869 | 1021|851 0.001
Nozzle size (pm) : .

S (Standard dev1at10n) 2 88897 -

PRESS (Predlcted Re31dual Sum of Squares) = 133 538

R? (Coefficient of determination) = 99.62%

R? (Predicted) = 98.47%

R’ (Adjusted) = 99.33%

o Table' 7.4 shows the results of analysis of variance (ANOVA) for % damage to the sc
 structure. Significant interactions for the r_nain effects and two way interactions are

predicted.
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_ Table 7.4: Ana]ysis of variance (ANOVA)

Sequential

Adjusted

Source | Degrees Adjusted F value | p-value |
' of | Sum "’ of | Sum of { Mean ‘ (Prob >F)
freedom | Squares Squares | Sum . of .
(df . ' Squares
Main effects | 2 . 8068.24' ’ I8068.24 | 4034.12 483.35 | 0.000
2-Way 1 604.13 604.13 .| 60413 ]72.38 0.001
interactions | ’ S IR I
Residual 4 33.38 33.38 8.35
error

‘The 31gn1ﬁcant varlables of the model are plasrmd size, nozzle size, and interaction

- between plasrmd and nozzle size. The response equatlon for % damage to sc

 structure in terms of estlmated coefficients (determmed using data in uncoded umts).

a.nd vanables is glven in equatlon 7.1.

X

nozzle

Damage,, =16.1719 + (9 3026* Xp,asm,d) (4.2289* X
................ Equation 7.1.

)-(1.5380*X

plasmid

The next section will analyse the contour and response surface plots, and check the

significance of the variables predicted in the model.

. .7.2.4.' Model adequacy plots - |

The adequacy of the model and signiﬁcance of the variableé are discussed in Figures -

7.1 and 7.2. Figure 7.1 shows the normal plot of the standardized effects in the
model. In confirmation of the results in the earlier section, the main ya;iaBles and
interactions were predicted to have a sighiﬁcant effect on the model. As Showri_ in the
figure, plaémid size was predicted fo' have a positive effect resulting in increased

damage to the sc structure. However, nozzle size was predicted to have a reverse

effect with d‘ecrease'd damage to sc structure. As observed in the figure, the

interaction between the two variables had a significant effect on the response..

nozzle )
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The Pareto chart of standardized effects shown in Figure 7.2 also showed similar
results as in Figure 7.1. However, nozzle size was predicted to have a greater
influence on damage when compared to plasmid size. Although the effect of
interaction between the variables was less than the main effects, it was still predicted

to be significant.

Normal Plot of the Standardized Effects
(response is % damage, Alpha = .035)
” T

Effect Type
@ Not Significant
95 4 B Significant
90 4 ! Factor MName
A Plasmid size (kb)
80 / mA B Mozzle size (pm)
70 1
-
E 60 |
o S04 mAB f
= |
£ X
30 4
20 4 mB
10 4 (
5 1 |
!x
14 T .

-30 -20 -10 0 10 20
Standardized Effect

Figure 7.1: Normal plot of standardised effects for plasmid and nozzle sizes
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Pareto Chart of the Standardized Effects
{response is % damage, Alpha = .05)
2.78
| Factor MName
- A Plasmid size (kb)
B Mozzle size (um)
B -
=
AR A
{ T T T T T
0 ] 10 15 20 25
Standardized Effect

Figure 7.2: Pareto chart of standardised effects for plasmid and nozzle sizes.

7.2.5 Model predictions: Main effects and interaction plots

The main effects and interaction plots for damage to sc structure of plasmids is
shown in Figures 7.3 and 7.4 respectively. The main effects plot shows the
magnitude of the effects of each variable. As confirmed in Figures 7.1 and 7.2, the
main effects plot shows the significance of the nozzle size. Interaction plots are
useful for judging the presence of interactions. As shown in Figure 7.4, non-parallel
lines in the interaction plots suggest the presence of interaction between the

variables.
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Main Effects Plot for % damage to sc structure
Data Means

Plasmid size (kb) Nozzle size (um)

704

60

50 +

Mean

40

30

204

8.7 20.0 3 5

Figure 7.3: Main effects plot of plasmid and nozzle sizes for % damage to sc

structure.
Interaction Plot for % damage to sc structure
Data Means
100 - Plasmid
size (kb)
—— 8.7
a0 - 200
60
5
i
=
40 -
a
20 |
.
O ;. T T
3 S

Nozzle size (pm)

Figure 7.4: Interactions plot of plasmid and nozzle sizes for % damage to sc

structure.
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7.2.6  Model predictions: Contour and surface plots

The contour plots and surface plots predicted % damage to sc structure of plasmids

from 8.7 kb to 20 kb for nozzle sizes from 3 pm to 5 um as shown in Figure 7.5. The

% damage to sc structure of a plasmid of intermediate size such as 13 kb for an
intermediate nozzle size of 4 pm was predicted to be 40-60%. The experimental
value of % damage was observed to be 62.1%. Although, the contour predictions did
not exactly match the actual value, it does provide useful information on the levels of

damage.

7.2.7 Discussion

Box-Behnken based DOE experiments on nebulisation of 20 kb plasmid using
different nozzle sizes predicted damage to sc structure was more pronounced for a 3
um nozzle than for 4 pm or 5 um nozzles. Results from the statistical analysis, shown
in Table 7.3 revealed plasmid size, nozzle size and their interaction to have a
significant effect on the damage to sc structure of the plasmid. Similar results are
shown by the normal plot of standardized effects (Figure 7.1) and Pareto chart of

standardized effects (Figure 7.2).

The contour plot shown in Figure 7.5 predicted the damage levels to the sc structure of
plasmids of size 8.7 kb to 20 kb for nozzles of size from 3 pm to 5 um. For the 3 pm
nozzle, predicted damage levels were about 40-60% for the 8.7 kb plasmid and >95%
for the 20 kb plasmid. The actual damage at the 3 um nozzle matched the predicted
values well. With increase in nozzle size. the predicted damage levels decreased. At a
nozzle size of 4 pm, predicted damage levels were 20-40% for the 8.7 kb plasmid and
40-60% for the 20 kb plasmid. Actual damage to the sc structure of 8.7 kb and 20 kb
plasmid for the 4 um nozzle were 15.5% and 35.8% respectively. For the 5 pm nozzle.
predicted damage levels for the 8.7 kb and 20 kb plasmids were <20% and 20-40%
respectively, which coincided with the actual values. The predictions for % damage to

the sc structure from the contour plot were within the range of experimental values.
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Contour Plot of %o damage vs Nozzle size (um), Plasmid size (kb)
5.0

9%
damage
< 20
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Surface Plot of % damage vs Nozzle size (um), Plasmid size (kb)
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(b)

Nozzle size (pm)
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Figure 7.5: Model predictions from factorial design of plasmid and nozzle sizes: a)

contour and b) surface plots of damage to sc structure of the plasmid




Chapter 7: Device parameters influencing damage

7.2.8 Summary

The contour plot for the percentage damage to sc structure of plasmids of size from 8.7
kb to 20 kb using different sized nozzles in the U22 mesh nebuliser provides an insight
into the potential for damage to the sc structure. This approach is useful for assessing
the damage to plasmids of different sizes aerosolised using different nozzle sizes and

provides information for formulation of plasmid DNA and device design.

13 Influence of frequency on damage: DOE using factorial design

The frequency of the vibrator horn is at the core of the function of the nebuliser
device. It generates the driving force required for aerosolisation of the liquid.
Engineering studies in the earlier chapter (section 6.2) have shown the aerosol
droplet size to be dependent on the device frequency. Hence, the influence of device
frequency and plasmid size on damage to sc structure of plasmid DNA using
factorial design of experiments is expected to provide useful information for device

design and plasmid DNA formulation.

7.3.1 Choice of variables and levels

The variables for 2° factorial design chosen were plasmid DNA size and device
frequency and the response was damage to the sc structure of the plasmid after
nebulisation. To study the response and its interactions across a range of plasmid sizes
and possible device frequencies. a plasmid size at the lower limit (5.7 kb) and higher
limit (20 kb) was chosen for the study. Similarly. a nebuliser device operating at a
lower frequency (U03 nebuliser) of 65 kHz and a higher frequency (U22 nebuliser) of
175 kHz was employed. The frequencies of the two devices were constrained by
device design. A nozzle size of 3um was used for the U03 and U22 nebuliser devices.

The variables and levels chosen for the experimental design are shown in Table 7.5.
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Table 7.5: Variables and levels chosen for factorial design of experiments

Variables Levels
= +
Plasmid size (kb) 57 20
Frequency (kHz) 65 175

7.3.2 Experimental design

The experimental design chosen was a full factorial design (2> = 4) for a two variable

experimental design with two levels. The experimental design consisting of 4 runs

with the levels of the variables are shown in Table 7.6.

T . 2 . . . - . - ~
[able 7.6: A 2° factorial experimental design for plasmid size and frequency as

variables

Run | Plasmid size (kb) | Frequency (kHz)
(Coded units) (Coded units)

| 57(-) 175 (+)

2 20 (+) 175 (+)

3 20 (+) 65 (-)

4 5.7(-) 65 (-)

The response of % damage to the sc structure was determined from average values of
£ g

triplicate measurements from the densitometric scans of separate agarose gels.

1%
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7.3.3 Analysis of factorial experimental design

The analysis of 2% factorial design was done using Minitab” 15.1 (Stat-Ease, Inc.,
Minneapolis, USA), and the results from the statistical analysis, model adequacy plots,

contour plots and response surface plots are reported.

The results of the factorial fit for % damage to sc structure versus plasmid size and
nozzle size are given in Tables 7.3 & 7.4. The estimated effects and coefficients for %
damage are shown in Table 7.3. This table indicated the coefficient of determination

R* and adjusted R* values for this model are good with predictable response.

Table 7.8 shows the results of analysis of variance (ANOVA) for % damage to the sc
structure. Significant interactions for the main effects and two way interactions are

predicted.

Table 7.7: Estimated effects and coefficients for % damage in coded units

Term Effect | Coefficient | SE Coefficient | T P
Constant 55.769 0.7037 79.25 0.000
Plasmid size (kb) 78.502 | 39.251 0.7037 55.78 0.000
Frequency (kHz) -7.413 | -3.706 0.7037 -5.27 0.006
Plasmid size (kb) * | 11.882 | 5.941 0.7037 8.44 0.001
Frequency (kHz)

S (Standard deviation) = 1.99046

PRESS (Predicted Residual Sum of Squares) = 63.391

R” (Coefficient of determination) = 99.88%

R (Predicted) = 99.5%

R” (Adjusted) = 99.78%
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Table 7.8: Analysis of variance (ANOVA)

Source Degrees | Sequential | Adjusted | Adjusted | F value | p-value
of Sum of | Sum of | Mean (Prob
freedom | Squares Squares | Sum  of >F)
(df) Squares

Main effects | 2 12435.2 12435.2 6217.59 1569.33 | 0.000

2-Way 1 2824 2824 282.39 71.28 0.001

interactions

Residual error | 4 15.8 15.8 3.96

The significant variables of the model are plasmid size, nozzle size, and interaction
between plasmid and nozzle size. The response equation for % damage to sc
structure in terms of estimated coefficients (determined using data in uncoded units)

and variables is given in equation 7.2.

