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Chapter I. General Introduction

The administration of vaccines is a huge succesy &t modern medicine. Since the first
vaccination attempts of Jenner in 1796, the adnatisn of vaccine formulations to prevent
spreading of infectious diseases has become rouainkeast in the developed world. The
occurrence of some infectious diseases has beercegddue to widespread vaccination

programmes in many countries [1-3].

However, one of the major drawbacks of most vacdoenulations is the need for
administration by injection. Needle-stick injuriasd transmission of blood-borne diseases
due to re-use of disposable needles are a majoz iasparticular in developing countries. In
addition, many commercially available vaccines mexjeold-chain transport and carefully
controlled storage conditions due to the instabitit vaccine antigens [4]. The conditions
mentioned above may not be feasible in developmghtties where supplies and costs are

limiting factors.

Combating these limitations in vaccine formulaticeguires expertise in pharmaceutical
technology to develop novel dry vaccine formulasidhat can be applied using alternative

routes of administration.

Human skin is a target site for drug and vaccinkvely that is attracting more and more
attention from researchers around the world. Thdeemis of the skin, composed of live
keratinocytes and immune cells, is a sensitive imenorgan and a practical site for vaccine
delivery. In addition, the epidermis lacks nervaliags and blood vessels which make this
site of needle-free administration even more ditrac[5]. Therefore, global health
organisations are pushing for vaccination via tke.sAs shown inFigure I-1, there are
several needle-free methods for transcutaneousneédelivery, including liquid-jet injection,
epidermal powder immunisation and topical applaradi [6]. These techniques are under
development now and not yet applicable for replacmeedle injection vaccination.
Researchers are putting a lot of efforts into théedd to investigate the feasibility of

vaccination without needles, but more work stikds to be done.
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b M Collcidal e Electroparation h
s carrier )
Tape stripping / j' l:] ’ Adwant 9 Microneedie
L& d |Utrasound™=— patch
a = c = 3
Micropore s ~E 34 3 O
- B —HHE
— = e = fHE
— = - - HHE

Stratum corneum

B L

1N

Epidermis
L

==

g Hair

I A 5 folicie =
Liquid-jet Epidermal powder Topical
injection immunization application

Figure I-1. Vaccine delivery to skin by transcutaneous rou@3.Liquid-jet injection; B)
Epidermal powder immunization; Cf Topical applications of vaccines, including
immunization through hair follicles, thermal or r@avave-mediated vaccine penetration by
creating micropore, colloidal carriers facilitatidow-frequency ultrasound mediated vaccine
delivery, shallow microneedles assistance, etc. For alldh&es, vaccines are delivered to the
epidermis, and Langerhans cells will process amdgnt the vaccines. Figure adopted from
Ref. [6].

There are some important advantages for the epigdexsnthe target for immunisation. First,
the epidermis contains a larger number of bone owmaderived dendritic cells called
Langerhans cells (LCs). Although LCs account fdy@bout 1% - 3% of the epidermal cells,
they cover about 25% of the entire surface of e [§]. About 500 - 1000 Langerhans cells
exist in a square millimeter in most areas of taman skin, except the areas of sole and palm
[8]. Langerhans cells are efficient antigen presentells (APCs) which can present antigen
directly to the immune system when transfected ByA®@r protein vaccines. The mechanism
of presenting antigens introduced by the skin rastelepicted inFigure I-2. Antigens
penetrating into the epidermal layer are recognasedi processed by LCs. The LCs carrying
antigenic signals migrate to the draining lymph esdnder the stimulation of TNFand IL-

1B. And then the LCs present the processed antigengive T cell, resulting in either Thl or
Th2 types immune responses [8]; second, epideraine delivery is expected to decrease
pain and suffering, as there are no nerves in pieeanal layer of skin. Compared to needle

vaccination, needle-free vaccination is more cotafde for the patient; third, it is safer to
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use a needle-free method for epidermal powder insation compared to needle vaccination
because needle break and potential infection addlworne diseases may be harmful to the
patient. Especially in developing countries, thasee of disposable needles for vaccination
may result the transmission of blood-borne disedsesth, use of powders make the storage
easy and improve the stability of vaccine. The dcathain” for the transportation of vaccines
may be not necessary which could reduce the caosinanease the convenience for extensive
use. However, there are some disadvantages ofdiserd devices for powder injection, such
as the high cost of devices, occasional bleeding lmited clinical history [4]. The
controllability of powder injection devices needs be improved and the efficiency of

vaccination should be evaluated systematically.

ANTIGEN
— X
(- _____KERATINOCYTES
as / i__; Th1 responses
- N __,
l-‘_‘ i)i@-']‘l = ‘-.f/ ]; N Cytokines: IL-12, IFN-
kx___gr-j ,_,f! \‘—.!'—ANGERHANb CELLS -Antibodies: lgG2a
= 7 -Cellular responses. CTLs
\ ?"L’ﬁ“__
Wy
r"ﬁ{ 75
Th2 respones.

homing \
Antigen

Processing

Bone marrow and Presentation
progenitor

-Cytokines: IL-4, IL-5, IL-13
-Antibodies: 1gG1, IgE
-Cellular response

Eosinophils, mast cells

DRAINING LYMPH NODE
Figure 1-2. A schematic diagram of antigen processing and pteggby Langerhans cells.
The antigens penetrate through skin and are rercedgry LCs in the epidermis. LCs with
antigens migrate to the draining lymph nodes urtderinfluence of TNk and IL-13. And
then LCs induce either Thl or Th2 types immunearsps by presenting processed antigen

to naive T cells. Figure adopted from Ref. [8].

Due to the skin barrier function, especially thetpction of the stratum corneum of the most
superficial layer of epidermis, it is not easy #&lidery drugs or vaccines into epidermis or
dermis. Efforts to improve the efficiency of drugwaccine delivery into skin by needle-free
methods have been made. So far, common needl¢eitbaiques to achieve penetration of
antigens into the skin are tape-stripping and edpcration. Researchers try to design the
formulations which can penetrate through the slanrier by encapsulating vaccines into
colloidal carriers such as microemulsions and fexaemes. However, these techniques are

time-consuming, elaborate, and may not result innarease in patient compliance. Micro-
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needle mediated penetration is another option whiokies to be a possible minimal invasive
method [9].

Another option is to deliver vaccine antigen eitirediquid or solid form into the skin by
exhibiting large acceleration forces on either itigar the solid vaccine formulation. These
techniques are called liquid jet injection and epmdal powder immunisation, respectively [6].
The liquid injection device uses the kinetic eneafya high-velocity jet, whereas powdered
vaccine devices usually contain helium gas cargsdidpat accelerate the powder particles to
the required high speed [10]. The helium-relatedadeis been used to administer DNA HIV
vaccine (Phase 1) and Herpes simplex type 2 (HRtfase I) and DNA cancer vaccine
(Phase 1) by ballistic microparticle injection [1The use of helium results in an increase in
costs per immunisation and thus limits the appliggbof this approach in developing
countries. Epidermal powder immunisation (EPI) ipramising method for delivery of
vaccines by transcutaneous route [12, 13], but @raconomic, elegant and effective device

without helium is required.

A novel device for EPI is being developed by outlatmrator. A skin model for the
evaluation of the device and vaccine powders/mantiges for EPI is needed. In this
circumstance, the project was proposed to addhes® tproblems. Several areas such as the
skin properties, skin models, vaccine particlesdpidermal immunisation and detection of

delivered vaccines are involved in this project amtibe introduced further.
1. Structure and function of human skin

The skin is the largest organ in the human body.tfk® average adult human, the skin has a
surface area of about 1.8 nmost of it is between 1 - 2 mm thick and the agerthickness is
1.2 mm. The average square inch (6.3)anfi skin holds 650 sweat glands, 20 blood vessels,
60,000 melanocytes, and more than a thousand eediags [14]. The general skin structure
is constituted of the stratum corneum (about 0.02 tlmckness), the viable epidermis (about
0.1 mm thickness), the dermis (about 1.1 mm thiskhend hypodermis (0.1 to several

centimetres) [14].
1.1 Epidermis

The epidermis is the outer layer of the skin, cosagbof stratum corneum and viable

epidermis with a total average thickness of abad® Gnm [14]. It is the body's major
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biological barrier against an inhospitable enviremtnor viruses. The epidermis is avascular
and composed of four types of cells, i.e. keratyp@g, melanocytes, Langerhans cells, and the
Merkel cells. Keratinocytes are the major constitueonstituting 95% of the epidermis. The

epidermis is composed of 4 - 5 layers dependinthemegion of skin considered.

The stratum corneum with a thickness between 104éngdm is the outermost layer of the
epidermis, composed of large, flat, polyhedraltglike envelopes (15 - 20 layers of dead
cells) filled with keratin. Keratin keeps the skin stay hydrated by preventing water
evaporation. These dead cells can also absorb wattrer aiding in hydration. This is why
humans and other animals experience wrinkling ef gkin on the fingers and toes when
immersed in water for prolonged periods. The meidahrproperties of skin are decreased

when hydrated.

The viable epidermis with an average thickness@jiré is the target for drug or vaccine
delivery by transcutaneous routes. The professiantden presenting cells, Langerhans cells,
are uniquely present in the viable epidermis ohsKihe density of LCs in most areas of
human skin with the exception of sole and palmpigraximately 500 - 1000 cells/nfrfiL5].

LCs take up epicutaneous antigens, emigrate iaebional skin-draining lymph nodes and
present the processed antigens to the T cellsllinL@s initiate, maintain, and regulate

adaptive immunities in the skin.
1.2 Dermis

The dermis is the layer of skin beneath the epidethat consists of connective tissue and
cushions the body from stress and strain. The deisrtightly connected to the epidermis by
a basement membrane. It also harbours many medwmmior and nerve endings that
provide the sense of touch and heat. It contaieshiir follicles, sweat glands, sebaceous
glands, apocrine glands, lymphatic vessels anddolessels. The blood vessels in the dermis
provide nourishment and waste removal from its cefts as well as from the stratum basale

of the epidermis.
1.3 Hypodermis

The hypodermis is not part of the skin, and lidewehe dermis. Its purpose is to attach the
skin to underlying bone and muscle as well as sipglit with blood vessels and nerves. It

consists of loose connective tissue and elastia.imain cell types are fibroblasts,
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macrophages and adipocytes (the hypodermis corisof body fat). Fat serves as
padding and insulation for the body.

2. Mechanical properties of human skin

Mechanical properties of human skin are importantits function such as protecting tissues
under the skin and forming the structure of orgditsmeasure the biomechanical properties
of human skin is necessary to develop drug deliveeghods through skin. It is difficult to
describe the mechanical properties of skin duehto anisotropic properties and layered
structures. In fact, different results of mechahpraperties will be obtained when the same
skin is measured by different methods. Furthermibwe skinin vivo and thatn vitro display
different mechanical properties. Therefore, oneukhte careful to use the skin vitro to

evaluate the cutaneous drug delivery and admitistra

There are some kinds of methods for measuring tbehamical properties of soft materials
including tissues. For transdermal delivery of drlny a physical method, it is necessary to
know the mechanical properties, i.e. storage majudoung’s modulus, shear modulus,
tensile strength. The measurement methods inclualalynsuction, indentation, torque and

extension.
(1) Suction

The suction method is one of the most extensivegduways to measure skin mechanical
properties. The principle of the suction methodthis measurement of skin elevation caused
by application of a partial vacuum (usually in tia@ge of 5 - 50 kPa or 50 - 500 mbar) via a
circular aperture in a measuring probe. The defoonais measured with an ultrasound
system (dermis) or optical coherence tomographyTO@pidermis and dermis) [16, 17].
Two different instruments are commercially avaié@abDermaflex (Cortex, Denmark) and

Cutometer (Courage & hazaka Electronic GmbH, Gegnan

Hendriks et al. [18] studied the contributions of different skiayérs to the mechanical
behaviour of human skim vivo using suction methods. They assumed that the mezasut
was based on the hypothesis that experiments witareht length scales represent the
mechanical behaviour of different skin layers (epnis and papillar dermis, reticular dermis).
For example, the upper layer is measured whennfadl sized (0.3 mm in diameter) aperture
is used. Attention should be paid to that they pasisidered the skin with two layers: one is

the upper layer including epidermis and papillamus, the other is the reticular dermis. The
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mechanical properties of single epidermis havebeein achieved by the present settings due
to the limited resolution of the imaging systemst imay be obtained by measuring the skin

using even smaller aperture sizes [18].
(2) Indentation

A rigid indenter is used to apply a known forcedaformation to the skin in indentation
experiments, and then the relation between thet@ioa depths and normal load is obtained,
which could give the information of elastic mecluahiproperties. Zahouast al.[19] used a
device for indentation experiments named bio-tribten Figure 1-3) to characterize the
mechanical properties of a dermal equivalent ancharu skin. The conical probe can be
changed into spherical probe if necessary [19].

(2) (b)

Conical
indenter

I Ecement

Displacement
SCNSOTS ZONe

Figure 1-3. Skin tribometer device: (a) schematic diagram had indentation device; (b)
indentation system and positioning of the subjeatis1. The tests were performed on the

inner forearm. Figure adopted from Ref. [19].

The nano-indenter® XP (MTS Nano Instruments, 108fsan Drive, Oak Ridge, TN, USA)

can also be used for indentation experiments of, skpplying the continuous stiffness
measurement (CSM) technique. By decreasing the elanof the probe, the mechanical
properties of the skin epidermis can be obtaine@. [Kendall et al. [20] used custom

tungsten probes fabricated with nominally 5 an@n2 diameters with nano-scale tips to
measure the mechanical properties by penetratirmugh the intact stratum corneum and
viable epidermisKigure 1-4). In the theory of viscoelastic properties, thasatity of elastic

solids and the viscosity of viscous fluid are coneloi to describe the characteristics of
mechanical properties of viscoelastic materialg.[Zhe elastic portion is described by the
storage modulus and the viscous portion is destriine the loss modulus. Loss tangent
describes the phase angle between the storage usodund the loss modulus. Young’s

modulus can be calculated from the storage modaihas the probe properties [20]. They
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obtained the storage modulus, Young’s modulus, hiasdulus and loss tangent for the viable
epidermis of murine ear skin for the first timieable 1-1).

Stratum
comeum -
10-20 pm —

Viable
epidermis
50-100 um

Dermis
12 um !

Langerhans cell ~ 10 um

Figure I-4. The schematic diagram of the skin epidermis stimectinder micro-projections
for gene and drug delivery [20A] A single 2um micro-particle was accelerated to a speed
of ~600 m-& before penetrating into the epidermis, while sifreg profiles of 2um and 5
um probes will be gradually inserted into the skiithwa speed lower than <1nt:s(B) The
respective positions of the ballistically delivemgitro-particle and the two probes following
insertion. Figure adopted from Ref. [20].

Table I-1 Murine ear skin viable epidermis mechanical prapsii20]

Probe diameter um) 5 2
Parameters Average S.D. Average S.D.
Young's modulus (MPa) 2.9 NA 111 NA
Storage modulus (MPa) 3.587 2.35 13.974 2.49
Loss modulus (MPa) 0.263 0.81 2.452 9.2
Loss tangent 1.206 0.49 0.834 0.11

The texture analyzer (TA) can be applied to meatheemechanical properties of skin and
skin model materials. Jachowiczt al. [22] utilized the model TA-XT2 from Texture

Technologies Corp. (Scarsdale, NY, USA) which wagsigped with smooth stainless-steel
spherical indenters characterized by diameters/D$,5%/8, 5/4 inch to obtain indentation
curves (force vs penetration depth). They integutahe experimental data with the Hertz
theory of contact mechanics that describes theraiefioon of contacting solids and calculated
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the fundamental parameters such as the moduluasifoity [22]. The schematic represent is
shown inFigure I-5, the equivalent Young’s moduluB¥) of elasticity between the bodies is

defined as

1 _1-Vv +1—v22

ST E T E (1)

where E1l, E2 andv;, v, are modulus and Poisson” Ratios of the sphericgdepand the
spherical object, respectively. The load of comgisP can be expressed as a function of
indentation deptl

P:gE* RO.551.5 )(2

By fitting the experimental data of indentationderwith penetration depth, the mechanical

parameters can be obtained.

Figure I-5. A scheme of the indentation of a spherical prolith & diameteR; (Young's
modulus E; and Poisson’s Ratie;) into a spherical object with a diametes (Young’
modulusE, and Poisson’s Ratig;). An a denotes the indentation diameter ands the

indentation depth. Figure adopted from Ref. [22].
(3) Torsion

In torsion tests a guard ring and an intermediasg @re attached to the skin. A constant
torque or rotation is applied by the disc. Accogdin Escoffieret al. [23], this method has
two advantages: 1) hypodermis and underlying tssleenot affect the measurements and 2)
the anisotropic character of the skin is minimizZiddwever, it is difficult to differentiate the

mechanical properties of epidermis and dermis,uch svork has been reported yet.

Agacheet al. [24] studied skin stiffness using a torsional appss [25]. Application of a
torque of 28.6x18 N-m during 2 minutes to the dorsal forearm sksulted in a rotation of 2
- 6°. The torsional moment was applied by a 25 niamdter disc surrounded by a 35 mm

diameter guard ring. Young’'s modult)(were calculated for the linear part of the st&sain
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curve and were found to &= 4.2x1G Pa for people aged less than 30 years old,Eard
8.5x10 Pa for people over 30 years.

(4) Extension

In tensile testing the skin is mainly loaded paiaib its surface. Two tabs are attached to the
skin and then pulled apart. The attachment of éahs to the skin may significantly influence
the results as many of the double-sided adhespestaxhibit creep deformation. Rapidly
bonding cyanoacrylate adhesives can be used tal dvese effects. The simplest method by

extension tests is the vitro tensile testing, but tha vivotest is a challenge.

A typical example of a uniaxial tensile test is atdsed by Manschot and Brakkee [26, 27].
They performed uniaxial tensile tests on human, dath across and along the tibial axis.
Two square tabs (10 x 10 Mnwere attached to the skin with cyanoacrylate sitieewith a
distance of 5 mm in between. A skin thickness @ rhm was measured with ultrasound.
Four sawtooth shaped loads (maximum 12 N) wereiepplith a loading and interval time
of respectively 10 and 20 seconds. Preconditiorsrgft out of consideration by neglecting
the response to the first load cycle. A clear rinedr stress-strain relationship was observed.
Across the tibia axis a maximum strain of 0.32 antaximum Young’s modulus of 4 MPa
were found. Along the tibia axis the maximum obsedrstrain and Young’s modulus were 0.3

and 20 MPa, respectively.
2.11n vivo mechanical properties of human skin

The mechanical properties of human skivivo are summarized ifable 1-2, and the results
by different studies vary distinctly. Basically,etimechanical properties of human skin are
related to age, individuals, body sites, and emwirental factors such as relative humidity and
temperature. Meanwhile, different methods alway® glistinct different results of Young’'s
moduli. In the literature, the Young’s modulus bé thuman skimn vivo varies between 0.05
and 0.15 MPa for the suction tests [16, 25], 1 Hh#Pa for the indentation tests [19, 20], 4.6
- 20 MPa for the extension tests [27], 0.42 and® 0/%a for the torsion tests [24]. Therefore,

caution should be paid when comparing the dataemfhanical properties of skin.
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Table I-2 In vivo Young’s modulus of human skin

Skin sample Young's Method Descriptions Ref.
modulus
Forearm outside 2.5 MPa Suction [28]
Forearm 18 - 57 MPa Suction 20 to 70 years old 9] [2
Forearm (man) 0.14 MPa Suction Before 25 years old [30]
Forearm (woman) 0.16 MPa Suction Before 25 yeats ol  [30]
Forearm (man) 0.11 MPa Suction 28.3+ 6.2 yeatsol [31]
Forearm (woman) 0.12 MPa Suction 27.8+8yearsold [31]
Forearm inside 2:20%4.48 MPa Suction (dermalab) 9 - 29 years old [31]
(average 3.52)
Forearm 1.09 - 1.51 kPa Indentation [32]
Forearm 14.0 £ 5.0 kPa Indentation Relaxation 313
Forearm (man) 2.7 - 3.3 kPa Indentation 28 - 65s/ekH [22]
Forearm (woman) 1.1-2.2 kPa Indentation 28 y&dys old [22]
Inner forearm (man) 45 -8 kPa Indentation (trileoen) About 30 years old [19]
Inner forearm (woman) 8.3+2.1kPa Indentatioibtmeter) 55 - 77 years old [19]
Forearm outside 0.42-0.85 MPa  Torque 042 MPa before 30, [23.32,
0.85 MPa after 30 33]
Forearm outside 23 -107 kPa Torque 6 - 61 yaldrs [34]
Forearm 1.1-1.32 MPa Torque [23]
Human skin 4.6 - 20 MPa Extention [27]
Human skin 28.42 MPa Extension 7 months to 3 years [35]
Human skin 65.66 MPa Extension 15 - 30 years old 5] [3
Human skin 79.38 MPa Extension 30 — 50 years old 35] [
Human skin 107.80 MPa Extension 50 — 80 years old 35] [
Human skin 0.5 MPa Extension [36]
Human skin 0.42-0.75 MPa  Extension [37]
Forearm 457.8 kPa Extension strain 40% [38]

2.21n vitro measurement of skin mechanical properties

The removal of the skin samples from the body solved in thein vitro measurement
methods of mechanical properties. The shkiwitro could be considered to be a viscoelastic
material. Due to the distinct effect of environnserdn the mechanical properties, the
conditions for measurements of skin mechanical gmegs should be well controlled.
Edwards and Marks summarized the measurementsoafelshanical properties of human
skin and discussed the vitro methods with some considerations about the cosganm

vitro with in vivo measurements [39]. Tensile testing is commonhduseluding uniaxial
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and biaxial tests. Typical stress versus stairtioglships under uniaxial and biaxial tension
are shown irFFigure 1-6, respectively [40]. Three obviously different regs can be observed
for uniaxial tests as follows: (1) small strainggg0 - 30%), the stress increases slowly with
the strain increasing. It is caused by the gradtraightening of an increasing fraction of the
wavy collagen fibers and the stretching of elaBkiers; (2) middle strain stage (30% - 60%),
the stress changes linearly with the increase rairstlt is attributed to the stretching and
slippage of collagen molecules within crosslinketlagen fibers and collagen fibril slippage;
(3) large strain stage (>60%), the final yield cegiwhich is attributed to the loss of fibrillar
structure resulting from the defibrillation of cadjen fibrils. Compared with uniaxial stretch,
the stress—strain curve is shifted left in biaxdaktch due to the two-directional stretch of
collagen fibers, as shown kigure 1-6B. Table I-3 summarizes some of tlirevitro Young’s
modulus of human skin. Apparently, the skirvitro is different from the status of the skin

Vivo.

& Ll — . . . . .
A Skin mechanical behaviour under uniaxial tension B Skin mechanical behaviour under biaxial tension

Stress/MPa
Stress™MPa

A

30% )% 0% 60%
Strain Strain

Figure 1-6. Schematic diagrams of skin mechanical behavioeu uniaxial and If)

biaxial tension. Figure adopted from Ref. [40].

Table I-3 In vitro Young’s modulus of human skin

Skin sample Young’s modulus Method Description Ref.
Human skin 2.16 kPa Uniaxial stretch 0% strain 1[41
Human skin 26.5 kPa Uniaxial stretch 50% strain 1141
Human skin 5.0 kPa Uniaxial stretch NA [42]
Human skin 0.1 MPa Extension 47 - 86 years old 1[43

Human skin 0.3 MPa Extension NA [44]
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3. Powder and particle-mediated epidermal immunisabn

Epidermal powder immunisation (EPI), also knownaakallistic method, is carried out by
delivering antigen-loaded particles or powders i@ upper layer of the skin and depositing
in the epidermis or the superficial layer of thendis [6]. The delivered antigens can be
processed by LCs and then presented to naive 3, éediding to the immune responses [6].
Deanet al.[45] have reviewed powder and particle-mediatgur@gches for delivery of DNA

and protein vaccines into the epidermis. They difiiate the intracellular and extracellular

particle delivery Figure I-7) as the mechanisms of epidermal powder immunisatio

A. Needle Intracellular Extracellular
Delivery Particle Delivery Particle Delivery
\ | mmmer— w2 | Stratum
\, Epidermis ; = Lo : - - Corneum
P \ - _':Ig =3 e T: - - & . \O - —
Dermis iy So\1 00 " o] e T YO e /ale ® Viable
. 2 AN . LT Te) o : . Epidermis
AR 8 LS8 VAMIPVARC R LY
T e — \ .
= |\ | tangerhans Keratinocyte| R
\| cell \

Figure I-7. A schematic represent of immunisation by transcedas routes. 1) Intracellular
particle delivery depicts that 1 -8n gold particles penetrate through the stratumexam
and directly transfect both Langerhans cells andtkecytes of the viable epidermis; 2)
Extracellular particle delivery depicts that densarticles of 20 - 70um in diameter
containing protein antigens penetrate the stratomeum and are deposited in the

intracellular spaces of the viable epidermis. Fegatlopted from Ref. [45].

The PowderJect® delivery systeriqure 1-8) was developed especially for powder and
particle injection into epidermis [45]. The device a metal instrument that accelerates
particles or powders at a high speed by regulatibgrst of helium with an electrical solenoid.
The particles or powders with DNA or proteins amntained in a cartridge [45]. The

cartridge is inserted into a disposable nozzleelhko the device by a snap lock. When the
compressed helium is released by activating tigger, the gas bursts into the cartridge with
vaccines and accelerates the particles or powdeaishigh velocity. Particles or powders are

then ejected from the nozzle and injected intoggtidermis of the skin.
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solenoid saap lock disposable
nozzle

cartidge

1 B nozzle powdered vaccine
trigger f cassette
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cord silencer helium gas actuation 3

chamber button

Figure 1-8. Particle-mediated delivery system for epidermahumisation: A) the prototype
delivery device used for particle-mediated DNA vaation and epidermal powder
immunization; B) cross-sectional view of the rechargeable PowdeM® device used for
epidermal powder immunization of 20 - fn protein powders. Figure adopted from Ref.
[45].

The PowderJect Centre for Gene and Drug DeliveryeBeh at University of Oxford has
investigated PowderJect® device or similar dev[d&$. Kendallet al.[13] found the effects

of relative humidity and ambient temperature on lidistic delivery of microparticles into
excised porcine skin are distinct, and calculatexitheoretical penetration depths based on
the properties of stratum corneum and viable epigerand particles. Kendadt al. [12]
revealed that the particle penetration depth inetk@sed human skin strongly depends on the
particle density and impact velocity. Chen al. [46] have proven the efficiency of the
PowderJect device for epidermal immunisation bylywhg the immunogenicity of influenza
vaccine and protection in mice. Dragteal. [47] described a phase | clinical trial to evaduat
monovalent influenza DNA vaccine by particle-meeédatepidermal delivery using the
PowderJect device. In the mean time, different aeifor powder injection have been
developed. Roberist al. evaluated the clinical safety and efficacy of avgered Hepatitis B
nucleic acid vaccine delivered to the epidermisubing the XR-1 clinical research and the
commercial prototype ND5.5 devices [48]. When vaecparticles are delivered into the
epidermis with the powder injection device, the dgmto targeted cells by microparticles
may influence transfection efficiencies, which ve&gdied by Rajet al. [49]. In fact, the
ballistic delivery of microparticles to the viald@idermis can result in localised cell death to
some degree. It is a compromise of microparticidqaal and cell death for optimizing the

transfection by epidermal immunisation [49]. Therkvabout the epidermal immunisation
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with ballistic delivery and the device is still arigg [50, 51], and much more work needs to
be done on the development of the application afemal vaccination.

3.1 Theoretical modelling of particle penetrationmto skin

Based on the unified theory of penetration [52F telationship between the theoretical
penetration depth in skin and the properties ofpeicle, skin and the particle velocity has
been proposed [12, 13, 53]. The mechanisms of gmrtmpact were explored with a
theoretical model attributing the particle resistiorce D) to plastic deformation and target
inertia [12, 13, 53]

1
D=§,0tAV2 +3A0, 3)(

wherep; andagy are the density and yield stress of the tar@as the particle cross-sectional
area, and is the particle velocity. The yield strength oelg point of a material is defined in
engineering and material science as the streshiahva material begins to deform plastically.
Integration of expression (3) produces the thecaepenetration depth) [12]

d =%{In(1ptvf +3mj —In(so:)} @)

3p, 2

Kendall et al. [13] proposed a two-layer model using expresg®nshown inFigure 1-9.
There are two kinds of penetration denotedndB in Figure 1-9. Penetration cask denotes
particle delivery into the stratum corneunh), whereas in casB the stratum corneum is
fully breached t) and the final particle location is within the bla epidermis d,¢). The

impact velocity isy; and the input velocity for the viable epidermis;ig.

CaseA: patrticle delivery only to stratum corneum

d -ﬂ{ln@pscvf +3ascj—ln(3asc)} (5)

7 3pqc

CaseB: particle delivery to viable epidermis
The velocity of the particle at the SC-viable epmdis boundary\,e) can be calculated from

—3psdsc 12
Vi,ve = (VIZ + 60—8Cje 4pplp 6O-SC (6)
IOSC pSC

And thend,e can be obtained. The total particle penetratigttdé,) is thus
dt = tSC + dve (7)

expression (5)
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However, the calculated depths in excised porcikie sre distinctly larger than the
experimental results [13], which may be due todbkeiations of the parameters and assigned

values used in the theoretical calculations ofpthicle penetration depths.

l t Stratum
¢ corneum

A
Vi

Spinous tayer

Viable
d,. epidermis
Basal layer

eV

A B
Figure 1-9. Schematic diagrams of the epidermal structure whdn skin A) and the
description of the corresponding bilayer approxioratof the epidermis in the theoretical

penetration modeB). Figure adopted from Ref. [13].

It is a challenge to deliver particles to specd#kin layers due to the complicated mechanical
properties of the skin. From the above theoretioadelling, we can predict the particle
penetration depth with the mechanical propertieskof and parameters of device and patrticle
properties. Therefore, it is necessary to knowstinecture and properties of the skin for the
powder injection into skin. In fact, the studiestbé penetration into skin model materials
with stable mechanical properties will help thelaaton of vaccine formulations and powder

injection devices.
4. Building of skin models for studying ballistic atlivery of drugs and vaccines

Skin models or artificial skins are useful for aslo@-to-skin testing [54], studying
modification by cosmetic treatment [55], wound Iv&gl[55] and evaluation of needle-free
transcutaneous delivery of drugs and vaccines [B@kording to the composition and
structure of natural skin, the best way to builcskin model is to establish a structure
mimicking the function of real skin. Biomacromoléesi such as gelatin, collagen, alginate,
etc. have been used to make artificial skin [5SGll&yen fibrils are the main components in
dermis responding to the mechanical propertieset.al. [54] synthesized a film modelling
human skin considering skin composition, structdumctions, mechanical properties and
surface properties. They used collagen-derived [gatein gelatin to provide skin mechanical
integrity, glycerol as a plasticizer to increase fiim flexibility, hydroxyethylcellulose as
polysaccharide component to tailor film mechanpralperties, formaldehyde as cross-linking
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agent to regulate film hydrolytic stability anditipto create film hydrophobic surface [54].
Due to the layered structure including epidermissnds and hypodermis of natural skin,
multilayer membrane composed of different layers @aveloped by Yannas al.[58]. Skin

tissue engineering is another way to obtain skunvedents [59]. Usually, single- and multi-

layer skin models can be used with different intart.
(1) Single-layer skin model

Skin has a layered and anisotropic structure. glsttayer skin model will not produce an
exact model, but still can be used if the inteni®to mimic the average properties. Skin is a
typical soft tissue and soft tissue modelling iplegal extensively. Dermis is the main
contribution of mechanical properties of skin, tisusgle-layer skin models may just simulate
the properties of dermis in skin. The developmédrsliodiagnostic imaging system and most
physical therapeutic interventions has requiredube of tissue-simulating objects to mimic
the properties of tissues. Pogue and Pattersomwed tissue simulating “phantoms” for
optical spectroscopy, imaging and dosimetry [60]atfi¥ materials typically used for
phantom include gelatin, agar, polyester or epaxy polyurethane resin, room-temperature

vulcanizing (RTV) silicone, polyvinyl alcohol gedsd so on.

Gelatin is one of the most commonly used matef@lskin modelling. Liret al. synthesized

a gelatin-based film with thickness of 100 +h as a substrate for adhesion-to-skin testing
[54]. They also imitated the topography of a reldhswith the silicone replica technique
employed Figure 1-10 shows the surface topographies. Polyacrylamide cgat be used as a
model system for the investigation of jet injectimechanics into skin [56, 61, 62]. The best
advantage of polyacrylamide gels is the transpgentaking it possible to imaging the
evolution of jet penetrationF{gure I-11). RTV silicone-based materials may be a good
choice for preparing skin models. The material isppred by mixing the RTV with its
hardener that initiates a chemical process whididiBes the compound. Heat and gas
generation during the process requires pumpingnhbeerial under vacuum. Manst al.
evaluated the elastic properties of silicone-basederials for soft tissue modelling [63].
Polyvinyl chloride (PVC) phantoms can be used fesue model in the investigation of
needle insertion [64]. PVC gels with Young's modutanging from 10 kPa to well over 100
kPa could be prepared by varying the amount oftiplasr, a phthalate ester added to the
PVC.
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Figure 1-10. Surface topographies of the model materkg) &énd real human skirBj from

the forearm zone (optical images, x60). Figure sstbfrom Ref. [54].

0 11.1 22.2 33.3 44.4 55.5 66.6
Time (ms)

Figure I-11. Imaging of jet penetration with different injeatitime during the injection into
20% acrylamide gels. The jet enters the gel abthek/white interface. The black parts in the
middle of the gels are the jets. Figure adoptechfRef. [56].

(2) Multi-layer skin model

Due to the layered structures of skin, multilayeenmbranes may be a good option for
building a skin model. Yannast al. [58] patented the method to prepare multilayer
membranes, as shown kigure 1-12. The first layer, mimicking the dermis, is insdkeln
the presence of body fluids, and nondegradableemptesence of body enzymes. According
to the composition of dermis, preferred materialsthe first layer are crosslinked collagen-
mucopolysaccharide composites, which are synthési®e intimately contacting collagen
with a mucopolysacchride and subsequently crossiinthe resultant product [58]. For the
simple double-layer skin model, the outmost layemitking the epidermis is a moisture
transmission control layer which is adherently kexhtb the first layer. Suitable materials for
this layer include synthetic polymers such as@il&resins, polyacrylate or polymethacrylate
esters or their copolymers, and polyurethanes [B8g¢ of the polymeric materials is silicone
polymer, such as Silastic® Medical Adhesive (Dowrrdog), a mixture of a hydroxyl
terminated silicone polymer and methyl triethoxlase which cures into a flexible, tough
layer that adheres very well to the first layer enals such as crosslinked collagen-

mucopolysaccharide composites. For example, a dolalyler skin model proposed in the
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literature is composed of a 3@in thick layer of collage-mucopolysaccharides ari@aum

thick silicone film [58]. Multilayer membrane care lprepared by using a moisturecured
silicone elastomer as the agent bonding the cailagecopolysaccharide layer to another
material layer. The materials for the added layalude synthetic polymers such as the
segmented polyurethanes, hydroxyethyl methacrytatd other hydrogels, polyethylene
terephthalate and polytetafluoroethylene or modifigatural polymers such as cellulose

acetate or natural polymers such as elastin [58].

