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Chapter 1

General introduction

Vaccination is the most effective tool to fight ags infectious diseases [1]. With vaccination
smallpox was eradicated in 1979, which had killedlions of people in 28 century and
before [2]. The incidence of other devastating ases such as polio, tuberculosis and tetanus
has substantially declined owing to the routinecuzettion programs [3]. However, there is
still a need for new and better vaccines agairiettious diseases [4]. Nowadays, in addition
vaccination gains increasing attention for thersipaise against established diseases, such as
cancer and chronic auto-immune disorders [5].

Traditional vaccines are derived from attenuateghoisms or inactivated pathogens. These
vaccines can induce potent immune responses, ity sssues including the administration
of potentially harmful components and reversionvimilent forms have restricted their
application. Nowadays, subunit antigens contaironty antigenic parts of a pathogen are
being extensively investigated because of thetebstfety. However, they are generally less
immunogenic than traditional vaccines. In ordetimprove their immunogenicity, immune
modulators and nanoparticle delivery systems camsbd [6-9].

Microneedle technology for vaccine delivery

Most vaccines are administered by intramuscularswbcutaneous injection, but these
methods can cause pain and stress due to theffiegeation [10]. Furthermore, there is a risk

of infection due to the reuse of needles especiallgieveloping countries [11]. Lastly, the

delivery of vaccines to antigen presenting celly foa inefficient as these delivery sites are
not rich of antigen presenting cells.

As an alternative, intradermal delivery has gaiagedntion because of its potential for needle-
free administration. Additionally, the skin is easyaccess and contains a large number of
antigen presenting cells, such as Langerhans iceipidermis and dendritic cells in dermis,
making the skin an attractive site for vaccinatj@@]. However, the stratum corneum, the
uppermost layer of the skin, forms the main bami®t prevents most foreign substances from
entering our body. To effectively overcome the skiarrier, microneedles have been
developed [13]. Microneedles are micro-sized neesttectures which can be used to
penetrate the skin in a non-invasive and painivag, as they only pierce the upper layers of
skin without touching the deeper nerves and blassels [14].

Microneedles were first used for pretreatment efgkin [15]. After the conduits were made
and the microneedles were removed, the vaccineetbgétch or formulation was applied
onto the microneedle-penetrated skin. However, difeusion of vaccines through the
microneedle-made conduits is slow due to the smhialineter of the conduits and small
surface area of the pretreated skin. As a resuoilf, asmall fraction of the antigen is delivered
into the skin. Furthermore, the conduits may cksen after the removal of the microneedles,
limiting the time available for diffusion [16]. Timcrease the delivery efficiency of vaccines
and avoid the separate application of vaccines #iteremoval of the microneedles, several
types of new microneedle systems have been dewklopthe past twenty years, including
coated, hollow and dissolvable microneedles [13,17418].

In case of coated microneedles, antigens are caattedthe surface of microneedles. After
the microneedles are inserted into the skin, thigem should be quickly released. One
disadvantage of using coated microneedles is igatdating amount of antigen is limited due
to the small surface area of microneedles. At #mestime, there could be a waste of antigen
during the coating process, as the coating effayieis normally much lower than 100%.
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Several methods have been reported for the coafiramtigen on microneedles. Gill et al.

described a dip coating method and found thatuhiace tension and viscosity of the coating
solution had a major influence on the uniformitydahickness of the coating, respectively
[19, 20]. Chen et al. proposed a gas jet dryingr@gogh to reduce vaccine wastage and
produce a thinner coating of antigen [21]. In ououp, we developed pH-sensitive

microneedles by modifying their silicon surfacewgyridine groups. The microneedles can
adsorb negatively charged antigens at slightlyiaddnditions and release them at neutral pH
[22]. Finally, in some studies a layer-by-layer twog approach was used, in which the
amount of coated antigen can be tailored by adjgstie number of coating layers [23, 24].