Damage,, =16.6093 + (3.6767* X ..., ) - (0.2615% D)+ (0.0151* X . * D) oo,

...... Equation 7.2

The next section will analyse the model adequacy plots, contour plots and response

plots, and check the significance of the variables predicted in the model.

7.3.4 Model adequacy plots

The adequacy of the model and the significance of the variables are discussed in
Figures 7.6 and 7.7. Figure 7.6 shows the normal plot of the standardized effects in
the model. In confirmation of the results in the earlier section. the main variables and

interactions were predicted to have a significant effect on the model.
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Normal Plot of the Standardized Effects
(response is % damage, Alpha = .05)
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Figure 7.6: Normal plot of standardised effects for plasmid size and device

frequency
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Figure 7.7:

frequency.

Pareto chart of standardised effects for plasmid size and device
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As shown in the figure 7.6, plasmid size was predicted to have a positive effect
resulting in increased damage to the sc structure. However, frequency was predicted
to have a slight negative effect with decreased damage to sc structure. As observed
in the figure, the interaction between the two variables had a significant effect on the

response.

The Pareto chart of standardized effects shown in Figure 7.7 also showed similar
results as in Figure 7.6. Plasmid size was predicted to have a greater influence on
damage compared to frequency. However, as observed in Table 7.7, the combined
effect of interaction between the variables was predicted to be more significant than

frequency of the device.

7.3.5 Model predictions: Main effects and interaction plots

The main effects and interaction plots for damage to sc structure of plasmids are
shown in Figures 7.8 and 7.9 respectively. The main effects plot (Figure 7.8) showed
the 5.7 kb plasmid to be subjected to minimum damage compared to the 20 kb
plasmid. This plot also showed that damage using the nebuliser device at 65 kHz was
slightly more than that at 175 kHz. This was due to the increased aerosolisation time
with the 65 kHz device perhaps exposing the fragile sc structure of the plasmid to
hydrodynamic forces and cavitation. The non-parallel lines of plasmid size and
nozzle frequency in the interaction plots (Figure 7.9) suggested interaction between

the variables.
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Main Effects Plot for % damage
Data Means

Plasmid size Frequency

100 |
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Figure 7.8: Main effects plot of plasmid size and device frequency for % damage to

SC structure.
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Figure 7.9: Interactions plot of plasmid size and device frequency for % damage to

Sc structure.
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7.3.6 Model predictions: Contour and surface plots

The contour plot of % damage versus frequency and plasmid size in figure 7.10,
provides information on sc structural damage for plasmid sizes from 5.7 kb to 20 kb

and frequencies from 65 kHz to 175 kHz.

At 65 kHz, damage was predicted to increase with increasing size of plasmid.
Damage was predicted to be independent of device frequency for plasmid DNA sizes
>16 kb due to the greater influence of nozzle size on DNA damage. For a device
frequency >100 kHz, damage to the sc structure of 5.7 kb plasmid was predicted to
be minimum. Damage levels of 40-60% were predicted for an intermediate plasmid
of size 13 kb. At 175 kHz, sc structural damage was predicted to be less than at 65

kHz for plasmid size <16 kb.

7.3.7 Predicted damage at intermediate frequencies

The model predictions from the contour and surface plots provided data on damage
to the sc structure at intermediate frequencies. Figure 7.11 shows the predicted
damage to the sc structure of 5.7 and 20 kb plasmids between 65 and 175 kHz
respectively. The droplet size computed from equations 6.1 and 6.2 is observed to be
linearly dependent on the frequency of the device. Aerosol particle size from the
vibrator horn is a parameter which influences damage to the sc structure for a fixed
nozzle size of 3 um at different device frequencies. Hence, figure 7.11 is expected to
provide a reasonable prediction of damage to the sc structure for 5.7 and 20 kb

plasmids at intermediate frequencies for a fixed nozzle size.
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Contour Plot of % damage vs Frequency, Plasmid size

damage
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Figure 7.10: Model predictions from factorial design of plasmid size and device

frequency: a) contour and b) surface plots of damage to sc structure of the plasmid.
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100

90
80 -
704
60 ‘ L —
b  ---57kb

504 .o %

" 40
30 -

‘Damage 1o s¢ structure (%)

20 -

10 A

e0 7 so 0 . 120 140 160 180 - .
: ' o Frequency {kHz) ' :

Figure 7. 11 Predlctlon of damage to the sc structure of 5. 7 kb and 20 kb plasmld at

- intermediate frequenc1es at a nozzle size of 3 pm.

7.3.8 Discussion

| The factorial design of experiments uéing plasmid DNA size and device frequency as
the variables prov1de information on the potentlal damage to the sc structure- at
~ intermediate plasmld sizes and frequenc1es Statistical analysis of results has shown
 the size of plasmid DNA to have a more 31gn1ﬁcant 1mpact than device frequency.

- Predlctlons from the contour plot at low frequency (65 kI—Iz) have shown damage to .

be dependent on plasmld DNA size.

- Flgure 7.11 shows the damage to the sc structure of the plasmld at device frequenCIes‘
from 65 kHz to 175 kHz. Lower damage to sc structure of the 5. 7 kb plasmid was

‘predicted at hlgh frequency (175 kHz) than at low frequency (65 kHz). Higher damage
to sc structure of the 20 kb plastnid was predicted at low frequencies. However, |
_ Engmeermg studies in chapter 6 have shown maximum damage to the sc structure of

. the 20 kb plasm1d due to exposure to hydrodynamlc forces on passage through the )

mesh nozzles of the nebuliser device operated at hlgh frequency However partxal

;
'
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~ damage was also observed to the sc structure of the plasmld due to cav1tat10n on

' aerosohsatlon w1thout mesh As shown in Flgure 7.8, damage to the s¢ structure of the

20 kb plasmid at low frequency was less than at hlgh ﬁ'equency, possrbly due to Tower

; _ .hydrodynamlc forces as a result of a lower nebuhsat:lon rate However, hrgher damage . -

- to pIasrmds of smaller size (5 7 kb) at low frequency was perhaps due to effects of

. cav1tat10n asa result of mcreased residence time (low nebulrsatlon rate) in the device. -

739 ‘Summary

* The contour plot for damage'to sc structure of plaemids of size from 5.7 kb t6 20 kb at

device frequencie_s from 65 kHz to 175 kHz provides useful infoﬁnatioﬂ for device

design and formulation for the delivery of plasmid DNA. This approach of factorial

de_sign of experiments promises to provide additional- information by capturing the

interaction between the variables which would not h_ave been possible from a

univariate analysis [Martendal et al., 2007] Interaction between the variables, plasmid _

and nozzle sizes, and plasmid size and dev1ce frequency indicated a rnutual influence

on the percentage damage to the sc structure.

74 Ccnclusions

Nebulisation of plasmid DNA results in damage to the sc structure of large plasmids.

Damage to the sc structure of plasmid DNA 'depende on device paraineters such as

nozzle size and frequency, in addition to formulation. This chapter has employed a2’

factorial de31gn of expenments to investigate the main effects of the varlables such as
plasmid size, nozzle size and device frequency and the interactions between them.
Damage to sc structure of plasmid DNA was more pronounced at 3 prn nozzle size
than at 5 um.-‘Nebulisation at 65 kHz device frequency resulted in more damage to
~ plasmids of size <13 kb than at 175 kHz. The main advantage of the results from such

experiments is the information on the interaction between the variables for the limits

chosen in the experimental design. This will assist device design and formulation for

the delivery of plasmid DNA as a non-viral gene therapeutic.



CHAPTER 8. FORMULATION OF 20 KB PLASMID
DNA FOR NEBULISATION

8.1 Ihtro ductidn |

Formulation of Iarge size plasmld DNA is essent1a1 to protect the super—coried (s¢)
structure against damage during the aerosohsatmn process Intensive research is
being pursued to develop suitable non-viral- ‘formulatlons for dellve_ry of plasmrd '

DNA [Anchordoquy et al., 2004]. Currently formulation substrates such as cationic.

. liposomes [Lasic, 2000] and polymers [Munier et al., 2005] are being employed for -

condensing the plasmid from a very loose molecular structure to a compact, small
biomolecule. Cationic liposomes have been used for the ultrasonic nebulisation of a
small plasmid (31ze unknown) for airway administration [Pillai et al., 1998].

Although cationic hposomes are bemg evaluated in clinical trials, it is reported that :

| pulmonary surfactants may inhibit cationic lrposome-medrated gene dehvery to

respiratory epithelial cells [De Smedt et al., 2000]. Catromc polymers (CPs) used for

gene delivery can be a homo-polymer with a linear backbone such as DEAE-dextran
. (Diethylaminoethyl-dextran), pLL (poly(L-lysine), pVP (poly(N-ethyl-4-

vinylpyridinium bromide)), linear pEl (poly(ethyleneimine)), Chitosan, or a

- branched backbone such as branched pEI, or a co-polymer such as pEG-pLL

(poly(ethylene glycol)-poly(L-lysine)) [Schmieder et al., 2007; Lee and Kim, 2005].

DEAE-dexiran has ,fbeen_reported to enhance uptake of protein and nucleic acid by

cells [Rigby, 1969]. Although, DEAE-dextran as a DNA condensing agent is -

reported to be simple; effective and still widely used for in vitro transfection, it has

been observed to be cytoroxic and unsuitable for in vivo systems [Luo & Saltzman,

- 2000]. However, DEAE-dextran DNA transfection of 'adhe'rent primary cultured |

human macrophages resulted in superior transfection compared to cationic liposome

and calcium phosphate prec1p1tat10n methods [Mack et al., 1998). It is shown

recently that adenovirus complexed w1th DEAE-dextran can enhance gene transfer to

the sodium caprate treated airways upon intra-nasal administration in mlce, and is
envisaged in the-clinical setting to enharic.e the gene therapy efficiency for cystic

i
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ﬁbr051s via arrway delivery [Gregory et al 2003] Gene therapy is an attractlve
target for unmet clinical diseases like cystic ﬁbros1s and is a perfect example as a
target for- pulmonary - del1very of gene therapeutlc contammg cystlc fibrosis
 transmembrane conductance regulator (CF TR) gene. Complexes of CFTR gene in an
adenovirus with DEAE-dextran have been reported for gene therapy [Welsh and
Fasbender,_ 1999]. In vivo studies in large animal models such as sheep have been
lused for optimising aerosol gene delivery of plasrriid' DNA/PEI compleXes aimed at
developing cystlc fibrosis gene therapy protocols [McLachlan et’ al 2007]. |
McLachlan et al rcport the use of Pari LC plus _]ct nebulisers with a delivery rate of
- 025 mL/_rnrn for their study.. The partial resistance of pDNA/PEI complexes to
DNase degraidation can improve the .efﬁciency of gene delivery, due to the
administration of thDNase (Pulrnozyine) to clear the thick mucus 1n CF patients. It
has been réported that gene exprecsion levels of 5% to tlie target cells ic sufficient to

restore the rna]funCtioning of the CFTR protein in cystic fibrosis diseased patients.

Studies on the aerosol delivery of plasmid DNA using conventional jet nebulication
[Lentz et al., 2005] and ultrasonic nebulisation [Smart et al., 2002} showed damage
to sc structure of plasmids. An alternative electro-hydrodynamrc technique [Davies
et al., 2005] for pulmonary aerosol delivery is promising [Zimlich et al., 2002]. The
acrosol delivery of plasmid DNA in the intact supercoiiled (s¢) form is crucial to

- meet the stringent drug quality retluir‘eménts‘ [Levy et al., 2000a]. Since the size of a
 complete CFTR‘ gene 1is npproxirnately 10 kb [Lee et aI.; 2005], it is expcctct_i that a
typical plasmid vector xyith a therapeutic gene insert would be of the order of 15 kb. -
. Plasmid§ “'of size >13 kb are damaged in 'rotatin'g shenr devices at‘shcar/strain rates -
 >5x10° s [Levy etal., 1999].