MOISTURE

MOISTURE
TRANSMISSION
CONTROL LAYER 12

CELLS

FIRST

Larer 10 ENDOTHELIAL CELLS

FIBROBLASTS

Figure 1-12. Schematic represent of multilayer membrane asrarskdel [58]. Layerl?2 is
the outmost layer controlling the moisture, white tayerlOis the layer mimicking dermis in
skin. Multilayer membrane can be made by usingaile adhesive as the agent bonding layer

10to layerl?2. Figure adopted from Ref. [58].

5. Applications of confocal laser scanning micros@y for the investigations of intra- and

transdermal drug/vaccine delivery

Confocal laser scanning microscopy (CLSM) is a mégpe for obtaining high-resolution
optical images with depth selectivity [65]. The kiature of confocal microscope is its
ability to acquire in-focus imagess from selectepttls by a process known as optical
sectioning. Images are acquired point-by-point seewbnstructed with a computer, allowing
three-dimensional reconstructions of topologicalynplex objects. For opaque specimens,
this is useful for surface profiling, while for treparent specimens, interior structures can be
imaged. For interior imaging, the quality of theaige is greatly enhanced over simple
microscope because image information from multigiepths in the specimen is not

superimposed. A conventional microscope sees aifarthe specimen as the light can
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penetrate, while a confocal microscope only imawes depth level at a time. In effect, the
CLSM achieves a controlled and highly limited deptliocus.

Human skin is a good target for drug and vaccinévely and has been attracting

considerable interest in recent years. CLSM is pprapriate method to visualize skin

structure and determine the mechanisms of diveksepenetration enhancement strategies
[66]. CLSM is a no-invasive method baih vitro andin vivo conditions and can obtain the

visualization of images parallel to the surfacetlud sample, at multiple depths, without
mechanical sectionindrigure 1-13 shows the confocal optical sectioning of porcikia.sThe

structures of different depth in skin are visualizéearly.

Coverslip

OO0

Figure 1-13. Confocal optical sectioning.Aj A schematic of a z-series (sequential xy
sections as a function of depth (z)), aBjJl ¢onfocal images of sequential xy sections of a z-
series through porcine skin, the depth is 0, 6,43, 10, 12, 14, 16, 18m, respectively.
Figure adopted from Ref. [66].

The distribution of a fluorophore in hair follicldsas been determined by CLSM, and the
relative accumulation in the SC, epidermis, dermoigter root sheath, inner root sheath,
cuticular area and hair shaft in non-fixed freshmha scalp skin was determined semi-
quantitatively [67]. CLSM was used to visualize thistribution of calcein, a charged (-4),
hydrophilic dye, and nile red, a lipophilic, neltcampound in hairless mouse skin, and the
permeation of nile red was greatly enhanced byappdication of iontophoresis [68]. Tunetr

al. studied the extent and distribution of a seriesmaidel peptides (poly-L-lysine, PLL)
coupled to the fluorescent probe FTIC under iontoptic skin penetration [69]. CLSM

images revealed that iontophoresis increased toainsfa follicular pathways only slightly
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more than that through non-follicular regions fdret4 and 7 kDa FTIC-PLL [69].
Pharmaceutical applications of confocal laser sicenmicroscopy have been summarised by
Pygallet al.[70].

Brus et al. [71] studied florescence-labelled polyethylenimiratigodeoxynucleotide
(PEI/ODN) complexes in human skin after iontophicrekelivery using confocal scanning
laser microscopy and visualized and quantifiedpgéeetration properties of double labelled
PEI/ODN complexes across full thickness human dkigure 1-14 shows the CLSM results

of human skin after treatment with different subhsts.

Figure 1-14. The effect of anodal iontophoresis on the penetrabf TAMRA-ODN and
Oregon Green-PEI complexes. The human skins weegel with TAMRA-labelled ODN
(red) and Oregon Green-labelled PEI (green) conggledpper panel shows the distribution
of complexes in the skin layers after anodal iohtwpsis forl) 1 h,2) 4 h,3) 10 h, and4) 24

h, and lower panel shows the results for passiffesiton for5) 1 h,6) 4 h,7) 10 h, andB) 24

h. The scale bar is 10m. Figure adopted from Ref. [71].

CLSM has successfully been applied on the visuabzaf skin and the distribution of drugs
or vaccines across skin. CLSM provides a possilag to track the drug delivery into skin.
Compared to normal wide field microscopy, CLSM emtes the resolution distinctly.
Meanwhile, selecting a suitable fluorescence prisbenportant for the investigation of the

distribution and flow of particles and/or drugs.
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6. Nanoparticles and microparticles as vaccine dekery systems

The applications of nano- and microparticles usadviccine and drug delivery are well
documented [72-77]. Particulate delivery systemsehthe advantages of controlled and
targeted delivery, and can act as vaccine adjuMa®s80]. Polymeric particles, inorganic
nanoparticles and hybrid particles are the mairaeh focus for such vaccine/drug delivery
systems. Various nanoparticles have been desigmed fanctionalized for delivering
antigens/drugs with different purposes. Ree@dal. used Pluronic-stabilized polypropylene
sulphide (PPS) nanoparticles conjugated to ovalbutmi exploit lymphatic transport and
complement activation [81]. Ultra-small PPS nantpkas (25 nm) have been reported to
show stronger immune response than 100-nm PPS adiotgs because the former can be
efficiently taken up by lymphatic vessels and tlransported to the draining lymph node [81].
Bourquin et al. studied gelatin nanoparticles for delivering immostimulatory RNA
oligonucleotides in mouse tumor models, succegsfuiggering an efficient antitumoral
immune response [82]. Poly(lactic acid) (PLA) naadicles modified with polyvinyl alcohol
(PVA), alginate (ALG) and glycolchitosan (GCS) wepepared and investigated as
Streptococcus equantigen carriers [83]. Trimethyl chitosan-hyalummcid nanoparticles
loaded with ovalbumin showed enhanced immunogenieitter nasal and intradermal
vaccination [84]. Biodegradable pojyglutamicacid) nanoparticles loaded with ovalbumin
effectively induced innate and adaptive immunityggesting antigen carrier capacity and
potential adjuvant function. Some inorganic nanbplas have also been considered for
vaccine/drug delivery. Gold nanoparticles for lomdiDNA antigens are often used for
particle-mediated epidermal delivery [85-87]. Caloi phosphate nanoparticles have been

reported as a promising vaccine delivery systemaaljulvant [88].
6.1 Silica nanoparticles as a drug/vaccine delivergystem

Mesoporous silica nanoparticles are potential usiug delivery systems attracting a lot of
interests for many biomedical applicatiofsgure 1-15) [75, 89, 90]. The development of the
technology for the synthesis has greatly improvee ¢ontrollability of the properties of

mesoporous silica nanoparticles with different nsésmtures and pore sizes [91]. The
porosity of silica nanoparticles and surface madiibns enable the possibility of drug
loading and release under a controlled mannerg8R,Stimuli-responsive mesoporous silica
nanoparticles can be obtained by surface modifinaising some macromolecules. Patrlal.

prepared pH-sensitive silica hanoparticles by ogathe surface with PEI and cyclodextrin,
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which can release guest molecules at an acidicopb) [94]. Hybrid chitosan modified silica
nanospheres also show very good pH-controlled seleéloaded model proteins [95].

L S
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9 | Drug ing s -
Positively Charged Modification
by Co-condensation/Post-grafting Methods

€ Sustained
Release

Figure 1-15. Mesoporous silica nanoparticles as a drug delivsrstem. (A) Functional
groups (a) at the external surface, (b) at the porteances and (c) within the walls; (B)
Counterpart charge modification for loading differedrugs: negative surface for loading
positively-charged drugs and positive surface foading negatively-charged drugs; (C)
Intracellular delivery by penetrating cell membra(e plasmid DNA is release in cells and
(b) release of activatdi-estradiol stimulated by a reducing agent. Figutepted from Ref.
[89, 90].

However, silica nanoparticles have not receivedigaht attention as a vaccine delivery
system. In fact, silica showed an adjuvant effadhie immunological response of the guinea
pig [96]. Vallhovet al. studied the effects of mesoporous silica parti2&® nm and 2.nm)

on human monocyte-derived dendritic cells (MDDCY &ound good cellular uptake of both
particles and low-toxicity profiles on MDDC [97].eRently, Vallhovet al. suggested that
mesoporous silica particles have adjuvant properie tuning effect T cell development
according to cell culture experiments [98]. Furthere, mesoporous silica hanoparticles can

enhance mucosal and systemic immune responses agphied by oral immunisations in
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mouse models [99]. Although silica nanoparticlesvgipotential as a vaccine delivery system,
there is no study investigating their applicatibmsepidermal powder immunisation.

6.2 Particles targeting Langerhans cells

Langerhans cells (LCs) in the epidermal layer caogeabout 25% of the entire surface of
human skin [7] are responsible for the antigengmésg process. Particles carrying antigens
can be accelerated into the epidermal layer toetak€s, subsequently inducing immune
responses. Ginsbergt al. showed that particle-mediated epidermal delivePED) of
melanosomal antigens (Xenogeneic gpl00 DNA) adsodre gold particles in melanoma
patients produced similar immune response comparadramuscular delivery, even though
a significant smaller dose of DNA was used for PMi[@ction [100]. A phase I clinic trial
of PMED for delivering Hantaan virus and PuumalaisiM-segment DNA showed positive
results in humans having hemorrhagic fever witlaksgyndrome [86]. Gold particles are well

suitable for DNA vaccines, but gold is a high-castl non-biodegradable material.

Chitosan particles loaded with DNA vaccines waswshao be efficacious in mice using
transdermal immunisation [101]. Skin Langerhansscekre promoted to migrate to lymph
node and then to spleen after being bombarded chitiosan/DNA particles, confirming the
function of LCs as antigen presenting cells [10The migration of Langerhans cells
challenged by vaccines was better using core-gitdyimeric nanoparticles by Lee’s work
[102]. Targeting of antigens delivered by the id&ranal route to skin dendritic cells makes it
possible to enhance vaccine efficacy, even bdttar with the conventional subcutaneous or
intramuscular route [103, 104]. Mesoporous silieamaparticles as a drug delivery system
have never been used as a vaccine delivery systeepidermal powder immunisation. The
pores of silica particles provide a controlled spfwr loading adjuvants, peptide antigens, and
protein antigens if silica particles with large eerare used. Therefore, we hope we can
contribute to this point and open the door to apglica or silica-based nanoparticles for

better epidermal immunisation.

Silica nanoparticles cannot be delivered into epide layer of human skin by direct powder
injection because smaller particles require highelocity [12], which is limited by the

particle-accelerating device. Kendadit al. proposed a relation between the particle
penetration depth and the particle impact parammdper) that are determined by particle

density p), velocity () and radiusr( [12]. As indicated from the penetration of golaricles
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into human skinpvr should be 7 - 12 kg/m-s for delivering them irtte wiable epidermal
layer [12]. Therefore, it is necessary to formulatkca nanoparticles and antigens into
microparticles that meet the requirements of povimiection. Meanwhile, formulation of the
nanoparticles into microparticles can improve tbegtterm stability of nanoparticles and

protein antigens.
6.3 Micropatrticles for epidermal powder immunisation

The methods for epidermal powder immunisation ideluntracellular particle delivery of
small particles such as 1 -u8n gold particles and extracellular particle delw&sr micro-
scale particles (20 - 70m) [10, 45]. Sugar-based microparticles preparecray-freeze-
drying (SFD) were used for epidermal powder immatiis against influenza, resulting
humoral immune responses in humans [105]. The flations of sugar-based microparticles
were optimized for better particle morphology amnghler density that are required for powder
injection [106-108]. Insulin as a polypeptide commyoused for treating diabetes is required
to be injected regularly. Schiffteet al. developed insulin-encapsulated microparticles
consisting of trehalose, mannitol and dextran edie-free ballistic powder injection [109].
There are some other methods to prepare microjeasrtibat may be useful as delivery
systems for powder injection, for example, PLGA moparticles [110] and gelatin-
hydroxyethyl cellulose microspheres [111].

The idea to encapsulate nanoparticles in micrapastifor epidermal powder immunisation is
novel, even though some composite microparticlesewaeveloped for other purposes.
PLGA-mesoporous silica microspheres were prepar@d DNA prime-protein boost

vaccination [112]. Inorganic nanocrystals were esodated into PLGA microsphere to study
their intracellular localisation in dendritic cellsy transmission electron microscopy and
confocal laser scanning microscopy [113]. Howeweanoparticles encapsulated in the

biocompatible sugar-based microparticles have abbgen investigated.
7. Objectives of the project

A locally based company is dedicated to establisiseful accelerating device by Dr. Peter
Lell (Pyroglobe GmbH, Hettenshausen, Germany). L2fl patented a needleless injection
device with pyrotechnic drive [114], which can bedified for injection particles into a body
tissue such as skin [115]. As shownHigure I-16, the gas-generating materidl9 was

ignited to produce a high pressure; the pressudiréctly or indirectly transmitted to the
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membraneq) and the pulse is transferred to the substande&lear@); the particles detached
from the membrane are accelerated to a high spethan penetrate into the tissue such as
skin. The penetration depth can be controlled hystishg the energy produced from the gas-
generating material. Active ingredients can be idated in the particles for powder injection

into skin using this device.
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Figure 1-16. Representative diagram of the device for neede-frowder injection [115]. A
longitudinal section of a reusable apparatus witdeparate gas generat8B) and a sliding
piston @9) for generating pulses are shown. The accelegagtdn can transfer the energy to
the membrane9), accelerating the particle on the membrane tagh bpeed. The particles

can penetrate into a body tissue through the win@3)

With their expertise in extremely simple and cheapel actuators it is thought to improve
the delivery device by a small actuator device thét is not dependent on helium gas.
Experiments to formulate suitable powdered formoiet that can be loaded into a surrogate
device mimicking the later envisioned vaccine dalywdevice can be carried out. In order to
achieve successful vaccination using powdered masgiit is inevitable to determine the
penetration depths of particles. This can be detemnand analysed using different skin
models, ranging from simple gel-based skin sureg&t animal cadaver skin. Formulation of
vaccines into microparticles with a suitable sinel @ensity is also very important for the

subsequent animal experiments and clinical invastgs.

The aim of the research project is to develop blétakin models which can be utilised to
determine penetration of particles or powders afcirees delivered by epidermal powder
injection (EPI) and to create an antigen-loadedvdsel system which can be used for

epidermal powder immunisation.
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Skin models simulating the mechanical propertieshwinan skin will be studied for the
purpose of evaluating the device for powder ingactivhich is developed by a local company.
The simple and cheap novel actuator used here idap@ndent on helium gas, and is thought
to improve the epidermal delivery. The skin modeil be used to determine the parameters
of the device for the experiments on living animafed clinic studied in the future. The
acceleration force necessary for the delivery ofleh@articles into a certain depth in the skin
will be correlated with the mechanical propertiéskin and the characteristics of particles.
The determination of particles delivered into skindels or skins will be studied. Confocal
laser scanning microscopy will be used for the deia and imaging of fluorescently-labelled
particles in skin models or skins.

Particles carrying antigens for epidermal powdemimisation will be investigated.
Considering the requirements of particle size, dgrand robustness for EPI delivery [12],
the optimisation of the formulation containing getis is necessary. The particles with sizes
of 20 - 70um in diameter [10, 45] are preferably deliverediskin by epidermal powder
injection. Sugar-based matrices including trehglosnnitol and dextran will be incorporated
to prepare water-soluble microparticles loaded aittigens. Nanoparticles have shown some
advantages as good vaccine delivery systems [12B-f@it nanoparticles are too small to be
directly used for epidermal powder immunisation. efidiore, a nanoparticles-in-
microparticles (nano-in-micro) system is proposedtake advantage of nanoparticles for
vaccine delivery and simultaneously meet the reguants for effective epidermal powder
injection. Nanoparticles for loading antigens vi# used in the formulations of the sugar-
based microparticles. Mesoporous silica nanopagi¢€MSNP) and poly(lactic-co-glycolic
acid) (PLGA) nanoparticles will be used for loadiogaloumin (OVA) and OVA peptide.
MSNP nanoparticles will also be used for loadinfjluenza vaccine HIN1 hemagglutinin.
The encapsulation of antigen-loaded nanoparticiesthe sugar-based microparticles will be

achieved by spray-freeze-drying.

Finally, the nano-in-micro particles carrying aetig will be applied on the skin models and
porcine skin by powder injection using the novelide. The depths and distribution of
injected particles will be studies by CLSM.



Chapter Il. Preparation and Validation of a Skin Model for the

Evaluation of Intradermal Powder Injection Devices

1. Objectives

Epidermal powder immunisation is a promising neddte method for vaccination [6]. It can
overcome the risk of needle-stick injuries and graission of blood-borne diseases resulting
from re-use of disposable needles [6]. A novelaiddrmal powder injection device has been
developed by our collaborating partner. It is neaeg to evaluate the new device on
human/animal skin or skin models before it can jygliad in animal studies. Human skin is
preferred for the evaluation, but human sikirvivo has complex mechanical properties, e.g.
sex and site-dependent variation and ageing eff@@ts31, 120]. Moreover, human skim
vitro is not easy to obtain and also requires carefatllivag because it cannot be stored for a
long period of time after it has been removed ftbmhuman body. Animal skin, for example
pig skin, can be obtained more easily but faceslainproblems as regards storage and
handling. In addition, animal skin may display vedyfferent mechanical properties
depending on the animal species. Skin models mingcithe mechanical properties of real
skin are needed. The mechanical properties of huskiarin vivo or in vitro are considered
the gold standard for developing model skin for pluepose of the evaluation of intradermal
powder injection devices. Therefore, a skin modehicking the mechanical properties of
human skin needs to be developed that will be gmogpiate option for evaluating powder

injection devices and particles for injection.

The most appropriate way to build a skin modeloisestablish a structure mimicking the
function of real skin. Biomacromolecules such dsatgg collagen, or alginate have been used
to prepare artificial skin [57]. In the study of @biffe et al, a 3% (w/w) agar gel was used as
a model skin for evaluating the particle size dsttion following powder injection [109], but
this agar gel cannot be used as the evaluationfbasejection of soluble microparticles in
our study because of its high water content. Skisue engineering is another possibility to
obtain skin equivalents [59]. A dermal equivalentilto by tissue engineering displays
identical mechanical properties as the skimivo from 20 subjects ranging 55 to 77 years old
[121], but that such extremely costly skin for giafnot an option for our purpose.
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Gelatin with a random coil conformation containi®@00 - 4000 amino acids residues is an
irreversibly hydrolysed form of collagen that hasriple-helix structure [55, 122]. Gelatin
based films have also been used for food and dagggging due to a melting point close to
the body temperature [123]. The mechanical propertif gelatin film can be tailored by
adding plasticisers such as glycerol, polyethylgheols (PEG), or mannitol [124, 125].
However, only a few publications about gel flm®dsas a skin model for the purpose of the

evaluation of powder injection devices can be foumtthe literature [109, 126, 127].

The aim of this study was to prepare and compdnesfimade of different materials and
investigate their potential to be used as a skimehdor ballistic powder immunisation.
Furthermore, storage stability of the prepareddilvas analysed. In addition, the localisation
of particles in the skin gel models was determibgdconfocal laser scanning microscope
(CLSM). The typical method for particle depths detimation is cryo-sectioning of skin
samples [72]. One of the drawbacks of this meth®dhe time-consuming preparation
procedure for each sample. Meanwhile, there is ydwhe risk of creating artefacts simply
due to the fact that the blade of the instrumentroave particles in the gel/skin. Also, cryo-
sections must be cut very thin to allow for an obagon under the microscope. If the particle
size is larger than the maximum thickness of thg-section, particles must be cut and
artefacts can be produced. Moreover, the deterrnmalepth of fluorescent particles in real
skin by CLSM is limited to 5Qum for high resolved observation [66]. Thereforeréhis a
need to develop a novel, simple and easy-to-usmigaee to determine particle distribution in
the skin models within a range of large depth up50um) and visualise them.

2. Materials and Methods
2.1 Materials

GELITA Pharmaceutical Gelatin made from pig skinthva strength of 180 Bloom was
purchased from DGF STOESS AG (Eberbach, Germar®8-Propantriol (Glycerol) (purity,
99%) was obtained from AppliChem GmbH (Darmstad&r@any). Agar was purchased
from Sigma-Aldrich Chemie GmbH (Steinheim, Germank)astosil® RT 604 A and
Elastosil® RT 604 B were provided by Wacker Chew® (Munich, Germany) as a gift.
Acrylamide solution (40(w/v)%) (29:1 ratio of monand bis-acrylamide) was purchased
from Carl Roth GmbH (Karlsruhe, Germany). 10% amiuon persulfate (APS) and
N,N,N’,N*-tetramethylethylenediamine  (TEMED) were purchaselom SERVA

Electrophoresis GmbH (Heidelberg, Germany). Mogstlarrier bags (aluminium bags)
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including a static dissipative nylon outer layed anstatic dissipative polyethylene inner layer
with a centre layer of aluminium foil were obtainedm Advantek, Inc. (Freiburg, Germany).
Fluorescein isothiocyanate (FITC) labeled poly(rgethethacrylate) (PMMA) spheres were
kindly provided by microParticles GmbH (Berlin, @Gaany). Tetramethyl rhodamine B
isothiocyanate-Dextran (TRITC-Dextran) (average eunolar wt. ~70 kDa) was obtained
from Sigma-Aldrich (Steinheim, Germany). Petri distofu-Dish 35mm high ibiTreat were
obtained from ibidi GmbH (Munich, Germany).

2.2 Methods
2.2.1 Preparation of human skin and pig skin

Human skin samples were obtained from the Plastige8y Department of a renowned clinic
after patient's consent and in line with the regjois of the German law on transplantation
("Gesetz uber die Spende, Entnahme und Ubertragtorg Organen und Geweben
(Transplantationsgesetz - TPG"). The skin sampls wlatained from the abdomen of an
individual (37 years old). The working instructioftg handling human skin were followed
according to the appropriate regulations. The skas stored in a sealed aluminium bag at -
80°C. It was thawed at room temperature for 4 hdgfore use. The measurements of

mechanical properties were carried out after remptie subcutaneous fat of the skin.

Piglet skin was provided by the Veterinary Faculiydwig-Maximilians-University, Munich,
Germany. After excision from the dead animal, &ldominal skin and ear skin were placed
on ice. The subcutaneous fatty tissue was removwidarscalpel. The piglet skin without fat
was covered with aluminium foil and stored in alsgglastic bag in a -80 °C freezer until
use. All samples were used within 6 months. Befoeasuring the mechanical properties, a
part of the skin was cut out from the frozen skml @laced in a desiccator with a relative
humidity of 43% for about 3 hours. The thicknespigfear and abdominal skin was 750 + 50
um and1050 = 5@m, respectively, according to the observations Higaal microscope.

2.2.2 Preparation of gelatin based films

Gelatin was dissolved in hot deionized water (~554hd a gelatin aqueous solution was
obtained. Ten percent (by mass) gelatin aqueousicolwas used for the preparation of all
films. A specific amount of glycerol (as outlinen Table II-1) was added into 10% (w/w)

gelatin solution, and mixed together by stirringl @egassed by ultrasound for 5 min. 45 g of
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each mixture was cast in plastic Petri dishes ltpaimiameter of 8.6 cm. The gelatin-based
films formed after drying in a chemical hood foragl days at ambient condition. The films
were peeled from the Petri dishes, turned overpackd in the chemical hood for one more
day. The films were stored at a relative humidRy] of 43% for one week. At last, one film
was cut into five pieces (discs) with each film imgva diameter of 3.0 cm as shown in
Figure II-1. The small discs were stored in a sealed plasticdi 4 °C. Gelatin films with
gelatin/glycerol (gel/gly) weight ratios of 5/5586.5, 4/6 and 3.5/6.5 were preparéalfle
[I-1). The thicknesses of all the films were betweeh 41.1.4 mm as measured by an

electronic micrometer IP54 from Messmittelonlindg#ter-Lehnin, Germany).

Table II-1 Gelatin films with different contents of glycera skin models

Gelatin/glycerol (gel/gly) gell gel2 gel3 gel4

Weight ratio 5/5 4.5/5.5 4/6 3.5/6.5

2.2.3 Preparation of silicone films

36.0 g Elastosil RT 604 A and 4.0 g Elastosil RB @ were mixed together under gentle
stirring. After 5 min, the mixture was poured ird@lastic Petri dish with a diameter of 8.6
cm, and then the dish was placed in a vacuum avitera vacuum pressure of 11 mbar and a
temperature of 30 °C for 24 h. The silicone filmsmaunched into small pieces with a

diameter of 3.0 cm as shownFkigure 1I-1, and a thickness of around 1.3 mm.
2.2.4 Preparation of agar gel

Three percent agar gel was prepared accordingd®|.[0.44 g agar was dissolved in 14.8 g
deionised water under gentle stirring in a watehlz 80 °C. After 20 min, the stirring was

stopped and the agar solution was stored at 8@r@rother 10 min. After that, the solution

was poured into Petri dishes with a diameter of 8w The Petri dish with agar gel was
sealed with parafilm and stored at 4 °C for attl@dshours to ensure formation of the gel. For
measurements by texture analyser, the agar getesm@@ved from the Petri dish and cut into a
film with a diameter of 3.0 cm as shownRigure 11-1.

2.2.5 Preparation of polyacrylamide gels

Polyacrylamide gels were prepared according towtbek of Schramm-Baxteet al [56].

Briefly, four kinds of gels ((w/v)% acrylamide: 2040) were created with 10% ammonium
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persulfate (APS) anN,N,N’,N*-tetramethylethylenediamine (TEMED) as initiatd8.- 30%
acrylamide solutions were obtained by dilution withwater from 40% acrylamide solution.
For polymerization, 30, 60, 45, and glof APS solution, and 6, 12, 12, andiléof TEMED
solution were added into the 10%, 20%, 30%, and 4@%ylamide solution, respectively.
Cylindrical tubes with a diameter of 13 mm were duss the moulds for the gels. 1 ml
mixtures were added into the tubes respectivelye Tubes with gels were sealed with

parafilm and stored at 4 °C for about 24 h befoeasurements.

1) 2) 3) (4) ®) (6)
Figure 1I-1. Photograph of gelatin films, silicone film and aggel. From left to right, X)
gel/gly = 5/5, R) gel/gly = 4.5/5.5, %) gel/gly = 4/6, 4) gel/gly = 3.5/6.5, %) silicone film
and @) agar gel.

2.2.6 Measurements of the mechanical properties gelatin based films, silicone films,

agar gel, polyacrylamide gels, human skin and pigké

A texture analyser TA.XTplus from EXPONENT Stablachd Systems Ltd. (Godalming,

Surrey GU7 1YL, UK) was used to measure the foreesws indentation distance curve. A
custom-made conical probe with a cone angle of(B&<= n/3) was used for the measurement
of indentation behaviour under a force of 0.08 Re Tnhdentation speed for all the tests was
set to 0.5 mm/s. The curve for each sample wasr@atdy calculating the average of three
indentation results on different locations of thefsurface (n = 3). A custom-made spherical
probe consisting of a ball with a diameter of 088 attached to a cylinder with a diameter
less than 0.98 mm was used to measure the purfotees of pig skin and skin models. The

maximal force in the puncture tests was 20 N.
2.2.7 Storage conditions

The films were stored in the desiccator with a REB® = 3%, 43 + 3% or 75 + 3% at room
temperature for one week after they had been dnetthe chemical hood. Saturated salt
solutions were used to control the relative huryidside the desiccators [128]. Saturated

potassium carbonate maintains an equilibrium redatiumidity of 43% between 10 - 30 °C.
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The desiccator with a RH of 43% was used to stoeditms for humidity controlling. After 7
days of storage at RH 43%, the gelatin films weaekpged in sealed plastic bags first, and
then the bagged films were sealed in aluminium pagsd finally placed in the freezer (-
80 °C) until use.

2.2.8 Determination of the Young’s modulus

The calculation was based on the Hertz theory otamt between a rigid conical indenter and
an elastic solid [129]. The indentation distanfeand the contact radiua)(are related by

7l Vi 7l
0=—atanfd =—atan=-a 1
> > (2 ) (1)

where @ is the angle between the side surface of the emukethe plane, and the pressure

distribution is proposed as
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And then the total force is
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whereE;, E; are the elastic moduli and, v, the Poisson's ratios of the rigid indenter and
elastic solids, respectively. In this caB&pE2, and thus,

E,=E(1-0;) (5)

Considering the relation between the rigid inderaed the elastic solid in equation (3),

indentation force/distance curves were all simdatéeh

2E 32

F,=F,+
N0 rrtare

(6)

Fo was considered to reduce the systematic erroimptbve the simulation quality. Finally
the Young’'s modulus of the skin and skin models ewebtained. All the correlation
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coefficients &) are between 0.95 and 0.99. A Poisson’s ratio.49® was used for all the
skin and skin models as they could be assumedpimzgimate incompressible materials.

2.2.9 Establishment of structural models and CLSM masurement

Two layered structures were built as the modelgHervalidation of a method to determine
the depth of a particle in a skin sample using Goalf Laser Scanning Microscope (LSM 510
META, Carl ZEISS, Germany). Two layered structuraddels were established as described
in Figure 11-2. Glycerol was added to prepare gelatin films hgvan composition of
gelatin/glycerol of 4/6 by mass which increases ddbesiveness of the films. For the first
model structure, two species of thin gelatin filmmgluding unlabeled and fluorescently
labeled ones were stacked in an alternating maonebtain a layered composite with a total
thickness of about 84@m. For the second model, unlabeled films and FIMIVA particles
were stacked in an alternating manner to simuladdcation of particles at different depths,
and one TRITC labeled gelatin film (TRITC-gel) layeas placed on the top for determining
the surface. In order to make sure the layers tamdther tightly, transparent adhesive tape
(Tes& film) was used to cover the entire layered modisvrapping from the top layer to
the bottom layer. First of all, 20 ml of a 2.5%ajet solution of the composition of gel/gly of
4/6 (gel 3) was prepared and cast in the Petri @it a diameter of 8.6 cm. After 3 days in
the chemical hood, a dry flexible gelatin film walstained with a thickness of 140 * gfn.
Second, in order to prepare a TRITC labeled gelfitim, 50 pl of a 4.0 mg/ml TRITC-
Dextran was added into 15 ml of a 2.5% gelatintsmhuof the composition of gel/gly of 2/1,
and then 5Qul of a 18.0 wt% formaldehyde solution was added thie solution to crosslink
the gelatin film. The mixture solution was castairPetri dish and a TRITC labeled gelatin

film was obtained after drying of 3 days. The timeks of TRITC-gel was determined as 70 +

=

Figure 1I-2. Schematic of layered structural mode(left) and modeB (right). The red part

10 um.

represents the TRITC-gel layer, while the grey papresents the unlabeled gelatin film with
gel/gly of 4/6. The green circles represent PMMAtipkes.
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A LSM 510 META Invert Laser Scan Microscope (Cadigs, Germany) equipped with an
Argon laser and a HeNel laser for excitation waslus observe the two structural models.
The excitation and emission wavelengths for FITCNPMare 488 nm and 505 - 530 nm,
while those for TRITC-Dextran labeled films are 548 and 560 - 615 nm, respectively. The
objectives of Plan-Neofluar 10x/0.3 and LD-Achraopl0x/0.6 corr were used to observe
model A and modeB, respectively. Z-stacking mode was used to ob@&lnimages of the
samples, orthogonal sections and galleries canifiglaged with the Zeiss LSM Image
Browser software. A specially designed Petri dishu-®ish was used as the sample holder
(ibidi, Munich, Germany). The bottom is made of ragxopic plastic with a thickness of 180
um, and the objective of the CLSM detects samples fthe bottom of the Petri dish. The
two structural models were placed inside the Rishes with the fluorescent surfaces facing
the bottom.

3. Results and Discussion
3.1 Indentation behaviour of biological skin and fims as candidates of skin models

Measurements of the indentation behaviour of dffe€iskin modelsKigure 11-1) were taken

in order to determine their mechanical propertied @ assess their relative quality. Pig skin
has been extensively used as a surrogate of hukiraifos the study of topical drug delivery
and has been identified as one of the most ap@ategn vitro and in vivo human skin
models[130, 131]. Herein, pig skin is used as alaeical model for comparison with human
skin in vitro. Human abdominal skin samples were used as aerefer criterion for
mechanical properties in the development of skirdes For a skin model for powder
injection, the mechanical properties are the maators to be considered which will
determine the penetration depth after powder imgectThe in vivo properties, including
immune reactions to vaccine delivery, have to helistlin vivo later, when the technical
setup of the delivery device has been defined bynmef then vitro models. The indentation
results of pig abdominal and ear skin are showirigure [I-3 which indicates that pig
abdominal skin is much softer than the ear skine @hthe most important factors affecting
the mechanical properties of the skin is the watetent in the skin which depends on the

environmental relative humidity for storage.
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Figure 11-3. Indentation curves of human skin, pig skin, agal gilicone film, and gelatin
films using a conical probe. Gelatin films wererstbat a relative humidity of 43%. Curve
gell (gel/gly of 5/5) open diamondggel2 @el/gly 4.5/5.5) open squaregel3 (gel/gly 4/6)
black squares, angel4 (gel/gly 3.5/6.5) open circles. Curwiman abd (black stars)pig
ear (black triangles)pig abd (black circles)sili (black diamonds)gar (open triangles), and
pg (open stars) correspond to human abdominal skon,epr skin, pig abdominal skin,
silicone film, agar gel, and polyacrylamide gel ¥dC0acrylamide), respectively. All the

measurements were averaged by four measuremedtfeyent locations (n = 4).

In the following, skin models were prepared, anadysnd compared to the data obtained
from the measurements of pig and human skin. Aémtation results of skin and skin models
are shown irFigure II-3 and the corresponding Young's modul) (were obtained by the

Hertz theory as shown ifable I1-2.