Dissolvable microneedles are made of water solydgdlymers or low-molecular-weight
sugars and the antigen is loaded inside the solictomeedle matrix [25]. When the
microneedles are inserted into the skin, they s$tadissolve, thereby releasing the antigen
[17, 25]. The advantage of using dissolvable miesates is that there is no sharp waste after
the application of the microneedles. The mostlydusethod for fabrication of dissolvable
microneedles is micromolding [25]. The micromoldee dirst filled with an aqueous
polymer/sugar solution, and through evaporatiorthef solvent the polymer/sugar will be
solidified to form the microneedles [26]. Recengfforts have been made to load vaccines
only in the tips of dissolvable microneedles, aignio maximize the delivery/release of the
loaded antigen during the application of micronesd7, 28].

Hollow microneedles contain conduits through whileé liquid formulation of vaccines can
be injected into the skin. The advantage of usioldptv microneedles, compared to coated
and dissolvable microneedles, is that the injectiolume, rate and depth can be precisely
controlled [14, 29]. Furthermore, there is no needptimize the loading process of vaccines
in the microneedles and in case of liquid vaccorenilations the formulation buffer does not
have to be developed. A disadvantage is that drgcima formulations need to be
reconstituted in water or buffer before injectid3]. Hollow microneedles can be made from
metal, polymer or silicon [13]. Davis et al. reatta laser micromachining method in which
nickel was coated onto a polymer mold made by laddling. The prepared hollow
microneedles were released by etching the polynad §30]. In our group a method was
developed to prepare hollow microneedles by etchfnged silica capillaries with
hydrofluoric acid [31].

Microneedles can be penetrated into skin manuallgyousing an applicator. As the elastic
skin will stretch and deform when being pressed,rttanual application may result in a low
and variable penetration efficiency of microneed[82]. By using an applicator, the
microneedles can be applied with a fast, controted with the penetration force precisely
controlled. However, the disadvantage is that distipated and expensive applicator needs
to be developed.

Nanoparticles for vaccine delivery

Nanoparticle delivery systems have been extenssteigied for vaccination, as they are able
to enhance the immunogenicity of antigens by ptotgadhem from degradation, increasing
their uptake by antigen presenting cells and corelehg them with adjuvants [8].
Furthermore, the immune responses can be potentredtified by tuning the properties of
nanoparticles such as size, surface charge, loamhdgrelease of antigens [33]. Different
types of nanoparticles have been studied for vatiom, such as polymeric nanoparticles,
liposomes, inorganic nanoparticles and emulsion8,[33-38].
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Polymeric nanoparticles are prepared from synttaticatural polymers such as poly(lactic-
co-glycolic) (PLG), poly(lactic-co-glycolic acid)LISA, chitosan and gelatin [39]. The most
often studied polymeric nanoparticles are PLGA mpanticles and the antigens are normally
encapsulated inside the PLGA matrix. The antigeilisb& released from the nanoparticles
during the PLGA degradation process. Liposomesrade of lipids and the antigens can be
adsorbed on the surface of liposomes, loaded ircdihe or incorporated in between the lipid
bilayers. Polymeric nanoparticles and liposomesehbeen extensively investigated for
vaccine delivery because of their excellent biocatitylity and biodegradability. Inorganic
nanoparticles have been studied for the deliveryaatines because of their rigid structure
and excellent thermo stability. Recently, mesopsmlica nanoparticles (MSNs) have gained
increasing attention for vaccine delivery becauseheir excellent biocompatibility and
multiple options for surface functionalization. Adanally, the large pores and surface area
of MSNs allow for efficient loading of relativelytge amounts of antigens [40, 41].

Studies have shown that the physicochemical cteatits of nanoparticles such as size,
surface charge and release property of antigen® leav important influence on the
immunogenicity of the encapsulated antigens. Namigpes with a size below 200 nm have
been shown to be more efficiently taken up by déicdcells [33, 42]. Nanoparticulate
vaccines with a positive zeta potential have beponted to enhance the activation of antigen
presenting cells and the subsequent immune respdh3k Besides, the sustained release of
antigen together with the depot effect of nanopkesi on cell surface could allow longer
interaction of antigen with the antigen presentialis [6, 44].