Earlier studies in chapter 4 have shown sc structure of a naked 5.7 kb plasmid to be
safely delivered using a mesh nebuliser, while that of an unformullated 20 kb plasmid
was complctely degraded [Arulmuthn etal., 2007]. In addition to plasmid‘ size, CFD
(computatlonal ﬂuld dynamics) study and high Speed 1magmg of aerosol generatron
predrcted a 300 pN hydrodynamrc force on large p]asmrds that would damage the
- DNA strands in sc structure. Hence, formulation of p1asm1d DNA is cssentlal to

~ ensure protection of the shear-sensitive super-coiled structure during aerosolisation.
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The aerosol delivery ef non-viral plestnid formulation *‘ with .cationic' liposomes

complexed to plasmid DNA using a clinical nebuliser was the first to be demonstrated "
- and resulted  in transgene expfessioﬂ' restricted to the lungs [Stribling et al., 1992].

However, in spite of the impressive initial results, a low DNA delivery efficiency

(0.083%) was obtained vsing this approéeh. _

In chapter 6, expeﬁmental and theoteticlel studies on damage' to a naked sc pla_smid )
‘upon nebulisation showed the size of ¢ structure of a 20 kb plasmid to be of the order
of the nozzle size of the device studied. Earlier studies in chapter 7 showed this nozzle
size of 3 pm was crucial for the generation of fine respirable aerost)ls usirtgthe mesh
- nebuliser. In this chapter,' formulation of a 20 kb plasmid is reported to reduce the size
t _ | - of the plasmld to ensu:re safe delivery of the sc structure upon passage through the |

‘ ' m1cron-s1zed nozzles of the mesh nebuliser.

8.2  Formulation of 20 kb plasmid

Nebulisation of neked 20 kb plasmid in TE buffer resulted in substantial damage to the |
sc structure of the plasmid. Condensation of the sc structure in ionic strength buffer
(150- 300mM NaC]) also resulted in damage to the plasmid (Chapter 4). Nebulisation
of the unformulated 20 kb plasmid at different DNA concentrations was performed in
~order understand levels of damage at low DNA concentratlons The study discussed in
the followmg section was mtended to pr0v1de 1nfonnat10n on whether damage to the
sc structure_ of the 20 kb plasmld upon nebulisation was concentratlon-dependent. '
Formulatioh of plasrrtid DNA'using cationic substrates has been repbtted to reduce
hydrodynamic diarheter based on charged .attraetion between the negatively charged
DNA phosphate backbone and cationic substrate [Lentz 'et al.,, 2005], therefore

formulation of 20 kb plasmld with cationic hposomes and ponmers has been

attempted and the results are discussed below
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821 Nebulisation of unformulated 20 kb plasmid

Earlier studies reported in Chapter 4, showed nebulisation of 20 kb plasmid- to
- substantially damage the sc ‘stfuct‘u.'ré. .In order to gain infbrinatiofl and improve
- understanding of the extent of ‘damage. to sc structure at,plasmid DNA (pDNA). |
concentrations used for'fbrmulation, nebulisation of néked 20 kb plasr_nid at 150 mM - .
NaCl in distilled water was carried out. Naked plasmid formulations at 15,7.5 and 5
| S pg/mL. DNA concéhﬁéfions were subjected té nebulisation ini the mesh nebuliser.
| The darriage to the sc structure was assessed by agarose gel elecfrophore_sis and DNA
concentration at UV absorbance of 260 nm. * 3 '

i

8.2.1.1  Analysis of DNA damage

- 'As shown in the densitometric scans in figure 8.1, the band intensity corresponding
to the sc beak was assessed after nebulisation td determine the pe;centage damage to
‘the sc strﬁcture. Agarose gel‘ electrophoresis of 20 kb plasmid after nebulisation
indicated substantial damage to the sc structure at all pDNA concentrations (Figuré

. 8.1). Asis evident from Table 8.1, the purity of plasmid DNA in the before and after -
| nebulisation sample was observed to be acceptablé for gene therapy wifh‘a DNA
ratio (Agso/Aage) of 1.8-1.95._ An increase in DNA conéentration in the éfter
nebulisation sample was due to increased absorbance (Azg) of the DNA: fragments

resulting from the degradation -of the supercoiled structure. Detem_ination of the
pefcenfage damzige to the sc stméture of the 20 kb plas_mid after nebulisation from

‘the densitometric scans of the agarose gel (Figure 8.1) revealed that damage is

independent of plasmid DNA concentration. |

' ) . . i

Table 8.1: Nebuliséﬁon of unformulated 20 kb plasmid (n=2)

Plasmid DNA Nebulisation |DNA ratio  |[DNA conc in pg/mL- [% damage to
sample (ug/mL) |stage . (Az60/Azg0)  [(UV-abs at 260 nm) |sc structure
15 - Before 1.891 1592 - o
o After 1.796 38.10 ‘ - 92,18
7.5 . Before 1.899 8.201
S After [1.825 14.42 ' 93.19
P Before . . [1.925 - |.508 , o
‘ After 1.823 ~  [8.889 R 01.56
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‘Figure 8.1: Densntometrlc scans of agarose gel from nebuhsatlon of 20 kb pDNA at

DNA concentratlons of: a) 15, b) 1.5, c) 5 ug/mL
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8.2.2 Nebulisation of pDNA.formulation with liposomes

Fdrmulation of 20 'kb pIasmid was - perfonned using cationic liposdmes. .

DOTAP/DOPE and DOTAP-Cholesterol as described in Chapter 3. A plasmid DNA

~ concentration of about 30pg/mL was used for formulation with cationic hposomes as

per the prescribed protocol [Megafec_tm‘ catalogue]. Nebulisation of unformulated_

20 kb was carried out at 30 pg/mL concentration. Nebulisation of the formulated 20
kb plasmid with DOTAP/DOPE and DOTAP-C_hoIestersol resulted in no aerosol

generation, perhaps due to increased viscosity of the formulation at the same DNA -

concentration. Agarose gel'eleCtrophoresis of complexed DNA frem the nebuliser
chamber showed no damage to the sc structure (Flgure 8 2), srmllar to that observed
~witha naked 20 kb pIasmld . '

' '82.3 Nebulisation of pDNA formulations with D_EAE—dextran o

DEAE-deﬁtran is ‘a polycationic derivative of Dextr'arr and the very first chemical
reagent te be used for DNA delivery [Liu et al., 2004]. Aerodynamically 'light high
molecular weight water-soluble ‘partie]es of DEAE-dextran are reported for
pulmonary drug delivery [Edwards et al., 2002]. In this study, DEAE-dextran has
been used as a substrate to form an aggregate/ complex with a 20 kb plasmrd to

develop a non-viral formulation. Due to its wide applications in gene therapy

[Kaplan et al., 1998], protein and nucleic acid uptake by the cells [Fox et al., 1977],i

adjuvant in vaccine production {Joo and Emod, 1988] and stabilisation of proteins
[Gibson et al., 1992], DEAE-dextran was used as suhstrate for develep'rhent of non-
viral DNIA forrnulations.- Plasm_idl DNA forms a complex with polycationic DEAE-
dextran (DD) due to elect'rostatic forces. In these experi/rhents it was attempted to

preserve the sc structure of plasmld DNA durmg aerosohsatron by forrmng a

complex wrth DD: DD/DNA formulations wrth varymg DD~ Nltrogen to- DNA?

Phosphate (N/P) ratios as reported in Chapter 3 were subjected to nebulisation.

. .
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* structure 4

L aizoks 20 Kbplasmid - 20 kb plasid |
7" plasmid -+ - complexed with . - complexed with -
#5570 L DOTAP/DOPE . DOTAP/Cholesterol

Figure 8.2: Agarose gel electrophoresis of nebulisation samples of (i) naked 20 kb
plasmid, (ii) 20 kb plasmid complexed with DOTAP/DOPE and (iii) 20 kb plasmid
complexed with DOTAP/Cholesterol; damage to the sc structure of naked plasmid
observed, DM — DNA marker, BN — before nebulisation, NC — Nebuliser chamber
and AN - after nebulisation. Note: AN samples of complexed plasmid were not
loaded due to an absence of aerosol generation from the non-viral cationic
lipid/DNA formulations.

8.2.3.1  Analysis of pDNA daniage

The DD/DNA formulations with N/P ratios of 0.1, 0.2 and 0.4 resulted in complete
acrosolisation and the percentage damage to the sc structure was analysed using an
agarose gel electrophoresis. From the densitometric scans of the agarose gel shown
in Figure 8.3, the sc structure of the plasmid and linear DNA fragments decreased at
increasing N/P ratios. However, damage to the positively-charged DD/DNA

complex was observed to be similar as shown in Table 8.2. The decrease in sc
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structure at hlgher DD concentratlons ‘was perhaps due to the complexatlon of the
pDNA sc structure w1th DD “The decrease in DNA concentrat1on at higher N/P ratios
was due to protectlen of the sc structure in the DD/sc complex. Nebulisation of g
.formulated 20 kb plasmld with DD at N/P ratio of 0.45 was attempted, but resulted
in inefficient aerosohsa_tlon. The damage 1o the sc structure in this case was observed .
to be around 20%. ' o | o

~ Table 8.2: Analysis of DNA dasnage to pDNA formulatie_ns of DEAE-dextran (n=2) '

DD/pDNA | Nebulisation | Azq/Azgp | DNA % damage to
formulation | stage (ng/mL) | sc s¢/DD complex
NP=0.1" Before 1.819 25.18 ' ' '
. After - }1.868 . 12291  |91.08 |74.57
N/P=0.2 | Before 1.671 23.99 ‘ 1
: After 1.715 26.03 18745 |75.94
N/P=04 Before . 1.528 | 27.89 -
| After 1.642 12.58 83.16 | 74.15

190




Chapter 8: Formulation onO kb plasmid DNA )

200
o] @ s

160 | - ”
140 W
120 { -
100 -
- 80 A
60 -

40 -

20
. 0 . . —— . e . . . .

0 0.05 0.1 015 0.2 0.25 _ 03 035 04 045 05 055 0.6

' : . Relative front on gel '

ity

Band dens

200 - ‘ =

180 (b). o |
160 -
140 1 porse

120 { complex
100 -
80 |
60
40 1
20

— BN
~—=—AN

- Band density

3 T T T

0 005 04 045 02 025 03 035 04 045 05 055 0.8
: Relative front on gel ’

200
1s0 | ©

160 | 023:;&:{
140 -

120
100 |-

sC

ity

—BN
——-AN

-]
o

N
o o
=

Band dens

(=23
(=]

+
o

0 005 01 045 02 025 03 035 04 045 05 055 06
' Relative front on gel

Figure 8.3: Densitometric scans of agarose gel from nebulisation of 20 kb pDNA

complexed with DEAE-dextran at N/P ratios of: a) 0.1, b) 0.2 and ¢) 0.4,
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8.2.3.2  Atomic force microscopy

Atomic force microscopy of the nano-particulate formulations were carried out to
examine the extent of complexation of sc DNA with DD and the relative size of the

nano-sized particles.