Table 1I-2 Mechanical parameters of skin and skin models

Young's human pig pig silicone polyacrylamide agar
gell gel2 gel3 geld ]

Modulus  abd. abd. ear film gel gel

E(MPa) 0.7 0.6 6.8 8.6 2.8 14 0.8 25 1.6 1.2

Human abd., pig abd. and pig ear are referred toamuabdominal skin, pig abdominal skin

and pig ear skin, respectively.
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The silicone film is a good soft tissue mimickingterial because of its elastic properties. In
our study, a transparent silicone film was madenfiglastosil® RT 604 by addition-curing of
two-part silicone rubber that vulcanises at roomgerature. The Young’s modulus of the
silicone is 2.5 MPa which is larger than that ofrfaun abdominal skin with a of 0.7 MPa.
Agar gels of a concentration of 3% were preparethag had been reported in the literature
as a base for powder injection [109, 132]. The malkon curve of 3% agar gt € 1.2 MPa)
showing a distinct break point around the indeatatlistance of 0.3 mm is therefore very
different from pig skin and gelatin films. Polyalaside gels have already been used as a
base for jet injection [56] which leads us to alsee this system for powder injection.
Interestingly, 40% polyacrylamide gel& € 1.6 MPa) show almost the same indentation
curve under small indentation forces as gelatm fif the composition gel/gly 4/&(= 1.4
MPa). However, 40% polyacrylamide gels are quidggife and easily break into small pieces

when removed from the mould.

From the results iffable I1-2 it can be concluded that gelatin films includgg2 gel3 and
geld cover the range of mechanical properties of pigoabdal and ear skin. The Young’'s
modulus of human abdominal skid € 0.7 MPa) is close to those of pig abdominal gkirr

0.6 MPa) andyel4 (E = 0.8 MPa). Botlgel4 and pig abdominal skin are good skin models for
mimicking the mechanical propertiesinfvivo human abdominal skin. It is necessary to keep
in mind that the properties of human skinvitro may differ from thein vivo situation [40].
The human skin could be hydrated after excisionciwviwould reduce their strength. The
gelatin filmgel3 (E = 1.4 MPa) shows a larger Young’s modulus than ¢fidduman skirex
vivo (E = 0.7 MPa) used in the current study. Geerligal. used a similain vitro indentation
method to obtain the Young’'s moduli of both theattm corneum and epidermis varying
between 1 and 2 MPa [133]. Pap#ti al. found an elastic modulus of 2.25 MPa for the
consideration of penetration of high speed pagifl®7]. Some studies am vivo indentation
tests reported Young’'s moduli of human skin in thege of 7 - 33 MPa [19, 22, 121]. The
Young’s modulus of human abdominal skib< 0.7 MPa) as we obtained is quite close to the
one measured by Geerligs al [133], (approximately 1 MPa for both stratum carm and
viable epidermis). The Young’'s modulus of skin eany much when measured by different
methods such as indentation tests, torsion testenson tests, etc. [121]. Therefore, the
mechanical properties of skin can be comparablg ibtthe similar method for measurements
is used. The difference of the reported Young’s utiotbr skin may be attributed to the

complexity and several heterogeneous layered steiaf skin. The large indentation test
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distance and the large size indenters could make Ythung’s moduli come from the
combination layer of epidermis and dermis, and guaam of hypodermis. Actually, due to the
variation of mechanical properties of human skifh][3hree gelatin films having different
mechanical properties with gel/gly of 4.5/5¢el2), 4/6 @el3 and 3.5/6.5del4) were studied
further as a series of skin models. The film widl/gly of 5/5 @ell) was not considered
further because it's Young’'s modulus £ 8.6 MPa) is too far from that of human skih=

0.7 MPa). The gelatin films can be obtained eaailgl are easy to store compared to human
skin and animal skin. The transparency of gelalinsfis another advantage for microscopic
observation such as CLSM after powder injectiomough agar gels can be easily sliced into
slices for microscopic observation with a normallgel at room temperature [109], they can
be punctured too easily as there is a break psishawn inFigure 11-3. Three percent agar
gel has a high viscosity and it is difficult to reme air bubbles inside. To improve the
hardness of agar gel with a larger concentratiomiseasy because of the high viscosity of
agar solution at a concentration higher than 3%:rdfore, a series of gelatin films seem to be

preferable skin models.

Double-layer gelatin films were prepared as wellvayying the composites of the two layers.
The first layer (inside layer) was prepared usiognialdehyde crosslinked gelatin, while the
second layer (outside layer) of around 1080, which should be harder than the first one
according to the composition, was added. However iidentation behaviour of the double-
layer film shows no much difference compared todimgle layer gel. In the case of human
skin, the stratum corneum has a higher Young’s rusdinan dermis, but the thickness is not
large enough to affect the global mechanical proggeof skin [134]. Likewise, double-layer
films are more difficult to handle and to contreétmechanical properties. Thus all the gelatin
films used further in this study have a single fagestructure.

The silicone film is hydrophobic and contains notevanside which suggests that relative
humidity will not affect the properties of the sine film. However, the silicone film is not
flexible for preparing different mechanical propestof skin models. As shown kigure 1I-

3, the gelatin films with gel/gly of 5/59¢€l1), 4.5/5.5 ¢el?), 4/6 @eld and 3.5/6.5 deld)
display different mechanical properties when thegtol content is varied. The more glycerol
the film contains, the more flexible the film is fact, water residues in the gelatin films
function as another plasticiser, which makes thehaeical properties of gelatin films

sensitive to relative humidity which is further dabed in section 3.3.
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Besides force/distance measurements, force retaxakiehaviour is another relevant
mechanical parameter as it describes the elasifwepties of different materials. As shown in
Figure 1I-4, the visco-elasiticities of silicone and polyaenylide gel are close to that of a
perfect elastomer as the force holding a certadentation does not decrease over time.
Oppositely, the force relaxation of the agar gesti®ng, which is consistent with its little
elastic behaviour as indicated from its indentatoinve inFigure 11-3. Human abdominal
skin has a similar force relaxation as the agarigdicating the agar can simulate the visco-
elasticities of human skin very well. Pig ear abd@minal skin have lower force relaxations
compared to human abdominal skin and the agaHgehan skin, pig skin, and gelatin films
have much stronger force relaxations than silicand polyacrylamide gel. Gelatin films
show different relaxation curves, where an inverseelation between glycerol content and
high/fast/relaxation exists. In a certain rangdatye films can be adjusted to a relaxation

according to different skin types.
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Figure 11-4. Force relaxation of human skin, abdominal skim,s&&n, gelatin films, agar gel,
silicone film, and polyacrylamide gel under constpenetration depths. Cungel2 with
gel/gly of 4.5/5.5gel3 with 4/6 andgel4 with 3.5/6.5. Curvdhuman abd, pig ear, pig abd,
sili, agar, and pg correspond to human abdominal skin, pig ear skig,abdominal skin,
silicone film, agar gel, and 40% polyacrylamide sgelespectively. All the measurements

were repeated 3 or 4 times.
3.2 Puncture of pig skin and candidates for skin naels

An indentation test using small forces of less tlia®8 N as described in our previous

experiments is a non-invasive way which can be usemieasure mechanical properties of
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human skinn vivo [19]. The indentation curves obtained describedifferences for different
skin model candidates. For powder injection, thee taim of the application mode is that
particles will penetrate the stratum corneum arigretihe epidermis of the skin. A puncture
test with a ball-shaped probe may therefore waluite the situation for particle penetration
into skin or model skin. The custom-made sphenzabe with a diameter of 9§dm was
used for all the puncture tests. As shownFigure 1I-5, the turn points of the curves
representing break points for gelatin films, sifiedilm, agar gel, pig ear skin, and abdominal
skin can be identified by the maximal force befttvey are punctured, while for human skin it
IS not easy to determine the break points. Humanakd pig skin can be punctured with the
spherical probe at an indentation force of less thdN which was observed from the skin
samples after testing. All break points are showmable [I-3 and no exact break point for
human skin was observed. The break point for agdemuthe spherical probe is too small to
simulate the break point for pig skin, even thotigh agar gel has a force relaxation close to
human skin. Gelatin films and silicone films havedk points at the same order of magnitude,
but the silicone films do not meet the force retetaproperties of human skin. The gelatin
films with gel/gly of 4.5/5.5del2), 4/6 @eld) and 3.5/6.5deld have break points of 9.1 N,
6.8 N and 4.6 N, respectively. The variations ofage films resulting from the glycerol
content are useful to simulate real skin with acgmemechanical property. Therefore, the
puncture properties of gelatin films provide anotéeidence to support them as skin models

in powder injection delivery.
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Figure I1-5. Results from puncture tests of human skin, pigskar, pig abdominal skin, and
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skin models including gelatin films, silicone filmand agar gels. Curvgel2 (short dash),
gel3 (short dot) andyel4 (solid) correspond to gelatin films with gel/gly %5, 4.5/5.5, 4/6

and 3:5/6.5, respectively. Curteiman abd (bold solid),pig ear (dash),pig abd (dot), sili

(short dash dot), analgar (dash dot) correspond to human abdominal skingprgskin, pig

abdominal skin, silicone film, and agar gel, respety. The inset shows the enlarged curve

for agar gel. All the measurements were repeat@d43times.

Table 11-3 Break points of pig skin and candidates of skirdeio

Sample

human abd.

pig ear

pig abd.

gel2

gel3  geldilicose agar

Break point (N)

Less than 5

2.2 2.1

9.1

6.8 4.6 93 0.3

Human abd., pig abd. and pig ear are referred toamuabdominal skin, pig abdominal skin

and pig ear skin, respectively.

3.3 Effect of the environmental relative humidity RH) on the mechanical properties of

the gelatin films

The relative humidity during measurements may haygortant implications on the results as

the mechanical properties of the skin models masy wehen a change in RH occurs.

Therefore, the effect of the RH on the mechanicaperties was investigate#figure 11-6

shows the mechanical properties of the gelatinsfilmith gelatin/glycerol ratios of 4.5/5.5, 4/6

and 3.5/6.5 stored in a desiccator at a RH of 33%%, and at ambient condition

(35%<RH<45%). The data iRigure 1I-6 demonstrate that the mechanical properties can be

varied and controlled as long as a control overdRHng storage and experiment is in place.

A RH of 43% for conditioning is used as this issedo typical conditions in our lab.
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Figure 11-6. Effect of relative humidity (RH) on the mechanipabperties of the gelatin films.

The films were stored for 4 days in the desiccatoRHs of 33% (black squares) and 75%

(open triangles), and ambient condition (open seg)arespectively.
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3.4 Effect of environmental temperature on the medmical properties of the films

Temperature is another factor affecting the medahrproperties of gelatin films besides
relative humidity. Considering the films as modkinswill be usually used under ambient
conditions, the mechanical properties of gelatimgiat 20 - 35 °C were measured. As shown
in Figure II-7, the higher the test temperature was, the wedkerfitms became. The
indentation force at the same indentation distalez@eases a little when the test temperature
increases between 20 and 30 °C. Above 30 °C, ttheniation force at a certain indentation
distance decreases more distinctly. Therefors, suggested to use the films as skin model at
ambient conditions with 20 - 30 °C which is the maf room temperature range. Therefore,
no special temperature control is needed when ubadilms at a typical condition of 22 +
2°C.
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Figure 1I-7. Temperature dependence of the mechanical propesfiggelatin films with

gel/gly of 4.5/5.5 gel?), 4/6 @el3d), 3.5/6.5 geld). All the films were stored in the desiccator
with RH of 43% for at least one week before measerd. The mechanical properties of the
films at 20 (black squares), 25 (open squaresjpbB@k triangles) and 35 °C (open triangles)

were measured.
3.5 Stability of gelatin films under long-term stoage

Freshly prepared gelatin films were stored in tasictator with RH of 43% for 7 days, and
then the films were placed in a sealed plasticdabstored in the freezer at a temperature of
-80 °C. After each week, the films were thawedhia desiccator with a RH of 43% for about
4 hours, and then the mechanical properties werasuaned. All the films measured were
frozen and thawed once only. The results for tmesfiwith different storage times in -80 °C
are shown irFFigure II-8A . All the tests were carried out at ambient condgi and the room

temperature was between 20 - 30°C. The curvesigare 1I-8A are classified into three
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groups corresponding to the resultsgef2 gel3 andgel4, respectively. The different curves
in one group are the results of the specified ftrdifferent storage times. The indentation
forces of the gelatin films with gel/gly of 4.5/5(8el2), 4/6 @eld and 3.5/6.5del4) under
indentation distances of 0.129 mm, 0.209 mm an8%r8m, respectively are used to track
the change of gel strength of the films over tlwagie time as shown frigure 11-8B. The
force for each film inFigure 11-8B varies within amplitude of only 0.01 N over tim&2(
weeks).Figure 11-8B shows that 22 of 24 data points over 12 weeksagoshow only very
minor deviations from the starting value. Data ¢et 2 after 6 and 8 weeks fall below the
average but after 10 and 12 weeks gel strengthi®system reaches the starting level again.
Considering the variation of test temperature filnes and those after frozen storage up to 12
weeks have almost the same mechanical propertieseiore, the gelatin films can be stored
in the -80 °C for at least 12 weeks until use withobserving relevant changes in the
properties of the films. For longer storage, thag be packed in sealed moisture barrier bags
(Advantel).
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Figure 11-8. The stability of the gelatin films in a plastic doatored at -80°C. Week 0
represents the samples before storage in the freBze duration of storage is up to 12 weeks.
(A) Indentation curves of gelatin films with gel/ghy 4.5/5.5 gel2), 4/6 @el3 and 3.5/6.5
(geld); (B) Indentation forces of gelatin films ajel2, gel3 and gel4 under indentation
distances of 0.129 mm, 0.209 mm and 0.289 mm, ctspéy.

3.6 Direct determination of particle deposition deghs by CLSM in layered structural

models

Confocal laser scanning microscopy was used asdemdool to investigate the presence of
fluorescently labeled model particles in a layes&th model. This technique was used to

validate the method in order to later use it fa tketermination of particle penetration depths
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that have been injected into skin or skin modelsepidermal powder immunisation. The
layered model is depicted Iigure II-2 and the results of the investigations are shown in
Figure 11-9. The four red lines in the cross section of madéh Figure 11-9A correspond to
the four red layers depicted Higure [I-2A . The first sub-photo which shows a red color in
Figure 11-9B corresponds to the top red layerFigure [I-2B, while the yellow particles in
different sub-photos ifrigure 11-9B correspond to the particle layers as showRigure II-

2B.

A B
Figure 11-9. CLSM images of layered structural model(left) and modeB (right). The

CLSM images of the established layered structuaets confirm the validation of the depth
measurement by the non-invasive CLSM method. Theewbed for labelling gelatin film is
Rhodamine B isothiocyanate-Dextran, while the PMMharticles were labeled with
Fluorescein isothiocyanate. The brighter part ésahea closer to the lens of CLSM. The scale
bar of the left one is 10@m, while that of the right one is 20m. For the CLSM
measurement of modél structure, the pinhole of Ch3 (BP 560-615) is 16d. For the
CLSM measurement of modBl structure, the pinholes of Ch2 (BP 505-530) an@ (BP:
560-615) are 184m and 48Qum, respectively.

Orthogonal sections of structural modehbre shown. Four red layers of TRITC-gel films can
be observed from the cross section. This resuh isoherence with the composition of the
model. It is worth noting that the deeper the laylee weaker the intensity of fluorescence is.
The laser intensity decreases with the increasgepth inside the gelatin films, especially
when the laser passes through the upper-layer ¢TGHel films before arriving at the

deeper layer. That is to say that the fluorescantemnsity at different depths is not directly
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related to the concentration of the fluorescenbprd’he gallery image of structural moéel
is displayed inFigure 11-9 (right). The first subset image showing red is fhwrescent
surface of modeB. It is a major advantage for measuring the deptih@ particles that the
surface can be distinguished. The FITC-PMMA sphatdle specific layer can be excited by
both excitations of 488 nm (green) and 543 nm (r&te merged photograph is shown in
Figure 11-9B (right) and the yellow circles are the positiorisane the PMMA spheres reside.
The depths of the particles can be determinedlatioa to the surfacez(= 0). The depth of
the first layer containing two PMMA particles isdgm. The second and the third layer are
240 and 379um underneath the surface. The shape and size ¢tNHMA particles are the
same as specified by the manufacturer. It meanghbaCLSM used here is a valid method to

determine the depths of fluorescent particles smsmbdel skin or real skin.

CLSM has been extensively applied to visualisesanmal drug delivery into skin [66]. The
penetration and distribution of polystyrene nanbopl@s containing fluorescein 5-
isothiocyanate across porcine skin has been veadalusing CLSM [135]. Even though the
skin colour and auto-fluorescence can make itdiffito observe deeper layers inside, it is
still attractive as a non-invasive method. Usualg detecting depth of skin after topical drug
delivery using CLSM is around 50m which is deep enough for evaluating whether doags
penetrate the skin barrier stratum corneum or 8@L [The special morphology characteristic
of stratum corneum surface can be used to defimesskface [135]. In the case of powder
injection, we need to measure the depth under sliface up to 12@m or even deeper.
From the results of the structural models estabtsith gelatin films, the detection depth
can be up to 40(m. Gelatin films seems to be promising skin modi@ighe visualisation of

the penetration and distribution of particles deded by powder injection devices.
4. Conclusions

Different skin models including gelatin films, sitine film and agar gel were analysed as skin
models for powder injection delivery. The transparglicone film may be a good candidate
as model skin, but the mechanical properties of ditieone films are difficult to tailor,
resulting in the difficulty to simulate differentgperties of the skin. Agar gels can be applied
as model skin for powder delivery as proven by theut the high water content in agar gel
would make injected water-soluble microparticlessdive away quickly, and then result in
ambiguous distribution of particles. A series ofagjae films seems to be good model skin
according to our research. Gelatin films with ggl/atios of 4.5/5.5del2), 4/6 @eld and
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3.5/6.5 @eld) which can be easily prepared at low cost couttutate the skin with different
mechanical properties. Young’'s modulus of the gelidm with a gel/gly of 3.5/6.5del4) (E

= 0.8 MPa) is close to that of vitro human abdominal skirfe(= 0.7 MPa) making that this is
favoured as a skin model. The reproducibility cf thelatin films can be controlled and the
stability during storage is good. Furthermore, geldilms are transparent for CLSM
measurements, which is a major advantage for oiogetlie penetration and distribution of
fluorescent particles after powder injection. Asrsérom the CLSM image of the structural
layered modeB, the FITC-PMMA particles at a depth of 40t can be well visualised. In
all, gelatin films will be simple and effective skmodels for powder delivery research, which
may facilitate the development of powder injecta®vices and the evaluation of powder or
particles for injection.



Chapter Ill. Nanoparticles-in-Microparticulate Systems for

Epidermal Powder Injection

1. Objectives

As described in the first chapter, there are rexspénts for the particles to be used for
epidermal powder injection (EPI), including the htigsize, sufficient density and good
robustness. In fact, nanoparticles and micropagichave been extensively used as
drug/vaccine delivery systems, but nanoparticlesnat suitable for EPI due to the limitation
of size and density [12]. The definition of “nandpaes” used in this thesis describes
especially the particles in the size range of 1680ta 1000 nm. Due to their small size and
therefore low mass, it is necessary to formulateoparticles into microparticles in order to
achieve a particle that can be delivered by EPE Ticroparticles should optimally have
sizes ranging from 20m to 70um that are best for EPI delivery [10, 45]. The o#et lower
than 20um may not penetrate into skin effectively if thengigy is not high enough, while the
particles larger than 7@m could induce blood bleeding and pain when immhcte human
skin [10, 45].

The idea of the work described in this chaptepisdmbine the advantages of nanopatrticles
for vaccine delivery and microparticles for EPI. eThconcept of nanoparticles-in-
microparticles (nano-in-mico) systems for EPI dediwis shown inFigure IlI-1 . Antigens

are loaded in nanoparticles or on the surface nbparticles, and then these nanopatrticles are
formulated in microparticles by using spray-freelzging (SFD). The sugar-based
microparticles are then delivered into the vialp@ermis layer or upper layer of dermis by
EPI. The sugar and polysaccharide matrices arerssateble and will subsequently be
dissolved in the tissue, and then antigen-loadewperticles are released. The Langerhans
cells (LCs) distributed in skin can recognise amdcpss the antigens, and then migrate to
lymph nodes via lymphatic vessels to induce imnmasponse [6, 136].
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Figure l1ll-1. Schematic diagram of the concept of nano-in-migacticles for epidermal

powder immunisation. The green circles represeatrnnoparticles and red dots represent
antigens. The antigens can be absorbed on thecswfananopatrticles, or encapsulated inside
nanoparticles. The antigen-loaded nanoparticledheme encapsulated in microparticles that
can be delivered into skin by epidermal powder atig;n (EPI). The antigens and

nanoparticles are released in the viable epidewhisre the inherent Langerhans cells can
recognise the antigens and process them. The Lzenyecells carrying the antigens migrate
to the lymph node by the lymphatic vessels. Finalysystemic immune response will be

induced.

The strategies for encapsulating nanoparticles icraparticles depend on the properties of
the nanoparticles and microparticles, and alsoath@ications. Poly(epsilon-caprolactone)
(PCL) microparticles containing gelatin nanopaeschave been prepared by emulsification
and investigated for oral delivery [137, 138]. Kekgaprolactone) (PCL) nanoparticles with
loaded hydrocortisone acetate (HA) were incorparatePLGA microparticles by a double
emulsion method [139]. The PCL nanoparticles weapgded on the layer close to the surface
of the micropatrticles resulting in a hollow core89]. Microgels (microparticles) containing
nanoparticles were fabricated by a new Michael tamdiduring (water-in-oil) emulsion
(MADE) method, and they are suitable for intradalfudelivery into the deep lung [140].
PLGA microparticles containing mesoporous silicaogarticles have been prepared for the
use of DNA prime-protein boost vaccination [112]eXamethasone acetate-loaded PLGA
nanoparticles were encapsulated into micropartibkespray-drying of the mixture of the
nanoparticles, 1,2-Dipalmitoyl-sn-Glycero-3-Phosgiaine (DPPC) and hyaluronic acid

[141]. In our studies, spray-freeze-drying will lieed to prepare nano-in-micro particles.

To my knowledge, nano-in-micro particles have baeed for oral and lung delivery [137,
138, 140, 142, 143], but there are no reports emplication for EPI delivery. The particle
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size for oral and lung delivery is usually smallean 10um, which could be achieved by
spray-drying. Spray-freeze-drying can produce lasyeed particles around 10 - ffn as in
our case here, even though the density may be eddu fact, the density can be improved
by controlling the conditions for the freeze-dryistep [132]. Furthermore, sugars could
protect nanoparticles from aggregating during feeé®ing [144-147]. Sugar-based
microparticles are suitably produced by spray-dyyon SFD, while the SFD method is more
suitable for formulating thermal-sensitive biolagjicingredients. The encapsulation of
nanoparticles in sugar-based microparticles mightabhieved by spraying the mixture of
nanoparticles and the sugar-based matrix into aidignitrogen bath. The frozen
microparticles encapsulating nanoparticles can feezé-dried, and then nano-in-micro

particles would be obtained.

The objectives of this chapter are to investigageencapsulation of different nanopatrticles in
microparticulate formulations and to increase taesity of microparticles by including dense
materials in the formulation. Inorganic, polymeaiod protein nanoparticles are going to be
used, including mesoporous silica, poly(lactic-¢geglic acid) (PLGA), recombinant silk,
gelatin nanoparticles. Trehalose, mannitol, dex{f@iD) are used as the sugar-based matrix
for microparticles. A spray-freeze-drying methodlvidle used to manufacture the TMD
microparticles encapsulating nanoparticles. Thetribdigion of fluorescently labelled
nanoparticles encapsulated in TMD microparticledl Wwe observed by confocal laser
scanning microscope (CLSM). To improve the deraitgt robustness of TMD microparticles,

dense inorganic materials have been added to theufation.
2. Materials and Methods
2.1 Materials

The copolymer poly(lactic-co-glycolic acid) (PLGARESOMER RG 752S) was obtained
from Evonik Industries AG (Darmstadt, Germany). yahyl alcohol) (PVA) (Mw 9000-
10000, 80% hydrolyzed), tetraethyl orthosilicateeagent grade, 98%) (TEOS), (3-
aminopropyltrimethoxysilane (97%) (APTMS), hexagleamethylammonium bromide

(BioUltra, 299%) (CTAB), fluorescein isothiocyanate (FITC), tgialdehyde solution
(25.0%), N-(3-dimethylaminopropyl)-N-ethylcarbodiole hydrochloride (EDC), (2-

aminoethyl)trimethylammonium (Cholamin) chloridedngchloride (99%), gelatin, Type A
(175 Bloom), dextran fronmLeuconostoc mesenteroidéaverage mol wt 9 000-11 000),
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dextran from Leuconostoc mesenteroidggverage mol wt 100 000), dextran from
Leuconostoc mesenteroidésverage mol wt 150 000) were purchased from Sigidech

Chemie GmbH (Steinheim, Germany). D(+)-trehaloséydeate (for biochemistry) was
purchased from VWR International (Darmstadt, GerghaMannitol was obtained from

Boehringer Ingelheim (Ingelheim, Germany).

Table IlI-1 Summary of the molecular structures of the sugael matrices

~-1--0-CH,
on OH OH ’
B -0
e O, OH 2 o P
O o . HOAV*IAV/OH OH o
Ho™ q Ne) "OH - . n oy
on M L OH CH + OH
ZH a-1,3 OH
m
a-1,6
Trehalose Mannitol Dextran

Recombinant silk protein (eADF) was a gift from ANMSGmbH (Munich, Germany).
Fluorescent dye Alexa Flu®r633 carboxylic acid, succinimidyl ester (ex.632/@47) was
purchased from Molecular Probes (Oregon, USA). Ditylesulfoxide (DMSO) was obtained
from Gruessing GmbH (Wahrenholz, Germany). Monaglispd polystyrene nanoparticles
labelled with Rhodamine B (PS-RhB) with a diametet67 nm and a PDI of 0.08 (2.5 w/v%
suspension in water) was purchased from MicrogagiGmbH (Berlin, Germany).

2.2 Methods
2.2.1 Preparation of fluorescent PLGA nanopatrticles

Fluorescent dye was encapsulated into poly(laaiglgcolic acid) (PLGA) nanoparticles by
a modified method from Samt al[148]. 20 mg/ml of Rhodamine B isothiocyanate (R)Tn
Dimethyl sulfoxide (DMSQO) was prepared. 150 mg &GA (RESOMER RG 752S) was
dissolved in 5.0 ml of dichloromethane (DCM). @l0of the 20 mg/ml RITC was added into
the PLGA solution, and then the mixture was ad@e®@0.0 ml of PVA solution (1.0% wi/v).
The mixture was emulsified by sonicating for 90t saa amplitude of 40% using the probe
type MS 73 (Sonopuls HD 2200, Bandelin electroBerlin, Germany). Finally, it was stirred
overnight to remove DCM. The PLGA-RITC nanopartscleere obtained by centrifugation at
12000 rpm for 10 min (Sigma 4K15 centrifuge, SIGMaboratory Centrifuges, Shropshire,
UK) and washed three times with highly purified grat(HPW). The suspension of
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nanoparticles was obtained by resuspending the@&0inmml of HPW water. A microbalance
(METTLER TOLEDO, Giessen, Germany) was used tordates the particle concentration.
0.050 ml of the suspension was added to an alumidid0 DSC crucible (NETZSCH, Selb,
Germany) and dried at 40 °C overnight. The driettteof added suspension was calculated

from the empty crucible weight and the weight o tnucible with dry particles.
2.2.2 Preparation of fluorescent gelatin nanoparties

The method for preparing gelatin nanoparticles lbeasn developed previously [149, 150].
1.25 g of gelatin (Type A) was dissolved in 23.7&f gterile HPW water under stirring at 500
rpm at 50 °C. 25 ml of acetone was added quickith{w1l min) to the gelatin solution. 20 s
later, the supernatant was removed, and then gtanmgde the 250-ml flask was weighed.
Sterile HPW water was added to the flask untilttial amount reached to 25.0 g. The gelatin
inside the flask was dissolved again at 50 °C usteing. The pH was adjusted to 7.0-8.0
using 1 M NaOH. 5@l of Alexa Fluof’ 633 was added into the solution and the mixture wa
stirred for 2h at room temperature (RT). After thhe gelatin solution was heated to 50 °C
under stirring, and then the pH was adjusted to 3.5. The gelatin solution was incubated at
50 °C for a while, and then 50-75 ml acetone wateddslowly (3 - 5 ml/min) in while
stirring at 500-700 rpm. After 15 min, 178 of glutaraldehyde (25.0%) was added to

crosslink the nanopatrticles. The suspension waedtovernight to remove acetone.

The obtained gelatin nanoparticles (GNP) suspensemtransfer to a 15-ml falcon tube and
centrifuged at 17,500xg for 15 min. The obtainediglas were resuspended in 10 ml of
sterile HPW by shaking or pipetting. The washirgpsivas repeated three times. Finally, the
particles were resuspended in 1-2 ml of sterile H®V@btain the suspension of plain GNP
nanoparticles. A microbalance (METTLER TOLEDO, Gies, Germany) was used to
determine the particle concentration. 0.050 mihef suspension was added to an aluminium
100 DSC crucible (NETZSCH, Selb, Germany) and da¢dt0 °C overnight. The dried
weight of added suspension was calculated fronethpty crucible weight and the weight of

the crucible with dry particles.

In order to prepare cationic GNP nanoparticles, dispersion of plain GNP patrticles was
diluted with 20 ml of sterile HPW water. The pH wadjusted to 4.5-5.0 before adding 50 mg
of cholamin under constant stirring. 50 mg of Nd{Bethylaminopropyl)-N-

ethylcarbodiimide hydrochloride (EDC) was added mhkolamin was totally dissolved. The
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mixture was stirred at RT at 500 rpm for 30 mineTgarticles were obtained by using the
same process as above. 1.0 ml of sterile HPW wdsdatb resuspend the cationic GNP
nanoparticles. The dispersion was filtered with.2 dm syringer filter (Sartorius Stedim

Biotech S.A., Aubagne, France) to obtain the fipralduct of cationic GNP nanoparticles. A

microbalance was used to determine the particleardnation.
2.2.3 Preparation of fluorescent spider silk nanopaicles

The recombinant spider silk protein eADF4 (C16) posing 16 repeats of
GSSAAAAAAAASGPGGYGPENQGPSGPGGYGPGGP (M 47.7 kDa) was provided by
Prof. Dr. Thomas Scheibel, University of Bayreuthe eADF4 powder was dissolved in 6 M
guanidinium  thiocyanate first and then the solutiowas dialysed in
tris(hydroxymethyl)aminomethane/HEPES buffer (20 ppH 8.0) using tube membranes
with a molecular weight cut-off of 6000-8000 Da é8pum Laboratories Inc., Rancho
Dominguez, USA). 5 mg/ml of fluorescein isothiocga (FITC) in DMSO was prepared,
653 ul of which was added into 10 ml of 2 mg/ml eADF4HEPES buffer (20 mM, pH 8.0).
The solution was incubated for 1h at RT in the d&iRC labelled eADF (eADF-FITC) in
solution was obtained by dialysis against HEPESebudt 4 °C overnight to remove the

excess FITC.

The particle preparation was carried out using rifethod by Hoferet al [151]. Briefly,
eADF in Tris buffer and eADF-FITC in Hepes buffeere mixed together with a mass ratio
of 3/1. A micromixing system (model 100 DX, Tele@ylsco Inc., USA) consisting of two
channels was used to mix the silk protein solutiod potassium phosphate buffer (2 M, pH
8.0). The precipitated silk particles were colleictyy centrifugation (7500 g for 10 min and
12 500 g for 15 min). The particles were washeddhimes with HPW. The dispersion of
resuspended patrticles in HPW was sonicated forxdmusn of 15 min (cycle 6, amplitude
50%) using a probe sonifier (SonoPuls HD 2200, Badsectronic, Berlin, Germany) and
filtered using a Sum syringer filter (Sartorius Stedim Biotech S.A.ulfagne, France). A

microbalance was used to determine the particleartration.
2.2.4 Preparation of fluorescent silica nanoparti@s

The synthesis method of mesoporous silica nanapest(MSNP) was modified from Xiet
al. [152]. Briefly, 27.5 mg of FITC was dissolved i8 inl of absolute ethanol and then 0.100
ml of APTMS was added. The APTMS-FITC mixture wasred for 24 h at room
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temperature in dark. 1.60 g of CTAB was dissolved mixture of 11.20 ml of 1 mol/l NaOH
aqueous solution and 768 ml of deionised (DI) watader stirring. The temperature of the
solution was increased to 80 °C in 30 min. 8.000mMEOS was added dropwise while
stirring at 700 rpm, and then 8.0 ml of the preda®TMS-FITC mixture was added. After 2
h stirring, fluorescein 5(6)-isothiocyanate (FITi@belled silica nanoparticles (FITC-MSNP)
were obtained by centrifugation and washed witlamth once. In order to remove CTAB,
fresh prepared silica nanoparticles FITC-MSNP wefkixed overnight in 160 ml of ethanol
containing 8 ml of 37% (w/v) HCI aqueous solutierddhen washed with adequate water and
ethanol. The surfactant extracting process wasategeonce. Finally, the nanoparticles were

dried overnight at 20 °C in a vacuum dryer.
2.2.5 Preparation of microparticles encapsulating ifferent nanoparticles

Trehalose, mannitol, dextran (10 kDa) and dext00 (kDa) or dextran (150kDa) (TMD)
were mixed with a weight ratio of 3:3:3:1, and wéhen dissolved in sodium phosphate
buffer (PB) (10 mM, pH 7.4) under stirring to olta®5 wt% sugar-based solutions. The
TMD solution was filtered with a 0.gm syringe filter (VWR, Darmstadt, Germany) before
use. Each kind of nanoparticles was added intdaimeulation of the TMD matrix according
to Table IlI-2. The mixtures were shaken occasionally by hande $blid content of
nanoparticles in microparticles is 3p/mg, which was calculated on the basis of the dry

mass of sugar matrices.