An increasing number of studies focuses on theotisanoparticles for co-delivery of antigen
and Toll-like receptor (TLR) ligands [46-54]. The$igands can function as pathogen-
associated molecular patterns and selectively nthe TLRs of antigen-presenting cells,
thereby enhancing the immune responses. Amongreiiffdypes of TLR ligands, poly(l:C)
and CpG, which are ligands for TLR3 and TLR9 resipely, have been extensively
investigated. Both of these adjuvants are capdtgatmancing Th1/CDST cell responses [9].
Recent reported studies have shown that antigen @oid(l:C)/CpG co-encapsulated
nanoparticles elicited superior Th1/CDB cell responses compared to mixture of antigeh an
adjuvant solution [46, 48-54]. The co-delivery otigen and immune modulator to the same
antigen presenting cells is likely responsibletfos [47, 52].

Combination of microneedles and nanopatrticles formtradermal delivery of vaccines

The intradermal delivery of nanoparticulate vacsineas first studied by using traditional
hypodermic needles [46, 48, 50, 53-56]. Some stuti@ve shown that the intradermal
injection of these vaccines induce stronger IgG24] [or CD8 T cell responses than
subcutaneous injection [56]. Other studies furtiere shown that the antigen and adjuvant
co-encapsulated nanoparticles induce higher Ig@@a {46, 53] and CDS8T cell responses
[50] compared to antigen and adjuvant solutionrdfte intradermal delivery by hypodermic
needles.

Nowadays, researchers are trying to combine thieatton of microneedles and nanoparticles
for intradermal delivery of vaccines. Initially, ononeedles were used for pretreatment of
skin and the nanoparticles were applied onto thetrgmted skin after removal of the

microneedles. Microneedle-assisted administrationamoparticle vaccines has been shown
to induce stronger immune responses than antigemicso [57, 58]. However, the reported

results were conflicting. Another study showed tnatigen-loaded liposomes did not enhance
immune responses compared to antigen solution anomeedle pretreated mice, most likely
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because the transport of the nanopatrticles in dinelits made by microneedles was limited
[59].

To improve the delivery efficiency of nanopartidelavaccines, coated, hollow and
dissolvable microneedles were used [24, 49, 6Q, l&d coated microneedles, the processes
of the encapsulation of antigen into nanopartieled the coating process of nanoparticles
onto microneedles need to be optimized, in ordeeéch a sufficient antigen dose coated on
the microneedles. Demuth et al. described the mgaif antigen-loaded lipid nanocapsules
onto PLGA based microneedles by using a layer-pgrl@oating approach [24]. The coated
multilayers were rapidly released into the skireathe application of microneedles into the
skin, resulting in a balanced response of multiglé isotypes, whereas the immunization
with soluble antigen only induced a weak IgGl-bthsenmune response. In case of
dissolvable microneedles, it is important to stwdhether the loading of nanopatrticles in the
microneedles does not affect the properties of otliable microneedles, such as the
mechanical strength or dissolution rate of micrathe®in the skin. It has been reported that
antigen-loaded PLGA nanoparticles were successémbapsulated into methylvinylether and
maleic anhydride (PMVE/MA) based dissolvable miaedles [60, 61]. The prepared
microneedles were able to penetrate the skin asdoldie quickly within 15 min. The
dissolvable microneedles loaded with antigen endapsd PLGA nanoparticles induced
higher Th1/CD8 responses than antigen solution [60, 61]. In cddellow microneedles, a
suspension of nanoparticulate vaccine can be diregéected into the skin. Siddhapura et al.
reported the use of hollow microneedles for intrad# injection of tetanus toxoid -loaded
chitosan nanoparticles into mice. This was foundngiuce a higher IgG2a response and
stronger expression of Th1l cytokines than a comialeraccine delivered intradermally [62].

From the above it can be concluded that microneseddiated intradermal delivery of
nanoparticulate vaccines is a promising approach effective intradermal vaccination.
However, there are no systematic studies reporedfgcusing on 1) optimization of
microneedle-based systems for the delivery of narimplate vaccines, 2) the effect of
physicochemical characteristics of nanoparticlestiom immunogenicity of encapsulated
antigens after microneedle-mediated intradermatination.

As described above, coated microneedle arrays pyitildine modified pH-sensitive surface
and hollow microneedles prepared from fused sitigpillaries have been developed in our
lab and used successfully for intradermal delivaryarious protein antigens [14]. The results
of the immunization studies have shown that theranieedle mediated immunization groups
induced comparable immune responses as compasootaneous or intramuscular group
[22-23, 31, 63-65]. Therefore it is attractive tontbine these microneedle approach with
nanoparticles to improve ithe immunogenicity o #ntigens.