8.2.3.2.1 Visualisation of pDNA/DD formulations

AFM images of the nanoparticles show a visual representation of the effect of
different DD concentrations on complexation of sc structure. They provided

additional information on the structure of DD/pDNA formulations.

.0 nm

2.5 nm
DEAE dextran/—
plasmid DNA
complex

.~ Uncompacted
. Plasmid DNA

Figure 8.4: AFM image of sc structure and DD/sc pDNA complex (N/P ratio 0.1)
before nebulisation. Inset shows DD/sc pDNA complex with protruding strands of

pDNA after nebulisation (scale bar for inset — 250 nm, height — 5 nm).
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Figure 8.4 shows an AFM image of a pPDNA/DD formulation with a N/P ratio of 0.1.
The AFM image shows the presence of a major portion of the sc structure in the
formulation is uncomplexed with DD. A few nanoparticles of DD/sc pDNA complex
are also observed. The inset shows a plasmid DNA nanoparticle at N/P ratio of 0.1
after nebulisation in the form of an ellipsoid/spheroid complex with a compact centre
and a “fluffy” periphery with plasmid DNA protrusions due to incomplete
condensation. This suggested that for a DD/pDNA formulation with N/P ratio of 0.1,
the concentration of DD was limiting to ensure efficient condensation. The results
agree with the densitometric scans of the agarose gel shown in Figure 8.3a, which
suggested that a significant percentage of the sc structure remained uncomplexed.
The loose sc structure of plasmid DNA before nebulisation in figure 8.4 suggests in-
efficient condensation of sc structure at N/P ratio of 0.1 and the formation of less

dense nanoparticles.

Plasmid DNA/DD formulations prepared with higher DD concentration at N/P ratio
of 0.2 resulted in condensation with plasmid DNA to form loose nanoparticles as
seen in Figures 8.5(a) & 8.5(b). The protrusions of plasmid DNA strands from the
complex DD/sc complex suggest incomplete condensation. However, due to the
higher DD concentration at N/P ratio of 0.2, the DD/s¢ complex was more
compacted when compared with that at a N/P ratio of 0.1. Figures 8.5(c) & 8.5(d)
show compaction of the DD/plasmid DNA complex after nebulisation into dense
nanoparticles and aggregates. This agrees with parallel literature [Kleemann et al.,
2004] which suggests that ultrasonic nebulisation results in compact condensation of

linear pEI-plasmid DNA complexes to form dense particles or aggregates.

As observed in the densitometric scan of Figure 8.3b, a higher proportion of
nanoparticles are formed due to the increase in DD concentration when compared to
that at a N/P ratio of 0.1. However, the sc structure was still observed to be
uncomplexed with the possibility of a few loosely complexed DD/sc DNA nano-
particles as observed in Figure 8.6. In this figure. unwinding of DNA strands from
the nanoparticle complex was observed as a result of inadequate condensation of DD
with plasmid DNA at N/P ratio of 0.2 before nebulisation. Similar images of DNA
strands protruding outside uncondensed plasmids were observed by Dunlap et al.

[1997].
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Figure 8.5: AFM images of DD/plasmid DNA complex (N/P ratio 0.2) before
nebulisation (height — 5 nm), (c) & (d) after nebulisation (height — 10 nm); scale bar

— 250 nm for all the images.

Unwinding of
lasmid DNA from  Fa

rticle “" " DNA strand

Figure 8.6: AFM images of unwinding of DNA strand from DD/sc pDNA complex

at N/P ratio of 0.2 before nebulisation (height — 5 nm); scale bar — 250 nm.
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At pDNA/DD formulations with N/P ratio of 0.4 the formation of compact
nanoparticles before nebulisation was observed as shown in Figures 8.8 (a) & (b).
Nebulisation of these formulated nanoparticles resulted in the formation of more
compact nanoparticles as shown in Figure 8.9. Similar observations have been
reported by Kleemann et al. [2004]. This may be due to the hydrodynamic conditions
induced on the fluid by the ultrasonic vibrations of the horn, resulting in the

formation of aggregates/ dense nanoparticles.

(@ (b)
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Figure 8.7: AFM images of DD/plasmid DNA complex at N/P ratio of 0.4 before
nebulisation (a) nanoparticles (scale bar — 600 nm, height — 5 nm), (b) aggregates

(scale bar — 250 nm, height — 10 nm).
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Figure 8.8: AFM images of DD/plasmid DNA complex at N/P ratio of 0.4 after

nebulisation (scale bar — 250 nm, height — 20 nm).
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8.2.3.2.2 Size of pDNA/DD formulations

The sizes of non-viral DD formulations of 20 kb plasmid were obtained by analysis
of AFM images using the Dimension 300 software and are summarised in Table 8.3.
With increasing DD concentration, the size of the single nanoparticle and aggregated
complex increased for samples before nebulisation. The size of the single
nanoparticles and aggregated particle complex at N/P ratio of 0.1 after nebulisation
was higher than before nebulisation possibly due to inefficient condensation.
However, the size of single nanoparticles in the recovered aerosols after nebulisation
was smaller for formulations with N/P ratios of 0.2 and 0.4 when compared to the
size before nebulisation. This may due to better compaction of the DD/plasmid DNA
complexes upon nebulisation, as reported in a study of ultrasonic nebulisation of

pDNA formulations [Kleemann et al., 2004].

Table 8.3: Size of DD/plasmid DNA nanoparticles determined by AFM

Plasmid/ DD [Nebulisation Single particle |[Aggregated particle
formulation stage complex (nm)* [complex (nm)*
IN/P ratio = 0.1 |Before 39.06 + 3.90 104.27 + 18.34
Alfter 11527+ 17.62 [R74.87+114.71
IN/P ratio = 0.2 [Before 103.56 + 13.72 [161.27 + 36.27
After 82.03 £ 11.72 161.69 + 28.88
IN/P ratio = 0.4 |Before 12390+ 30.15  |199.95 + 88.62
After 04.50 +27.12 343.85+109.47

* Particle size data are mean with SD from n=3 to 7 measurements for each sample.

8.2.4 Nebulisation of pDNA formulations with PEI

Polyethyleneimine (PEI) has been shown to be an effective agent for DNA delivery
both in vitro and in vivo [Kichler 2004]. Complex formation between cationic PEI
and anionic plasmid DNA occurs by counter-condensation of oppositely charged
polymers. PEI-based pDNA formulations have proven stable during nebulisation and

resulted in efficient transfection through the airways [Densmore, 2003]. However,
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the size of the plasmid DNA used for PEI formulation and nebulisation to date have
been less than 5 kb [Kleemann et al., 2004]. It is envisaged that the size of the
plasmids used for future gene therapy trials may be larger in order to harbour

therapeutic genes of size >5 kb and even up to 50 kb [Levy et al., 2000].

As discussed in the following section, a 20 kb plasmid has been formulated with
branched PEI (molecular weight 25 kDa) at an N/P ratio of 10. Nebulisation of
PEI/pDNA formulations in the mesh nebuliser resulted in complete nebulisation. In
order to quantify the damage to plasmid DNA in PEI/pDNA formulation, a
PicoGreen assay was carried out. AFM imaging enabled visualisation of the
formulated nanoparticles and determination of the molecular size and structure.
Agarose gel electrophoresis was not performed since it required decomplexation of
the PEI from the pDNA and would result in the dissociation of the formulated

nanoparticle.

8.2.4.1 Analysis of pDNA damage

The PicoGreen assay enables quantification of dsDNA by binding with the fluorescent
PicoGreen dye with sensitivity up to picogram DNA concentrations. Figure 8.9 shows
the relative fluorescence in a PicoGreen assay of a 20kb plasmid formulated in TE
buffer and a PEl/plasmid complex formulated in PBS. There is a significant increase
in fluorescence from the plasmid formulated in TE buffer after nebulisation due to the
increased binding of PicoGreen dye to the dsDNA fragments generated from the
degradation of the sc structure (as observed in Figure 8.1). The reduction in
fluorescence of PEI complexed 20 kb plasmid before nebulisation compared to
unformulated 20 kb is due to the condensation of the sc structure of the plasmid with
PEL resulting in binding of PicoGreen dye to fewer exposed dsDNA fragments. The
PEI plasmid complex shows no increase in fluorescence after nebulisation, suggesting
that the DNA sc structure was not degraded during the aerosolisation process. The
reduction in the relative fluorescence of the PEI formulation after delivery is likely to
be due to compaction of the formulated PEI particles during aerosolisation. resulting in

less exposure of the DNA to the fluorescent dye.

197



Chapter 8: Formulation of 20 kb plasmid DNA

400 — ——— —

350

300

250

200

RFU

150 -

100

50

; ——

20kb BN 20kb AN PEI/20kb BN PEI/20kb AN

Figure 8.9: Formulation studies of 20kb plasmid DNA: PicoGreen assay results
showing relative fluorescence unit (RFU) of plasmid formulated in TE buffer and

PEI/20 kb plasmid DNA before (BN) and after nebulisation (AN) (n=3).

8.2.4.2  Atomic force microscopy

AFM imaging of the 20 kb plasmid formulated with PEI was performed to determine
the size and structure of formulated plasmid before and after nebulisation. Figure 8.10
shows AFM image of the nanoparticles of PEI/plasmid complex formulated in PBS
indicating a reduced size of ~400 nm before nebulisation. The size of PEIl/plasmid
formulated nanoparticles was higher than DD/plasmid formulated nanoparticles.
perhaps due to a higher N/P ratio. The appearance of protruding plasmid DNA strands
from the complex indicated a less compact PEl/plasmid nanoparticle. The release of
DNA strands from the uncompacted PEIl/plasmid complex may be due to sample
preparation for AFM imaging. This confirmed the presence of the sc structure of the
plasmid in the formulated nanoparticle. However, no unwinding of the DNA from the
nanoparticles was observed after nebulisation suggesting formation of dense. compact

nanoparticles during the acrosolisation process (Figure 8.10).
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0.0 nm

0.0 nm

Figure 8.10: Formulation studies of 20kb plasmid DNA: Structural analysis by AFM
imaging in air of PEI/20 kb plasmid formulated in PBS after washing the samples
with de-ionised water; a) before nebulisation; scan size of 4.35 x 4.35 um, scale bar
— 500 nm; b) after nebulisation, scan size of 0.8 x 0.8 um, scale bar — 200 nm; height

5 nm for both images.
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8.3 . Discussion

The safe dellvery of ~15% of the sc structure of 20 kb plasmld using DEAE-dextran

promises to deliver the therapeutic effect requlred in Important diseases such as

“cystic fibrosis., DD being a linear polymer exhibits a loose condensation with

- plasmid DNA, similar to a scheme predicted for linear PEI [Kleemann et al., 2004]. .

AFM imaging of the formulated 20 kb plaémid showed the formation of compact
nanoparticles after nebulisation, resulting in no DNA damage based on ffuoreslcenc'e.
The forrhatio'r; of dense‘ aggregates of 100 nm has been observed for' a 4.3 kb plasmid
. complexed with PEI after ultrasonic nebufisafion [Kleemenn'et al.., '2004].' The
formation of nanoparticles of size 400 nm for the PEI-cemplexes 20 kb plasmid |
suggests a similar size rat10 With an mcrease in plasrmd size, the hydrodynamm _
forces on the plasmld are larger resulting in damage to the sc structure. Hence the
molecular dimensions of the sc structure of large plasrmds must be reduced by
adequate formulation to ensure undamaged passage of the particles through the mesh

nozzle holes during aerosol delivefy using a mesh nebuliser of this configuration. -

84  Conclusions .

Formulation is a prerequisife for safe delivery of sc structure of large-sized plasmids.