Table 1lI-2 Formulations of microparticles encapsulating nambgles

Sample TMD 35%(w/w) Nanoparticle Nanoparticle Particle content

solution (g) concentration (mg/ml) volume (ul) (ng/mg)

TMD/PS-Rhd 1.0 25 50 3.6
TMD/PLGA-Rhd 1.0 15 100 4.3
TMD/MSNP-FITC 2.0 50 50 3.6
TMD/GNP-Alexa(-) 1.0 19 63 34
TMD/GNP-Alexa(+) 1.0 18 66 3.4
TMD/silk-FITC 2.0 15 168 3.6

The prepared formulations of TMD and nanopartiglese sprayed into liquid nitrogen by an
ultrasonic atomizing nozzle (120 kHz, Sono-Tek,tbtl USA). The power for spraying was
set to 4.0-4.5 watts and the flow rate of a pdtistaump (IsmaTec IPC 78001-20, Wertheim,

Germany) to 0.6 ml/min. The custom-made set-usoay-freezing is shown irigure I11-2 .
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The sprayed microparticles were collected in vaald transferred to a pre-cooled lyophilizer
(Martin Christ EPSILON 2-6D, Harz, Germany). Thedze-drying sequence was carried out
by 24 h of primary drying at -10 °C and 20 h of@®tary drying at 25 °C. The chamber
pressure was kept at 0.12 mbar during the wholeggyrocess.

Figure l1l1I-2. Set-up of a spray-freezing system. A peristaltionp is used to feed the
solution for spraying. The vial for freeze-dryingdathe reversed big vial without bottom are
connected by a Teflon tape and adhesive plastit tiiquid nitrogen is filled into the white
foam box and the vials. The ultrasonic nozzle (kB&) sprays the solution into the special
vial. Atomized liquid drops are frozen quickly dsey meet liquid nitrogen. The frozen
particles are collected in the small vials. The arppart of the vial is removed and then the
small vial containing frozen particles is freezéadrsubsequently.

2.2.6 Microscopic examination of microparticles

Confocal Laser Scanning Microscopy (CLSM)

A confocal Laser Scanning Microscope (LSM 510 METarl ZEISS, Germany) was used
to observe the microparticles encapsulating flumees nanoparticles. Argon laser (488 nm)
and HeNe laser (543 nm) were used as excitatioreMagths, corresponding the emissions

of BP 505-530 nm and LP 560 nm, respectively. Déif¢ objectives were used, including
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Plan-Neofluar 40x/1.3 Qil, Plan-Apochromal 63x/0D4 DIC and Plan-Neofluar 100x%/1.3
Oil Ph3. Z-stacking mode was used to observe tlsgrilolition of nanoparticles in the

microparticles.

Scanning electron microscopy (SEM)

Micropatrticles were placed on Leit adhesive cartabs (Plano GmbH, Wetzlar, Germany)
and then coated with a thin layer of carbon befobserved under a JEOL JSM-6500F
scanning electron microscope (SEM) (Joel Inc., BépbUSA). Samples were viewed at a

magnification of 300.
2.2.7 Measurements of hydrodynamic diameter and za{potential

The hydrodynamic diameter and zeta-potential ofoparticles were determined using a
Zetasizer Nano ZS (Malvern Intruments, Herrenb&egrmany). The reflective index (RI) of

all nanoparticles used for the size measurementlvi#s The dispersant phase is water with
RI of 1.330 and viscosity of 0.8872 cP. The pagticbncentration was kept around 0.05

mg/ml for dynamic light scattering (DLS) measuretsen
2.2.8 Cellular uptake of nanoparticles by macrophag cells

A macrophage cell line J774.A1 with a concentratin7x10 cells/ml in Dulbecco’s

modified eagle’'s serum with 10% Fetal Bovine Ser#BS) was used. 300l of the cell

suspension was added to each well of 8-well ibidildes (ibidi, Martinsried, Germany) and
incubated at 37 °C for 4 hours prior to particleatment. 20 ul of a 0.25 mg/ml of
nanoparticles suspension was added in duplicatesptjenized and incubated for 30 min in
the dark. After that, the wells containing cellsrevearefully washed with PBS to remove the
excessive particles. The cells were fixed by 4%afmmmaldehyde and stained by
bisBenzimide H 33342 trihydrochloride. The resuitaamples were observed by Confocal
Laser Scanning Microscope LSM 510 META (Carl ZEI&S}tingen, Germany) as described

above.
2.2.9 Tap density of the microparticles

Tap density was measured by using a small custoderoglinder with a volume of 1.5 ml.
About 0.5 g of powder was added into the cylinderl then it was tapped for 1000 times
using a Stampfvolumeter (JEL STAV, 2003 model, BEsmann AG, Ludwigshafen,
Germany). The volume after tapping and the mases weed to calculate tap density.
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2.2.10 Measurements of the mechanical properties bkeze-dried matrix cakes by a

texture analyser

A texture analyser TA.XTPlus from EXPONENT StablecM Systems Ltd. (Godalming,
Surrey GU7 1YL, UK) Figure IlI-3) was used to measure the force versus indentation
distance curve. A custom-made steel cylinder prelas used for the measurement of
indentation behaviour. The indentation speed fortte tests was set to 0.5 mm/s. The

maximal force in the puncture tests was about 60 N.

Figure 111-3. The set-up of a texture analyser for the measune# freeze-dried cakes.
3. Results

3.1 Encapsulation of nanoparticles in microparticls

3.1.1 Nanoparticles for the encapsulation in the giar-based microparticles

Several kinds of nanoparticles (NPs) made of pylgste (PS), poly(lactic-co-glycolic acid)
(PLGA), gelatin (GNP), recombinant spider silk wareparedTable 111-3 shows the sizes
and surface properties of the nanoparticles meddwyaynamic light scattering (DLS). The
polymer nanoparticles have very narrow particle sistributions as the PDI is low than 0.1.
The zeta-potential of PS nanoparticles is -70.6 imPB (10 mM, pH 7.4), indicating a
negatively charged surface. PLGA nanoparticleheRB buffer shows a zeta-potential of -
1.8 mv. Gelatin nanoparticles with positive (ZP 5 @nv) and negative (ZP = -3.1 mv)
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surfaces have a similar size of about 300 nm. Aghem protein particle, silk NPs have a Z-
average size (Z-Ave) of 334.9 and a PDI of 0.15de Tegative ZP (-26 mv) indicates a

negative surface of silk NPS in the PB buffer.

Table IlI-3 Sizes and zeta-potentials (ZPs) of different naniges

Sample Chemical structure Z-Ave (d.nm) PDI ZP (mv)

o

PLGA NPs HOPK(ObH\/\OiH 216 0.072 1.8

[a]
PS NPs @T 155 0.016 -70.6
i
Cationic GNP protein 295 0.276 6.5
Plain GNP protein 300 0.269 3.1
Silk NPs protein 335 0.154 -26.0

The nanoparticles were suspended in PB (10 mM,.gHat a concentration of 0.1 - 0.2

mg/ml.

These nanopatrticles made of different materialehasize range from 150 nm to 350 nm.
The surface properties of the nanoparticles arferdiit. They were used as model particles
for investigating the encapsulation of nanoparsicitethe sugar-base microparticles by spray-

freeze-drying.
3.1.2 Distribution of different nanoparticles in the sugar-based microparticles.

These nanoparticles were used in the sugar-basgdparticles to study the encapsulation of
nano-sized particles into micro-sized particlesn@im-micro). The nanoparticles in agueous
suspension were added to the TMD solution (35 wiPhe mixture was mixed thoroughly

before spray-freeze-drying. In order to observe tla@oparticles in microparticles using

CLSM, all nanoparticles were fluorescently labelled

TMD microparticles without nanoparticles inside werepared as a control. FITC labelled
dextran (Dextran-FITC) was used in the formulataina content of 1 wt% of the solid
microparticles. As shown idrigure Ill-4, the microparticles can be well visualised by
labelling the matrix.Figure 1lI-4A shows a single scan of CLSM, while Z-stacking

micrographs are shown as the 3D viewrigure 111-4B and gallery model ifrigure 111-4C .



58 lll. Nano-in-M@iParticulate Systems for Epidermal Powder Inj@ctio

One of the advantages of CLSM is the optical sfjdoy focusing on a specific layer. The
green fluorescence is distinctly strong when théase of the microparticles was illuminated.
There are two particles iRigure 11I-4A showing green circles and black centres. Dextran-

FITC could be on the surface or in the matrix.

The different intensities on the single scan lagkone particle can be contributed to the
point-by-point scanning of CLSM. The matrices o€ timicroparticles are non-transparent
materials which can decrease the intensity of #soence transmitting through them [153].
When the middle layer of microparticles is observedler CLSM, the edge is brighter
because it is more close to surface and the cehtres less intensity because the light needs
to pass the matrixes causing some loss of thesiyermhis can explain the observation of
microparticles with a green circle and black ceirtr€igure 111-4A . Furthermore, the rough

surface can also lead to heterogeneous appearbaneptical layer of CLSM observation.

—

20 um 20 ym 20 pm 20 um

Figure IlI-4. TMD/FITC-Dextran microparticles.A) Single scan micrograph;BY 3D
micrograph produced from Z-stacking sca®) Gallery displaying Z-stacking micrographs.
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The microparticles containing PS nanopatrticles hewstze of 10-4Qum in diameter and a
wrinkled surface as shown in the SEM micrograplyire I1I-5A ). PS-RhB nanoparticles
(Figure 111-5) were observed and the fluorescent microparticldeate that the PS (167 nm
in diameter) nanoparticles can be encapsulated wel. With CLSM micrograph of
microparticles containing only Dextran-FITEigure 111-4), brighter edge of each patrticle
was observed at both magnifications (40x and 63%)s does not mean that PS-RhB
nanoparticles are just located on the layer clasesurface. As explained above, this
phenomenon results from the decrease of light dfmrsmitting the middle part of the
microparticle. The wrinkles on the surface of thiengparticles are very bright in the 3D view
of Z-stacking micrographg={gure I1I-5D ), indicating a morphology consistent with the SEM
micrograph.

#“ DA
SEI 5.0kvV

C D
Figure I1II-5. Sugar-based microparticles containing PS-RhB nanticfes. A) SEM
micrograph; B) CLSM micrograph with a magnification of 405C)Y CLSM micrograph with

a magnification of 63x%; (D) 3D view produced frorstacking micrographs.
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PLGA nanoparticles (216 nm in diameter) are endapsdi in the microparticles as shown in
Figure 1lI-6 . The surface of the microparticles containing PLBAC nanopatrticles is very
bright. The PLGA nanoparticles are distributed le twhole particles as indicated by the
homogeneous distribution of fluorescence.

Figure IlI-6. CLSM micrographs of TMD microparticles containinBLGA-RITC
nanoparticles. A) Single scan micrographB)Y 3D micrograph produced from Z-stacking
scan; C) gallery displaying of Z-stacking micrographs.
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In the case of silica nanoparticles (MSNP-FITC)hat size of ~130 nm, the distribution is
not as homogeneous as for PS and PLGA. There ane d$wight spots in the area of
microparticles as shown ifrigure IlI-7B. However, the silica nanoparticles are still
distributed in the whole space as can be observEgyure 111-7C . The 3D view shows green
spots everywhere in the microparticles. Therefosdica nanoparticles can also be
encapsulated in the TMD micropatrticles.

50kV X300  10um WD 10.

C D
Figure IlI-7. Sugar-based microparticles containing MSNP-FIT@oparticles. A) SEM
micrograph; B) CLSM micrograph with an objective of Plan-Apocimal 63x/1.4 Oil DIC;
(C) CLSM micrograph with an objective of Plan-Neoflus00x/1.3 Qil Ph3;[@) 3D view

produced from z-stacking micrographs.
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Until now, we have successfully encapsulated potyared inorganic nanoparticles in the
sugar-based microparticles. It is also interesting investigate whether protein-based
nanoparticles can be encapsulated in the micrgpestusing this method. Considering the
availability in our group, gelatin nanoparticlesdarecombinant spider silk nanoparticles were
used. Plain gelatin nanoparticles (GNP(-)) havegative surface, which can be cationized to
a positively charged surface (GNP(+)). Both haveenbeencapsulated in the TMD

microparticles. As shown ifigure 11I-8 , GNP(-) are distributed evenly and the 3D view
micrograph displays many wrinkles on the partici€face. The distribution of GNP(+) was

not as good as that of GNP(-). Although red GNRa) be seen in the microparticles, the
surface morphology is not well resolved as for GINP(

Figure 111-8. SEM micrographs of microparticles containing gelatanoparticles.A, B)
Plain gelatin nanopatrticles (negative surfac€);d) Cationic gelatin nanoparticles (positive
surface).A andC are single scan micrographs, whdeandD are 3D micrographs produced
from Z-stack scanning.
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FITC-labelled recombinant spider silk nanopartickee distributed in TMD microparticles
as green fluorescence can be observed allover itreparticles. Micrographs with different
magnifications (10x, 40x, 63x) were scanné&dg(re 111-9). The silk nanoparticles are
obviously encapsulated in all microparticles. Tiewdew was obtained by processing the Z-
stacking micrographs with projections, confirminget spatial distribution of the silk

nanoparticles in microparticles.

Figure 11I-9. TMD microparticles silk-FITC at magnifications &0x (A), 40x 8) and 63x

(C). 3D view D) was produced from Z-stacking scan.

All the nanoparticles we have used in the formaladihave been successfully encapsulated in
microparticles fabricated by spray-freeze-dryingeTmixing of the nanoparticles and sugar-
based matrix was done by occasional hand-shakunghérmore, labelled nanoparticles and
labelled dextran were both added into the formaigtin order to distinguish the matrix and

nanoparticles. As shown iRigure 111-10, nanopatrticles (red) and matrix (green) appear
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together and also overlap to each other to produgellow area. The 3D photos of the
microparticles are vivid and a cave under the serfeas been visualiseigure 111-10B ).

Figure 111-10. TMD/FITC-Dextran/PS-Rhd microparticlesu8/mg of FITC-Dextran and 3.6
pg/mg of PS-Rhd nanoparticles in the microparticl@g. Single scan micrographB) 3D
view was produced from Z-stacking scan.

3.2 Stability of nanoparticles in TMD microparticles

Size is an important parameter when nanopartickesiged in a drug formulation. It is
necessary to investigate the colloidal stabilityref nanoparticles encapsulated in the TMD
formulation. 15 mg of the microparticles containghi@ferent kinds of nanoparticles were
redissolved in 1 ml of PB (10 mM, pH 7.4). The stawl zeta-potential were then measured.

Table 1lI-4. Sizes and zeta-potentials of nanoparticles bedack after being formulated in
microparticles (n = 3)

Before formulation After formulation in micropariis
sample
Z-Ave (d.nm) PDI ZP (mv) Z-Ave (d.nm) PDI ZP (mv)
PLGA NPs 216 0.072 -1.8 263 0.269 -3.5
PS NPs 155 0.016 -70.6 173 0.030 -45.1
Cationized GNP 295 0.276 6.5 1162 0.818 -5.5
Plain GNP 300 0.269 -3.1 687 0.718 -7.7

Silk NPs 335 0.154 -26.0 550 0.423 -23.7
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The sizes of the nanopatrticles before being fortedlan TMD matrix and those resuspended
after formulated in TMD microparticles are shownTiable 11l-4. The PS nanoparticles are
the most stable ones, showing a size of 155 nmPdddof 0.016 before formulating and a
size of 173 nm and PDI of 0.030 after formulatednisroparticles. PLGA nanoparticles have
a size of 216 nm and PDI of 0.072, while the sim¥aases to 262 nm and PDI to 0.269. Two
kinds of dextran with molecular weight of aboutKia and 100 kDa are in the formulations.
The dextran may increase the size in a small deghes adsorbed to the nanoparticles, as in
the cases of PLGA and PS nanoparticles. Both kil and cationized GNP have a size
around 300 nm and PDI around 0.27 before added tirdomatrix, but the size and PDI
increase distinctly in the resuspended suspensiommioroparticles. Recombinant silk
nanoparticles are moderately stabilised in the opiarticles as the size and PDI increases
slightly, from 335 nm and 0.154 to 550 nm and 0,428pectively. The zeta-potentials of all
nanoparticles except cationic GNP were negativedmsblute values changed at different

levels.
3.3 Cellular uptake of nanoparticles

Cell penetration properties of nanoparticles deieenthe usability as a vaccine delivery
system. As a general investigation, we appliedftheulations containing PS-Rhd, PLGA-
RITC, MSNP-FITC, plain GNP and cationic GNP to nmgatrage cells. This is basically used
to study the properties of the nanoparticles asesys for intracellular drug delivery. The
fluorescently-labeled nanparticles can be obsengzd the nuclei area stained as blue if they
are successfully delivered into cells. Strong fasmence of nanoparticles observed in cells
indicate good cellular uptake of the nanopartiaks the cells.

Figure 11I-11 shows CLSM results of macrophages respectivelgtace with the labeled
nanoparticles and sodium phosphate buffer as atimegeontrol. The same settings for
obtaining the micrographs were used to ensure fthatescence intensity represents the
concentration of delivered nanoparticle. PS-Rhdoparticles cannot penetrate into the
macrophage cells within 30 mifigure 111-11A ), because the reddish background is similar
to the negative control, indicating no sufficiemh@unt of PS-RhD in the cells. On the
contrary, PLGA-RITC nanopatrticles penetrate veryll W&igure 11I-11B), as red dots
(particles) were obviously observed in macrophagés. green color around the blue nuclei
(Figure 11I-11C) indicates that MSNP-FITC nanoparticles were talprby the cells. Plain

and cationic gelatin nanoparticles can also beveledd into the cells as some particles appear
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around the blue cell nuclefigure 111-11 D andE). More cationic gelatin nanoparticles were
observed in macrophages than the plain gelatin patioles. As a negative control, the
phosphate buffer was added to the macrophage €xily. blue cell nuclei can be observed

for the negative contrdgFigure IlI-11F) .

Figure IlI-11. CLSM results of macrophage cells incubated inedéht substancesA) PS-
Rhd (TMD matrix); B) PLGA-Rhd nanoparticles (TMD matrix)C§ FITC-MSNP-NH2
(TMD matrix); (D) plain gelatin nanoparticles (negatively chargédMD matrix); (E)

cationic gelatin nanoparticles (TMD matrix})(negative control. The scale bar isyif.
3.4 Enhancement of the density of microparticles bgense materials.

Normally, sugar-based particles prepared by spiegze-drying have a low density due to the
high porosity. The density can be improved by iasneg the solid content of the solution for
spraying and controlling the shrinkage during theete-drying step. 35 wt% of matrix
solution was used in our experiments. It is limiteg the solubility of sugar and
polysaccharides and the viscosity increases. Anotlag to improve the density could be
achieved by adding dense materials in the formanatConsidering the biocompatibility of
calcium carbonate (CaG}) it was used in the formulations of micropartgleifferent

amounts of CaC®were added as shown Trable 1lI-5. In the formulation of TMD (100
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kDa), the tap density was increased from 670 to l&Bfn® when the weight ration of TMD
and CaCQ@ comes to 2.5/1. For the case of TMD (150 kDa), tdpe density was increased
from 618 to 770 kg/fhwhen the weight ration of TMD and Ca€® 5/1. When TMD and
CaCQ are used at a weight ration of 1/1, the densityMD (100 kDa) and TMD (150 kDa)
increases to 850F{gure 111-12) kg/nT. Unfortunately, there are many aggregates for the
formulation of TMD/CaCQ@= 1/1 (by mass) because the spraying is not wgnkiell.

Table IlI-5 Tap density of sugar-based microparticles

Sample Dextran (100 kDa) Dextran (150 kDa)
Tap density (kg/m3) Tap density (kg/m3)

TMD (35%(w/w)) 670 618

TMD/CaCG; = 10/1 669 627

TMD/CaCQ; = 5/1 671 765

TMD/CaCGQ; = 2.5/1 831 770

TMD/CaCG; = 1/1* 853 848

*many aggregates
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Figure 1lI-12. Effect of calcium carbonate particles on the tapgity of the sugar-based
microparticles.



68 lll. Nano-in-M@iParticulate Systems for Epidermal Powder Inj@ctio

3.5 Indentation measurements of TMD/CaC®@ composite by a texture analyser

CaCQ can not only enhance the density of TMD microgéed, but it could also increase the
robustness which is very important for powder i@t It is very difficult to measure the
force of breaking for one microparticle due to #meall size and small force. Therefore, we
prepared composites by freeze-drying the mixtufeSMD and CaCQ at different weight
ratios under the same conditions for SFD processe Treeze-dried composites were
measured by a texture analyser using a custom-rete#é cylinder probe. As shown in
Figure I11-13, the force for indenting the pure TMD matrix inases firstly and then
decreases a little before increasing again. All ¢benposites containing CaGQimilarly
show straight increase of force against increasidgntation distance. The indentation force
on TMD stays at one level or even decreases @ bitlbefore increasing again, indicating the
higher porosity of the pure TMD matrix. This is seaable considering that Cag€an fill
some gaps or pores in the TMD matrix. The diffeeehetween the different mass rations of
TMD and CaCQ@ can not be figured out because the curves of dmapkes with a
TMD/CaCQ; mass ratio of 9/1 to 5/5 overlap. Even though émbhancement of TMD
robustness by CaGQvas just observed in freeze-dried compositedsd imdicates that TMD
microparticles containing CaG@ould have higher robustness due to that the $esmree-
drying process was used for SFD.
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Figure 111-13. Indentation results of the composites of TMD araCC;. Maximal force for
indentation was limited to 65 N according to theafications of the texture analyser.
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4. Discussion
4.1 Nano-in-micro systems for drug delivery

Different nanoparticles have been encapsulatedTiMB® microparticles fabricated by spray-
freeze-drying. CLSM observations of the nano-innmiparticles confirm the encapsulation
and distribution of the nanopatrticles in the mi@djles. Most of the microparticles have a
size range of 20 - 4am and a shrunken surface morphology, making thertalde for
epidermal powder injection. There are some advastaf this nano-in-micro system for EPI.
First, nanoparticles in microparticles can be dekd into the skin by epidermal powder
injection. Second, labile substances such as ptpeptides etc. could be formulated in the
nanoparticles to protect them from the physicasstrduring SFD process. Third, two or even
more kinds of nanoparticles providing different ¢tions can be simultaneously encapsulated
in the same micropatrticle, e.g. antigens loadednia kind of nanoparticles and adjuvants
loaded in another kind of nanoparticles may be tdated into the same micropatrticle for
vaccination purpose. Fourth, formulations of nambglas in sugar-based microparticles may

reduce the aggregation of some unstable nano-pemidles during long-term storage.

Our aim is to develop microparticles applicable E#tl and also make use of nanopatrticles as
drug/vaccine delivery systems. As there are reqergs of the particles concerning particle
size ¢), density p) and velocity ¢) [12], more effort has been put on the preparatbn
optimal particles for EPI. As shown kigure IlI-1 , nanopatrticles in the microparticles made
of water-soluble materials are accelerated into,sknd then the matrix is dissolved while the
antigen-loaded nanoparticles are released to taegegerhans cells.

The density can be improved for SFD micropartiddlgsmproving the solid concentration of
the solution for SFD and inducing the shrinkagéhefmicroparticles during the freeze-drying
process. Furthermore, dense materials such as £e&tObe added to improve the density.
Spray-freeze-drying has been favoured because dheparticles of PS, PLGA, silk and

gelatin are evenly encapsulated in TMD micropaetcl
4.2 Colloidal stability of nanoparticles processedly freeze-drying or spray-freeze-drying

Herein, stability of nanoparticles is understoodedsrring to the particle size. The freeze-
drying of nanopatrticles can lead to distinct ineeeaf the particle hydrodynamic size if there

is no matrix for protection [144]. Mannitol, suceosr trehalose has been used to protect
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PLGA nanoparticles from aggregation during freemgrd) or spray-drying process [144-
147]. The stability of colloid nanoparticles depsmmh the interaction forces including van der
Waals attraction, electrostatic attraction andistattraction [154]. In aqueous solution, the
repulsive effect of the electrostatic barrier plagrs important role on the stability. The
absolute value of zeta-potentig) (letermines the repulsive force. Normally if tfleq larger,
the dispersion is more stable. Steric effects aanded to improve the stability of dispersion
by coating the nanopatrticles with polymers. Theypr layer induces steric hindrance when
two particles come close to each other [154]. Tlrimused for protecting nanoparticles acts

as a spacer between the nanopatrticles to stogtienaeration.

In the formulation of TMD microparticles encapsulgtnanoparticles, the matrix plays a role
of protecting the nanoparticles from aggregatidme polymeric nanoparticles such as PS and
PLGA are well protected because only small increafsparticle sizes was observed. The
gelatin nanoparticles have a distinct larger se@WMD microparticles. This probably results
from the low absolute value of zeta-potentials.aBelnanopatrticles in lactose microparticles
prepared by spray-drying also show increased $izZE4. The silk nanoparticles in the TMD
matrix are more stable than GNP as the size ineseaisa moderate level. It seems that zeta-
potential is very important for the stability ofgpein-based nanoparticles.

4.3 Properties of nanoparticles for intracellular celivery

Though Langerhans cells could be the first chotrerivestigating the intracellular delivery
of nanoparticles considered as vaccine deliveryesys for EPI, it is rather complicated to
culture Langerhans cells [155]. In fact, macrophaghks are also involved in the immune
response. As macrophage cell lines are commerciaigilable, we use it for initial
experiments for intracellular delivery of differemanoparticles. Almost no PS-Rhd
nanoparticles penetrated into microphage cells|edPLGA, silica nanoparticles and gelatin
nanoparticles penetrated. The surface properties asi charge, hydrophobicity, coating, and
particle size determine the uptake of them by céllsthe membrane of cells is negatively
charged, the nanoparticles with low negative changpositive charge on surface could be
taken up more easily. This could explain that P8-Ranoparticles{(= -45.1 mv) were not
delivered into macrophage cells because of the hegiative charge on the particle surface.
Cationisation is one popular method for coatingipias used for intracellular delivery, e.g.
cationic PLGA nanoparticles [148, 151].
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4.4 Effect of dense excipients on the density ofg¢hmicroparticles

It is rational to use dense materials to increasedensity of TMD micropatrticles. The density
of SFD microarticles depends very much on the saidcentration of the solution for SFD.
35 wt% of TMD used in our experiments is too visséol add more absolute amounts of any
component. Solid CaG{powder with a size around i@m in diameter was added into the
TMD solution to obtain a composite which can dté#l sprayed by the ultrasonic probe. The
true density of CaC§(~2.7 g/cmi) is much higher than the sugar-based matrix (glcar)
[156]. The density should increase as the amou@a@Q increases. This is consistent with
that the tap density of TMD microparticles increaséhen efficient amount of CaGQvas
added. On the other hand, Ca{i® insoluble in agueous solution so that it cdhsthme
small pores which may exist in the TMD micropaggl It can make the microparticles

denser which is beneficial for EPI delivery.

In the formulation of TMD, dextran as a polysacatais used to increase the robustness that
is necessary for EPI delivery. The robustness oDTiMatrix has been further enhanced by
adding CaC@as proved here. The indentation force for eachposite of TMD and CaC{
increases faster that that of pure TMB)gure 11I-13. The TMD/CaCO3 can stand a larger
force at the same indentation distance comparétketpure TMD matrix.

5. Conclusion

Sugar-based microparticles consisting of trehalosmnitol, dextran have been fabricated by
spray-freeze-drying. The compact morphology ensuhes potential application for EPI
delivery. Nanoparticles-in-microparticle systemsvénabeen investigated by formulating
different kinds of nanopatrticles in the TMD matriach type of nanopatrticles including PS,
PLGA, gelatin, silica and silk has been encapsdlaieTMD microparticles from the CLSM
observation, but the stability of PS and PLGA caty de best preserved. Silica and PLGA
nanoparticles for loading antigens will be investegl in the next chapters. PLGA, gelatin,
silk, silica nanoparticles can be taken up by maltages after redissolution from TMD
microparticles, suggesting that they can be usethfracellular delivery. Addition of CaGO

in TMD microparticles can increase the tap denaitg enhance the robustness, which are

positive for EPI delivery.



Chapter IV. Encapsulation of Antigen-loaded SilicaNanopatrticles into

Micropatrticles for Intradermal Powder Injection

1. Objectives

Silica-based nanoparticles have been extensivedy der drug delivery and biomedical
applications [75, 93], but are not well investightess a vaccine delivery system. In fact, silica
showed an adjuvant effect in the immunological oese in guinea pigs [96]. Vallhaat al
studied the effects of mesoporous silica parti® nm and 2..xm) on human monocyte-
derived dendritic cells (MDDC) and found good cllluuptake of both particles and low-
toxicity profiles on MDDC [97]. Recently, Vallhoet al. suggested that mesoporous silica
particles have adjuvant properties of tuning effiecell development according to cell culture
experiments [98]. Furthermore, mesoporous silicaoparticles can enhance mucosal and
systemic immune responses when applied orally insmomodels [99]. Although silica
nanoparticles show potential as a vaccine deliggsgem, there is no study investigating their

applications for epidermal powder immunisation.

The objective of this work was to prepare microjphles encapsulating antigen-loaded silica
nanoparticles, i.e. nanoparticles-in-micropartici@ggno-in-micro) system integrating the
advantages of nanoparticles as vaccine deliverycshand microparticles for epidermal
powder immunisation (EPI). Cationic mesoporouscailnanoparticles (MSNP-NH2) were
prepared and used for loading a model antigen,bovaih (OVA). The surface of MSNP-

NH2 is positively charged in solution with near tralipH, while ovalbumin is negatively

charged at that pH. Thus the OVA protein can beodiesl on the surface of the silica

nanoparticles driven mainly by electrostatic intgi@ns.
2. Materials and Methods
2.1 Materials

Tetraethyl orthosilicate (reagent grade, 98%) (TEOS-Aminopropyl)trimethoxysilane
(97%) (APTMS), hexadecyltrimethylammonium bromid®ioUltra, 299%) (CTAB),

ovalbumin from chicken egg white (Grade V, lyopteld powder,298%) (OVA), N,N'-

carbonyldiimidazole (CDI), Fluorescein isothiocytexalextran (FITC-dextran) (average mol



IV. Encapsulation of OVA-loaded Silica Nanopartgiato Microparticles 73

wt 70 000, FITC:Glucose = 1:250), Dextran (avenagé wt 9 000-11 000) frorheuconostoc
mesenteroideand Dextran (average mol wt 10 000) fraiseuconostoc mesenteroide®re
purchased from Sigma-Aldrich (Steinheim, Germani)+)-Trehalose dehydrate (for
biochemistry) was obtained from VWR (Darmstadt, i@&ny). Mannitol was obtained from
Boehringer Ingelheim (Ingelheim, Germany). RhodamiB isothiocyanate-labeled
ovalbumin (RITC-OVA) were prepared by conjugatioh RBhodamine B isothiocyanate
(Sigmal-Aldrich, St. Louis, USA) and ovalbumin acoding to the instructions where the
method is adapted from Larssamw.piercenet.com/instructions/2162081)dd67].

2.2 Methods
2.2.1 Preparation of mesoporous silica nanoparticte

The synthesis method of mesoporous silica nanapest{(MSNP) was modified from Xia at
al. [152]. Briefly, 1.60 g of CTAB was dissolved anmixture of 11.20 ml of 1 mol/l NaOH
aqueous solution and 768 ml of deionised (DI) watader stirring. The temperature of the
solution was increased to 80 °C within 30 min. pi@paring plain MSNP nanoparticles with
hydroxyl groups on the surface, 8.00 ml of TEOS wadded dropwise while the solution was
stirred at 700 rpm. After 2 hours of stirring, pldM\SNP nanoparticles (MSNP-OH) were
obtained by centrifugation and washed with ethamgle. For preparing MSNP nanoparticles
with amine groups on the surface, 7.60 ml of TE®@8 .40 ml of APTMS were mixed
together and then added into the solution contgi@imAB and NaOH at 80 °C drop by drop
while stirring at 700 rpm. After 15 min of stirrin.656 ml of APTMS was added dropwise,
and then the complete suspension was stirred fmhan2 hours. MSNP nanopatrticles with
positive charges on the surface (MSNP-NH2) weraiobt by centrifugation and washed
with ethanol once. In order to remove CTAB, fresbpared silica nanoparticles MSNP-OH
and MSNP-NH2 were refluxed overnight in 160 ml tifanol containing 8 ml of 37% (w/v)
HCI aqueous solution and then washed with ethdmekttimes and water three times using
120 ml for each time. The surfactant extractingcpes was repeated once. Finally, the
nanoparticles were dried overnight at 20 °C in euuan dryer. The fluorescently-labeled
silica nanoparticles (FITC-MSNP-NH2) were prepaasdiescribed in Chapter IIl.

2.2.2 Preparation of MSNP—ovalbumin conjugates

Ovalbumin (OVA) was chemically conjugated to MSNP-Gaccording to a N,N'-
carbonyldiimidazole-mediated functionalization noeth[158]. 45 mg of MSNP-OH was
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suspended in 3 ml of DI water under probe sonioatiBandelin UW 3200, Berlin, Germany).
The nanoparticles were separated by centrifugattob0000xg for 5 min, and then washed
with anhydrous Tetrahydrofuran (THF) four timesm® of THF each time. The MSNP-OH
nanoparticles were resuspended in 9 ml of THF agaiher probe sonication. 450 mg of
carbonyldiimiazole (CDI) was added into the paescsuspension, and the mixture was stirred
for 2 hours at 700 rpm at room temperature. Théghes were washed with THF twice and
subsequently with 20 ml each of ice-cold sodiumgpate buffer (PB) (100 mM, pH 8.5)
three times within 40 min. The CDI-activated MSNP+@as resuspended in 4.5 ml of PB
(100 mM, pH 8.5), and then 45 mg of ovalbumin wddeal into the suspension. The mixture
was stirred gently for 24 hours at 4 °C. Finallycess OVA was removed by washing three
times with PB (100 mM, pH 8.5). MSNP-ovalbumin aotes (MSNP-OVA) was obtained
and stored at 4 °C for subsequent use. Fouriesftran infrared spectroscopy (FTIR) and
sodium dodecyl sulfate polyacrylamide gel electapkis (SDS-PAGE) were used to
characterise the conjugates.

2.2.3 Ovalbumin loading and release from MSNP-NH2anoparticles

The ovalbumin loading process was carried out d®wmg: 50 mg/ml suspension of
nanoparticles in sodium phosphate buffer (PB) (M, pH 4.8 or 6.8) was prepared by probe
sonicating (Bandelin UW 3200, Berlin, Germany) wyieach for 1 min (amplitude 30%,
pulse 1s/1s). Ovalbumin was dissolved in PB (10 npM, 4.8 or 6.8) under occasional
shaking. After centrifugation at 12000xg for 5 mithe supernatant was obtained as
100 mg/ml ovalbumin stock solution. 0.5 ml of therticle suspension and specific volume of
the stock OVA solution were mixed together. Specifolume of PB buffer (10 mM, pH 4.8
or 6.8) was added if necessary to make the fininre for loading 1 ml in a 2-ml Eppendorf
tube. The final ovalbumin concentrations for logdiwere 1, 2, 5, 10, 25 and 50 mg/ml,
respectively while keeping the MSNP-NH2 concentratat 25 mg/ml. The 1 ml loading
suspension in 2 ml EP tube was gently shaken aumier 30 rpm for 4 hours. The tubes
were centrifuged and the supernatants were remoMeel.particles were washed with PB
(10 mM, pH 4.8 or 6.8) twice. The loaded amount wakulated by subtracting the OVA

concentration in supernatants from the original Qd6hcentration.