Aim and outline of this thesis

The aim of this thesis is to determine whether anl@oation of microneedles and
nanoparticles can be used to elicit potent imme@spanses after intradermal administration
and whether the immune response can be tailoreékdebghoice of the nanoparticles. For these
purposes, two types of microneedles, namely coatetlhollow microneedles, and several
types of nanopatrticles, covering a broad rangeéhgsigsochemical parameters, were used.

In Chapter 2, the development of a new type of M&Nsthe encapsulation of ovalbumin
(OVA) is described. Additionally, the coating of @Moaded MSNs onto pH-sensitive
microneedle arrays was investigated. In Chaptean®ther type of nanoparticles, namely
PLGA nanopatrticles, are used for the encapsulaifod@VA and an adjuvant (poly(l:C)). T

5
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cell responses induced by these nanoparticles ladleyw microneedle-mediated intradermal
iImmunization in mice were studied. In Chapter 4|dve microneedles are used to study the
effect of nano-encapsulation of OVA and poly(I:Ch é&numoral and cellular immune
responses. In this study, four types of nanopagjchamely MSNs, PLGA nanoparticles,
liposomes and gelatin nanoparticles, were compdne@hapter 5, hollow microneedles are
used to examine the effect of encapsulation maoihdiphtheria toxoid (DT) and poly(I:C) in
liposomes on the antibody responses in mice. Inp@hab, the antibody responses of DT-
loaded MSNs after coated and hollow microneedletated intradermal vaccination are
compared. In Chapter 7, the main findings of thedists described in this thesis are
summarized and discussed. The future prospectssioig unicroneedles for intradermal
delivery of nanoparticulate vaccines are brieflycdissed.
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ABSTRACT

Purpose To develop a new intradermal antigen deliveryeysby coating microneedle arrays with
lipid bilayer-coated, antigen-loaded mesoporousasitanoparticles (LB-MSN-OVA).

Methods Synthesis of MSNs with 10-nm pores was performed #he nanoparticles were
loaded with the model antigen ovalbumin (OVA), aéted with a lipid bilayer (LB-MSN-
OVA). The uptake of LB-MSN-OVA by bone marrow-dezty dendritic cells (BDMCs) was
studied by flow cytometry. The designed LB-MSN-O\W®ere coated onto pH-sensitive
pyridine-modified microneedle arrays and the delivaf LB-MSN-OVA into ex vivo human
skin was studied.

Results The synthesized MSNs demonstrated efficient lgadih OVA with a maximum
loading capacity of about 34% and the lipid bilagehanced the colloidal stability of the
MSNs. Uptake of OVA loaded in LB-MSN-OVA by BMDCsas higher than that of free
OVA, suggesting effective targeting of LB-MSN-OVAo tantigen-presenting cells.
Microneedles were readily coated with LB-MSN-OVA pH 5.8, yielding 1.5 pg of
encapsulated OVA per microneedle array. Finallyaagsult of the pyridine modification,
LB-MSN-OVA were effectively released from the mineedles upon piercing the skin.

Conclusion Microneedle arrays coated with LB-MSN-OVA were cegsfully developed and
shown to be suitable for intradermal delivery & #ncapsulated protein antigen.

Keywords Intradermal antigen deliverylipid bilayer- mesoporous silica hanopartickgsH-
sensitive microneedle arrays
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INTRODUCTION

Vaccination is regarded as one of the most promistnategies for reducing mortality and
improving human health [1, 2]. Most of the currgatcines are delivered by intramuscular or
subcutaneous injection, which have inherent linatet, such as the risk of infections induced
by reusing needles and syringes and the needleofednildren and patients. Therefore, new
needle-free, easy to use and effective vaccinatiethods are urgently needed. One of these
potential methods is microneedle-mediated intradéxmaccination [3].