- The main objectiire of formulation is to reduce the size of the sc structure to that of a

5.7 kb plasmid (about 400 nm) to ensure protection against the hydrodynamic forces -

prevalent during aerosolisation. Formulation of 20 kb plasmld in ionic strength'
buffer dld not result in efficient condensation of sc structure. Formulatlon with a
cationic gene dehvery agent and adJuvant such as DEAE-dextran resulted in
protection of sc structure by about 15%. Howeifer,‘ fOnnulation-_ef 20 ke plasfnid' |
with more cationic PEI resulted in total protection of the sc structure as evident from
“the-PicoGr'een fluorescence assay. Although research on formulation is widely
- reported, testing the efﬁca'cy of the bfo-therapeutic following defivery" via a device is
‘an important step towards achieving the fruits of gene therapy. In the next chapter,
- transfection studies on ChineSe Hamster Ovary cells using aerosolised plasmid DNA
u-'are presented that check-the transfection efficiency and hence integrity of the

- aerosolised sc structure.
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CHAPTER 9. TRANSFECTION OF CHINESE
HAMSTER OVARY CELLS USING PLASMID DNA

91 Introtiuction-

Earlier results have shown the's'uper'coiled.” structure of a 5.7 kb plasmid. to be intact
" after nebulisation 'using the U22 mesh nebuliser using analytical tools such asaUV.

spectrophotometer (for ab_sorbanee measurements), a microplate reader (for

fluorescence measurements based on PicoGreen assay), agarose gel electrophoresis
and an atomic force microscope. HoWever, it is crucial to validate the perfoimance
of nebulised plasmid DNA fer gene delivery into cells. The main objective of the

work reported in this chapter was to check the integrity of the sc structure of the 5.7

kb plasmid bearing 'a Green Fluorescent Protein (GFP) marker gene ‘after .
nebulisation, by carrying out in vitro transfectior‘lr studies to quantify GFP gene -

expression into the cells.

- An ideal cell line for studymg the transfection of aerosolised ‘plasmid DNA would

‘have been a human eplthehal cell line [Forbes and Ehrhardt, 2005]. However, due to

the constraints in the handling of such a cell,hne, a common mammalian cell line,
suspension-adapted ‘Ch_inese Hamster Ovary (CHO-S) cells, was used for

transfection studies as reported in this chapter. Since the suspension culture

" environment resulted i in mefﬁc:lent transient transfectlon of the naked plasmld [Talt

2006), it was necessary to formulate the plasmld prlor to transfectlon in order to

achieve 1ntegrat1on of the GFP gene in the cells. Hence the plasmid to be tested for

transfection was formulated with a cattomc formulation substrate in order to protect- N

| the plasmld DNA and achleve DNA mtegratlon mto the cells. .

_ The structure of this chapter starts wnth a presentatlon of the reasons for the choxce of

the formulation substrate and concentratlon levels used for transfectlon The twin

strategy adopted for transxent transfectnon of CHO- S cells with forrnulated 5. 7 kb’
- plasmid DNA includes: o | '
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@ - 'Forrnulatlon of the 5.7 kb plasrmd w1th a cat10n1c substrate >

nebuhsatlon -> transfection = GFP gene expression and

. (ii).- : Nebuhsatlon of the 5.7 kb plasmld ina blologlcal buffer -) formulation

with a cationic substrate 2> transfectlon ~> GFP gene expression.

. The order of the forrnulatlon and nebulisation operatlons was prlmanly carried out to -

(i) quantify the expresslon of the GFP gene from the 5.7 kb plasmid into the CHO-S
cells and (i1) examine the influence of formulation on transient gene expression. The

GFP gene expressmn in the CHO S cells was quant1ﬁed using a ﬂuorometer and

flow cytometer. Cell density and v1ab111ty measurements were carried out to study

the 1nﬂuence of formulation and transfection on the CHO-S cells.

L

9.2 Choice of forr_nulation su-bstrate‘ and concentration

‘ Polyethylenimine (PEI)' has been widely employed as a cationic substrate to complex

plasmid DNA for aerosol gene delivery [Gautam et al., 2001, Densmore et al., 2000].
Branched PEI (25 kDa) has been reported to have higher reporter gene expression

| compared to linear PEI for gene delivery to the lungs [Rudolph et al., 2005] The

final DNA concentratlon of PEI/pDNA formulation used for in vitro serum-free
transfection was 1 pg/mL [Talt 2006] and in vivo transfection usmg aerosol
dehvery was 50 ug/mL [Densmore et al., 2000]. Hence, a pDNA concentratlon of 1.

pg/mL was employed for in vitro transfection studies. A PEVDNA ratlo of 10:1 was

the commonly used composmon for preparatlon of pDNA formulatlons for aerosol . . .

. gene dellvery [Gautam et al. 2001]

93. Transfection of CHQ-S cells

Transient transfection of suspension adapted Chinese hamster ovary cells with

uncomplexed plasmid DNA has been reported to result in 1nsrgmficant transfectlon :

' [Talt et al., 2004]. Hence, transfectlon studies were carried out usmg the 5. 7 kb

plasmid DNA formulated with PEI according to a protocol described by Tait [2006].
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. The formulation of 20 kb plasmid w1th PEI resulted in protect1on of the s¢ structure.
as reported in Chapter 8

In this chapter transfection of CHO s cells was camed out using two formulatlons s

of sc 5.7 kb plasmld namely (1) PEI complexed with 5 7 kb plasmld and .

' | subsequently nebulised, and (11) 5.7 kb plasmid nebullsed and subsequently

complexed with PEL The 5.7 kb plasmld used for formulation adhered to the quallty '

' specifications for non-viral gene therapy in terms of purity and sc plasmid DNA

homogeneity. The CHO-S cells were maintained up to passage 24 as per the protocol S

described in Chapter 3. The CH‘O.S cells used for transfection were taken from the N I

_ m1d-exponent1al phase of growth and resuspended in CHO-S SFM (Serum free
medium) to achieve an initial viable cell density of about 2.1x10° cells mL™. The
pDNA concentratlon_used for transfection in the ultra low b1nd1ng 24 well plate was
1 pg/mL and each condition was carried out in triplicate. The cell density and GFPl
expressicn in the CHO-S cells transfected with samples of the complexed plasmid
taken before and after nebulisation were qnantiﬁed after an incubation time of 24 to

_ 48 hou_rs. The results are discussed below.

'9.3.1 PEI complexed 5.7 kb plasmid

The 5.7 kb plasmid was comple)-(ed with 25 kDa branched PEI at a PEI Nitrcgen to
DNA Phosphate (N/P) ratio of 10 to 1 (corresponding to PEI:DNA weight ratio of
1.3:1) and incuhated for 15 min prior to nebulisation. Nebulisation of formulated and
unformulated 5. 7.kb plasmid was carried out using the U22 mesh nebuliser. The
aerosols of plasmid DNA from nebuhsat1on were condensed and collected usmg an
in-house fabrlcated aerosol collection apparatus described ‘in Chapter 3. The |
transfection of CHO-S cells was carned out using the “before nebulisation” and
“after nebulisation” samples of the formulated plasmid. The viable cell density of
CHO-S cells and fluorescence measurements for GFP expressior_l in untransfected

and transfected cells are compared.



Chapter 9: Transfection of CHO cells L(Siﬁg pDNA
9.3.1.1 ° Cell density measurements

As shown in Figure 9.1, the viable cell'dénslty of untransfected CHO-S 'cell_s was
observed to be higher than the formulated plasmid samples after an incubation time
of 48 ho'Lirs.'_ However, viable cell density of cells transféctecl with un-nebulised -

formulated plasmid was observed to be lower than that after nebulisation' The

compaction of PEI in the formulated 5.7 kb plasmld aﬂer nebuhsat1on is hkely to "~

 have occurred due fo the oscillatory motion of the v1brator horn prior to aerosol
formation during the nebulisation process. A higher viable cell density was observed

- forcells trans_fe'ctéd with pDNA after nebulisation at the end of transfection.
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Figure 9 1: Vlable cell dens1ty of Chmese hamster ovary cells transfected with
before and after nebullsatlon samples of PEI formulated 5.7 kb plasmid. Control
- refers to untransfected CHO-S cells (n—2) '

9.3.1.2  Fluorescence measurements

Figure 9.2& shows the cell _spéciﬁc RFU for transfected CHO cells before and after
nebulisation of 5.7 kb plasmid formulated with PEL From Figure 9.2, GFP
quantification in terms of cell specific RFU showed a significant (p = 0.001) inarease
in transfection for the PEI formulated plasmid before nebulisation. However, there

. was a less significant increase (p = 0.047) in fluorescence in the cells transfected
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wi-th. formulated plasmid after nebulisation than the untransfected cel_ls.. The
ﬂuorescence'of the untransfected cells is due to auto-fluorescence exhibited by the
cells The varlat1on in the cell- specrﬁc ‘RFU of PEI/pDNA complex before -
. nebuhsatmn was perhaps due to the varratron in the formation of less compacted
nanOparucles The eell—specrﬁc ﬂuorescence in the cells transfected with formulated
plasmrd before nebulisation samples was higher than the formulated plasmid aﬁerl
' nébuli_éation due to perhaps two reasons, namelyf( (i) release of PEI/pDNA complex
_ from uncompacted PEI formulated plasmid and (ii) increased burden on the cells for
transient gene expression. The PEI/pDNA complex after nebuhsatron resulted in the
formation of compact nanopartlcles (as reported in section 8. 3) A h1gher viable cell
density of the cells transfected with p_DNA after nebulrsatron (Figure 9.1) was due to
lower transient gene expression of the compact PEI/pDNA complex.. The low cell-
; specific RFU after nebulisation was rlue to the inability of the pDNA to transfect the |
cells,. resulting in less integration of the plasmid DNA arld consequently lower GFP

expression (Figure 9.2).
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Figur_e 9.2: Cell specific relative fluorescence units for untransfected and transfected
" CHO-S cells based on fluorescence measurements using a microplate reader at
excitation wavelength of 483nm and emission wavelength of 530nm for GFP

quantification after 24 and 48 houts of incubation (n=3).

f

205




- Chapter 9: Transfection of CHO cells using pDNA

" The transfection of CHO-S cells with formulated plasmid subjected to nebuiisatioﬂ -
 clearly showed that there was an inverse relationship betWéén viable cell density and

~ fluorescence due to GFP expression by. the transfected cells. The formulated PEI .

pléismid _upoﬁw‘nébul_isation‘ was perhaps compacted during the nebulisation process
resulting in no transfection of the pDNA into. CHO cells. Since the RFU of fhe
transfected samples were low, the transfectlon efﬁcxency was determmed usmg a

ﬂow cytometer. .