The determination of ovalbumin release is describadfly here. 5 mg of MSNP-NH2
nanoparticles loaded with OVA were resuspendedrnm 1xPBS buffer (150 mM, pH 7.4) in

2-ml EP tubes. After a specific release time, thbets were centrifuged and 0.5 ml
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supernatant was replaced with 0.5 ml of fresh PBffeh The process was repeated at each
time point for release test. The supernatants weeasured using a Nanodrop (Thermo
Scientific, Wilmington, USA) to obtain OVA conceation. The amounts of accumulated
released ovalbumin were calculated. The same wowess used for all the release

experiments in other buffers.

2.2.4 Preparation of microparticles with nanopartides encapsulated by spray-freeze-
drying

50 mg/ml of MSNP-NH2 in sodium phosphate buffer Y’BO mM, pH 5.8) was prepared
under probe sonication. 200 mg/ml of ovalbuminhe same PB buffer was obtained after
removing the non-dissolvable part by centrifugatiorehalose, mannitol, dextran (10 kDa)
and dextran (100 kDa) (TMD) were mixed with a weigatio of 3:3:3:1, and were then
dissolved in sodium phosphate buffer (PB) (10 mM,$4) under stirring to obtain 35 wt%
sugar-based solution. The TMD solution was filtetleugh a 0.2um syringe filter before
use. TMD solution and OVA solution were mixed tdget by a short vortex-shaking
(Heidolph, Schwabach, Germany) to prepare micrapestwith 25ug per 1 mg (25ug/mg)

of dry microparticles. MSNP-NH2 suspension and O36Aution were mixed together under
gentle shaking for 1 hours at RT before mixed WithD solution. MSNP-NH2/OVA mixture
was then mixed with TMD solution by a short vorghaking. In the formulations, ovalbumin
was kept at 2g/mg of dry sugar-based microparticles and the M2 amount was

varied.

The prepared formulations of TMD, OVA and MSNP-Nt#8re sprayed into liquid nitrogen
by an ultrasonic atomizing nozzle (120 kHz, Soné&;TMlilton, USA). The power for
spraying was set to 4.0 watts and the flow ratpeoistaltic pump to 0.6 ml/min. The sprayed
microparticles were collected in vials and transférto a pre-cooled Christ lyophilizer
(Martin Christ EPSILON 2-6D, Harz, Germany). Thedze-drying sequence was carried out
by 24 hours of primary drying at -10 °C and 20 Boaf secondary drying at 25 °C. The

chamber pressure was kept at 0.12 mbar during tlodevdrying process.

2.2.5 Preparation of microparticles containing flusescently-labeled ovalbumin by

spray-freeze-drying

10 mg of Rhodamine B isothiocyanate-labeled ovalbufRITC-OVA) and 30 mg of OVA
were dissolved in 0.2 ml PB buffer (10mM, pH 5&sulting in OVA/RITC-OVA solution.
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0.0438 ml of OVA/RITC-OVA solution and 0.0875 ml 5 mg/ml MSNP-NH2 in PB buffer
(10 mM, pH 5.8) were mixed. Then, 1.0 g of 35 wt%lO solution was added into the
mixture to prepare TMD microparticles containing NF>NH2 and protein with a mass ratio
of 1/2 by the same SFD process as described pmyio8imilarly, TMD microparticles
containing MSNP-NH2 and protein with a mass rafié/d were prepared.

2.2.6 Characterisation of the nanoparticles and mroparticles

Measurements of hydrodynamic diameter and zetaapate

The hydrodynamic diameter and zeta-potentigl Were determined by dynamic light
scattering (DLS) using a Zetasizer Nano ZS (Malvieistruments, Herrenberg, Germany).
The reflective index (RI) of silica nanoparticlesed for the size measurement was 1.47 as
suggested in the literature [159]. Before DLS meaments, the suspensions of MSNP
nanoparticles sodium phosphate buffer were dilate6.25-0.5 mg/ml, which can produce
effective signals. MSNP-NH2 loaded with OVA and MSIDVA conjugated were also

measured using the same conditions.

Scanning electron microscopy (SEM)
Silica nanoparticles and sugar-based micropartielee coated with a thin layer of carbon
before observed using a JEOL JSM-6500F scanningtrefe microscopy (SEM) at

magnifications of 18000-20000 for silica nanopadescand 300 for microparticles.

Pore size distribution and surface area

Pore size distribution of MSNP-NH2 was determineaif absorption and desorption of
nitrogen gas using Autosorb-1 (Quantachrome, Odelzén, Germany). The sample was
outgassed at 250 °C for 36 hours before each nmezasut. The specific surface area and pore
size distribution (PSD) was calculated by the BusreEmmett-Teller (BET) and Barrett-
Joyner-Halenda (BJH), respectively, using the Aortosl software.

Measurements of particle size

Microparticles obtained from spray-freeze-dryingravesuspended in Miglyol 812 (Sasol,
Witten, Germany) under stirring. A Partica LA-998QRIBA, Kyoto, Japan) was used to
measure the particle size distribution. The reffecindexe (RI) of sugar-based microparticles

is 1.530, which was approximated by the RI of thgas (sucrose) as described in the ‘Sample
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Dispersion & Refractive Index Guide’ from Malvernstruments; the RI of Miglyol 812 is
1.449 as described by the manufacturer.

Confocal Laser Scanning Microscopy (CLSM)

An invert Confocal Laser Scanning Microscope (LSMDSMETA, Carl ZEISS, Germany)
was used to observe the microparticles encapsglétiorescent nanoparticles. Argon laser
(488 nm) and HeNe laser (543 nm) were used asatixecitwavelengths, corresponding to the
emissions of BP 505-530 nm and LP 560 nm, respagtiihree different oil lenses were
used, including Plan-Neofluar 40%/1.3 Oil, Plan-&pmmal 63x/1.4 Oil DIC and Plan-
Neofluar 100x/1.3 Oil Ph3. The Z-stacking mode waed to observe the distribution of
nanoparticles in the microparticles. 3D view of tZeking micrographs was obtained by
processed with projection under a Turning Axis of First Angle of 180°, Number

Projections of 16 and Difference Angle of 1°.

TMD microparticles containing MSNP-NH2 and OVA/RIT@VA were ballistically injected
into a gelatin film and pig skin by a custom-madeside. The distribution and depths of
fluorescent microparticles in model skin and pigns&fter injection were determined as
follows. 4 mg/ml of FITC-dextran in PBS (150 mM, pt#4) was prepared and then glycerol
was added into the solution to obtain 2 mg/ml Fid&dran in solution, which was used to
distinguish the surface of model skin or pig sk0% (v/v) of glycerol in the solution was
used to increase the viscosity. A petri dish foagng with a diameter of 35 mm and thin
bottom (ibidi GmbH, Martinsried, Germany) was usé&he drop of the FITC-dextran
solution was added on the bottom of the petri disid then the model skin or pig skin was
placed in by facing the layer with injected pad&kto bottom. The FITC-dextran solution fills
the space between the bottom and the skin surf@us. is particularly advantageous for

determining rough surfaces, e.g. of biological samples.
2.2.7 Ovalbumin concentration determination

The application “Protein A280” of NanoDrop 2000Hermo Scientific, Wilmington, USA)
was used for the determination of ovalbumin comegioins. The absorbance at 280 gs()
and OVA concentration has a very good linear cati@h over a broad range between 0.02
mg/ml and 200 mg/ml with an “Rvalue of 0.99993. In order to obtain a more peecis
determination of ovalbumin concentration, a staddaurve betweenAyg, and OVA

concentration over the range of 0.5-50 mg/ml wasasueed to calculate the extinction
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coefficient €'%). E** = 6.3 was obtained by linear fitting of thes, and OVA concentration.
Finally, OVA concentration, unit of mg/ml) was calculated as follows:

10x
c= g @

Micro BCA™ protein assay reagent kit (PIERCE, Thermo ScientiRockford, USA) was
also used to confirm the results from NanoDrop determine the amount of ovalbumin
conjugated to MSNP-OH. Diluted albumin (BSA) stamisawere prepared with final BSA
concentrations between 0.5 and 2@0ml. The standards and samples were measured®at 56
nm in a microplate well using a plate reader (Rao®©mega, BMG LABTECH GmbH,
Ortenberg, Germany).

2.2.8 Characterisation of ovalbumin

NuPAGE® 10% Bis-Tris precast gels (Life Technologies, Dstadt, Germany) were used for
SDS-PAGE. Non-reducing conditions were used and phateins were stained with
coomassie blue (Life Technologies, Darmstadt, GagnaSize-exclusion high-performance
liquid chromatography (SEC-HPLC) was carried outd&termine the molecular size of
ovalbumin. A TSK-GEL column (TOSOH BIOSCIENCE, Stuttgart, Germany) aiermo
Scientific System equipped with a UV1000 detecterevapplied. The running buffer was 50
mM sodium phosphate buffer (pH 7.2, 300 mM of Na@ata analysis was done using
ChromQuest” 4.1 (Thermo Scientific, Dreieich, Germany).

2.2.9 Cellular uptake of nanoparticles by macrophags

The cell experiments were carried out using theesamethod as described in Chapter IIl.

Cellular uptakes of each sample were performed @n8l 0 °C, respectively.
3. Results
3.1 Characterisation of mesoporous silica nanopaxles

Mesoporous silica nanopatrticles (MSNP) were syrntlkeesusing CTAB as the surfactant and
NaOH as the catalyst. MSNP around 130 nm in diameé&e obtained as shown by SEM
micrographs inFigure IV-1. The plain MSNP (MSNP-OH) and cationic MSNP (MSNP-
NH2) have almost the same spherical shape andlstare close to the results by Xiaal
[152]. The mesopore size of MSNP-NH2 is 2.3 nmuaked from the BJH method, and the
estimated specific surface area by the BET methdd 70.27 rfig.
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Figure IV-1. Results of mesoporous silica nanoparticle analySiEM micrographs of
MSNP-OH @A), MSNP-NH2 B) (the scale bar is dm); Nitrogen physisorption isotherr@)
and corresponding pore size distribution of MSNP2NH).

MSNP nanoparticles were dispersed in 15 mM PBS §#) and DLS measurements were
carried out. As shown ifable 1V-1, MSNP-NH2 particles have a hydrodynamic size df 11
nm which is consistent with the results from theVB@bservation. The cationic MSNP-NH2
particles have a positive charge on the surfacpHa6.2, while plain MSNP-OH have a
slightly negative surface. The Z-average size oNRSOH is much larger than that from the
SEM micrograph, which indicates the aggregation wuthe(-potential (-5.5 mV) which is
close to neutrality. The positive surface of MSNHA2Nenables the particles to be a possible
delivery system for negatively charged drugs organt as absorption of negatively charged
antigens may take place due to electrostatic iotienas. [152].

Table 1V-1 Size distribution of MSNP in 15 mM PBS (pH 6.2)flea

Silica nanoparticles Z-Ave (nm) PDI C-potential (mv)
MSNP-NH2 111 0.244 30.8
MSNP-OH 670 0.510 -5.5
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3.2 Conjugation of mesoporous silica nanoparticlesith ovalbumin

Ovalbumin was considered to be conjugated to MSH\thia method has already been proved
effective for vaccine delivery [81]. We used thensamethod for the conjugation of OVA
onto inorganic nanoparticles as the one develogdddet al [158]. OVA was successfully
conjugated to MSNP-OH as shown by SDS-PAGE and HERlts Figure 1V-2). SDS-
PAGE was performed to determine if the conjugatbvalbumin onto silica hanoparticles
was successful or not. From lane 4 and lane 1Bigare V-2, there is no OVA band as
obviously all OVA was chemically bound to MSNP, launharrow blue band can be seen at
the starting points. For physically absorbed OVAsdita, OVA bands (lane 6 and lane 12)
are very clear. MSNP-OH was used as a control sigpwio protein bands. For FTIR
measurementd={gure 1V-2B), MSNP-OVA and MSNP-NH2 with physically adsorbet/®
(MSNP-NH2/OVA) were washed with sufficient DI watéts expected, physically adsorbed
OVA has been washed away, and as a result no Oyffalsi were detectable Figure 1V-

2B. The curve of MSNP-OVA shows distinct signals émotated with an arrow) resulted
from OVA.

—— MSNP-OH/OVA asorbed physically
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Figure IV-2. Conjugates of MSNP-ovalbuminA) SDS-PAGE of ovalbumin at different
conditions. From right to left (lane 1-12), theye anarker (lane 1), OVA control (lane 2),
supernatant after conjugated onto silica nanopesti¢ane 3), conjugation of MSNP-OH and
OVA (lane 4), MSNP-OH particles (lane 5), MSNP-NM2th physically adsorbed OVA
(lane 6), marker (lane 7), OVA control (lane 8)pernatant after conjugated onto silica
nanoparticles (lane 9), conjugation of MSNP-OH &WMA (lane 10), MSNP-OH patrticles
(lane 11) and MSNP-NH2 with physically adsorbed Off#ne 12), respectivelyB} FT-IR
spectra of (a) ovalbumin, (b) MSNP-ovalbumin comijigg, (c) pure MSNP-OH, (d) MSNP-
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OH absorbed with ovalbumin physically and washethveidequate buffer. (Transmission
mode of FT-IR-microscope)

3.3 Ovalbumin (OVA) loading on the silica nanoparttles and release tests

BSA loading on silica nanopatrticles and releaseatielir have been investigated by Want
al. [99], aiming to use them as an oral vaccine aljtivit is necessary to study loading
capacity of OVA on MSNP and release behaviour lgetbis type of delivery system can be
used in the formulation of microparticles. The effef loading time was investigated from
four hours to three days. No further increase inAQdading was observed for loading times
longer than 4 hours. Thus 4 hours was kept asdhdirlg time. The effect of the pH on
loading was studied as shown Tiable IV-2. A larger amount of OVA can be loaded on
MSNP-NH2 at PB loading buffer with a lower pH. Tlmydrodynamic sizes of silica
nanoparticles and OVA-loaded ones are very depemuerihe zeta-potentials. All protein
loaded particles are aggregated except MSNP-NH#Ha6.8, which are already aggregated
before loading. Thus, the loading was only achievgd aggregates.

Table IV-2 The effect of pH on ovalbumin loading capacity

Before loading After loading ) )
PB Loading capacity
Sample Z-Ave Z-Ave
Buffer PDI  Z (mv) PDI  Z(mv) (mg/mg)

(nm) (nm)
MSNP-NH2 pH=48 88 0.278 29.0 1129 0.273 -3.5 780805
MSNP-NH2 pH=6.8 746 0.297 13.2 710 0.382 -14.4 3080.01
MSNP-OH pH=4.8 181 0.345 -4.9 1856 0.429 -74 880102
MSNP-OH pH=6.8 110 0.227 -17.7 249 0.305 -17.6 1280.01

OVA concentration is another important factor afifeg loading amounts and loading
efficiencies, as shown ifable IV-3 and Figure IV-3. The amount of OVA loaded on
MSNP-NH2 increases with the increasing concentnattd OVA for loading, while the
efficiency decreases. As antigens for vaccination wsually expensive, it is necessary to
balance loading amount and efficiency.

Table IV-3 Ovalbumin loading on silica nanopatrticles in diffiet concentrations of OVA

OVA Concentration (mg/ml) 1.0 2.0 5.0 10.0 25.0

Loaded OVA (mg/mg) 0.028+0.002 0.057+0.003 0.117+0.002 0.168+0.006 1&Q.037

Loading efficiency (%) 71 71 58 41 22
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Figure 1V-3. Effect of OVA concentration on the loading amoantsilica nanopatrticles and

loading efficiency.

The release tests were carried out in PBS (150 ptHM7.4) which is a commonly used buffer
simulating the physiological environment in humaM§&NP-NH2 particles loaded with OVA
at 10 mg/ml were used for release test§igure 1V-4A, while the same nanopatrticles in
Figure 1V-4B were loaded at 25 mg/ml of OVA. All particles shandistinct burst effect
during the first few hours of the release. Diffdr&nequencies for refreshing release buffer
have been tested in order to study the effect wipdiag time on the release. As we can see
from Figure 1V-4, fast release was observed when changing theseeleaffer at a shorter
time span (2 hours compared 24 hours at the begrstage). In other words, the speed of
OVA release from MSNP-NH2 depends on the distrdoubf OVA in the liquid phase. The
release tests were also carried out in differerifebsl such as 1xPBS (150 mM, pH 7.4),
1xPBS (150 mM, pH 9.8), 10xPBS (1500 mM, pH 7.4) 46xPBS (1500 mM, pH 9.8). It is
not surprising that fast release of OVA in the aske buffers with higher pH and higher ionic
strength considering the main interaction forceveen OVA and MSNP-NH2 is electrostatic
attraction. Therefore, the OVA release is just oulegd by the displacement from

electrostatic bindings by salt and no sustaineshss was observed.
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Figure 1V-4. OVA release from the OVA-loaded silica particlés) OVA release in 1xPBS
buffer (pH 7.4); B) Effect of pH and ionic strength on OVA releasédaour.

3.4 Sugar-based micropatrticles encapsulating modahtigens and nanopatrticles

Before using the MSNP-NH2 in the formulation foeparing micropatrticles, it is necessary
to investigate the stability of MSNP-NH2 before aadtkr loading with OVA in the sugar-
based matrix. Aggregation of silica nanoparticlesaimajor challenge for the application.
Much effort was put to minimize the aggregationdmcy of MSNP-NH2 for OVA delivery.
MSNP-NH2 particles dispersed in PB buffer (10 mN4 $#.8) have no aggregation before
loading OVA, but MSNP-NH2/OVA particles at pH 4.Bosv big aggregates. Moreover, this
pH (4.8) is too close to isoelectric point (pl =54or 4.9) as specified in the product
information that may result in the tendency of Oyrecipitation. At a pH 6.8, MSNP-NH2
particles show aggregation before loading OVA, evenugh the size of OVA-loaded MSNP-
NH2 does not increase more. As a compromise, PBn¥) pH 5.8) was chosen. Different
amounts of OVA were mixed with specific amountdM8BNP-NH2 in PB (10 mM, pH 5.8),
and then DLS measurements were carried out aftesaimples were diluted with PB buffer
(10 mM, pH 5.8). As depicted ifable 1V-4, the hydrodynamic sizes increase when MSNP-
NH2 nanoparticles were mixed with OVA. The aggregatis very distinct for MSNP-
NH2/OVA mixtures with mass ratios of 4/1, 2/1 and.ln the mixture of MSNP-NH2/OVA
= 1/2 and 1/4, the sizes were increased from 11@mA72 nm and 187 nm, respectively,
after mixing for 24 h. Therefore, the mass ratibSViGNP-NH2/OVA = 1/2 and 1/4 were
used in the next formulation of TMD, OVA and MSNM4RL Higher stability of the mixtures
MSNP/OVA = 1/2 and 1/4 was also observed from tpé&cal images (data not shown).
Similar results were obtained when TMD dissolved® (10 mM, pH 7.4) was added (data
not shown). The formulations with MSNP-NH2/OVA 221dnd 1/4 were investigated further.
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Table IV-4 Effect of OVA on the colloidal stability of MSNPHR

Sample Fresh mixture Mixture after 24h
Z-Ave (nm) PDI ¢ (mv) Z-Ave (nm) PDI ¢ (mv)

MSNP-NH2 116 0.259 228 128 0.290 19.2
MSNP-NH2/OVA = 4/1 1800 0.352 9.1 1007 0.303 -9.3
MSNP-NH2/OVA = 2/1 1049 0.236 -9.4 870 0.386 -11.0
MSNP-NH2/OVA = 1/1 772 0.208 -12.2 1180 0.279 -11.7
MSNP-NH2/OVA = 1/2 243 0.344 -12.0 472 0.340 -12.0
MSNP-NH2/OVA = 1/4 171 0.335 -11.6 187 0.374 -125

The samples were diluted to about 0.2 mg/ml ofiglag with PB buffer (10 mM, pH 5.8) for

DLS measurements.

The effect of TMD on the size of MSNP-NH2/OVA palés was also studied. 5 mg/ml of
silica nanoparticles and 20 mg/ml of ovalbumin iB Buffer (10 mM, 5.8) were used to
prepare the mixture. Considering the situation ismg MSNP-NH2/OVA in the TMD
formulation, the mixtures of TMD, OVA and MSNP-NHk&re prepared by keeping constant
OVA contents at 2ug per 1 mg of absolute TMD mass. OVA can be loanlein MSNP-
NH2 at pH 5.8 and the OVA-loaded particles are sgpg to be used at a physiological pH
(7.4). Thus each formulation was diluted in PB buff10 mM, pH 7.4) for DLS
measurements (Table IV-5). MSNP-NH2 was mixed vitf/A for 4 hours under gentle
shaking, and then the MSNP-NH2/OVA was mixed wiMiX solution. After a short vortex-
shaking, the formulations of TMD and MSNP-NH2/OV/Aem diluted in PB (10 mM, pH
7.4) for DLS measurements. As shownliable V-5, the sizes of the MSNP-NH2/OVA do
not change when the OVA loaded nanoparticles aseednwith TMD solution, while the
PDIs increase. The zeta-potentials were maintathethg the mixing of MSNP-NH2/OVA
and TMD. Thus TMD matrices containing MSNP-NH2/OVH2 and 1/4) are acceptable for
preparing TMD-based nano-in-micro particles.

Table IV-5 Effect of TMD solution on the the stability of MENNH2

Before TMD mixing After TMD mixing

Sample

Z-Ave (nm) PDI ¢ (mv) Z-Ave (nm) PDI € (mv)
MSNP-NH2 2194 0.242 8.5 1763 0.433 54
OVA 21 0.534 -8.3 24 0.589 -8.1
MSNP-NH2/OVA = 1/2 709 0.125 -13.3 529 0.332 -12.9
MSNP-NH2/OVA = 1/4 448 0.211 -129 431 0.492 -155

The samples were diluted to about 0.2 mg/ml ofiglag with PB buffer (10 mM, pH 7.4) for

DLS measurements.
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The colloidal stability of nanopatrticles is limitég the properties of the nanoparticles and the
media for suspension. To increase the long-tertlgyaon storage is one of the reasons we
incorporate the silica nanoparticles into formuas of dry microparticles. Spray-freeze-
drying (SFD) is a promising method for the preparabf microparticles for ballistic delivery
[106-109]. The main concern of SFD methods is t@miobdense (non-porous) microparticles
with strong mechanical stability for bombardmentstim. Several formulationg éble 1V-6)
were prepared. The SEM results are showhRigure IV-5. Most of the microparticles were
in the size range between gt and 4Qum, and are well suitable for powder injection. Some
parameters of the microparticles are shownTable IV-6. The span of particle size
determined by laser diffraction is close to 1.0digating a narrow size distribution.
TMD/MSNP-NH2/OVA (S1), TMD/MSNP-NH2/OVA (S2) and TBYOVA (S3) correspond

to the TMD formulations containing MSNP-NH2/OVA 2/ MSNP-NH2/OVA (1/4) and
free OVA without nanopatrticles (25 pg/mg), respesy.

{ M ] J s 3 > 4
SEI 2.0kV X300 mm 5.0kV X500 10¢1m_ WD 10.0mm

Figure IV-5. SEM micrographs of sugar-based microparticles BY.S(A) TMD; (B)
TMD/OVA (S3); (C) TMD/MSNP-NH2/OVA (S1); D) TMD/MSNP-OVA. The scale bar is
10 um.
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Table 1V-6 Results of microparticles prepared by spray-fredgeng

) OVA MSNP-NH2  Median Size Tap density Residual
Formulation
(ng/mg) (ng/mg) (nm) (mg/ml) water (%)
TMD/MSNP-
25 12.5 43.47 0.902 533423 0.25+0.04
NH2/OVA (S1)
TMD/MSNP-
25 6.25 42.35 0.775 580+17 0.23+0.05
NH2/OVA (S2)
TMD/OVA (S3) 25 0 43.92 0.87 583480 0.26+0.07

It is necessary to investigate the nanoparticle after a resuspension of the micropatrticles.
The SFD microparticles were dissolved in sodiumgphate buffer (10 mM, pH 7.4) before
DLS measurements. The MSNP-NH2 physically coatati @VA in the TMD formulation
before spray-freeze-drying process have hydrodynaimies of 681 nm (PDI = 0.204) and
307 nm (PDI = 0.250) for MSNP-NH2/OVA = 1/2 and I#able IV-7), respectively. After
re-dissolution in the buffer, the apparent partgilees decrease to 139 nm (PDI = 0.281) for
MSNP-NH2/OVA = 1/2 and 118 nm (PDI = 0.258) for MBMH2/OVA = 1/4. It indicates
that SFD process seems to disaggregate MSNP-NH2/@&ffoparticles. The MSNP-NH2
particles in the re-suspensions of both TMD/MSNP2MBVA microparticles have negative
zeta-potentials, indicating that at least a majant pf loaded OVA is still attached to the

surface of the silica nanopatrtilces.

Table IV-7 Stability of MSNP-NH2 in the sugar-based SFD mpenticles

Suspension before SFD Re-suspended after SFD

Sample

Z-Ave (nm) PDI ¢ (mv) Z-Ave (nm) PDI ¢ (mv)
MSNP-NH2 1398 0.276 6.8 2550 1.000 0.5
TMD/MSNP-NH2/OVA (S1) 681 0.204 -154 139 0.281 A7
TMD/MSNP-NH2/OVA (S2) 307 0.250 -16.8 118 0.258 45
TMD/OVA (S3) 18 0.574 -7.7 21 0.548 -16.3

Samples were resuspended in PB (10 mM, pH 7.D & measurements.

The ovalbumin released from the dissolution of Skibroparticles was analysed using SDS-
PAGE and SEC-HPLCHgure IV-7). The bands of the SDS-PAGE indicate that the
recovered ovalbumin samples from SFD micropartislesw no difference to the ovalbumin
control. The major band locates between 36.5 kDa @5.4 kDa, consistent with the
specification (~43 kDa) of the producer. Anothendbdocated between 66.3 kDa and 97.4
kDa represents the dimers of ovalbumin, which wagfiomed by the SEC result§igure
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IV-6). There are no obvious bands for additional fragimer oligomers. As seen Figure
IV-7B, the ovalbumin monomer contents in different folations are almost the same,

indicating that there is no harmful stress durimg $FD process in the formulations.
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Figure 1V-6. SEC-HPLC spectrum of ovalbumin recovered from HEID/MSNP-
NH2/OVA (S1) microparticles.
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Figure IV-7. Characterisation of ovalbumin in the microparscl¢A) SDS-PAGE of the
released ovalbumin formulated in TMD microparti¢clé®) Monomer contents of ovalbumin
obtained from SEC results. Lane 1 is the Maff{Ritrogen): lanes (2, 5, 8) and lanes (3, 6,
9) correspond to the ovalbumin in the formulatioh TWID/MSNP-NH2/OVA (S1) and
TMD/MSNP-NH2/OVA (S2), respectively; lane 11 reprats formulation of MSNP-NH2
and TMD; lane 12 represents ovalbumin as a corifioke repeats were carried out.
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3.5 Epidermal powder injection of the microparticles on model skin and pig skin

Rhodamine B isothiocyanate labeled ovalbumin (ROYA) was added to the formulations
of microparticles containing MSNP-NH2 to visualigee distribution of the added antigen.
Both of the formulations containing MSNP-NH2 andtheut MSNP-NH2 were prepared.
20% of the antigen of the formulations was replabgdRITC-OVA. The fluorescence is
strong enough to allow observation of the particRETC-OVA is evenly dispersed in the
TMD/MSNP-NH2/OVA formulation Figure 1V-8A) and the 3D view shows the shrinking
on the surfaceRigure 1V-8B). As for the formulation without MSNP-NH2, the tlibution

of RITC-OVA is also very good and the surface ofcrmoparticles wrinkles as shown in
Figure IV-8 (C, D). These microparticles were used for powder ingectienabling

observation of depth and distribution by CLSM.

Figure 1IV-8. CLSM micrographs of fluorescent microparticled) (Single scan of TMD
microparticles containing MSNP-NH2/(OVA/RITC-OVALR); B) Single scan of TMD
microparticles containing OVA/RITC-OVAQ) 3D view of Z-stacking micrographs of TMD
microparticles containing MSNP-NH2/(OVA/RITC-OVALR); @) 3D view of Z-stacking
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micrographs of TMD microparticles containing OVAIRI-OVA. The objective of Plan-
Apochromal 63x/1.4 Oil DIC was used. The scalei®@0um.

The injection of the microparticles into a gelafilm skin model (see Chapter Il) with a
gelatin/glycerol (gel/gly) mass ration of 4/6 and pbdominal skin was carried out by using a
custom-made device developed by Dr. Lell (Pyrogl@ebH, Hettenshausen, Germany).
The gelatin film or pig skin surface was labeledfugting a drop of FITC-dextran solution
onto the surface showing green colour as sedrigare IV-9. The position and depth of
injected particles could then be simply determiasdhe position of the surface is defined by
the FITC-dextran solution. The gelatin film hasmosth surface as the interface between
green and black areas is linear. Parts of TMD nrpiarticles have penetrated in the gelatin
film, while the shape of the injected particlepisserved as spheres. As for the pig skin, the
surface is very rough that can be told from therface of green and black partsRigure
IV-9B. The TMD microparticles dissolved, leaving the dsifon of OVA into the pig skin.
The depths of injected TMD microparticles in théagja film and pig skin are quite similar.
The penetration is not as deep as expected prololaiglyto the too low velocity (about 250
m/s) because model polystyrene (PS) micropartigl@sum in diameter) did not penetrate
better under the same conditions for delivery. Meoek on the optimization of the device

was needed at that point of the device development.

A B

Figure IV-9. Orthogonal sections of Z-stacking micrographshaf microparticles injected

into gelatin films (gel/gly = 4/6) ) and pig abdominal skinBj. TMD microparticles
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containing MSNP-NH2 and OVA/RITC-OVA were used. Regrents RITC-OVA and green
represents FITC-dextran.

3.6 Cellular uptake of ovalbumin-loaded silica nanparticles

Cellular uptake of antigens is very important floe fprocess of presentation of the antigen to
induce immune response. As an initial test, ovalbdoaded silica nanoparticles in the TMD
matrix were incubated together with macrophagestudy particle uptake. The cell nuclei are

stained by 46-Diamidino-2-phenylindole (DAPI) showing blue ditescence under excitation

of 364 nm. The substance delivered into the céitsulsl be close to the blue nuclei. The
cellular uptake results of fluorescently-labeled O¥®r silica nanoparticlesTable IV-8) by
macrophages at 37 °C are showrFigure 1V-10. For samplesA, B andC, the solutions
were obtained by redissolution of TMD micropartgcla PB (10 mM, pH 7.4). For sampe
RITC-OVA was loaded on MSNP-NH2 at a mass ratid/ap firstly in HPW and the loaded
particles were then added into TMD in PB (10 mM, pH). For sampl&, it was prepared as

sampleD, but no TMD was used.

Table 1V-8 Summary of the samples for cellular uptake by w@itages

Sample Particle Con. RITC-OVA Con.
A: resuspension of TMD/MSNP-NH2/OVA/RITC-OVA 1.0 mgj/ 1.0 mg/ml

B: redissolution of TMD/OVA/RITC-OVA 0 1.0 mg/ml

C: resuspension of TMD/FITC-MSNP-NH2 0.2 mg/ml 0

D: suspension of MSNP-NH2/RITC-OVA (10/1) + TMD 1.2 mg/ml 0.12 mg/ml

E: suspension of MSNP-NH2/RITC-OVA (10/1) without TM 1.2 mg/ml 0.12 mg/ml

10 ul of solution was added to macrophages and tharbated for one hour at 37 or 0 °C.

RITC-OVA loaded on MSNP-NH2 particles recoveredniroTMD microparticles was
delivered into the cellsgure IV-10A). On the contrary, RITC-OVA recovered from TMD
microparticles was not sufficiently taken up by moghagesKigure IV-10B). FITC-labeled
MSNP-NH2 (FITC-MSNP-NH2) alone resuspended from Tkhizroparticles can penetrate
into macrophageskgure 1V-10C). The MSNP-NH2/RITC-OVA (10/1) in TMD solution
(Figure IV-10D) can be delivered into macrophages, but the anmfusielivered RITC-OVA
is low. Almost no RITC-OVA was observed in macrogés for MSNP-NH2/RITC-OVA
(10/1) particles in solution without TMDF{gure IV-10E). The RITC-OVA amount in
sampledD andE is much lower than in sampke which could explain much less RITC-OVA

was found in macrophages treated with sarbpendE compared to sampla. In a word, it



IV. Encapsulation of OVA-loaded Silica Nanopartgiato Microparticles 91

is reasonable to conclude that cellular uptake YAQ®Y macrophages can be enhanced by
MSNP-NH2 nanopatrticles.

D E F

Figure 1V-10. Uptake of fluorescent substances by macrophadg ateB7 °C. A) incubated
in resuspension of TMD microparticles containing WESNH2/OVA/RITC-OVA; B)
incubated in redissolution (1 mg/ml of RITC) of TMDicroparticles containing OVA/RITC-
OVA; (C) incubated in FITC-MSNP-NH2 nanoparticles resuspman @) incubated in a
mixed solution of MSNP-NH2/RITC-OVA (10/1) and TMih HPW; (E) incubated in
MSNP-NH2/RITC-OVA (10/1) solution without TMD; (Rihcubated in PB (10 mM, pH 7.4)
as a negative control. Green indicates FITC-MSN#? indicates RITC-OVA and blue
indicates cell nuclei. The scale bar isplf.

Each sample described Trable 1V-8 was also used for macrophage uptake at GFgli(e
IV-11). The RITC-OVA loaded on MSNP-NH2 in TMD particlesas taken up by
macrophages at 0 °@igure 1V-11A), while no RITC-OVA was found in the formulation
without MSNP-NH2 Figure IV-11B). Very weak signals were observed for MSNP-
NH2/RITC-OVA (10/1) in TMD solution Figure 1V-11D) and there are almost no signals
for the MSNP-NH2/RITC-OVA (10/1) suspension withotiMD (Figure IV-11E). No
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signals were observed for the in PB (10 mM, pH &<lp negative control. Less RITC-OVA
was found in macrophages at 0 °C than at 37Fi@ufe IV-10A and Figure IV-11A). It
indicates that OVA absorbed on silica hanopartielestaken up by macrophages at passive
and active modes. For FITC-MSNP-NH2 without protdioth passive and active modes
were found for cellular uptak&igure IV-10C andFigure 1V-11C).