Intradermal vaccination is attractive because #ie is easily accessible and harbors a large
number of immune cells, such as dendritic cells P[@, 4].Microneedles are micron-sized
structures with a length of less than 1 mm which ba used to overcome the skin barrier
located in the top layer of the skin. As these feedo not penetrate to the depths where
nerve endings reside, coating of antigens on mezdles enables minimally-invasive and
pain-free delivery of vaccines into skin [5-7]. Aajar challenge however, is the limited dose
that can be delivered with coated microneedlesanleffort to improve coating efficiency, our
lab designed pH-sensitive pyridine-modified micredies with a surface Kg below
physiological pH, which allows the adsorption ofgagvely-charged proteins at slightly
acidic conditions (pH 5.8) and their release attraypH (pH 7.4). In our previous study,
intradermal immunization using pH-sensitive micredies coated with 5.7 pg OVA were
compared to conventional subcutaneous or intrademmaunization [8, 9]. Microneedle-
mediated immunization led to comparable T-cell oeses but 10-fold lower IgG responses
when compared to conventional subcutaneous or detnaal immunization. Possible
strategies to further improve the immunogenicityatcines by the intradermal route could
be adding an adjuvant or using nanopatrticles tveleihe antigens [2, 6, 10-13].

The adjuvanticity of nanoparticles is attributedheir capability of protecting antigens from
degradation, forming a depot at the site of inf@ttiand facilitating antigen uptake by DCs
[14]. A variety of nanosized vaccine delivery sysse have been developed, such as
polymeric nanoparticles [15], emulsions [16], aipid-based nanoparticles [15, 17]. Recently
mesoporous silica nanoparticles (MSNs) have gasigdificant attention as drug delivery
vehicles because of their controlled size and mastsare, excellenin vivo biocompatibility,
and their large surface area and pore volume, igatile efficient loading of active small
molecules or proteins [2, 18-21].

Herein, we report a new intradermal delivery systerhich synergistically integrates the
advantages of nanoparticles and microneedles biingogH-sensitive microneedles with
antigen-loaded, lipid bilayer-covered MSNs. As adelantigen, OVA was used. This protein
is negatively charged (pl of 4.9) [22] at pH 7.4r Fhe delivery of OVA, a novel type of
ultrafine MSNs with large pores (~10 nm in diameteas synthesized with a positive surface
charge (AEP-MSNSs), resulting in efficient loading OVA in the AEP-MSN pores. To
enhance the colloidal stability of OVA-loaded AEFSMs and generate a negative surface
charge, a negatively charged lipid bilayer (LB) veassembled at the AEP-MSN surface and
the lipid-coated and OVA-loaded AEP-MSNs are refério as LB-MSN-OVA [23-25]. This
method synergistically combines features of lipoesrand MSNs and has been reported to
address the multiple challenges including stabitiygeting and multicomponent delivery [24,
25]. The designed LB-MSN-OVA were coated onto plHssive pyridine-modified silicon
microneedles by electrostatic interactions betwten pyridine groups and the LB-MSN-
OVA at low ionic strength. Piercing the LB-MSN-OVéoated microneedles intx vivo
human skin resulted in the successful releaseeoh#moparticles due to a shift in pH from 5.8
to 7.4 (Scheme 1).
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v LB-MSN-OVA coated ; ’ Microneedles
Microneedles microneedles / \ after penetration
7| ——

(3 o &8

== Human skin with microneedles eE g /‘;.;"
pH7.4 ¢ s

Human skin Human skin

Scheme 1Preparation and application of pH-sensitive miceatle arrays coated with LB-
MSN-OVA. (a) Encapsulation of OVA into AEP-MSNSs, followed Ihysion of liposomes
(composed of DOPC/DOPS/cholesterol), resulting BiMSN-OVA. (b) Adsorption of LB-
MSN-OVA onto pH-sensitive microneedles and penigtnadf microneedles into human skin,
resulting in a pH shift and delivery of LB-MSN-OMAto the viable epidermis and dermis.