9.3.2 Nebulised 3.7 kb plasmid complexed with PEI )

Transfection studies with PEI formulated plasmid before nebulisation showed a

. signiﬁéant increase in transfection compared to that formulated after nébulisation

The main objective of the transfection studies was to investigate the effect of -

plasmld DNA nebulisation on DNA delivery into the cells. Hence, it was essential to
~ first nebulise the 5.7 kb plasrmd DNA, and then formulate the un-nebulised and

nebulised samples with PEI, prior to transfection. Using this approach, the |

compaction of PEI/pDNA‘_'con-lplex' during the nebulisation process can also be

avoided. Although, this approach is not practically relevant to studying the aerosol .

delivery Of 'plasmid DNA in pre- “clinical trials, it was carried out mainly to check the

' integrity of the sc structure of plasmld after nebulisation by determmanon of the |

transfectlon efﬁc1ency in the transfected CHO cells.

'9.3.2.1- ' Plasmid in TE buffer

~ In order to mvestlgate the influence of formulatlon on GFP expressmn in CHO-S

~cells, the 5.7 kb plasmid in TE buffer (at 20 pg/mL DNA concentratlon) was
nebulised and then formulated with PE! for’ transiént transfection studies. ‘An
unnebulised plasmid sample was also formulated with PEI to study the effect of

~nebulisation on the transfection of the 5.7 'kb_ plasmid.
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9.3.2,1.1 .' Cell density measurements

The viabil_ity of untransfected and transfectec_l CHO-S cells after an incubation tlir:n'e

of 48 hours for all the plasmid DNA samples was observed to be ~95%. As shown in

. Flgure 9.3, there was no 51gn1ﬁcant difference (p 0. 17) between the cell densmes

determined in terms of v1able and total cell count for the unnebuhsed and nebuhsed
pDNA complexed with PEL ' '

48

a0 o ) uV[able'e'elleount.J._" S P=0.17{}1-'_' |
OTotal cellcount T

3.5 1
3.0 1

251

20

15

1.0 -

Cell density (x10° cells mL™)

0.5 1

-0.0

" Control [untransfected ‘Unnebulised pDNA - Nebulised pDNA
cells) complexed W|th PEl . complexed with PEl

" Figure 9. 3 Cell densny of CHO-S cells transfected with unebuhsed and nebulised
samples of 5.7 kb plasmid complexed with PEI after an 1ncubat10n time of 48 hours.

_ Control refers to untransfected CHO-S cells (n—3)

In chapter 4, it has been shown that the 5.7 kb plasmid on nebulisation reéulte_d in

generation of linear dsDNA fragments from the degradation of the open-circular (oc)

~ structure. A Iarge variebility for the cell density of the nebulised sample may be due

to the cytotoxic effect from the'cofnplexétibn of linear dsDNA fragments with PEL -

A cell viability of 95% for both the transfected samples suggested that there was no

influence of formulation and nebulisation on them. However, there was a significant

- difference {p = 0.007) in -the cell densities between the untransfected cells and cell’

- transfected with unnebulised plasmid DNA fdrmu]_ations. :
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9.32.1.2- | Flow 'cytometry analysis

A flow cytometrrc analy51s was carried out to determme the transfectlon efﬁc1ency
‘of the CHO-S cells and the protocol is described in deta1l in Chapter 3. The
transfection efﬁcrency 1s defined as the percentage of eGFP positive cells in a

" transfected cell populat1on

In Flgure 9. 4 GFP 1nten51ty in CHO—S cells for un- nebuhsed and nebulised 5.7 kb
pDNA samples complexed w1th PEI is shown. The percentage values indicate the
~ percent of cells expressmg GFP as determlned by the ADC software (as discussed in
3 2. 96) The GFP 1nten51ty in the untransfected cells (Flg 94a) was used to
determine background fluorescence, and therefore the transfection efficlency of other |
" samples. Although the transfection efficiency i in the CHO-S cells transfected with
un-nebulised (Fig. 9:4b) and nebulised (Fig. 9.4c) 57 kb plasrnid at 20 pg/mL DNA
| concentration,vuas the same, more expresslng cells (GFP intensity up to 100) were
observed for un-nebulised plasmid. The insignificant difference in cell densities and
transfection efficiencies between un-nebulised and nebulised 5.7 kb plasmid
suggested no effect on pDNA'delivery in the transfected CHO-S cells due to the

nebulisation process. .

In order to examine the influence of plasmid DNA concentration on transfectlon of
- CHO-S cells, the 5.7 kb plasmld at 30 pg/mL DNA concentration was nebulised and
formulated with PEI, prior to transfection. As observed in Fig, 9 4d, a correspondmg
 increase in transfection efﬁc1ency proport1ona1 to the plasm1d DNA concentrat1on
was obtalned This result showed that the low transfection efﬁc1ency achieved using.
a DNA concentration of 20 ug/mL can be increased by 1ncreasmg ‘the plasmld DNA -

concentratron used for nebullsatlon

' Earlier results in Chapter 4 showed nebullsatlon of 5.7 kb plasmrd DNA in TE buffer
o resulted in a shght damage (about 5%) to the sc structure. The sc structure of the 5.7
kb plasmld in an 1on1c buffer such as phosphate buffered saline (PBS) HEPES
: buffered saline (HBS) resulted in better protectlon to the sc' structure ‘upon
| nebuhsatron ‘The next section mvestlgates the impact of formulatlon and

nebuhsahon of 5.7 kb plasmid in ionic buffer on transfectron.
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Figure 9.4: Effect of nebulisation and DNA concentration on transient transfection:
GFP intensity measured using a Flow cytometer for a) untransfected CHO-S cells, b)
unnebulised and c) nebulised pDNA at 20 ug/mL DNA concentration, d) nebulised
pDNA at 30 ug/mL DNA concentration in TE complexed with PEI, after incubation
time of 48 hours; % values indicate the transfection efficiency in terms of the percent

of eGFP positive cells in a transfected cell population.
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9.3.2.2 Plasmid in HBS buffer

This experiment was conducted to investigate the influence of an ionic buffer such as
HEPES buffered saline (HBS) on transfection of 5.7 kb plasmid DNA. HBS has
been used as a common biological buffer for the preparation of biological samples.
Unnebulised and nebulised 5.7 kb plasmid in HBS (20 pg/mL DNA concentration)
was complexed with PEI and transfected in CHO-S cells to study the effect of

plasmid DNA condensed in ionic buffer on DNA delivery into the cells.

9.3.2.2:1 Flow cytometry analysis

Flow cytometry analysis was carried out on the nebulised and unnebulised
transfected CHO-S cells to determine the transfection efficiency from the GFP
expression in the cells. As shown in Figure 9.5a, the untransfected cells exhibited
background fluorescence due to auto-fluorescence of the cells and not GFP
expression. The transfection efficiency of the cells transfected with unnebulised
plasmid DNA was higher with a significant difference (p = 0.02) compared to the
cells transfected with nebulised plasmid DNA. The decrease in transfection
efficiency of the nebulised sample (Table 9.1) was possibly due to compaction of
condensed sc structure of the 5.7 kb plasmid in ionic buffer during nebulisation.
However, the effect of this compaction may be lower than that observed with the PEI

formulated 5.7 kb plasmid. discussed in section 9.2.1.2.

Table 9.1: Average cell density and transfection efficiency (n=3) for 5.7 kb plasmid.

Sample Average cell density Transfection efficiency
(x10° cells per mL) (%) mean = SD
Control (Untransfected) 2.80
Unnebulised 5.7 kb in HBS 2.30 17.18 £ 0.57
Nebulised 5.7 kb in HBS 1.74 12.96+2.11

pDNA delivery efficiency of nebulised over unnebulised pDNA = 75.43%
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Figure 9.5: Effect of nebulisation and formulation on transient transfection: GFP
intensity measured using a Flow cytometer for a) untransfected CHO-S cells, b)
unnebulised and ¢) nebulised pDNA at 20 ug/mL concentration, in HBS complexed
with PEI, after incubation time of 48 hours; % values indicate the percent of ¢eGFP

positive cells in a transfected cell population (n=3).




R R EEEII——hSSSSSSSS

Chapter 9: Transfection of CHO cells using pDNA

The plasmid DNA delivery efficiency (Table 9.1) using a U22 mesh nebuliser was
determined from a ratio of the transfection efficiency of the cells transfected with
nebulised over unnebulised plasmid DNA. A pDNA delivery efficiency of ~75%
was observed using plasmid DNA formulated in ionic buffer. The results show that
plasmid DNA after nebulisation can be transfected in suspension-adapted CHO cells
and high pDNA delivery efficiencies can be obtained depending on the buffer used

for plasmid DNA formulation.

93.2.2.2 Microscopy

The transfected and untransfected cells were visualised in a microscope using
fluorescent light. As shown in Figure 9.6, strong fluorescence was observed in the
transfected cells due to the incorporation of plasmid DNA containing the GFP
marker gene. Since the pDNA concentration used for transfection was 1 pg/mL. the
number of cells showing fluorescence was low. However, earlier studies in section
9.2.2.1.2 showed that the transfection efficiency and hence fluorescence of the
transfected cells was dependent on the plasmid DNA concentration used for

transfection.

9.4 Discussion

Direct in vivo gene transfer with naked DNA was first demonstrated when efficient
transfection of myofibers was observed following injection of pDNA into skeletal
muscle [Wollf et al.. 1990]. Delivery of naked DNA to cells elicits minimal immune
response when compared to DNA encapsulated in lipids or cationic polymers. The
lack of immunogenicity of naked DNA makes it a good prospect for gene therapy.
However, the susceptibility of naked DNA to degradation from nucleases and the
need for DNA to have target specificity has resulted in the development of physical
methods aimed at targeting DNA to tissues. The physical delivery methods for naked

DNA reported in literature are (i) high pressure delivery. (ii) electroporation, (iii)

R
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laser beam gene transduction, (iv) ultrasound, (vi) photochemical internalisation
[Conwell and Huang, 2005] and (v) magnetofection [Dobson, 2006]. Systemic
delivery of naked plasmid DNA for gene transfer into the liver holds promise for the

treatment of metabolic diseases [Liu and Tyagi, 2005].

GGFP Fluorescent cells
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- After the cfohing of the cystic ﬁbrosis gene, inhalation gene therapy was predicted to -
be an ideal non-mvaswe mode of gene dehvery to the airway eplthehal and other
_Iung surfaces [Densmore, 2003]. However, the dellvery of the CFTR (Cystic fibrosis

| transmembra_ne-conductance regulator) gene -into the airways wusing existing
respiratory devices such as jet nebulisers was lfmited due to the damage to DNA

_. during the aerosolisation process and the difficulty in getting through the mucous.

 Nebulisation has a long history in the delivery of non gene-based drugs to the

airways. In view of the damage to plasmid DNA during nebulisation, intensive
research was pursrled to protect plasmid DNA by formulation using cationic
eubstrates ‘such ‘as PEI [Rudolph et al, 2005] However, newer technologles |
‘ emponmg nebulisation by smgle pass through a porous membrane offer promise as
an ideal delivery system [Dav1es and Alton, 2005], without the need for formulation

of naked plasmid DNA prior to delivery.