D E F

Figure IV-11. Uptake of fluorescent substances by macrophadgatdd °C. A) incubated in
resuspension of TMD microparticles containing MSNR2/OVA/RITC-OVA; (B)
incubated in redissolution of TMD microparticles ntamning OVA/RITC-OVA; )
incubated in FITC-MSNP-NH2 nanoparticles resuspengD) incubated in a mixed solution
of MSNP-NH2/RITC-OVA (10/1) and TMD in HPWE) incubated in MSNP-NH2/RITC-
OVA (10/1) solution without TMD; ) incubated in PB (10 mM, pH 7.4) as a negative
control. Green indicates MSNP-FITC, red indicat¢éEEGROVA and blue indicates cell nuclei.
The scale bar is 0m.
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4. Discussion
4.1 Nanoparticles in microparticles (nano-in-micro)for epidermal powder immunisation

Mesoporous silica nanoparticles with positively rgeal surface are coated by negatively
charged ovalbumin, and then they are encapsulatesugar-based microparticles. After
powder injection into skin, the matrix of the mipsoticles is dissolved and nanoparticles and
antigens are released. The released antigens @amé¢hprocessed and presented by LCs.

In a first experimental setup, rhodamine B labgbetlystyrene (PS-RhB) nanoparticles as
model nanoparticles were formulated into TMD miaudjeles by spray-freeze-drying. The
PS nanoparticles were well formulated in the sugeed matrixKigure 111-5 in Chapter III)

by a simple mixing method. This method for preparabf nano-in-micro systems also works
for silica nanoparticles. The small hydrodynamizesiof MSNP-NH2/OVA in TMD
microparticles after resuspendédble IV-7) from the microparticles indicates that they are

well dispersed in the sugar-based matrix.
4.2 Silica nanopatrticles for vaccine delivery

Silica nanopatrticles show positive results as aehadjuvant [98, 99], promoting us to use it
as an antigen delivery system. Considering thatitbdel antigen we are using is negatively
charged, the mesoporous silica nanoparticles waitipely charged surface (130 nith,=
+22.8 mv at pH of 5.8) have been chosen. Ovalbusriioo large to enter into the pores, but it
can be absorbed on the surface. The plain MSNR megatively charged surface and only
adsorbed very small amounts of OVA. The loadingacéy of MSNP-NH2 is larger at pH of
4.8 than that at pH of 6.8 because the zeta-pateatipH of 4.8 is more positive. More
ovalbumin could be loaded onto MSNP-NH2 when higb@ncentration of OVA solution
was used, while the loading efficiency decreaseith Wie increasing of OVA concentration
(Table IV-3). The release of ovalbumin is very fast due td tha main interaction force is
electrostatic attraction. This is also the reasbly the release is even faster at higher pH and
higher concentration of PBSFigure IV-4) because high pH would decrease the zeta-
potential of MSNP-NH2 and high ionic strength woslkield the electrostatic interaction to
some degree. As an alternative to silica nanopestiwith physically absorbed ovalbumin,
ovalbumin was chemically conjugated to the siliemaparticles by other authors. MSNP-
OVA may induce better immune response when prodebyelLCs as particulate systems

could be more easily recognised as dangerous si¢8iH|
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MSNP-NH2 has a positive zeta-potential (+22.8 nmvlPB (10 mM, pH 5.8) making a well
dispersed suspension. The zeta-potential beconose ¢b neutral when more and more
ovalbumin is adsorbed to the surface and therebwaggregation propensity is increased. The
aggregation is expectedly high when less ovalbummimsed, as in the case of MSNP-
NH2/OVA mixtures with mass ratios of 4/1 and 2/Malle IV-4). In this circumstance,
ovalbumin may act like a glue to bind MSNP-NH2 tibge. The aggregation problem can be
minimized by increasing the amount of OVA relatitee MSNP-NH2, as in the case of
MSNP-NH2/OVA mixtures with mass ratios of 1/2 arld {Table IV-4). On the other hand,

a centrifugation process needs to be avoided nioictease amount of the aggregates further.
That is why MSNP-NH2 and ovalbumin were mixed dise@and formulated together into
sugar-based microparticles without removing thee fovalbumin. Actually, the excessive
amount of ovalbumin can ensure the particles ateegn surrounded by OVA. It may
increase the stability of MSNP-NH2/OVA as a pratattlayer surrounding the particles is
formed. The mixing of MSNP-NH2/OVA and TMD has nbvius effect on the size but
increases the PDIT@ble 1V-5). Interestingly, the MSNP-NH2/OVA resuspended frtm
SFD microparticles have smaller sizes (~130 nhab(e 1V-7) than MSNP-NH2/OVA and
TMD in solution before SFD (~450 nm)#ble 1V-5). OVA is still absorbed on MSNP-NH2
as the zeta-potential of the particles in redigsmhuof the TMD microparticles is negative (-
16 mv). It seems that spray-freeze-drying procems improve the stability of MSNP-
NH2/OVA in the formulation.

4.3 Micropatrticles with encapsulated silica nanopaticles and ovalbumin meeting the

requirements for epidermal powder immunisation

The matrix of trehalose, mannitol and dextran isewaoluble so that the microparticles can
be dissolved after EPI delivery into skin. The d&wahin and MSNP-NH2 can be released like
“sub-bullets” as shown in the schematic diagraamg(re IlI-1 in Chapter Ill). This matrix

has already shown the ability of stabilizing protstructures and functions [106, 107, 109].
The same fact was observed in our formulationsndisated from the SDS-PAGE and SEC
results of recovered ovalbumin. Furthermore, thve Water residue (around 0.25 wt%) in the
formulations Table 1V-6) could increase the storage stability in a longateperiod. As

elucidated by the mechanisms of particle impacskin using a theoretical model, particle
impact parametepvr (unit in kg/m-s,p is the density of particles; is the particle impact

velocity, r is the radius of particles) determines the penetrdtl2], estimated 7 kg/m-s as a

threshold for breaching the stratum corneum. Mdghe microparticles we prepared have
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diameters around 40m and tap density around 580 mg/mir can be calculated as 8.7
kg/m-s assuming the speed of the microparticl@s@sm/s.

Impactparameter pxu x y (2)
The microparticles are expected to breach theustratorneum of skin as the impact
parameter (8.7 kg/m-s) is larger than the thresltidlkg/m-s). Once the skin barrier is
breached, the antigens and silica nanoparticlesbeadissolved and diffuse into the viable

epidermis.

The shrinkage of the particles during drying asnséem the SEM micrographs is very
important for increasing the density and mechanrchlustness. In order to increase the
density of microparticles, high concentration of DM35.0 wt%) was used to prepare the
formulations for spray-freeze-drying. The causehef shrinking was attributed to the plastic
flow of the TMD phase when the shelf temperature<F10 °C) for primary freeze-drying
exceeds the glass transition temperatugd OF the frozen SFD microparticles [132]. As seen
in Figure V-5, the TMD without ovalbumin shows more obvious skaige compared to the
formulations containing ovalbumin, indicating tletded ovalbumin could increase thg. T
Increasing the temperature for primary freeze-dyyian increase the degree of shrinkage, but
may result in collapse of the product that is radyfor the flowability of the microparticles.

4.4 Antigen-loaded nano-in-micro particles for epiérmal powder immunisation

The encapsulation of ovalbumin and MSNP-NH2 nanapes in TMD microparticles is
very efficient as proved by observing the formwuas containing RITC-OVA. The
fluorescence intensity of RITC-OVA is so strongttttee surface of microparticles is clearly

imaged.

The TMD microparticles containing RITC-OVA have heaccelerated to penetrate gelatin
films and pig skin by our custom-made device, et penetration depth is still too low. The
same result has been obtained when using PS mrtabgs by the same device. Therefore,
the insufficient penetration of TMD microparticlesay result from the velocity of the
accelerated particles, which is not high enough wuéhe limitation of the device at that
moment. The optimisation of the device is stillrgpbn, and progress is expected in the short
term. Due to the high water content in pig skire TMD microparticles were dissolved after

injection. This is useful especially when the sudgenetration is not as deep as required. If
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the stratum corneum (about L for human skin) could be penetrated, the ovalbumay
diffuse deep itself because the main biologicatieahas already been broken.

Ovalbumin has been delivered into macrophage e¢l37 and 0 °C with the assistance of
MSNP-NH2 in one hour as indicatedkigure 1V-10. More RITC-OVA in the TMD/MSNP-
NH2/OVA/RITC-OVA formulation was delivered into maphages at 37 °C than at 4 °C,
indicating that active uptake exists. On the otmand, RITC-OVA was also taken up with
MSNP-NH2 in the TMD matrix by macrophages at 0 R@neans that a passive mode is also
the route for uptake by macrophages. For FITC-M®NH2 nanoparticles without protein,
they have also been taken up by macrophages atpagive and active modes. Therefore,
silica nanopatrticles play a major role in enhandhwgcellular delivery of ovalbumin. In fact,
silica nanoparticles helping to deliver macromolesunto cells was also found by others
[152]. These results support the idea of usingaiianoparticles for vaccine delivery in the
TMD microparticles for EPI.

5. Conclusion

Cationic mesoporous silica nanoparticles have lpgepared as a vaccine delivery system.
Negatively charged antigens such as ovalbumin canobded on the surface through
electrostatic interactions. The release of ovallbumimainly a displacement process from
electrostatic bindings by salt, depending on thmiahktion speed of ovalbumin, the pH and
ionic strength of solution. Ovalbumin and MSNP-NR&ve been formulated in sugar-based
microparticles that are suitable for epidermal pemdnmunisation. The silica nanoparticles
resuspended from the spray-freeze-dried (SFD) ma&tles show a hydrodynamic size
close to the actual size, indicating that the sugeatrix can stop the aggregation of
nanoparticles when they are dried. In the redissmwiuof TMD microparticles containing

MSNP-NH2/OVA, OVA is still coated on the surface MENP-NH2 as the zeta-potential is
negative. The ovalbumin recovered from the micrbglas maintains the integrity as well.

Therefore, nanoparticles-in-microparticles (nananicro) systems, combining the

advantages of nanoparticles for vaccine delivergy e method of needle-free epidermal

powder immunisation, can be prepared by spray-&ekying and used for EPI.

In the present study, silica nanoparticles and TMiatrix were used to prepare the
microparticles for epidermal powder immunisation. fact, the nano-in-micro idea is not

limited to the materials used in this study. Otha@noparticles for vaccine delivery and matrix
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materials can be chosen to obtain the nano-in-nmgoooparticles which can release antigens
in an appropriate timeline. In a word, this methgives the possibility to deliver

nanoparticulate vaccine delivery systems and adjigvaa ballistic delivery into skin.



Chapter V. Formulation of HIN1 Hemagglutinin and Slica

Nanoparticles in Sugar-based Microparticles

1. Objectives

As described in Chapter 1V, cationic mesoporougaihanoparticles (MSNP-NH2) have
been successfully used for a model antigen, ovalbu(@VA), in the sugar-based
microparticles made of trehalose, mannitol, dexeafh0 kDa) and dextran (100 kDa) (TMD).
The TMD microparticles encapsulating OVA and MSNRZ2\particles have a size range of
10-40um, mainly of 20-3Qum. They are suitable for epidermal powder immuiasafEPI).
The stability of the nanoparticles and OVA in tleenfiulation of microparticles has been
proved to be good. Ovalbumin is a good model antifge studying the formulation and
immune response, but it is more stable than sorakpmtein antigens such as influenza
hemagglutinin [160, 161]. The formulation stabiigi OVA must not necessarily be
applicable to some real antigens.

Influenza vaccines are the most popular and extelysused in the world. The occurrence of
influenza is impossible to predict, thus a largeoant of influenza vaccines needs to be
formulated, produced, and reserved every year $e @ahappens. Until now, the influenza
vaccines on the market are all liquid formulatiolegding to some disadvantages such as
cold-chain transportation and storage, short difelfetc. [162-164]. For example, influenza
subunit vaccine showed a strongly increased degioadaate of haemagglutinin when the
storage temperature was increased from 5 °C toC2BL82]. Therefore, it is necessary to
develop solid formulations of influenza vaccineatthave better stability during a long-term
stability and economic distributions. Furthermom&fluenza vaccines in a solid form of
powder or microparticles give some chances for hadministration routes, i.e. nasal

delivery, intradermal or epidermal delivery.

Influenza hemagglutinin is an antigenic glycopnotdound on the surface of the influenza
viruses. The viruses bind to cells by the inteatbf HA proteins and the sialic acid on the
membranes [160]. Influenza virus or HA proteinsasaped from viruses have the ability to

cause agglutination of erythrocytes (red bloodsgelThere are many subtypes of HA antigens

depending on the species where the viruses wemdfaeltg. H1, H2 and H3 are found in
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human influenza viruses. The monomers of HA hawveotecular weight of about 62 kDa,
dimers and trimers also exist as indicated from $IB&E bands [165, 166]. HA monomers
(HAO) can be cleaved into two smaller subunits leé HA1 and HA2, under reducing
conditions of SDS-PAGE [165].

A real vaccine was chosen to study the stability bBiological activity of the antigens in
TMD formulation. The Pandemffxsuspension as an influenza vaccine (H1N1) (spiibry,
inactivated, adjuvanted), produced by GlaxoSmith&KI{GSK), has been used in Germany in
2011. Pandemrfkwas obtained from the Bavarian State Ministry ofifonment and Public
Health. The antigen suspension before mixing with adjuvant contains 15 pg of
hemagglutinin (HA) per 1.0 ml. This antigen suspems&nd the suggested adjuvant emulsion
ASO03 are mixed at a volume ratio of 1:1. 0.5 mihef mixture is used as the dose for humans.
The HIN1 HA has been used to study the formulatibmicroparticles for EPI due to its
sensitivity and the availability of the vaccine. elfmain objective of this chapter is to
encapsulate HIN1 HA and silica nanoparticles in TMI2roparticles and to investigate the
stability of HLIN1 HA in the formulation. The intextgon between HIN1 HA and MSNP-NH2

was studied and the biological activity of HA in TMnicroparticles was determined.
2. Materials and Methods
2.1 Materials

Pandemic influenza vaccine, Influenza A/Califor@ida009 (H1N1)v-like strain (X-179A),
known as Pandemffx was produced by GlaxoSmithKline Biologicals s(Rixensart,
Belgium). One pack of Pandemfixconsists of one pack containing 50 vials of 2.5 ml
suspension (antigen) (1®/ml HA) and two packs containing 25 vials of 2.5 emulsion
(adjuvant). Pandemffxrequires mixing of the antigen suspension andvadjuemulsion with
the same volume. A volume of 0.5 ml of Pandefhrfter mixing has been suggested for
adults. The adjuvant of AS03 contains squalene,aBbeopherol and polysorbate 80. The
other ingredients in PandemPiare octoxynol 10, thiomersal, sodium chloride,odiam
hydrogen phosphate, potassium dihydrogen phosphmtgssium chloride, magnesium
chloride, water. The antigen suspension |{@bnl HA) before mixing is used for our research

herein.

Micro BCA™ Protein Assay Reagent Kit (PIERCE) was purchas®d fThermo Fisher
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Scientific (Rockford, IL Campus, USA). VivaSf5ir20 (5kDa cut-off) tubes were purchased
from Sartorius Stedim Biotech GmbH (Goettingen, r@aamy). Polysorbate 80, TritonX-100
and Tween 20 were obtained from Sigma-Aldrich (Bteim, Germany). Phenomenex Jupiter
300 (5um, C18) was purchased from Phenomenex (Aschaffgnléigrmany). NuPage 10%
Bis-Tris-Gel and Nitrocellulose membranes were ioleth from Invitrogen, Life
Technologies Corporation (Carlsbad, USA). An Anfiuenza A HIN1 Hemagglutinin (HA)
monoclonal antibody (MAb) was obtained from SinwmIBgical (Beijing, China). IRDye
800CW conjugated goat Anti-Mouse IgG, was from IO Biosciences (Lincoln, USA).
Chicken erythrocytes (25% whole blood suspensioAlsever's buffer), also called red blood
cells (RBCs), Dextrose-gelatin-veronal (DGV) buffeand Agglutest buffer (for
haemagglutination inhibition tests) was purchasethfLABOR DR.MERK & KOLLEGEN
GmbH (Ochsenhausen, Germany).

2.2 Methods
2.2.1 Concentrating of HIN1 hemagglutinin by ultrailtration

The HIN1 HA protein has molecular weight above B@&K165], thus VivaSpin 20 with a
molecular cut-off of 5 kDa was used to concenttaee HIN1 HA protein. VivaSpin tubes
containing about 20 ml of Pandenftixaccine for each were centrifuged for 2 hours urde
swing-out mode at a speed of 5000xg (Sigma 4K15tribege, SIGMA Laboratory
Centrifuges, Shropshire, UK). More original vaccsmution was added after the previous
concentrating process. 250 ml of original vacciokitson was concentrated to about 3 ml.
Finally, the buffer was changed into a freshly el KHPOs,-Na,HPO,-MgCl.-polysorbate
80-tritonX-100 (KNaMgPT) buffer (pH 7.0), which wasepared by dissolving 0.694 g of
KH.POy, 1.0705 g of N&HPO,-2H,0, 0.025 g of MgGl6H,0, 0.4 g of polysorbate 80 and
0.2 g tritonX-100 in 1L of high-purified water (HPV&nd filtering with 0.2um membrane
(Sartorius Stedim Biotech GmbH, Goettingen, Gernmaiye concentrated HIN1 HA in
KNaMgPT buffer was stored at 4 °C for subsequeeat us

2.2.2 Determination of HIN1 HA concentration
2.2.2.1 Bicinchoninic acid assay (BCA) assay

2.0 mg/ml BSA was used to prepare the standard8@d assay, including BSA
concentrations of 180, 90, 22.4, 11.2, 5.6, 2.8,ahd Oug/ml. The concentrated HA was
diluted 10 fold before used for BCA assay. The miBCA working reagent (WR) was
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prepared according the instructions of the asseaylkDul of each standard and sample was
added to the 96-well plate and then 150@f WR was added into the wells. The 96-well plate
was shaken at 600 rpm (Thermo Scientific Sorvalll8R, Dreieich, Germany) for about 30 s
before incubated at 37 °C (UL 50, Memmert, Schwap&ermany) for 2 hours. After that,
the plate was cooled at room temperature and éeged at 1000xg in case some air bubbles
were observed. The absorbance at 562 nm of eadhmasl measured using a plate reader
(Fluostar Omega, BMG LABTECH GmbH, Ortenberg, Gemg)a

2.2.2.2 Reversed phase high-performance liquid chmeatography (RP-HPLC)

RP-HPLC was used to determine the HIN1 HA conceairaA Phenomenex Jupiter 300 (5
um, C18 column) was used. 0.1%TFA in highly purifigdter was used as the mobile phase
A (Eluent A), while 0.1% TFA in 75% isopropanol aRf% acetonitrile as the mobile phase
B (Eluent B). Flow rate is 1.0 ml/min. The elutigmadient is shown irFigure V-1. A
fluorescence detector (excitation 280 nm / emisddh nm) (DIONEX RF 2000, Idstein,
Germany) was used, with a sensitivity that is sight to measure the vaccine concentration
as low as 3.75 pg/ml. The spectrum of each sampke abtained by subtracting the signals
from the buffer. The original vaccine with a HINAldoncentration of 1ng/ml was used as
the standard. The concentrated HIN1 HA was dil@tetbld before used for measurement in
case the high concentrated protein may overloaddhamn.
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Figure V-1. Gradient of mobile phase A (Eluent A) and mobilage B (Eluent B) for

elution.
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2.2.3 Size and zeta-potential measurements

The details for the measurement of the sizes ama pmentials have been described in
Chapter IV. Briefly, 1.0 ml of 0.2 mg/ml MSNP-NH@& PB buffer (10 mM, pH 5.8) was used
to mix with a specific volume (0.114 ml, 0.228 mi ©.457 ml) of 1.75 mg/ml HA in
KNaMgPT buffer (10 mM, pH 7.0). The mass ratiodMBNP-NH2 and HA include 1/1, 1/2
and 1/4. The obtained mixtures were directly usediLS measurements. To study the silica
nanoparticles in TMD microparticles, 15 mg of migacticles was dissolved in 1 ml of
KNaMgPT buffer (10 mM, pH 7.0) before DLS measuratse

2.2.4 Loading of HIN1 HA on silica nanoparticles (MNP-NH2)

0.2 ml of 2 mg/ml MSNP-NH2 in PB buffer (10 mM, p&8) and 0.2 ml of HIN1 HA in
KNaMgPT buffer (10 mM, pH 7.0) were mixed togethe@ 1.5ml-EP tube by gentle hand-
shaking. HA solutions including 0.180, 0.325 ans¥8. mg/ml were used to study the loading
under different concentrations of HA. One hour raftee mixing, the EP tubes were
centrifuged at 14 000 rpm for 10 min (Sigma 4Kl1otdéuge, SIGMA Laboratory
Centrifuges, Shropshire, UK). The HA concentratiorthe supernatant of each sample was
measured by BCA assay. The loading amount waslatdclas following:

addedHA amount supernatarHA amount

Loadingcapacity= MSNF - NH2amoun

(1)

2.2.5 Encapsulation of HIN1 HA and silica nanoparties in TMD microparticles by

spray-freeze-drying

Concentrated HIN1 HA solution was used to prep&® Tmicroparticles. Trehalose-28,
Mannitol, Dextran (9-10 kDa) and Dextran (150 kDare mixed at a mass ratio of 3:3:3:1
and then H1IN1 HA solution was added to dissolverttarix by occasional shaking. The
solid content of HIN1 HA in the TMD microparticlegas kept to about 4g/mg. For the
formulation containing silica nanoparticles, 0.0h0of 50 mg/ml MSNP-NH2 in PB buffer
(10 mM, pH 5.8) was added to obtain a MSNP-NH2/Hasegratio of 1/4. The mixtures were
then spray-freeze-dried using the same processessribed in Chapter IV. Briefly, an
ultrasonic atomizing nozzle (120 kHz, Sono-Tek, thhil USA) was used. The power for
spraying was set to 4.5 watts and the flow ratéhef peristaltic pump to 0.6 ml/min. The
microparticles sprayed into liquid nitrogen werdlexied in vials and transferred to a pre-
cooled lyophiliser at -55 °C (Martin Christ EPSILAGNG6D, Harz, Germany). The freeze-
drying step includes 24 hours of primary dryingJdt °C and 20 hours of secondary drying at
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25 °C. The chamber pressure was kept at 0.12 mbvargdthe whole drying process. After
that, dry nitrogen gas was filled into the chamibefiore closing the vials.

2.2.6 SDS-PAGE and western blot of HIN1 HA

HA was formulated in TMD microparticles by SFD. bdg of the microparticles were
dissolved in 0.2 ml of KNaMgPT buffer (10 mM, pHOY.. Concentrated HA solution was
diluted 10 fold before used as a control.

Buffers for SDS-PAGE:

Electrophoresis running buffer was obtained by ngx@0 ml of NuPageMES SDS Running
Buffer (20x) and 570 ml of HPW water. Sampling ¢owy) buffer for non-reducing
conditions was prepared by mixing 25 ml of 1.0 NisT#4 g of SDS; 23 ml of glycerol (87%)
and 1.0 ml of bromophenol blue (0.1%), and adjgstive pH to 6.8 and total volume to 100
ml with HPW water. Sampling buffer for reduced ciioth was prepared by dissolving DL-

dithiothreitol (DTT) in the non-reducing samplingffer at a concentration of 5@/ml.

40 pul of each sample and @0 of sampling buffer were mixed and then incubae@5 °C for
20 min. 10pl of each sample was added to the NuPalfe% Bis-Tris-Gel (Invitrogen) and
4 pl of Marker 12™ Unstained Protein Standards (Life Technologiesy a@ded. For the gel
used for western blot afterwards, the same amdueach sample was added andl f the
MagicMark™ XP Western Protein Standard (Life Tedbgees) was added. After running
about 1.5 hours at 80 mA, the gel for SDS-PAGE stamed with Imperidl Protein Stain

(Thermo Scientific) and the other gel was usedifestern blot.

After the SDS-PAGE step, transferring of proteianirthe gel to nitrocellulose membrane
was carried out. Different layers including a nielulose membrane, a fiber pad and a filter
paper were stacked together and then placed ichtamber for electrophoretic transferring
under a cooled condition. The transferring was donadding a voltage of 75 V for 2h. After

transfer, the membrane was placed into a smallviatxthe protein side facing up. Ponceau
red staining solution was added to check if thetiolg is successful (about 1 min). The

membrane was washed once using water and subskgbkking buffer was added. The

blocking was done by shaking at RT for 90 min. Tiembrane was washed once with TBST
washing buffer. The primary antibody was addedch®dmall box containing the membrane.
The box was shaken gently overnight at a 4 °C rd@mthe second day, the primary antibody
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solution was poured into a tube for reuse next ame the membrane was washed three times
using TBST buffer to get rid of excessive unboundbemdies. The membrane was incubated
in the solution of the secondary antibody in damder shaking for 1 hour at room
temperature (RT). The secondary antibody was reedvior reuse and the membrane was
washed 4 times (5 min for each) at RT with PBS+0T\W&en 20 under gentle shaking. The
membrane was rinsed in PBS to remove residual TvéenFinally, the membrane was
scanned using an odyssey imaging system (LI-CORdBaces, Lincoln, USA). The buffers

and antibodies used include are showmable V-1.

Table V-1 Buffers and antibodies for western blot

Buffer or antibody Description

Transferring buffer 25 mM tris-HCI, 192 mM glyciaed 20% methanol, pH 8.3:
Add 200 ml methanol in 700 ml HPW,@. Dissolve 3.03g Tris base (Mwt. 121.2
g/mol), 14.42g Glycine (Mwt. 75.07 g/mol) in thisater-methanol solution. Adjust
pH to 8.3 by concentrated HCI and complete thd finlume to 1 L with water.

Blocking buffer TBST + 5% skim milk (i.e. 2.5g skined milk in 50ml TBST)

1X TBS buffer Tris-HCI buffer saline, pH 7.6
2.42 g Tris base and 8 g NaCl were in 1 L of HPY@OHAdjust pH to 7.6 (with

concentrated HCI).

TBST (Washing buffer):  1X TBS + 0.1% Tween 20 (Lenl Tween 20 in 1L 1X TBS)

Primary antibody Anti-influenza A HLIN1 HemagglutiniHA) monoclonal antibody (MAb) (Sino
Biological, 1.5 g/ul)

Secondary antibody IRDye 800CW conjugated goat-Mause IgG (Licor, 1.0 g/ul)

2.2.7 Hemagglutinin inhibition (HAI) assay

Hemagglutinin inhibition (HAI) assay was firstly vidoped by Hirst [167]. Biologically
active HA will bind to red blood cells, causing tteemation of a lattice. Inactive HA can not
bind the red blood cells, which will sink to thettwon and form a button. Fresh red blood
cells (RBCs) (LABOR DR.MERK & KOLLEGEN GmbH, Ochdeausen, Germany) were
diluted to 0.5% (v/v) for subsequent use. A 96-vpddite with round-bottom wells was used
for the assay. 5(l of PBS buffer was added into each well exceptfits¢ column (A1-H1).
One row of the 96-well plate is used for one sampith different dilutions. 10Qul of
samples and controls were added into the firstronlgA1-H1). 50ul solution of each well
from the first column was transferred to the secooldmn (A2-H2) to obtain the 1/2 diluted

sample. After mixing in the wells (A2-H2), 50 solution of each well was added to the wells
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(A3-H3) to obtain the 1/4 diluted sample. By thiaywa series of dilutions from 1 to 1/2048
for each sample was prepared. Afterwardspuls8uspension of RBCs (0.5%, v/v) was added
into each well. The 96-well plate was shaken fahart time (around 1 min) (Heidolph,

Schwabach, Germany) and then stored in an inculfistemmert, Schwabach, Germany) at
25 °C for 30 min. Subsequently, the microplate pyasat RT for 10 min before a photo was
taken by a camera (CASIO, Japan) to observe théduddns formed on the bottom of the

wells.
3. Results and Discussion
3.1 Influenza hemagglutinin obtained from the vaccies

Influenza A/California/7/2009 (H1N1)v-like strainX{179A), split-virion inactivated
influenza vaccine Pandemfixvas used to prepare concentrated HIN1 HA by ilttatfon.
The concentrated HIN1 HA was diluted 10 fold andnttwas used for concentration
determination by micro BCA assay. Considering thstudbance of ploysorbate 80, the
absorption resulting from the buffer containing ysalrbate 80 was subtracted. Afterwards,
HA concentration was calculated from the standarsecof BSA standards. Three batches of

concentrated HIN1 HA were prepared as showiainle V-2.

Table V-2 Concentration of concentrated H1N1 HA solution

Sample Batch 1 Batch 2 Batch 3

Concentrated HIN1 HA 2.00 mg/ml 1.50 mg/mi 1.75mg/

The HA concentration of the samples obtained in study by ultrafiltration is about 1-2
mg/ml. This concentration can be used to prepareDTiMicroparticles containing a HA
content lower than mg/mg, is still too low to prepare TMD micropartislevith a higher
content of HA. Ultrafiltration is good for conceating a small amount of HA, but is not
convenient for scaling up. Tangential flow filtiati (TFF) is more suitable for preparing a
large batch of concentrated vaccine antigens [188fhly concentrated HA (up to 28 mg/ml)
has been reported to be prepared by TFF withoutpommising HA stability [168]. This
ensures that HA concentration can be used to prep®tD microparticles or other solid
formulations containing a HA content up to 88/mg, which is sufficient for intradermal

immunization [169].
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3.2 Interaction of HLIN1 hemagglutinin and cationianesoporous silica nanopatrticles

The interaction of HIN1 HA and cationic mesoporsilisa nhanoparticles (MSNP-NH2) was
investigated to estimate the loading amount of HAMSNP-NH2 and the effect of HA on
the particle size. MSNP-NH2 nanoparticles, havirgiza of 130 nm and pore size of 2.5 nm,
were prepared as described in Chapter IV. 2.0 mgfnISNP-NH2 in PB buffer (10 mM,
pH 5.8) was prepared. 0.2 ml of the MSNP-NH2 susjgenwas mixed with 0.2 ml of HA
solution having different concentrations of antigewhich were diluted from concentrated
HA stock (1.75 mg/ml)Table V-3 shows the loading amounts determined by superhatan
analysis at different HA concentrations. The migtiof HA and MSNP-NH2 with mass
ratios of 1/30, 1/15, 1/7.5 and 1/3.75 were pregparespectively. The load amount of HA on
MSNP-NH2 increases with the increasing HA concéiana while the loading efficiency
changes slightly.

Table V-3 Summary of loading of HA on silica nanoparticles

MSNP-NH2 HA Con. Loading amount Loading efficiency

Sample
(mg/ml) (ng/ml)* (mg/mg) (%)
HA/silica = 1/30 (w/w) 1.0 34 0.009 25.6
HA/silica = 1/15 (w/w) 1.0 67 0.020 29.6
HA/silica = 1/7.5 (w/w) 1.0 142 0.047 32.8
HA/silica = 1/3.75 (w/w) 1.0 296 0.112 37.8

*HA Con. represents the HA concentration in the edisolution of 0.2 ml MSNP-NH2

particles and 0.2 ml HA solution.

H1N1 HA can be absorbed on the silica nanopartiddas the effect of HA on the size and
zeta-potential of MSNP-NH2 needs more investigatibne mixture solutions of different
ratios of HA and MSNP-NH2 were prepared by addiiffgient volumes of 1.75 mg/ml HA
into 1.0 ml of 0.2 mg/ml MSNP-NH2 in PB buffer (d@M, pH 5.8). DLS results including Z-
Ave size, PDI and zeta-potential (ZP) are showri able V-4. MSNP-NH2 nanopatrticles
have a positive ZP, but change to a negative ZFhwidN1 HA was added in the formulation.
HA protein is negatively charged around neutral ppldpuld be absorbed on positive surfaces
of MSNP-NH2, leading to negative surfaces of MSNR2MHA. This is similar to the case of
ovalbumin as described in Chapter IV. The loadegd reported above confirm that HA can

be absorbed onto MSNP-NH2 nanopatrticles.



V. Formulation of HIN1 HA and Silica Nanoparticieso Microparticles 107

Table V-4 DLS results of silica nanoparticles in differenohcentrations of HA

Sample Z-Ave (d.nm) PDI ZP (mv)
H1N1 HA/MSNP-NH2 = 1/1 (w/w) 782+22 0.576+0.035 5(2+0.9)
H1N1 HA/ MSNP-NH2 = 2/1 (w/w) 40248 0.579+0.047 6(1+0.4)
H1N1 HA/ MSNP-NH2 = 4/1 (w/w) 210+3 0.498+0.010 6(0+0.6)
MSNP-NH2 in PB buffer (10 mM, pH 5.8) 175+2 0.161624 20.5+0.5
Concentrated HA protein (1/10x diluted) 154+4 040055 -(16.910.9)
Original vaccine 142+3 0.314+0.004 -(6.1+1.8)

The PDI of MSNP-NH2 particles was increased froroul®.2 to 0.5 when HA was absorbed
on the surface. The size and PDI of the HA frongioal vaccines are 142 nm and 0.314,
indicating HA agglomerates itself. The concentratéd has a size of 154 nm and PDI of
0.414. HA protein not only could increase the sanel PDI of MSNP-NH2, but also could

bind MSNP-NH2 nanoparticles together, leading te thcrease of particle size. As the
relative amount of HA compared to MSNP-NH2 amoumtréases, the size of MSNP-
NH2/HA decreases even though the ZP does not chaihgeexcessive HA in the suspension
seems to play a role in stabilising MSNP-NH2 nambglas. When the mass ratio of HIN1
HA and MSNP-NH2 comes to 4/1, the MSNP-NH2 nanoglad have a size of about 210 nm
and a PDI of about 0.5. Thus a mass ratio of &t léd for HA vs MSNP-NH2 is suggested

when both are used together in one formulation.

TMD microparticles containing HIN1 HA at a contesftabout 4ug/mg (HA/TMD) and
TMD microparticles containing 4g/mg of HA and 1ug/mg of MSNP-NH2 (HA/MSNP-
NH2/TMD) were prepared. The sizes of HA protein ad@NP-NH2 nanoparticles re-
dissolved from the TMD microparticles are shownTable V-5. The HA recovered from
TMD microparticles has a size of 93 nm and PDIludw 0.8. The size of HA is low, but the
PDI is very high, probably due to the TMD matrixvineg a PDI of about 0.6. The particle
size and PDI of the HA/IMSNP-NH2/TMD formulation até0 nm and about 0.6. Therefore,
cationic silica nanoparticles in the TMD micropelds containing the HA antigen do not

produce big particles/aggregates.