MATERIALS AND METHODS
Materials

Tetraethyl orthosilicate (TEOS, 98%), sulfuric a¢@®-98%), hydrochloric acid (36%-38%),
(3-aminopropyl)triethoxysilane (APTES, 99%), 4-glniecarboxaldehyde (97%), sodium
cyanoborohydride (95%), 3-[2-(2-aminoethylaminoydimino] propyltrimethoxysilane
(AEPTMS, technical grade), Ovalbumin (OVA98%), 1,3,5-trimethylbenzene (TMB, 97%),
Pluronic P123 (E@PO,0EO,, Mn ~ 5800 g/mol), and cholesterat99%) were purchased
from Sigma-Aldrich (Zwijndrecht, the Netherlanddjluorocarbon surfactant FC-4 was
purchased from Yick-Vic Chemicals & Pharmaceuti¢dlk) Ltd. 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-Bgpphor-serine](sodium salt) (DOPS),
and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamin@igéamine rhodamine B sulfonyl)
(ammonium salt) (DOPE-LR) were purchased from AvBolar Lipids Inc (Alabaster, AL).
Hydrogen peroxide (30%) and ethylenediaminetetta@eeid (EDTA) were purchased from
Fluka (Steinheim, Germany). Toluerx9.7%) was purchased from Biosolve (Valkenswaard,
the Netherlands). Alexa FIU8$88 ovalbumin conjugates (OVA-AF488), anti-CD40-E[T
anti-CD80-PE and anti-CD86-APC were purchased fidvarmo Fisher Scientific (Waltham,
MA). Sterile phosphate buffered saline (PBS, 1680 Na', 140.3 mM Cl, 8.7 mM HPQ?*,
1.8 mM HPQO;, pH 7.4) was obtained from Braun (Oss, the Ne#meis). All the other
chemicals used are of analytical grade and usedbuiitfurther purification. Milli-Q water
(18.2 MQ/cm, Millipore Co., USA) was used for the preparatiof solutions. 1 mM
phosphate buffer (PB) with a pH of 7.4 was prepanethe lab. Silicon microneedle arrays
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with 576 microneedles per array on a back platé 8f5 mnf and a length of 200 pm per
microneedle were kindly provided by Robert BoschidBh{Stuttgart, Germany).

Synthesis of MSNs and Amino-functionalized MSNs (AB-MSNSs)

Mesoporous silica nanoparticles were synthesizedrdog to a published procedure with
modifications [26]. Briefly, surfactant Pluronic 23 (0.5 g) and FC-4 (1.4 g) were dissolved
in HCI (80 mL, 0.02 M), followed by the introductiaof TMB (0.48 mL). After stirring for 6
h, TEOS (2.14 mL) was added dropwise. The resuftiirgure was stirred at 3@ for 24 h
and transferred to an autoclave at 12Gor 2 days. Finally, the solid product was isetaby
centrifugation, and washed with ethanol and Millivater. The organic template was
completely removed by calcination at 58Dfor 5 h.

To prepare cationic MSNs, AEPTMS in absolute ethéhaonl, 20 wt%) was incubated with
MSNs (100 mg) overnight at room temperature. Thardd AEP-MSNs were collected by
centrifugation and washed with ethanol to removweacted AEPTMS.

Characterization of MSNs and AEP-MSNs

Morphology of MSNs and AEP-MSNs was visualized gnsmission electron microscopy
(TEM) using a JEOL 1010 instrument (JEOL Ltd, PebhdA) with an accelerating voltage
of 70 kV. To prepare the samples, several drogieteanoparticle suspension (1 mg/ml) were
put on a copper grid, dried overnight and coateti warbon.

Nitrogen adsorption-desorption isotherms of samplese obtained with a TriStar 11 3020
surface area analyzer (Micromeritics, Norcross, (3€fore each measurement, MSNs were
outgassed in the vacuum (below 0.15 mbar) at 8@or 16 h, while AEP-MSNs were
outgassed at room temperature. The specific sudiaaes were calculated from the adsorption
data in the low pressure range using the Brunanené&it-Teller (BET) model [27]. The pore
size distribution was determined following the RBdiHJoyner-Halenda (BJH) model.
Thermogravimetric analysis (TGA) with a Perkin EMi&A7 (Waltham, MA) was used to
measure the amount of amine-containing groups enstirface of AEP-MSNs. All the
samples were tested under an air atmosphere fronC 26 800'C at a heating rate of
10 C/min.