- In the earlier chapters, safe aerosol deli\rery of sc structure of a naked 5.7 kb plasrnid
'DNA has been experimentally and analytically determined. However, it is crucial to

- validate the performance of the aerosolised plasmid to confirm the integrity of the sc

- structure for its 'intended appllication in non—viral gene therapy. Transfection of

- adherent cells in culture has been reported to be straightforward because the

o complexes can reach the cell easﬂy, cells are metabolically active and in a mitotic

- state [Demenelx and Behr 2005] In this chapter, transient transfectlon of plasrmd‘

DNA' was carried out using- suspensmn -adapted CHO cells.- These cells have o

_ 'potentlal apphcatlons for the production of recombmant therapeutlc proteins [Talt _
- 2006]. '

_ Transfection of PEI fo‘rm.ulated 5.7 kb plasmid after nebulisation was observed to
: . result in higher cell v1ab111ty (Flgure 9.1) and lower GFP fluorescence (Figure 9.2)
' than the before nebullsatlon sample. This was possibly due the cytotoxic effect of
~ PEI from the less compact formulated plasmid -DNA in the before nebulisation
. sample. Nebulisation in the mesh nebuliser resulted in the formation of condensed
nanopartlcles and it is possible that PEI/pDNA complexes after nebulisation may
have been compacted. Earlier results reported in chapter 8 (section 8. 3) supports this
hypothesis. This probably resulted in hmlted dissociation of the PEI/pDNA complex

leading to lower transfection, -
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~ Nebulisation of 5.7 kb plasmid in buffers with ionic strehgth has resulted ih

protection to the sc structure of the plasmid after nebulisation. In prder to study the

influence of plasmid DNA formulated in ionic buffer on transfection, nebulisation of .

plasmid DNA in buffer with and without ionic strength was carried out in addition to
PEI formulation prior to i transfection. *As observed in figures 9.3 - and 94,

insignificant differenc_es in cell densities and- transfection efficiency in CHO-S cells

transfected with un-nebulised and nebulised plasmid in TE buffer were obtained. _

However, a s1gn1ﬁcant dlfference m transfection efficiency was observed for the

: plasmld formulated in ionic buffer. Nebulisation of plasmid formulated in ionic .

_ buffer resulted in a lower transfection efficiency than the un-nebulised plasmid. The

~ formulation of plasmid with PEI in ionic buffer resulted perhaps in the formation of -

large cationic PEI/pDNA complexes formed by aggregation when Van der Waels
attraction becomes stronger than Coulombic repulsion; since the latter is weakened
by shielding with salt [Demeneix and Behr, 2005]. However, a plasmid DNA

deliver'y efficiency of over 75% after nebulisation compared to before nebulisation,

confirmed the earlier results on retention of the sc structure of the 5.7 kb plasmid .

upon aerosolisation.

The safe aerosol delivery of the sc structure of 5.7 kb plasmid DNA using a U22

mesh nebuliser has been vahdated for the non-viral aerosol gene dehvery by the

successful in vitro transfectlon studies in suspensmn-adapted Chlnese hamster ovary
cells. - Hence, aerosol dehvery of plasmld DNA using a mesh nebuhser promlses to

be useful respiratory drug dellvery dev1ce for non-viral aerosol gene dehvery

9.5 - Conclusions

Nebulisation of 5.7 kb plasmid subsequently complexed with PEI resulted in higher
GFP expression compared to the plasmid formulated with PEI prior to nebulisation.

The low fluorescence of the formulated 5.7 kb plasmid after nebuliéatipn could be

possibly due to efficient complexation of the PEI with the s¢ structure resulting in- |

low GFP expression in the cells. However, the sc structure was not damaged after

nebulisation and when complexed with PEI jusf before transfection resulted in
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" release of plasmid DNA from the PEI complex into CHO cells leading to higher |

GFP expression than that with the formulated plasmid. The results demonstrate that

the nebulisation process ‘does not affect the expression from pDNA dunng'

transfectlon by retention of the supercoﬂed structure, which confirms the results

presented in previous chapters However, the data presented on the transfectlon of

" CHO-S cells with PEUpDNA complex after n_ebuhsatlon does show that nebulisation |

can affect expression by altering the nature of the PEI—pDNA complex in some way.

_ ThlS could be due to compaction of the PEI/pDNA complex durmg the nebullsatlon B

: process Nebulised - plasmld DNA formulated in buffers with and w1thout ionic

strength resulted in appremable transfectlon of the CHO cells.

This research has led to (i) proof—of-principle of safe aerosol delivery of sc plasmid '

- DNA usmg a mesh nebuliser and (ii) transfectlon of aerosolised plasmid DNA,

which offers immense potentlal for the apphcatlon of mesh nebulisation technology

for the aerosol delivery of shear-sensitive therapeutlcs such as plasmld DNA,

siRNA, etc into the airways for the treatment of respiratory diseases such as cystic

fibrosis, influenza and lung cancer.
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, 101 Introduction .'

Aerosol dehvery of plasmld DNA has potentlal for apphcatrons in the treatment of -

acute resplratory diseases such as. cystic ﬁbros1s, lung cancer, influenza and SARs.

This thesis has indicated the growmg 1mportance of plasrmd DNA as a ﬁxture gene _

therapeutrc vector as shown by activity in gene therapy chmcal tnals Wlth the recent

approval of insulin delivery through ‘the respiratory route pulmonary dellvery

promises to be an attractive non-invasive route for the treatment of chromc tespiratory

“and systemic dlseases With the recent success in large-scale productron of sc plasmid "

DNA, dehvery remains a key outstandmg issue.

The main results in the thesis that enable such delivery are summarised below:

e Nebulisation of plasmid DNA of sizes from 5.7 to 20 kb using a state-of-the-art

mesh nebuliser for safe aerosol delivery of the supercoiled (sc) structure .

o The development of rnethod for the analysi:s of damage to the plasmid'"DNA s _

structure using gel electrophoresis, the PicoGreen assay and AFM

¢ Engineering analysis to estimate the maximum hydrodynamic force and limi_ting

size for safe delivery of the sc structure using the mesh nebulis'er ‘

. DOE studies to enable predlctlon of the damage due to dlfferent nozzle sizes and

'frequenc1es ‘, L o

AN . - '

s Formulation of plasmid DNA for safe aerosol delivery of the'_sc structure using

ionic buffers, DEAE-dextran and PEI - g

e In vitro transfection studies in CHO-S cells to determine 'the_ transfection

 efficiency and validate the safe aerosolisation of the s¢ structure,
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102 Conclusions

Purification and delivery of plasmid DNA in its supercoil_ed (sc) form is crucial for its

application in non-viral gene therapy elirrical trials and ‘subsequently in therapies.

- Damage to the sc structure has been reported in bioprocessing operations involved in

. the purification of plasmld DNA on a large scale. In this investigaton, typlcal

B plasmids of size from'5.7 to 20 kb were purlﬁed in the supercoﬂed form and
formulations of plasrrud DNA aerosolised using- a commercrally avallablel and -
_cliﬁically approved mesh nebuliser. In order to facilitate (juick adoptidrl ofa potentiel -
plasmid DNA based genetic drug, the Omron U22 mesh nebuliser was se_lected for the * ;

studies rather than unbroven and unapprr)‘)ed device thet would require both drug and-

device approval. While nebulisation of the naked 57 kb plasmid formulated in ionic

- buffer resulted in safe é.erosol_ delivery of the sc structure, damage to the open-circular

-(o¢) structure_ of the 5.7 kb pIasmid and ‘sc structure of 8.7, 13 and 20 kb plasmi_ds was
detected using gel eleCtrophoresis; atomic force microscopy and the PicoGreen assay.

Safe delivery of the sc structure of the 5.7 kb plasmid using the U22 mesh nebuliser

'suggested that damage is dependent on the size of the molecular sc structure and mesh °

nozzle, and device frequency.

‘A Box-Behnken design of experiments ‘using nozzle size, DNA and - NaCl

~ concentrations as variables was used to create a three-dimensional response siuface

methodology (RSM) model to predrct the damage to the sc structure- of the 20 kb

. plasmid in the U22 mesh nebuliser. The model enables better understanding of the

damage to the sc structure upon nebulisation at intermediate Ievels of the varlables

" Lower damage to the sc structure of 20 kb plasmid was predicted at nozzle sizes >3

' pm. ‘However, the requlrement to use a nozzle size < 3 pm to prov1de 1nhalable "

aerosols for resplratory delivery suggests that. a 20 kb plasmxd needs to be further

‘condensed by formulation in order to circumvent damage. From the model predictions

* and analysis, it is concluded that the physical size of 20 kb plasmid remains the main

bottleneck for aerosol delivery of the sc structure. -

" Engineering analysis of the aerosolisation of liquid from the nebuliser provided an

| insight' into the process with the help of high-speed imaging. High-speed imaging of |

aerosolisation from the vibrator horn with and without a mesh provided data on the

- velocity and pressure amplitudes due to the ultrasonic motion of the vibrator horn.
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Partial damage to the sc. structure” without ‘the mesh, suggested the influence of

cavitation due to the oscillatory motion 'of the horn, Aerosolisation'without mesh

. resulted in the generation of non-uniform large droplets due to the effect of vibrations _

of the horn on the fluid. For a mesh nebuliser the out-of-phase vibrations of the horn
and mesh result in a smgle-pass droplet generatton through the mesh nozzle. Damage
to sc of the 20 kb plasmid and safe delivery of 5.7 kb plasmid is explained by
estimations of the maximum hydrodynamic force computed from the strain rates
predicted using CFD modellmg and sxzmg of the sc structure us1ng AFM imaging.
_ Such a deterrmnatlon of hydrodynamlc force levels for damage to DNA in mlcro- |
* scale flow environments has not yet been reported in the literature and allows the
degradation of such sheai—sensiti\(e therapeutics in drug—c_lelivery device combinatione
. to be explored. In addition to hydrodynamic force levels, a semi-log plot of plasmid
.DNA degradation against molecular size enabled a _linear extrapolation of the liiniting
size for safe passage of the sc structnrelon aerosolieation in the mesh nebuliser. It was
- estimated that the sc structure of an unformulated plasmid of size less than 6.7 kb and
3.8 kb could be safely delivered using the U22 and U03 mesh nebulisers respectively. -
The influence of hydrodjnamic force on damage to the sc structure was observed to
” bea signiﬁcant parameter affecting delivei‘y. A rednction in the size of the sc structure -
*ensures lower levels of hydrodynamio force and eonSequently safe aerosol delivery..
This method of estimating plasmid DNA size for eafe deli\iery in a mesh nebuliser

-will assist in the design of plasmid DNA based gene therapeutics_.

- Damage to the sc structure of plaSinid DNA depends on device parameters such as
nozzle size’ and frequency, in addition to. formulation. | A factorial design of
experlments investigated the main effects of the variables 1nclud1ng plasmid’ snze
| nozzle size and device frequency and the interactions between them. Damage to the sc _
structure of plasmid DNA was more pronounced at 3 um nozzle size than at 5 pm.
‘Nebulisation at 65 kHz device frequency resulted in more damage to plasmids of
smaller size than nebulisation at 175 kHz. The DOE showed positive 1nteractlon
between the DNA plasmid and the nozzle size and frequency. The main advantage of
the results from such experiments is that the potentlal for damage to the sc structure
can be inferred with respect to the interactions between the variables chosen for the
experimentation. This approach also will help in determining the design parameters of

a device for safe aerosol delivery of plasmid DNA as a non-viral gene therapeutic.
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The work above has shown that formulatlon isa prerequlslte for safe delivery of the
s¢ structure of large plasm1ds Here, the main objectlve of formulation is to reduce the
size of the sc structure to that of a 5.7 kb_plasrn;d (about 400 nm) to ensure protectlon‘
against the hydrbdynamic foi'ces during aerosolisatioﬁ Formulation of 20 kb plasmid-
‘with catlomc PEI resulted in prOtCCthIl of the sc structure as shown by the PicoGreen
- fluorescence assay and AFM 1mag1ng Transient transfectlon studies usmg a PEI
- formulated 5.7 kb plasmid bearing a Green Fluorescent Protein (GFP) marker gene in
l suspension-adapted Chinese Hamster Ovary (CHO-8) cells showed DNA delivery
.efﬁeien'cy of >75% usihg aerosolised plasmid DNA ebfﬁpared to before nebulisation.
-This confirmed the 'earlief results on fetention of the sc structure of the 5-.'7 kb plasmid |

" upon aerosolisation. -

i
j

103 Key parameters for delivery of s.up‘ercoiled plasmid

The significant pararneters for safe deli\'rery of supercoiled structureof a plasxhid using

~amesh nebuliser are determined using design of experiments can be charactensed into

(1) device and (ii) formulation parameters and are summarised in Table 10.1.