Table V-5 DLS of the re-dissolved microparticles containki¥y and/or silica nanoparticles

Sample Z-Ave (d.nm) PDI ZP (mV)
H1N1 HA/TMD 93+12 0.832+0.221 -(10.741.2)
H1IN1 HA/MSNP-NH2/TMD 140+3 0.610+0.011 -(14.5+1.1)

5 - 8 mg of TMD microparticles were dissolved imLof KNaMgPT buffer.
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3.3 Characterisation of HIN1 HA in TMD micropatrticles

H1N1 HA was formulated in TMD microparticles by ap#freeze-drying (SFD). The HA
content in the TMD microparticles can be calculatenn the HA amount added and the
TMD amount. Concentrated HA solutions from batci{2100 mg/ml) and batch 2 (1.50
mg/ml) were used. 50 mg/ml MSNP-NH2 in PB buffe® (hM, pH 5.8) was used in the
formulations for TMD microparticles. On the otheand, HA content in the TMD
microparticles can be directly determined by digsg TMD microparticles and measuring
HA concentration using RP-HPLC. As shownTiable V-6, the concentrations of all the
samples obtained from RP-HPLC measurements are araip to those calculatedgble
V-2). The RP-HPLC method for determining HA concembratwas considered as the
standard. The calculated HA concentrations areirddafrom the concentrated HA solutions
whose concentrations were determined by micro B€gawn Therefore, both RP-HPLC and

protein micro BCA assay are suitable for the deteation of HA concentration.

Table V-6 Concentration of HA solution redissolved from IHdD microparticles

Sample RP-HPLC (mg/ml) Calculated (mg/ml)
H1N1 HA/TMD 0.190 0.175
H1IN1 HA/MSNP-NH2/TMD 0.135 0.175

The HA solution recovered from TMD microparticlasdahe concentrated HA that was used
to prepare TMD microparticles were studied by SDE. As seen from the SDS-PAGE
result inFigure V-2, there are mainly four bands including HA monorfex. 66 kDa), HA
dimer (ca. 130 kDa), HA trimer (ca. 190 kDa) anfwnit (HA1) protein of HA (ca. 50 kDa).
The bands of HA monomer, HA dimer and HA trimer epasistent with the results found in
the literature [165]. The lane for the concentrat® shows a distinct high concentration of

protein.
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200 kDa | —HA Trimer
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Figure V-2. SDS-PAGE of concentrated HA and recovered HA ffbhD microparticles.
Lane 1- Marker,lane 2andlane 4- HA from the HA/TMD formulation]Jane 3andlane 5-
HA from the HA/MSNP-NH2/TMD formulationlane 6 - concentrated HAlane 7 - 5-fold

dilution of the concentrated HA.

SDS-PAGE and western blot of HIN1 HA under non-o&uly and reducing conditions were
further studied. The SDS-PAGE and western blotlteso Figure V-3 confirms that the

three bands (ca. 66, 130, 190 kDa) belong to H1N1Advery light band of the subunit HA1
appears on the blotting membrane for the samplégrureducing conditions, but the HA1
band for the samples under non-reducing conditisnsardly observed. The HA proteins
from the TMD micropatrticles have the bands as thgiral vaccine, except that the HA
concentration in the original vaccine is lower th#re HA reconstituted from TMD

microparticles.

Under reducing conditions, the HA monomer band bexoslightly broad and goes up a little
bit to the higher molecular direction. Accordingtihe properties of HA protein, HA monomer
(HAO) includes two subunits bound together by ailfide bond [165]. The HA monomer can
be cleaved into two parts (HA1 and HA2) under redyaonditions. HA1 appears on the
SDS-PAGE Figure V-3A), but HA2 is hardly seen. The subunit HA1 was obse in
Figure V-3B, showing a molecular weight of ca. 50 kDa. Thedsaoorresponding to HA
dimers and trimers under reducing conditions on $i@S-PAGE gel and western blot

membrane have less concentration than those umderduicing conditions. It indicates that
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HA dimers and trimers can be changed to HA monomeder reducing conditions due to the

reversible balance between HA monomers, dimergramérs.

Non-reducing Reducing
—=HA Trimer
HA Dimer
HA Monomer
HA
HA2
Non-reducing Reducing
1 2 3 4 5 B 7 a8 g 10 11 2
200 kDa HA Trimer
120 kDa .
100 kDa HA Dimer
80 kDa
HA Manamer

60 kDa
50 kDa

A0 kDa

30 kDa

20 kDa

B
Figure V-3. Reducing and non-reducing SDS-PAGE and westemrbkults of HIN1 HA.
Lane 1 - Marker,lane 2 - original vaccinelane 3 andlane 5- HA from the HA/TMD
formulation,lane 4 andlane 6 - HA from the HA/MSNP-NH2/TMD formulationlane 7 -
reduced original vaccindane 8 andlane 10- reduced HA from the HA/TMD formulation,
lane 9 andlane 11 - reduced HA from the HA/MSNP-NH2/TMD formulatiolgne 12 -
TMD matrix.

H1IN1 HA protein in TMD microparticles maintains tmeolecular integrity and binding
specificity in spite of the formulations containiMSNP-NH2 or not. Two conclusive aspects
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could be drawn from the above results. One aspetttat TMD formulations and the spray-
freeze-drying process for preparing micropartidiese no detriment effects on HIN1 HA.
The other one is that silica nanoparticles in trenulation have no obvious negative effects
on the HA antigen. Considering HA protein is sausito physical stresses [170], the process
for manufacturing the nano-in-micro particle syssemade of TMD matrices and silica

nanoparticles is useful for producing vaccine npamicles for epidermal powder
immunisation.

More experiments were carried out to obtain bejtelity of western blot results. The non-
reducing SDS-PAGE of HA protein is shownRigure V-4A; the corresponding western blot
result of each lane is shown kiigure V-4B. Compared to the conditions in the experiments
of Figure V-3, double amount of each sample was added intaatie It is clear that the HA
protein recovered from TMD microparticles contagior without silica nanoparticles shows
the same bands as the HIN1 HA control, includinghaneers, dimers and trimers. The
subunit HA1 appears on the SDS-PAGE gel, but iglljanbserved on the western blot
membrane. It indicates that the bind affinity of Hivith the primary antibody is very low.
The bands irFigure V-4 are more clear than those kigure V-3 because the HA amount
added into the lane doubles. The concentrationditdnomers is distinctly larger than that
of HA dimers, which is larger than that of trimef$viD matrices have no protein bands on

the gel and no binding bands on the membrane.
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—
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Figure V-4. Non-reducing SDS-PAGH() and western bloB) results of HIN1 HALane 1
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- Marker, lane 2 - HIN1 HA (control),lane 3 and lane 5 - HA from the HA/TMD
formulation,lane 4 andlane 6 - HA from the HA/MSNP-NH2/TMD formulation, lane 7
TMD matrix. The right photo was imaged by ODYSSB¥tem using the channel of 800 nm.

3.4 Biological activity by hemagglutinin inhibition assay

The biological activity of HIN1 HA was determiney lbemagglutinin inhibition (HAI) assay
using chicken red blood cells (RBCs) [167]. Theulssare shown irFigure V-5 and
summarized imable V-7. The HA concentration of samplBsandE is estimated to be 0.120
mg/ml by multiplying the original vaccine concetitoa (0.015 mg/ml) 8 fold. The value
0.120 mg/ml is consistent with the calculated HAdtpin concentration (0.118 mg/ml)
calculated from the HA content in the microparscl&herefore, the biological activity of HA
in the TMD microparticles can be preserved durimg $pray-freeze-drying step. In addition,
MSNP-NH2 particles have no negative effect on tttevily of HA.

Dilution
< O
i [o¢] [(e] (9] N o)
A: Standard HA o~ v o 2 8 3 € & 5 2 8
(positive control) ' g g 0 o

B: Stressed HA (negative
control)

C: DGV buffer

D: HA from HA/TMD
E: HA from HA/MSNP-
NH2/TMD

F: HA from HA/TMD
(repeat)

G: HA from HA/MSNP-
NH2/TMD (repeat)

H: TMD matrix

Sample

Figure V-5. The results of HAI assay of HIN1 HA proteins frdifferent formulations. The

white circle indicates the first red button appegramong the dilutions of each sample.

More studies were carried out to investigate tloeagfe effect of the concentrated HA stock
solution and the storage effect of the reconsttut\ from TMD microparticles on the
biological activity of HA. Concentrated freshly peeed HIN1 HA and aged H1IN1 HA (two
weeks at 4 °C) were diluted 20 fold before usedHAt assay Table V-7). The calculated
concentration (Con.) of HA was obtained from theacantrated HA stock concentration that
was obtained by protein micro BCA assay, while é@séimated concentration of HA was
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calculated according to the HAI assay. Calculated ddncentrations, calculated from the
protein content in the microparticles, were compkrao those estimated from the biological
activity. The HA stock solutions and the freshlgasstituted HA solutions show very good

biological activity.

Table V-7 Summary of the concentrations of concentrated kbtkssolutions and freshly

reconstituted HA (unit, mg/ml)

Sample HA Fresh HA stock Aged HA stock  Fresh HA from  Fresh HA from
standard (diluted) (diluted) HA/TMD HA/silica/TMD

Calculated HA 0.015 0.088 0.075 0.118 0.118

Estimated HA  0.015 0.06 0.06 0.12 0.12

Calculated HA was calculated from the HA conterthi@ microparticles. Estimated HA was

obtained from HAI assay.

H1N1 HA solutions from TMD microparticles were pegpd by reconstitution in the
KNaMgPT buffer. The HAI assay results are summarizeTable V-8. Distinct decreased
activities of the aged reconstituted HA samplesena@rserved after storage at 4 °C for one
week. The dextran (10 kDa and 150 kDa) in TMD matould be detrimental to HA in

solution by interacting with HA, resulting activityss of the aged reconstituted HA.

Table V-8 Effect of storage (4 °C) on the reconstituted HAif; mg/ml)

Sample HA Aged HA, Aged HA, Aged HA, Aged HA,
standard HA/TMD HA/silica/TMD HA/TMD HA/silica/TMD

Calculated HA Con.*  0.015 0.118 0.118 0.088 0.088

Estimated HA Con.*  0.015 0.002 0.015 0.015 0.03

*Con. = concentration.

For the concentrated HA stock solution, two wedksagle in the fridge has no obvious effect
on the activity of HA antigens. HA biological adties of all the freshly reconstituted
samples from TMD microparticles are as good asoitiginal vaccine. However, the aged
reconstituted HA (one week at 4 °C) has much laegrity than the original vaccine. That is
to say, the HA antigens in TMD microparticles atabte in a solid form, but not very stable
in solution containing TMD matrices. Original HAa@nes on market are stable at 4 °C for

about one year, but the HA in TMD solution is ntatbée. Trehalose and mannitol are sugar
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matrices that can stabilise proteins in solutiart,dextran as a polysaccharide, especially the
type with a high molecular weight (150 kDa), castdbilise vaccines such as HA.

3.5 Stability of influenza vaccines in a solid form

In our experiments, trehalose, manitol and dextwane used to formulate HIN1 HA into
microparticles by SFD. Because we have already guothe suitability of these TMD
microparticles regarding size, density and robisstrier EPI delivery previously, the stability

of HA in the formulation is the main research foofishis chapter.

We have successfully prepared TMD microparticlest@ioing biologically active HA by
spray-freeze-drying. The HIN1 HA in the TMD microppees shows the same molecular
integrity as the standard. The binding affinifigure V-4) and the biological activityT@able
V-7) of HA have no distinct change in the micropaesciThe trehalose and mannitol act as a
role of stabilising HA in the formulation, an appr@ate amount of dextran can increase the
particle density and robustness without destabdigshe vaccines in a solid form. We found
the biological activity of HA in dry TMD micropadies is good but reconstituted HA loses
its activity in one week at 4 °CTéble V-8). In other studies, the stability of influenza
vaccines in TMD micropatrticles has been maintaifoecat least 6 months at 25 °C and for 3
months at 40 °C [169]. The conformational changeblA can be prevented by using fast
freezing, Hepes buffer and carbohydrates (trehaliosdin or dextran) during freeze-drying
[171], the HA potency in the vaccine powder kedpble as long as at least 6 months at room

temperature.

The silica nanoparticles we used in the formulati@ve no negative impact on the HA
stability. HA can be adsorbed on the cationic ail@noparticles (MSNP-NH2) as seen from
the above results. As the HIN1 HA stability canpbeserved in TMD microparticles when
silica nanoparticle are also included in the foratioh, the nano-in-micro particle systems
composed of MSNP-NH2, HA and TMD matrices are pcattfor epidermal powder

immunisation.
4. Conclusion

H1N1 hemagglutinin protein solution with a concation of 1 - 2 mg/ml has been prepared
from the original vaccines with a HA concentratioh 15 ug/ml. The concentrated HA

solution is stable for at least two weeks at 2€8This HA solution has been used to prepare
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TMD microparticles by spray-freeze-drying. Catiorstica nanoparticles can adsorb HA
protein very well mainly by electrostatic interacti HA was loading onto MSNP-NH2
nanoparticles by absorption and then both were dtated into the TMD matrix to create
nano-in-micro particle systems containing antigefifese nano-in-micro particles are
pursued for the purpose of epidermal powder imnatims. The HIN1 HA reconstituted
from the TMD microparticles maintains the integréigd shows the same binding affinity to
the antibody as the HA standard. The biologicalagtof the HA from TMD microparticles

is as good as that of concentrated HA. Silica nartagles encapsulated in TMD
microparticles have no obvious negative effectstiba stability of HA antigen. TMD

microparticles containing HA and MSNP-NH2 have beeacessfully prepared, which could

be used for epidermal powder injection.

For now, the obtained TMD microparticles have a ¢bhtent of about 4g/mg. This content
seems to be low for the application on animalsvanenuman. As for the epidermal powder
injection, about 1 mg of microparticles can be =ied into the epidermal layer or dermal
up-layer. 10 - 5Qug of vaccines are needed for one shot. Therefoig necessary to develop
TMD microparticles with a HA content of 10 - 5@®/mg. These microparticles could be
achieved by using a higher concentration of HA lssmution.



Chapter VI. Preparation of PLGA Nanoparticles for Vaccine Delivery and

Their Encapsulations in Sugar-based Microparticles

1. Objectives

Poly(lactic-co-glycolic acid) (PLGA) is a copolymef lactic acid and glycolic acid linked by
ester linkages. It has been approved for manufiactuherapeutic devices by the Food and
Drug Administration (FDA), owning to its good biaggtadability and biocompatibility [172].
PLGA nano/microparticles have been extensively us$ed drug/vaccine delivery of
therapeutics as a sustained-release system [1B(, Tfe rapid endo-lysosomal escape of
PLGA nanoparticles after delivery into cells ind&s good implications for intracellular
delivery of genes and drugs [174]. Some productedhaon PLGA are on the market, e.qg.
Lupron Depot, Sandostatii LAR Depot, ZoladeR, Vivitrol®, etc. [175-179]. PLGA
particles are typically prepared by emulsificatimethods, the encapsulation of proteins or
peptides can be achieved [110, 180]. The controkéshse of encapsulated ovalbumin from
PLGA particles on a long term (up to 3 months) lfetes a long-term memory T cell
response and efficacy in pathogen recall, whiclery attractive for vaccine delivery [181].

PLGA-based particles with different sizes can Hdari€ated for multiple applications [182,
183]. Tuskadaet al have prepared sterile PLGA nanoparticles withemmsize of 100 nm-
160 nm [182]. Protein-loaded PLGA-based particlagehbeen investigated concerning the
encapsulation efficiency and protein stability [17184, 185]. The surface charges and
functional groups on the surface of PLGA nano/nparticles can be tailored by surface
modification. Cationic PLGA nanoparticles have beeepared by incorporating or coating
positively charged molecules, such as chitosan, BEAB, DEAE-dextran, etc. [144, 186,
187]. Chitosan is the most popular substance foormizing PLGA nanoparticles [146, 186,
188-191]. PEI is another option for cationizatidnP.GA particles [144, 187, 192]. Coating
methods such as PEGylation are often used for airzodification of PLGA nanoparticles
to stabilise the dispersion and reduce unspeaitieractions with cells [79, 193, 194]. There
is an alternative method for stabilizing PLGA naadjgles by using hydroxyethyl starch or
pluronics [193]. PEG-PPO-PEG block polymers sucHPhsonic F127, P103, P105 were

coated on PLGA nanopatrticles, thereby accelergigmetration of the particles into human
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mucus [194]. In a word, PLGA-based nanoparticlestaready been widely recognised as a

useful drug/vaccine delivery system.

PLGA-based particles have been shown in literatarée a good candidate as a vaccine
delivery system for parenteral, nasal and oraleswf administration. Cruet al found that
nano-sized PLGA particles but not microparticlea specifically deliver antigen to human
dendritic cells [79]. Wanget al loaded the foot and mouth disease virus (FMDV)ADN
vaccine on chitosan-coated PLGA nanopatrticles, kvban induce protective immunity again
FMDV challenge by intranasal delivery [146]. Pragddal optimized PLGA nanoparticles
containing B16-tumor antigen lysate for the studyaati-tumor responses [195]. PLGA
microparticles (3 - Jum) containing the immune potentiators of monophosyhlipid A
(MPLA) and the synthetic LPS mimetic RC529 weretedawith antigens and then used for
immune stimulation [196]. PLGA nanoparticles conitag ovalbumin and MPLA were
demonstrated to promote systemic and mucosal resp@dministered orally [148]. However,
antigen-loaded PLGA nanoparticles have never beed for intradermal immunisation by

powder injection.

As described in Chapter Ill, PLGA nanoparticles tenencapsulated into the sugar-based
microparticles by spray-freeze-drying. PLGA nandipbas (100 nm-1000 nm) will be further
investigated as nanocarriers for antigens. Accgrdiinthe concept of nano-in-micro particle
systems investigated in this thesis, it is reaslenadbcreate TMD microparticles containing
antigen-loaded PLGA nanoparticles for the purposeemdermal powder immunisation.
Ovalbumin (OVA) has been used as a model proteintfe study of encapsulation into
PLGA microparticles [185]. Only a few examples isttgated ovalbumin-loaded PLGA
nanoparticles [148, 181]. As an alternative to @rotantigens, peptides may induce more
direct and specific immune response. OVA 257-26dtide (SIINFEKL) is the natural H-
2KP-restricted epitope of ovalbumin presented by MH@s€ | molecules [197, 198].
SIINFEKL can induce a much stronger H2téstricted response compared to OVA [197],
but the main disadvantage of peptide antigens as tte immunogenicity is so poor that
adjuvants or particulate delivery systems are mddeinduce effective immune response
[198, 199]. To my knowledge, the encapsulation WRNBEKL into PLGA nanoparticles has
not been performed yet.

The aim of this chapter is to use a long-term susthrelease system, PLGA nanoparticles, in

place of the fast release system, silica nanopestito prepare nano-in-micro particles for the
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purpose of epidermal powder immunisation. The dbjes include 1) loading of ovalbumin
into plain (anionic) and cationic PLGA nanopartecknd investigation of ovalbumin release,
2) loading of OVA peptide (SIINFEKL) into plain anchtionic PLGA nanoparticles, 3)
encapsulation of OVA- or SIINFEKL-loaded PLGA naagicles into the sugar-based TMD
microparticles. OVA and SIINFEKL will be loaded mPLGA nanoparticles by a water-in-
oil-in-water (W/O/W) double emulsion method. Thetigan-loaded nanoparticles will be
characterised including the determination of thaded amount. The release of ovalbumin
from PLGA nanoparticles will be determined by atpmo micro BCA assay. The stability of

PLGA nanopatrticles in TMD microparticles will bevestigated.
2. Materials and Methods
2.1 Materials

Poly(lactic-co-glycolic acid) (PLGA) (RESOMERRG502H) was obtained from Evonik
Industries AG (Darmstadt, Germany. Ovalbumin (OVAlhumin from chicken egg white
(Grade V), PEI (polyethylenimine, Mw~25.000, Braadl chitosan (low/medium molecular
weight), and polyvinyl alcohol (PVA) (80% hydrolydeMw: 9000-10000) were purchased
from Sigma-Aldrich Chemie GmbH (Steinheim, Germanighylacetate (EA) was from
Merck kGaA (Darmstadt, Germany). Carboxyfluoresq&iAM) labeled SIINFEKL (FAM-

SIINFEKL) with a sequence of SIINFEKL was purcha$eun AnaSpec (Seraing, Belgium).

The polymers used in the experiments are summainizédble VI-1.

Table VI-1 Summary of the polymers for the preparation of Ru@noparticles

Product Chemical structure Description of properties

PLGA, RESOMER 21l Mw: 7 000-17 000; End group: free carboxylic acid;
RG502H e ° ) § , Molar ration of D,L-lactide and glycolide: 50:50
polyvinyl alcohol (PVA) pq\ 80% hydrolyzed, Mw: 9 000-10 000

Chitosan, low molecular HOLO Viscosity (1% solution in 1% acetic acid): 20-200
weight J{ oS OH% cps; Deacetylation: 75-85%

Chitosan, high moleculaf .~ ™ | Viscosity (1% solution in 1% acetic acid): 200-800
weight A } cps; Deacetylation: 75-85%

1 GPC, branched

Polyethylenimine (PEI) { T T } average Mw ~25,000 by LS, average Mn ~10,000 by
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2.2 Methods
2.2.1 Preparation of PLGA nanoparticles loaded wittovalbumin

2.2.1.1 Plain PLGA nanopatrticles loaded with ovalbonin

The method for the preparation of cationic OVA-ledd®LGA nanoparticles was modified
from Kumar,et al [186]. 90 mg of PLGA (RG 502H) was dissolved if &l of ethyl acetate
(EA) in an eppendorf (EP) tube. 0.1-0.3 ml of 10§/mm ovalbumin in PB buffer (10 mM,
pH 7.4) was added into the solution of PLGA in BAd then the mixture was treated with a
probe ultrasonicator (Bandelin UW 3200, Berlin, @any) (Sonotrode MS 73, 20%
amplitude) for 60 seconds in an ice bath. The abthemulsion was quickly added into a 12
ml solution of 1.0% (w/v) PVA in highly purified ver (HPW). The solution was mixed and
instantly ultrasonicated (Sonotrode MS 73, 20% dnnié¢) for 180 seconds in an ice bath.
The obtained emulsion was then stirred at room &satpre (RT) overnight to remove the
solvent. The PLGA patrticles were collected by dérgation at 14 000 rpm for 10 min at 10
°C (Sigma 4K15 centrifuge, SIGMA Laboratory Centgés, Shropshire, UK), and were
subsequently washed twice with 12 ml of HPW. Finalhe PLGA particles encapsulating
OVA (PLGA-OVA) were re-suspended in 1.5 ml of HPWe suspension was ultrasonicated
for 30 seconds to ensure that the PLGA-OVA nanapest were fully suspended. The
particle concentration was determined by microbada®0ul of the suspension was dried in
an aluminium crucible and the dry amount was meabuto calculate the particle
concentration. PLGA nanopatrticles loaded with défeé amounts of OVA were prepared by
varying the added OVA stock volume&gble VI-2).

Table VI-2 Composition of OVA-loaded PLGA nanoparticles

Sample PLGA (30 mg/ml) OVA stock (100 mg /ml) Theetical OVA loading
PLGA-OVA(10%) 3.0 ml 0.100 ml 10 wt%
PLGA-OVA(20%) 3.0 ml 0.225 ml 20 wt%
PLGA-OVA(25%) 3.0ml 0.300 ml 25 wt%
PLGA-OVA(10%)-chitosan 3.0 mi 0.100 ml 10 wt%
PLGA-OVA(20%)-chitosan 3.0 ml 0.225 ml 20 wt%

PLGA-OVA(25%)-chitosan 3.0 ml 0.300 ml 25 wt%
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2.2.1.2 Cationic PLGA nanoparticles loaded with oMaumin

The emulsion of OVA solution dispersed in PLGA i\ Bvas prepared using the same
method as above. PVA and chitosan (low moleculaighte were dissolved in an acetate
buffer (50 mM, pH 4.5) to obtain a PVA-chitosanwan containing 1.0% (w/v) of PVA and
0.2% (wl/v) of chitosan. The freshly prepared enmrisvas added to 12 ml of a PVA-chitosan
solution. The solution was mixed instantly and adtnicated (Sonotrode MS 73, 20%
amplitude) for 180 seconds in an ice bath. Theltiaguemulsion was stirred overnight. The
particles were collected and washed using the sapeedure for PLGA-OVA nanoparticles.
Finally, about 1.5 ml suspension of cationic PLGXA nanoparticles was obtained. The
particle concentration was determined by the mialafice method as described above. For
the preparation of PEl-coated PLGA nanoparticlagh Rnd PEI were dissolved in HPW to
obtain a PVA-PEI solution containing 1.0% (w/v)RW¥A and 0.2% (w/v) of PEI, which was
then used for the emulsification. Cationic chitosaated PLGA nanoparticles loaded with
different amounts of OVA were achieved by a simitegthod for PLGA-OVA nanoparticles
(Table VI-2). Cationic PLGA-OVA(10%)-chitosan, PLGA-OVA(20%)-cbgan and PLGA-
OVA(25%)-chitosan nanoparticles were prepared.

2.2.2 Preparation of PLGA nanoparticles loaded wittSIINFEKL
2.2.2.1 Plain PLGA nanopatrticles loaded with SIINFEKL

0.2 mg of the fluorescently labeled peptide SIINEEWas dissolved in 10Ql of PBS
(150mM, pH 7.4). 2 mg/ml of a fluorescently-labeleAM-SIINFEKL solution was obtained
after centrifugation. 5@ of the SIINFEKL solution was added to a 1.0 mlusion of 30
mg/ml PLGA in EA. The mixture was ultrasonicated 8 seconds (Sonotrode MS 72, 20%
amplitude) in an ice bath to obtain an emulsion. plain PLGA nanoparticles loaded with
SIINFEKL (PLGA-SIINFEKL), the emulsion was added 400 ml of 1.0% PVA aqueous
solution, and was then ultrasonicated for 60 ses¢8dnotrode MS 72, 20% amplitude) in an
ice bath. The emulsion was stirred overnight toaeenEA. The particles were obtained by
centrifugation and washed by HPW twice. Finallye PLGA-SIINFEKL nanoparticles were
re-suspended in HPW under a short ultrasonicatiOnsgconds). The particle concentration
of the obtained suspension was determined by waigthie dry amount of 50l suspension

using a microbalance.
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2.2.2.2 Cationic PLGA nanoparticles loaded with SNFEKL

For cationic PLGA nanoparticles loaded with SIINAEKthe emulsion of SIINFEKL

dispersed in PLGA EA solution, as prepared for liogdnto plain PLGA nanopatrticles, was
added into 4.0 ml of a acetate buffer (50 mM, pb) £ontaining 1.0% (w/v) PVA and 0.2%
(w/v) chitosan. The mixed solution was then ultrasated for 60 seconds (Nr.72, 20%
amplitude) in an ice bath. The resulting emulsicasgtirred overnight to remove EA. The
particles were obtained by centrifugation and wdde HPW. Finally, the cationic PLGA-

SIINFEKL-chitosan nanoparticles were re-suspenaedPW and the particle concentration

of the obtained suspension was determined by tine gaevious method.
2.2.3 Determination of ovalbumin loading in PLGA nanoparticles

Sodium dodecyl sulfate (SDS) was dissolved in 0.N&DH to obtain a NaOH-SDS buffer
containing 2.0 % (w/v) SDS for dissolving PLGA naadicles [184]. 5Qul of OVA-loaded
PLGA nanoparticles was dried in a 1.5-ml EP tubé(tC overnight. 0.2 ml of the NaOH-
SDS buffer was added to dissolve the dry particldwee repeats for each sample were
prepared. The EP tubes were shaken at 20 rpm fouta®0 hours at RT (GFL-3015,
Burgwedel, Germany). At last, the tubes were ckiged at 14 000 rpm for 10 min, the OVA
concentration in the supernatant was determined Ipyotein micro BCA assay (Thermo
Scientific, Wilmington, USA) or Nanodrop (Thermo i&atific, Wilmington, USA). The
encapsulation efficiency (EE) was calculated aloves:

_ Measureantigenloading

= : : —~ x100% (1)
Theoretichantigenloading

2.2.4 Determination of SIINFEKL loading in PLGA nanopatrticles

50 ul suspension of SIINFEKL-loaded PLGA nanopartichess dried in an EP tube at 40 °C
overnight (UL 50, Memmert, Schwabach, Germany).d88l NaOH-SDS extraction methods
were used to recover the loaded SIINFEH).NaOH-SDS extraction:0.2 ml of the same
NaOH-SDS buffer as described above was added soldesthe PLGA nanoparticles under
gentle shaking for 60 hours at dark. Three repeateach sample were prepared. The FAM-
SIINFEKL concentrations in the supernatants obthifrem the tubes after centrifugation
(Sigma 4K15 centrifuge, SIGMA Laboratory Centrifgg&hropshire, UK) were measured by
a microplate reader (Fluostar Omega, BMG LABTECHWBINOrtenberg, Germany2) EA
extraction: Another method for extracting the SIINFEKL was raadt out by dissolving

PLGA nanopatrticles in EA. PBS buffer was addedhs EA solution and were then mixed
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thoroughly. The mixture was centrifuged to sepathte organic phase and aqueous phase.
The organic phase was removed and the agueous pless¢hen used for concentration

determination.

In order to determine concentration of fluoresoetdbeled SIINFEKL, a standard curve was
needed. A series of FAM-SIINFEKL standards (1 -120ml) were prepared. 150 of each
standard or sample was added into a 96-well plateflat-bottom wells. The emission at 520

nm under an excitation of 488 nm was recorded uiagnicroplate reader.

2.2.5 Characterisation of OVA/SIINFEKL-loaded PLGA nanoparticles and the

microparticles encapsulating the nanoparticles

Dynamic light scattering (DLS)

The hydrodynamic diameter and zeta-potential weterchined using a Zetasizer Nano ZS
(Malvern Intruments, Herrenberg, Germany). Theasfve index (RI) of all nanoparticles
used for the size measurement was 1.59. The dasgepbase is water with Rl of 1.330 and
viscosity of 0.8872 cP. The patrticle concentrati@s kept around 0.1-0.2 mg/ml for dynamic

light scattering (DLS) measurements.

Scanning electron microscopy (SEM)

Particles were placed on adhesive carbon Leit-TBlEno GmbH, Wetzlar, Germany) and
then coated with a thin layer of carbon beforeghmples were observed using a JEOL JSM-
6500F scanning electron microscope (SEM) (Joel lReabody, USA). Nanoparticles were
viewed at a magnification of 40 000 and microp&tavere viewed at a magnification of 300.

Confocal Laser Scanning Microscopy (CLSM)

Confocal Laser Scanning Microscope (LSM 510 METAYIZEISS, Germany) was used to
study the microparticles with encapsulated fluogesmanoparticles. Argon laser (488 nm)
was used as the excitation, corresponding to theston of BP 505-530 nm. Objectives with
magnification of 40, 63 and 100 were used, inclgdilan-Neofluar 40x/1.3 Qil, Plan-

Apochromal 63x/1.4 Oil DIC and Plan-Neofluar 1008/Dil Ph3. Z-stacking mode was used

to observe the distribution of nanopatrticles ineroparticles.
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2.2.6 Release of ovalbumin from PLGA nanoparticles

The low loading (about 0.18 wt%) of SIINFEKL in PRGSIINFEKL nanoparticles can
result in difficulties measuring the released mmtiThus the release experiments were only
carried out for plain and cationic PLGA-OVA nandpaes. 1 ml of 2.0 mg/ml PLGA-OVA
nanoparticles in PBS (150 mM, 0.02% NalNH 7.4) was prepared in an EP tube, which was
incubated at 37 °C under 2 rpm shaking. At predeterd time points, the tubes were
centrifuged at 14 000 rpm for 10 min (Sigma 4Kl1otdéuge, SIGMA Laboratory
Centrifuges, Shropshire, UK) before sampling. 0l5ofnthe supernatant was replaced with
0.5 ml of fresh PBS buffer. The particles wereuspended by a short vortexing or pippetting.
The 0.5 ml supernatant of each sample was useétewmine the OVA concentration by a
protein micro BCA assay (Thermo Scientific, Wilmiog, USA). Three repeats of each

sample were prepared.
2.2.7 Encapsulation of OVA/SIINFEKL-loaded PLGA naroparticles into microparticles

Trehalose, mannitol, dextran (10 kDa) and dextd®0 (kDa) (TMD) were mixed at a mass
ratio of 3:3:3:1 in an 8-ml tube (SARSTEDT, Nuentdre Germany). The resulting
suspension of the antigen-loaded PLGA nanopartittes the previous steps was added to
the TMD mixture. Highly purified water was addedadjust the solid concentration of the
TMD matrix to 35% (w/w). The mixtures of TMD and 8 nanoparticles (PLGA-NPs)
were obtained under stirring at 500 rpm (MR 3001H¢jdolph, Schwabach, Germany) for
about one hour. The TMD/PLGA-NPs suspension waaysfpeeze-dried (SFD) using the
same method as described in Chapter lll. Brieflg, $uspensions were sprayed into a liquid
nitrogen bath by an ultrasonic atomizing nozzleO(k¥Hz, Sono-Tek, Milton, USA). The
power for spraying was set to 4.5 watts and the flate of a peristaltic pump (IsmaTec IPC
78001-20, Wertheim, Germany) to 0.6 ml/min. Theagpd microparticles were collected in
vials and transferred to a pre-cooled lyophilizétaftin Christ EPSILON 2-6D, Harz,
Germany). The freeze-drying sequence was carriethyp@4 hours of primary drying at -10
°C and 20 hours of secondary drying at 25 °C. Hamber pressure was kept at 0.12 mbar

during the whole drying process.