104 _Scoj)e for future work

This research has demonstrated _ihe potential of delivering intact supercoiled plasmid

DNA using a mesh nebuliser. Scope exists for future research in the follo‘}ving areas:

- - o Engineering studies on multiphase fluid flow modelling through the device
~ with modiﬁcatio_n of the key device parameters of the mesh nebuliser, nozzle
size and frequency, to generate very fine aerosols for high efficiency of drug .

delivery to the lungs.

o  The next steps of testing of the mesh nebuliser in pre-clinical and clinical gene

: therapy trials for non-invasive delivery of gene therapeutics. Use of a mesh .
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- Chapter 10: Conclusion:v.'

| d.elive'ry for cystic fibrosis holds considerable prdmise for the future. .

\.

o Tab'lel10.1: Summary of the key parameters for delivery of supercbiléd plasmid

Effect

Key Operating | Damage to  sc on | Recommended -
parameter | conditions | structure (%) | delivery future work"
Nozzle size | 3 um 57kb:Nil - Safe delivery In vivo study
- 20 kb: 93-98% | Not suitable pDNA formulation
4 um 20 kb: 18-36% | Notsuitable =~ | Nozzle . size
‘ . ' unsuitable -
5 um 20 kb: 22-30% . | Not suitable - Nozzle - - size
N unsuitable ‘
Formulation Formulated 20 | Safe delivery | In vivo study
.| kb: Nil )
0 mM | 20 kb: 96% (3 | Not suitable Change . nozzle
NaCl [ um) - frequency '
300 mM |20 kb: 93% (3 | Not suitable Change nozzle
NaCl | pm) ) frequency
Nozzle 175kHz | 5.7 kb: Nil Safe delivery In vivo study
frequency Formulated = 20 | Safe delivery- In vivo study
kb: Nil
.| 20 kb: >95% Not suitable® Change nozzle size
Limiting | Safe delivery
plasmid size: <
6.7 kb :
'165kHz | Limiting Safe delivery
plasmid size: <| & = .
3.8 kb

10.4.1 Studies on multiphase‘mbdelling and device parameters

Engineering studies on fnultiphase fnode]li_ng of flow through the device Would be

‘exlﬁected' to provide additional information for device design. The influence of -

‘cavitation and dynamics of droplet formation on damage to the sc structure of the

plasmid can be studied by their incorpdration in a multiphase model. A freely jbinted :

chain model that assumes the shape of the sc structure can be incorporated in the

-multiphase model to understand the vulnerable regionls of the sc structure more likely

. m
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to be damagec_l during the aerosolisatiOn process. A multiphase model with the
plasmid nanoparticle, the solvent used for formulation and air as the three pha'ses‘
“could predict the strain rates during the fluid ﬂow through the nozzle. An evaluation ;
. of the stram rates  encountered durmg the fluid flow could perhaps provide “

mformatron on the nozzle frequency and nozzle size to be adopted to ensure safe “

delivery of the fragile sc structure of the plasmrd

" Engineering studies reported in this thesis have shown that nozzle size and’ device

.' frequency are the two main device parameters whlch influence the aerosolisation

process resulting in the generatron of fine resplrable aerosols ‘Since this research has
focussed on the use of an existing mesh nebuliser to deliver plasmld DNA, the next
‘steps for the progress of this work could be focussed towards device development.
Although the development of newer devices requlres regulatory approval of the
device, there are opportunities for the development of newer mesh nebultsers Further

device development should be focussed on increasing the frequency of the dev1ce and

~ 'the nozzle size. An i 1ncrease in frequency results in the generatlon of finer respirable

aerosols. Although an ‘increase in frequency can lead -to higher strain rates, a -

. corresponding increase in nozzle size would reduce its effects potentially leading to
safe delivery of the sc structure of plasmids. Optimisation of the nozzle frequency and
nozzle size promises to deliver devices with better perfonnance in the aerosol delivery
of shear-sensitive sc structure of plasmi'd DNA. The result reported in this thesis has

shown that more damage to the sc structure is observed using a low frequency device

. than a high frequency device with the same nozzle size. Irnproved ‘know_ledge_ of the -

" operating conditions of the device will provide the necessary background for further

formulation development for the efficient delivery of the fragile gene therapeutic.

10.4.2 Nebulisation for cystic fibrosis gene therapy

3Gene therapy holds consrderable promise for the treatment of genet1c and highly. .

infectious resplratory diseases. With gene therapy still in clm1cal trlals the recent

report by UK Gene Therapy Advisory Committee (GTAC)

* [hitp://www.advisorybodies.doh.gov.uk/genetics/gtac/flagging.htm] on the lack of vector

integration and recombination using plasmid DNA suggests delivery is still an issue -

222




Chapter 10: Conclusions .

for the sﬁccessful épplication of non-viral gene therapy. Cystié fibrosis is a common -
lethal hereditary disease ‘caﬁsing chronic lung inflammation. An ideal vector for gene
therapy should have an adequate gene hapdling cépability and delivefy efficiency, and

b low:immunogenici_ty. Plasmid DNA has a large transgené handling capability and léw :

| imrhunbgenicity. However, aerosol deliverﬁr IOf large sized plasmids to the lungs has -

- been a bottleneck for gene delivery. In order to improve the efficacy of CFTR'géne
delivery using plasm1d DNA for cystic fibrosis patients, it is essentlal that . the
mtegnty of the fragile gene therapeutlc is not damaged during the aerosohsatlon _

| process and delivered as inhalable aerosols to reach the eplthellal cells. An approve.d
mesh _nebu.li.ser"fo; the aerosol delivery of plasinid DNA studicd in this research has - ‘

~ shown that this device can be ﬁscd for. iﬁ-virro and in-vivo assessment' of cystic -
fibrosis gene therapy clinical trials. Fuﬁher,' the key steps required to také cystic
fibrosis forward are the development of' specific. formulations to carry the plasmid

‘ contalmng the CFTR gene (~10 kb) and experiments to confirm its safe dehvery in an
ultrasonic mesh nebuliser. PEI formulatlons are an excellent starting pomt for the safe |

. dehvery of CFTR gene in the clinical trials. Magnetofechon—asmsted plasmid DNA' o
delwery promlses to dellver plasmld DNA bound to magnetlc nanopartlcles using an
aerosolisation device such as the _mesh nebuliser to the targeted cells resulting in .

improved efficacy of the gene therapeutic.

" To sumniafise, testing thc éfﬁcacy of a plasmid DNA—based gene therapeutic at the

. pre-clin'icalfclinicé.] stage is cfuc_ial towards'achie.v.ing the promise of gene therapy.
This research has led to (i) demonstrated proof-of-principle of safe aerosol delivery of
sc plasmid DNA using a mesh nebuliser and (ii) transfection of aéroso]ised plasmid

- DNA in a mammalian cell line such-as CHO-S cells. The application of this mesh -
nebulisation tephnology for. the aerosol delivery of sheér‘—sensiti?e therapehtic's §i1ch
as plasmid DNA and siRNA into a'nd via 'thé airways offers immense potehtial for the

~ treatment of unmet medical needs such as influenza, SARs, lung cancer.
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Appendix

APPENDIX

Repeatability of gel electrophoresis experiments on the nebulisation of 5.7 kb

plasmid

‘J,-, &

V- —
HEPES buffer TE with 150mM

PBS buffcr
BN - Before nebuhsat.lon T R NaCl
AN After nebuhsatlon S e

showing the supercoiled (sc) and open-circular (oc) forms of the plasmid: lanes 1 and
2: BN and AN samples in PBS buffer; lanes 3 and 4: BN and AN samples in HEPES
buffer; lanes 5 and 6: BN and AN samplés in TE buffer with 150 mM NaCl; lanes 7 —
DNA marker.

|
\
|
\
\
\
\
Al
Figure A.1: Agarose gel electrophoresis of nebulisation of 5.7 kb plasmid in buffers
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—~— T "
PBS buffer TE buffer TE w1th ISOmM TE Wlth 300mM
NaC! o NaCl '

BN Before N ebullsatlonf
AN After Nebuhsatlon

Figure A.2: Agarose gel electrophoresis of nebulisation of 5.7 kb plasmid in buffers
showing the supercoiled (sc) and open-circular (oc¢) forms of the plasmid: a) PBS
buffer; lanes 1 and 2: BN and AN samples in PBS buffer; lanes 3 and 4: BN and AN
samples in TE buffer; lanes 5 and 6: BN and AN samples in TE buffer with 150 mM
NaCl; lanes 7 and 8: BN and AN samples in TE buffer with 300 mM NaCl.
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Appendix

Repeatability of gel electrophoresis experiments on the nebulisation of 8.7 kb

plasmid

§m;g \\ // R
% “‘"”‘ Smear of
RS Imear DNA

]

SR C R ' A o _.“ A‘ A : ‘.‘“).

| 7@2ouymL 1ougmL 5 pg/mL-

BN Before Nebuhsatlon
AN After Nebullsation

Figure A.3: Agarose gel electrophoresis of nebulisation of 5.7 kb plasmid in TE
buffer showing the supercoiled (sc) and open-circular (oc) forms of the plasmid: lanes
1 — DNA Marker; lanes 2 and 3: BN and AN samples with 20 pg/mL DNA
concentration; lanes 4 and 5: BN and AN samples with 10 pg/mL DNA
concentration; lanes 6 and 7: BN and AN samples with 5 pg/mL uglmL DNA

concentration.
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Figure A4: Agarose gel electrophoresis of nebulisation of 8.7 kb plasmid in TE
buffer showing the supercoiled (sc) and open-circular (oc) forms of the plasmid: lanes
1-BN; 2 - NC; 3 — AN samples; 4 — Lamba HindIII DNA marker.
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8.7 kb in TE buffe

BN - Before Nebulisatio
| NC:Nbuliser chambe

Figure A.5: Agarose gel electrophoresis of nebulisation of 8.7 kb plasmid in TE
buffer showing the supercoiled (sc) and open-circular (oc) forms of the plasmid: lanes
1 -BN; 2 -NC; 3 — AN samples; 4 — Lamba HindIIl DNA marker.
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' 8.7kb in TE buffer . g, 7kb in TE buffer B
. with 150mM NaCl = " ‘

BN Before nebuhsanon‘ R SR
' AN - After nebulisation

Figure A.6: Agarose gel electrophoresis of nebulisation of 8.7 kb plasmid in buffers
showing the supercoiled (sc) and open-circular (oc) forms of the plasmid: TE Buffer -
control; TE Buffer with 150mM NaCl, lanes 2 and 3 -BN and AN; TE Buffer, lanes 4
and 5 -BN and AN.
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