124 VI. Antigen-loaded PLGA Nanopaés for Encapsulations into Microparticles

3. Results
3.1 Optimisation of conditions for the preparationof PLGA nanoparticles
3.1.1 Influence of the polyvinyl alcohol (PVA) conentration on the particle size

Emulsification is a common method for the preparatf polymer particles. PVA is a widely
used surfactant for the preparation of stable ewnds Thus we prepared PLGA
nanoparticles by an emulsification method using Pa&8Athe stabilizer. The effects of the
PVA concentration on the particle size were stud@etl ml of 100 mg/ml ovalbumin (OVA)
in PBS (150 mM, pH 7.4) was emulsified in 1.0 mB& mg/ml PLGA in ethyl acetate (EA).
The obtained PLGA/OVA emulsion was added to 4 mIRMA solution for a second
emulsification. Finally, OVA-loaded PLGA nanopaltis (PLGA-OVA NPs) containing a
theoretical OVA loading of 25% (w/w) were obtain@I/A concentrations of 0.5%, 1%, 2%,
3%, 4% and 5.0% (w/v) were used for the preparattanshown in Tabl&/I-3, the particle
size increases from 198 nm to 708 nm when the P¥icentration increases from 1.0%
(w/v) to 5.0% (w/v). The size becomes large whes BVA concentration decreases from
1.0% (w/v) to 0.5% (w/v). Therefore, 1.0% (w/w) BVA was chosen as the condition for

preparing OVA-loaded PLGA nanopatrticles with a sirkeund 200 nm.

Table VI-3 Effect of the PVA concentration on the size and 8PLGA-OVA

nanoparticles

Sample Z-Ave (d.nm) PDI Zeta-potential (mv)
PLGA-OVA-PVA (0.5%) nanoparticles 566499 0.243260 -(10.6+0.6)
PLGA-OVA-PVA (1%) nanoparticles 198+3 0.256+0.009(32.2+2.9)
PLGA-OVA-PVA (2%) nanoparticles 20212 0.171+0.00826.6+0.4)
PLGA-OVA-PVA (3%) nanoparticles 240+2 0.236+0.012(31-.3+0.7)
PLGA-OVA-PVA (4%) nanoparticles 28145 0.163+0.015(23.8+0.3)
PLGA-OVA-PVA (5%) nanoparticles 708+45 0.685+0.04§21.6+0.3)

3.1.2 Cationisation of PLGA-OVA nanopatrticles

Commonly, PEI and chitosan are used to preparercatPLGA-OVA nanoparticles [144,
186, 187]. Water-soluble PEI was added into the RMdeous solution directly to obtain a
solution containing 1.0% (w/w) of PVA and 0.2% (W/of PEIl. The PEI modified PLGA
nanoparticles (PLGA-PEI) PEI have a positive zaiteptial (36.2 mv) after sufficient
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washing with HPW, which is an indication that th@atng is successful. However, PEI is
toxic for humans and this is a major drawback fer tise of such systems in drug delivery
[200]. Chitosan as a positively charged polysaddearmay be a better choice for

cationisation.

Chitosan with medium and low molecular weights @ectied in the section of Materials and
Methods were chosen to modify PLGA nanoparticlekitdSan with a medium molecular
weight was used to modify the surface of PLGA nambgles, but it was not successful. The
obtained nanoparticles have a large hydrodynamie ahd a negative zeta-potentiadalle

VI-4). The OVA-loaded PLGA nanoparticles were succeélystwated by the chitosan with a
low molecular weight, showing a zeta-potential lobat +40 mv. The chitosan-coated PLGA-
OVA nanoparticles containing theoretical OVA loaginof 10 wt% and 20 wt% have a
similar size around 200 nm and a narrow size tstion. Therefore, chitosan with a low

molecular weight is suitable for cationisation &GA nanoparticles.

Table VI-4 Cationic PLGA nanoparticles coated by PEI andodaih.

Sample Z-Ave (d.nm) PDI Zeta-potential (mv)
PLGA-chitosan (medium) 4855+1345 0.819+0.254 -(20.7)
PLGA-OVA-chitosan (medium) 2255+111 0.389+0.091 1-@31.1)
PLGA-PEI 368+4 0.173+0.031 36.2+1.3
PLGA-OVA(10%)-chitosan 18143 0.136+0.012 41.0+0.6
PLGA-OVA(20%)-chitosan 212+3 0.164+0.011 38.7+0.7

3.2 Properties of OVA/SIINFEKL-loaded PLGA nanoparticles
3.2.1 OVA-loaded PLGA nanoparticles

The pure PLGA nanopatrticles without protein werepared as a control. These particles
have a Z-average (Z-Ave) size of 121 nm and a RDI@/1 Table VI-5), indicating a very
narrow size distribution. OVA was loaded into PLGYanoparticles at theoretical OVA
loadings of 10 wt% and 25 wt%. Cationic PLGA-OVAnoparticles modified by chitosan
were also prepared, showing positive zeta-potentRILGA nanoparticles containing 10 wt%
OVA (PLGA-OVA(10%)) have a size of 211 nm and PL@&ALA(25%) nanopatrticles have a
size of 159 nm. The cationic PLGA-OVA(10%) and PLGAA(25%) nanoparticles show a
size of about 250 nm and a PDI of about 0.18.
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Table VI-5 Plain and cationic OVA-loaded PLGA nanoparticles

Sample Z-Ave (d.nm) PDI Zeta-potential (mv)
PLGA nanoparticles 121+2 0.071+0.034 -(24.81£0.2)
PLGA-OVA(10%) nanopatrticles 21145 0.172+0.011 {10.7)
PLGA-OVA(25%) nanopatrticles 159+3 0.140+0.018 -3.0)
PLGA-OVA(10%)-chitosan nanoparticles 23516 0.16860 31.5+£1.0
PLGA-OVA(25%)-chitosan nanoparticles 25615 0.18222. 29.1+0.6

In order to observe the ovalbumin loaded in PLGAaparticles using CLSM, fluorescently
labeled ovalbumin (OVA-Alexa488) was used in therfolation. OVA-Alexa488 and OVA
were mixed at a mass ratio of 1:50 and the OVA/OMAxa488 mixture was encapsulated in
PLGA nanoparticles at a theoretical loading of 1@wAs shown inFigure VI-1, plain and
cationic OVA-loaded PLGA nanopatrticles are sphevritls diameters of about 100 nm. Their
hydrodynamic diameters are 200 - 300 nm, whiclarigdr than the size observed by SEM. A
small part of large particles or aggregates exasis increases the Z-Ave size. The OVA-
loaded PLGA nanoparticles are dispersed in aqueoligion without distinct aggregation.
Only a few big particles were observed in suspensi® seen from the CLSM micrographs
(Figure VI-1). The sizes of big particles or aggregates of kmatoparticles (green spots)

are smaller than gm.

P
#

50KV X40000 100nm WD 10.1mm 50KV  X40,000 100nm WD 10.1mm

Figure VI-1. Plain and cationic PLGA nanoparticles loaded WivA/OVA-Alexa. (A)
SEM micrograph of PLGA-OVA/OVA-Alexa488 nanoparést B8) SEM micrograph of



VI. Antigen-loaded PLGA Nanoparticles for Encapsiolas into Microparticles 127

cationic PLGA-OVA/OVA-Alexa488 nanoparticles,CY CLSM micrograph of PLGA-
OVA/OVA-Alexa488 nanoparticles suspended in aquesmlistion; O) CLSM micrograph of
cationic PLGA-OVA/OVA-Alexa488 nanoparticles susged in aqueous solution. The scale
bar of (A) and B) is 100 nm, while the scale bar &)(and D) is 5um.

3.2.2 SIINFEKL-loaded PLGA nanopatrticles

As SIINFEKL consists of only 8 amino acid unitse tBIINFEKL mass is much lower than
OVA at the same molar amount. Thus only a smallwamof SIINFEKL was used for the
encapsulation into PLGA nanoparticles. Theoretygald.1 mg of FAM-SIINFEKL was
encapsulated in 30 mg of PLGA. The loading amount efficiency will be described in the
following section. The SIINFEKL-loaded PLGA nanopees (PLGA-SIINFEKL) have a
hydrodynamic size of 114 nm and a PDI of 0.098ble VI-6), while the cationic ones
(PLGA-SIINFEKL-chitosan) have a size of 261 nm anéDI of 0.268.

Table VI-6 Plain and cationic SIINFEKL-loaded PLGA nanopdetsc

Sample Name Z-Ave (d.nm) PDI ZP (mV)
PLGA-SIINFEKL nanoparticles 114+1 0.098+0.028 -(BR.2)
PLGA-SIINFEKL-chitosan nanoparticles 261+2 0.2684y 50.2+1.0

SEM observations of the SIINFEKL-loaded nanopagtichre shown ifrigure VI-2. The
fluorescence of PLGA-SIINFEKL nanoparticles is tweak to be observed, due to the small
loading (less than 0.33 wt%) of SIINFEKL in the PA@Ganoparticles. The SEM sizes of all
the PLGA-SIINFEKL nanoparticles are about 100 nrdismeter.

> i 3
WD 10.0mm

SEI 5.0kV  X40,000 100nm . WD 10.1mm

Figure VI-2. Plain and cationic SIINFEKL-loaded PLGA nanopdes. A) SEM
micrograph of PLGA-SIINFEKL nanoparticlesBY SEM micrograph of cationic PLGA-

SIINFEKL nanoparticles. The scale bar is 100 nm.



128 VI. Antigen-loaded PLGA Nanopaés for Encapsulations into Microparticles

3.3 Loading and encapsulation efficiency of OVA/SNFEKL in PLGA nanoparticles
3.3.1 PLGA nanopatrticles encapsulating ovalbumin

The encapsulation of OVA in PLGA nanoparticles viiagestigated. OVA-loaded PLGA
nanoparticles with theoretical OVA loadings of 1®@&vand 25 wt% were prepared. The
theoretical loadings were calculated from the an®wf OVA and PLGA used for the
preparation. The OVA concentration (lower than 1/miy recovered from PLGA
nanoparticles is in the low range for measuremasisg Nanodrop photometry. The BCA
assay is a more precise method to detect proteilmsvaconcentrations. As shown Trable
VI-7, the OVA loadings of PLGA-OVA(10%) and PLGA-OVA(29 obtained by the BCA
assay are 14.5 wt% and 40.1 wt%, respectively, wlace very close to the results of
Nanodrop determination. The cationic PLGA-OVA(10éhjtosan and PLGA-OVA(25%)-
chitosan nanoparticles show OVA loadings of 9.8 wafiel 23.6 wt% from BCA results,
while the ND results show higher OVA loadings aadger variations. The OVA loadings
from BCA results were then used to calculate theapsulation efficiency (EE) of OVA in
the PLGA nanoparticles. The EE for plain PLGA-OVAnopatrticles is higher than 100%,
which is implausible. The experiments were cargfaliecked and repeated to make sure that
the right EE was obtained. In fact, the EE couldHmoretically higher than 100% if the loss
of PLGA during the preparation is higher than tlssl of OVA. The EE of PLGA-
OVA(10%)-chitosan is 98% and the EE of PLGA-OVA(2Béhitosan is 95%.

Table VI-7 Encapsulation of ovalbumin in PLGA-based nanoplagi

Sample Theoretical OVA loading  OVA loading Encapsulation
loading (w/w%) (ND) (w/w%) (BCA) (w/w%) efficiency (%)
PLGA-OVA(10%) NPs 10 13.941.0 14.542.2 145+22
PLGA-OVA(25%) NPs 25 40.615.2 40.1+6.0 160+24
PLGA-OVA(10%)-chitosan NPs 10 12.345.2 9.8+3.5 9813
PLGA-OVA(25%)-chitosan NPs 25 31.7£15.0 23.616.4 +25

The data were obtained by averaging 3 repeatsth&lidata are shown as the mean and

standard deviation (SD), i.e. meanzSD.
3.3.2 PLGA nanopatrticles encapsulating SIINFEKL

Now that OVA protein has been shown to be encapediia PLGA nanoparticles efficiently,
the encapsulation of SIINFEKL needs to be investigaThe concentration of SIINFEKL

extracted from the nanoparticles was determinedflbbgrescence spectroscopy using a
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microplate reader. For plain PLGA-SIINFEKL nanopdes, the SIINFEKL loading
extracted by the EA or NaOH-SDS method is abou@IBOng per | mg of PLGA-SIINFEKL
nanoparticles. Their encapsulation efficiency (E&)about 53.1% (Tabl&/I-8). For the

chitosan-coated PLGA-SIINFEKL nanoparticles, thtNEEKL loading is about 1.0 ug/mg
and the EE is 28.5%, which is distinctly lower tithat of PLGA-SIINFEKL nanoparticles.

Three independent experiments were carried out.

Table VI-8 Determination of SIINFEKL loaded in PLGA-based oparticles

) SIINFEKL loading Theoretical
SIINFEKL loading

Sample (NaOH-SDS) SIINFEKL EE (%)
(EA) (ng/mg) .
(g/mg) loading (ng/mg)
PLGA-SIINFEKL 1.79+0.09 1.77+0.31 3.33 53.1+9.2
PLGA-SIINFEKL-chitosan ~ 1.26+0.47 0.95+0.13 3.33 281.0

The data were obtained by averaging 3 repeatsth&lidata are shown as the mean and

standard deviation (SD), i.e. meanzSD.

The true loading EEs for PLGA-SIINFEKL and PLGA-SREKL-chitosan particles are
distinctly lower than 100%. Practically, SIINFEKM, 1320 Da) may diffuse quickly from
the organic phase to the aqueous phase duringnilésification step, causing the loss of
SIINFEKL. PLGA-SIINFEKL-chitosan particles have ealler EE than PLGA-SIINFEKL

due to the effect of chitosan used during the efficdsion step.
3.4 Stability of PLGA nanoparticles during freeze-aying

Nanoparticles in suspension are not suitable fong-term storage. It is necessary to prepare
dry particles using freeze-drying (FD), vacuum-dgyi etc. FD as a promising method has
been widely used for the preparation of dry profermulations [201]. FD is also suitable for
drying nanoparticles. The freezing step during BDaiprocess that may compromise the
stability of PLGA nanoparticles. The suspensionPbGA-based nanoparticles in water were
frozen and thawed and then the sizes were meabyrdgnamic light scattering. It is obvious
that one freeze-thaw circle induced PLGA nanopagicto aggregateF{gure VI-3),
increasing the hydrodynamic size from 120 nm to 408 For cationic PLGA-chitosan
nanoparticles, the size changed from 291 nm to r@@lafter one freeze-thaw circle and
increased to 319 nm after the second freeze-thawleci The cationic PLGA-PEI
nanoparticles are very stable during two freezevtbiacles. Chitosan was the material chosen

to cationise OVA-loaded PLGA nanoparticles. Chitesaated PLGA nanopatrticles increase



130 VI. Antigen-loaded PLGA Nanopaés for Encapsulations into Microparticles

their sizes slightly during one freeze-thaw circlaéerefore, it indicates that chitosan or PEI

coating can improve the stability of PLGA nanopaes.

A Before freezing B Before freezing
v/ 1st freeze-thaw ] v 1st freeze-thaw

440 -
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2004 74
360 - 0,5
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Figure VI-3. Effect of freeze-thaw cycles on the stabilityRif GA-based nanoparticlesA)

Z-Ave sizes in diameterB( Size distribution (PDI).

In order to improve the stability of nanoparticldaring freeze-drying, the addition of
lyoprotectants such as trehalose and mannitoldessary. Trehalose has already been used as
a stabiliser of nanoparticles [147]. PLGA-OVA naadjles as shown ifable VI-5 can be
refined to obtain a smaller size and better siztridution of particles. The suspension of
PLGA-OVA nanopatrticles was firstly centrifuged &0® xg for 5 min to remove some large
particles, the supernatant suspension was thenfaged at 15000 xg to collect fine PLGA-
OVA nanoparticles. Fine PLGA-OVA(10%) and cationlLGA-OVA(10%)-chitosan
nanparticles were used for the formulation in tleba The suspension of OVA-loaded
PLGA nanoparticles and 10% (w/v) trehalose aquesmistion were mixed at a dry mass
ration of 1/4. There is no change of sizes and-petantials for the PLGA nanopatrticles in
HPW and those in trehalose solution. The freezeddrnianoparticles were re-suspended in
HPW for DLS measurements. The sizes, PDIs andp#tntials of the OVA-loaded PLGA
nanoparticles did not change during freeze-dryitgmnv10% (w/v) trehalose was used as the

lyoprotectant Table VI-9).
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Table VI-9 Stability of OVA-loaded PLGA nanoparticles in aqus trehalose solution after

freeze-drying

Before freeze-drying After freeze-drying
Sample Z-Ave Z-Ave
PDI ZP (mv) PDI ZP (mv)
(d.nm) (d.nm)
PLGA-OVA(10%) NPs 126+2 0.060+0.016 -(22.9+0.5) 126 0.075+0.008 -25.1+0.9

PLGA-OVA(10%)-chitosan NPs 268+1 0.194+0.004 38.1+0.8 283+3 0.167+0.008 38%+0

Trehalose/nanopatrticles (NPs) = 4/1 (w/w)

3.5 Sugar-based microparticles encapsulating OVA/SNIFEKL-loaded PLGA

nanoparticles
3.5.1 Micropartices encapsulating PLGA-OVA nanoparicles

Plain and cationic PLGA-OVA/OVA-Alexa488 nanopaltis were added to a TMD matrix to
obtain a loading of 2ng/mg. As shown irFigure VI-4, most of the microparticles show a
size range of 20-30m and display shrunken surfaces. There is no distiffiference between
the microparticles encapsulating PLGA-OVA/OVA-Al&&8 and PLGA-OVA/OVA-
Alexa488-chitosan nanoparticles. The green flueese of OVA-Alexa488 is distributed
over all microparticles, indicating that encapdolathas been achieved effectively. Both plain
and cationic PLGA-OVA nanoparticles are dispersedhie microparticles as observed by
CLSM. It is concluded that the surface propertiésnanoparticles have no effect on the

encapsulation of nanopatrticles in TMD microparsdby spray-freeze-drying.
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Figure VI-4. TMD microparticles encapsulating OVA-loaded PL®Anoparticles. SEM

micrograph A), CLSM micrograph B) and 3D view C) of TMD/PLGA-OVA/OVA-
Alexa488 microparticles; SEM micrograpB)( CLSM micrograph ) and 3D view E) of
TMD/PLGA-OVA/OVA-Alexa488-chitosan micropatrticles.

3.5.2 Micropartices encapsulating PLGA-SIINFEKL naroparticles

In the case of peptide-loaded PLGA nanoparticlesioparticles were formulated in TMD
microparticles at a concentration of #§/mg. The SEM micrographg-igure VI-5) show
similar particles as the microparticles containi2$y pg/mg of OVA-loaded PLGA
nanoparticles. Weak fluorescence of the microdadicencapsulating PLGA-SIINFEKL
nanoparticles was observed. The loading of FAM-SBKL in PLGA nanopatrticles is very
small (lower than 0.18 wt%), thus the fluorescendensity of SIINFEKL-loaded PLGA
nanoparticles is low, which has also been demaestrdor the PLGA-SIINFEKL
nanoparticles in suspensiofrigure VI-2). However, the results obtained from CLSM
micrographs Eigure VI-5) show that the plain and cationic PLGA-SIINFEKLnoparticles
have been respectively formulated into micropagscl
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Figure VI-5. TMD microparticles encapsulating SIINFEKL-load®d.GA nanoparticles.
SEM micrograph &), CLSM micrograph B) and 3D view C) of TMD/PLGA-SIINFEKL
microparticles; SEM micrographDj, CLSM micrograph E) and 3D view F) of
TMD/PLGA-SIINFEKL-chitosan microparticles.

As shown by CLSM observation, OVA-loaded PLGA-basednoparticles can be
encapsulated in the sugar-based microparticles.stddglity of PLGA nanoparticles in the
formulation is critical for the subsequent applicat The sizes of the antigen-loaded PLGA
nanoparticles before and after being formulated MD microparticles are shown ihable
VI-10. The dry TMD microparticles containing PLGA-OVAmaparticles were stored at 4 °C
for two months and were then dissolved in HPW feSDneasurements. The size and PDI of
the PLGA-antigen nanoparticles in TMD micropartictio not increase after re-suspension in
HPW compared to the formulations before spray-kedzing. The sizes of PLGA-OVA,
PLGA-OVA-chitosan, PLGA-SIINFEKL and PLGA-SIINFEKEhitosan nanoparticles
resuspended from the microparticles are 134 nm,n803128 nm and 213 nm, respectively,
corresponding zeta-potentials of -19.3 mv, 34.4 88,6 mv and 19.7 mv. The PLGA-based
nanoparticles in the microparticles after storafyjgvo months at 4 °C have almost the same
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size and PDI of freshly prepared nanoparticlesrdfoee, the formulation of the TMD matrix
can stabilise PLGA-based nanopatrticles.

Table VI-10 Stability of antigen-loaded PLGA nanoparticles

Before SFD Re-suspended
Sample Z-Ave Z-Ave
PDI ZP (mv) PDI ZP (mv)
(d.nm) (d.nm)

TMDD/PLGA-OVA 158+2 0.146+0.028 -(15.2+0.4) 134+1 .185x0.026 -(19.3x1.1)
TMDD/PLGA-OVA-

hit 349+2 0.249+0.006  38.8+0.3  303+3 0.240+0.011 342+1

chitosan

TMDD/PLGA-SIINFEKL ~ 117+2  0.154+0.009 -(25.2+1.6) &£ 0.191:0.009 -(23.6%2.3)
TMDD/PLGA-SIINFEKL-

) 25742 0.318+0.028 24.9+0.6 213+7  0.280+0.020 19.3+1
chitosan

4. Discussion
4.1 Particle size control and cationisation of PLGAbased nanoparticles

The fabrication methods of PLGA-based nano- andraparticles include emulsification-
evaporation [185, 188], emulsification-solvent dgffon [182, 202] and nanoprecipitation
[203, 204]. The emulsification-evaporation methodswised herein because it has already
been proved feasible for loading protein into PL@sticles [185]. The water-in-oil-in-water
(W/O/W) double emulsion technique was used to peepatigen-loaded PLGA nanopatrticles
[205, 206]. OVA or SIINFEKLin aqueous (water) phasas first emulsified in PLGA in
organic phase to obtain the first (1st) emulsiord@)V The 1st emulsion was then added to a
surfactant aqueous (water) solution for the sed@nd) emulsification. The W/O/W double
emulsion was finally obtained and particles wemnked when the organic solvent evaporated.
Dichloride methane is normally used as the organigent for dissolving PLGA, but a less

toxic solvent, ethyl acetate, was used in thisys{a06].

Polyvinyl alcohol (PVA) is the surfactant for sti&ing the emulsion of PLGA nanoparticles.
The particle size of PLGA-OVA(25%) nanoparticlegpéeds on the concentration of PVA.
The size increases when the PVA concentration ase® at the range of 1% (w/w) and 5%
(w/w). The size also increases when the PVA comagah decreases from 1% to 0.5%. Thus,
1% of PVA is the concentration for the smallest REGVA(25%) nanoparticles. In a study

of the preparation of pure PLGA nanoparticles ®yeémulsification-solvent diffusion method,
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authors found that the use of higher PVA conceotmaf1% - 10%) leads to larger mean
particles size (175 nm - 260 nm) [182]. They fouhdt the increase of viscosity of PVA
solution when the concentration increases is resptanfor the particle size increasing [182].
Even though the method for the preparation of PU@Aoparticles is different, the tendency
of the effect of PVA concentration (no less thaf %) on the particles size is similar.
Dynamic viscosity of PVA aqueous solution increasemificantly with increasing PVA
concentration (0 - 10% (w/v) [207]. During the esifitation process, an emulsion with
larger droplets may be formed for higher viscositjution if the energy for emulsification
stays the same. However, the emulsion will notthbls if the PVA concentration is too low,
resulting the increasing of the particle size. Téxplains that the size in the case of 0.5%
PVA is distinctly larger than that in the case di% PVA.

PEI can cationise PLGA nanopatrticles as provedumeaperiments, but the biocompatibility
of PEI is a big issue [200]. Chitosan is the chdige the cationisation of PLGA-based
particles [186]. Chitosan with a low molecular wdigind a medium molecular weight were
used to coat PLGA nanoparticles. It results thatdhitosan with a medium molecular weight
did not work successfully and the chitosan withoa Imolecular weight has effectively
achieved cationic PLGA nanoparticles. The reasory tma explained as follows. Both
chitosan can be dissolved in the acetate buffern@®0, pH 4.5). The interaction of the
chitosan in the aqueous phase and the PLGA inrtjen@ phase may play an important role.
For the chitosan with a low molecular weight, th&a@san dissolved in the PVA solution may
have strong interaction with the PLGA-ethyl acetiiplets, resulting efficient coatings after
the organic solvent is evaporated. The chitosah wihigher molecular weight may reduce
the interaction between the chitosan and the PL@Wleacetate droplets, resulting in

insufficient coatings.

4.2 OVA/SIINFEKL-loaded PLGA-based nanoparticles inthe nano-in-micro particle
systems

TMD microparticles containing silica nanoparticksd ovalbumin were studied in Chapter
IV. Compared to silica nanoparticles for loadingigens, the antigen loading amount in
PLGA nanopatrticles is significantly higher. Antigeare mainly encapsulated inside of PLGA
nanoparticles. The OVA-loaded or SIINFEKL-loadedipland cationic PLGA nanoparticles
are dispersed in TMD microparticles homogeneoultys indicates that the encapsulation of

nanoparticles in microparticles by SFD is suitalole preparing the nano-in-micro particles
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containing PLGA-based nanopatrticles. Transcutanetelisery of antigen-loaded PLGA
nanoparticles has also been applied on the shdwedEmice, inducing effective immune
responses [199]. The penetration of PLGA nanopestion skin is limited due to the
biological barrier of skin. Powder injection carcalerate particles into the epidermal or even
dermal layer of skin, but there are requirementdHe particle size and density [10, 12]. It is
very difficult to deliver PLGA nanoparticles (10@d0 nm) into skin by powder injection due
to the limitation of the device. A better solutidm this problem is to formulate PLGA
nanoparticles into microparticles as what was dondhis study. Therefore, the TMD
microparticles containing antigen-loaded PLGA nartiples seem to be a good candidate

for the epidermal powder immunisation.

The stability of PLGA nanoparticles is crucial their application. Freshly prepared antigen-
loaded PLGA nanoparticles can be freeze-dried hayewith trehalose (disaccharide) as the
lyoprotectant. In this study it was shown that greperties of PLGA nanopatrticles can be
preserved when the mass ratio of particles analiweh in the formulation for freeze-drying
is 1/4. It confirms that trehalose can stabilis€GRLnanoparticles after drying [147]. TMD
matrix plays a similar role as trehalose for thabsisation of PLGA nanoparticles. The sizes
and zeta-potentials of the antigen-loaded PLGA part@les in TMD microparticles are

almost the same as those before spray-freeze-drying
5. Conclusion

Ovalbumin and SIINFEKL have both been encapsulategolain and cationic PLGA-based

nanoparticles (150 - 300 nm in diameter) by a W/Q$ble emulsion technique. Chitosan
with a low molecular weight is suitable for catisimig PLGA nanopatrticles. Plain PLGA-

OVA nanoparticles with high OVA loadings and catoRLGA-OVA-chitosan nanoparticles

with OVA loadings of 10 wt% and 24 wt% were obtain&he high loading of OVA enables

a sufficient amount of antigens for immunisatiornofit 0.18 wt% of SIINFEKL was loaded

in plain PLGA nanopatrticles at an encapsulatiorcieficy of about 50%, while about 0.10
wt% of SIINFEKL was loaded in cationic PLGA nanadjpaes at an encapsulation efficiency
of about 30%.

OVA- and SIINFEKL-loaded PLGA nanoparticles haveh&ncapsulated in the sugar-based
TMD microparticles, respectively. Each kind of PL@Atigen nanoparticles can be

distributed in TMD microparticles homogeneously. stloof the TMD microparticles
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containing PLGA-antigen nanoparticles have a saaoge of 20 - 3@m, which meets the size
requirement for epidermal powder immunisation. Bhedility of the antigen-loaded PLGA
nanoparticles in TMD microparticles is sufficientlpreserved. Furthermore, TMD
microparticles containing PLGA nanopatrticles enatble delivery of PLGA nanopatrticles
into skin by ballistic powder injection. From thepeeliminary studies, the nano-in-micro
systems of PLGA nanoparticles in TMD microparticlesve the potential to be used for

epidermal immunisation via ballistic delivery.
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The work of this thesis is focused on the invesiiga of skin models mimicking the
mechanical properties of human skin and vaccindddamnicroparticles for the development
and applications of epidermal powder immunisatiéRI] using a novel device. This project
was proposed at the background that a novel, ecionama effective device for EPI is being
developed by our collaborator. There are two ctymiablems that need to be addressed for
the design and development of a novel EPI device i© to deliver vaccine particles into the
viable epidermis or upper dermis of skin exactlgevaccine cannot be efficiently presented
to immune cells if its penetration is too small.irPand bleeding are expected when the
vaccine particles penetrate deeply into lower dermi even hypodermis. For a new
established device for EPI, the injection on skindeds orin vitro skin is a prerequisite
before it is applied on animals or later for clalistudies. The other is to prepare appropriate
vaccine particles for EPIl. Almost all present vaesi on market are supplied in liquid
formulations. Dry formulations of vaccines in tteerh of powder or particles are required for

EPI. Appropriate size and density of vaccine plsiare very important for their use in EPI.

The studies in this thesis include mainly two paiitse first part is the development of a
model skin for the evaluation and optimisationtt# hovel device for powder injection. This
part is described irChapter Il. The second part is the fabrication of vaccinelah
microparticles for EPI. A nanoparticles-in-microfpees (nano-in-micro) system was
proposed to prepare vaccine microparticles for ER& nano-in-micro concept is described in
Chapter 1l . Three embodiments of the nano-in-micro systenrs E®l were further
investigated using different nanoparticles and we=in the formulations. As described in
Chapter 1V, cationic mesoporous silica nanoparticles (MSNP2NEINd ovalbumin (OVA)
were incorporated into sugar-based micropartidied are aimed for EPI. Influenza H1N1
hemagglutinin (HA) vaccine instead of ovalbumin a8NP-NH2 nanopatrticles formulated
in the microparticles were describedGhapter V. Preliminary studies of OVA/SIINFEKL-
loaded PLGA nanopatrticles for the formulation of DMnicroparticles were described in
Chapter VI. The detailed work of each main chapter is tolarsarized further.

In Chapter 1l, the objective was to produce a skin model sinmgathe mechanical

properties of human skin for the evaluation ofadegrmal powder injection devices. Pig skin
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and different films made from gelatin, silicone amghr were prepared and investigated as
skin model candidates. The mechanical propertieghef skin model candidates were
measured with an indentation method using a texdoedyser. The indentation results of the
films and the biological skin samples suggest geatin films plasticised with glycerol are
very well suitable for a skin model. The mechanjmalperties of gelatin-based films can be
tailored by changing the glycerol content in thienfimaking it even possible to simulate
human skin with different mechanical propertiese Taproducibility of the gelatin films can
be controlled and the stability during storage esyvgood. In addition, fluorescently labeled
particles in the layered structural model of gelat a depth of 400 um were successfully
visualized by CLSM. This is a major advantage fosarving the penetration and distribution
of fluorescent particles after powder injectionitiier supporting the feasible applications of

the gelatin films for the evaluation of powder ittjen devices.

Gelatin films were shown as a very good skin matgeulating the mechanical properties of

human skin, indicating them as a suitable baspdarder injection.

In Chapter Ill, the concept of nanoparticles-in-microparticlean@-in-micro) systems for
EPI was proposed and some examples were studigdr-$ased microparticles (20 - gt

in diameter) consisting of trehalose, mannitol, tceax (TMD) were fabricated by spray-
freeze-drying. Nanoparticles were incorporated thi® matrix by spray-freeze-drying of the
mixture of nanoparticles and matrix solution. Naaigles including PS, PLGA, gelatin,
silica and silk were encapsulated into TMD micrdigées, respectively. The sizes of PS and
PLGA nanoparticles can be best preserved in thaspemsion of TMD microparticles
carrying nanoparticles. The size, tap density aekboity of microparticles determine the
penetration into skin when the microparticles asedufor powder injection. High tap density
is vital for the penetration of injected micropel¢is. The tap density of TMD microparticles
can be enhanced by addition of Cad®the formulation.

In Chapter IV, MSNP-NH2 nanoparticles and ovalbumin were forredanto sugar-based

microparticles. Loading of OVA on MSNP-NH2 was dniv by electrostatic interactions.
OVA-loaded silica nanoparticles were formulatedifMD microparticles by spray-freeze-
drying. The obtained microparticles meet the sespirement for EPl. OVA-loaded MSNP-
NH2 can be homogeneously distributed in the miatigdas as demonstrated by confocal

microscopy. Furthermore, the silica nanoparticlesthe dry microparticles can be re-
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dispersed in aqueous solution without obvious agagren. The recovered ovalbumin shows
integrity compared to fresh ovalbumin solution.

In Chapter V, concentrated HIN1 HA (1 - 2 mg/ml) and MSNP-NHe@revformulated into
TMD microparticles using SFD. The HA content in TidD micropatrticles is about gg/mg.
H1N1 HA can be adsorbed on MSNP-NH2 nanoparticlagiy by electrostatic interactions.
The H1N1 HA reconstituted from the TMD microparisimaintains the integrity as studied
by SDS-PAGE and shows a good binding affinity asven by western blot. The HA
biological activity, studied by the hemagglutinimhibition (HAI) assay, was not affected
during the encapsulation process of HA and MSNP-NrEnhoparticles into TMD

microparticles.

Some preliminary results about PLGA nanopartictesantigen loadings were described in
Chapter VI. OVA or SIINFEKL (OVA peptide) was loaded into PRBGhanoparticles by a
W/O/W double emulsion technique and the antigeddda PLGA nanoparticles were
encapsulated into TMD microparticles. Plain PLGA®Yanoparticles with OVA loadings
of 15 wt% and 40 wt% were obtained and cationic RK®VA-chitosan nanoparticles with
OVA loadings of 10 wt% and 24 wt% were obtainedr PEGA-SIINFEKL nanopatrticles,
about 0.18 wt% of SIINFEKL was loaded in plain PL@Anoparticles and about 0.10 wt%
of SIINFEKL was loaded in cationic PLGA nanopail OVA- and SIINFEKL-loaded
PLGA nanopatrticles encapsulated in the TMD micrbgias have homogeneous distributions

and good stability for resuspension in water.

In summary, the studies toward epi- and intra-démraacinations by powder injection were
carried out in the thesis. Some positive resulteiation to the original objectives have been
achieved. Major achievements include two partggelatin-based films were found to be an
appropriate skin model for the evaluation of epid antra-dermal powder injection devices;
2) Nano-in-micro particle systems as particulatecuzes have been demonstrated feasible for
epi- and intra-dermal powder immunisation from fbemulation point of view. The skin
models will facilitate the optimisation of a nov€PI device that is being developed by our
collaborator. Furthermore, the applications of tla@o-in-micro vaccine particles in animals

for epidermal powder immunisation will be interagtifor future studies.
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