Encapsulation of OVA in AEP-MSNs

For loading of OVA into AEP-MSNs, OVA (0.5 mL, Orig/mL 1mM PB) and AEP-MSNs
(0.5 mL, 2 mg/mL, 1mM PB) were mixed and incubate&ppendorf mixer (400 rpm, 25 °C,
Nijmegen, the Netherlands) for different time pdso(0, 0.5, 1, 2, 4, 8 and 24 h). After
incubation, the suspensions were centrifuged aaeticapsulation efficiency (EE%) of OVA
was determined by measuring the difference imitsnisic fluorescence intensity with a plate
reader (Tecan M1000, Mannedorf, Switzerland) (etich wavelength = 280 nm and
emission wavelength = 320 nm) in the supernataiaréeand after the encapsulation.

To determine the maximum loading capacity (LC%DMA in AEP-MSNs, the AEP-MSNs

(2 mg/mL) were mixed with different initial conceations of OVA (ranging from 0.25, 0.5, 1,
1.5, 2 to 3 mg/mL) and incubated in an Eppendoxem(400 rpm, 25 °C) for 0.5 h. Next, the
suspensions were centrifuged at 9000 g for 5 mire EE% of OVA was determined by
measuring the difference in their intrinsic fluaresce intensity in the supernatant before and
after the encapsulation with a plate reader (T&¢4000).

The EE% and LC% were calculated as below:
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EE % = fexa~ova » 100 g4 (1)

ova

0/ — tova‘fova 0
LC% = OVA loaded AEP-MSN's X100 % 2)

Whereto, represents the total content of OVA, dpd is the content of free OVA (OVA in
the supernatant).

Preparation of Liposomes

Liposomes were prepared by dispensing stock solsittd DOPC, DOPS and cholesterol in a
molar ratio of 7/1/2 into scintillation vials. Alipids were dissolved in chloroform. A lipid
film was generated by slow evaporation of chlorafan the vial under a nitrogen flow and
dried under vacuum overnight. The lipid film wa&ydrated by the addition of PB (1 mL, 1
mM, pH 7.4) and the mixture was vortexed for 1® $arm a cloudy lipid suspension. The
obtained suspension was sonicated in a water bathOf min. The resulting clear liposomes
dispersions were stored at 4 °C. To obtain flueestiposomes, a fluorescently labeled lipid
(DOPE-LR) was incorporated into the liposomes bgtiagl the lipids at 1 wt% DOPE-LR to
the lipid solution prior to liposome formation.

Preparation of LB-MSN-OVA

To prepare LB-MSN-OVA, OVA (0.5 mL, 0.25 mg/mL) stibn in PB (1 mM, pH 7.4) was
first transferred into a 2-mL Eppendorf tube, foltd by the addition of AEP-MSNSs (0.5 mL,
1 mg/mL) in PB (1 mM, pH 7.4) and liposome (0.5 nZ2Lmg/mL) in PB (1 mM, pH 7.4).
The resulting mixture was incubated in the Eppehduoxer for 1.5 h (400 rpm, 25 °C). The
particles were collected and excess liposomes avid @ere removed by centrifugation
(9000 g, 5 min). The encapsulation efficiency of OHWas determined by measuring the
difference in their intrinsic fluorescence integisih the supernatant before and after the
encapsulation on a Tecan M1000 plate reader. AdleBrents were performed in triplicate.
For the uptake study of LB-MSN-OVA in dendritic isgelOVA-AF488 was used to prepare
LB-MSN-OVA.

Characterization of LB-MSN-OVA

The hydrodynamic size distribution was measureti @inamic light scattering (DLS) using
a Malvern Nano-zs instrument (Worcestershire, UBgmples were diluted with 1 mM PB
(pH 7.4) and measured 3 times each with 10 ru5 &C. The zeta potential was measured
by laser Doppler velocimetry using the same insaoutnSamples were diluted with 1 mM PB
(pH 7.4) and measured 3 times with 20 runs.

The size distribution was also measured by NandSi20 (NanoSight Ltd., Amesbury,
UK). Samples were injected into chamber by an aatampump (Harvard Apparatus, catalog
no. 98-4362, Holliston MA). The samples were ditute 5ug/ml with 1 mM PB (pH 7.4)
and measured at 25 °C. A 90-s video was capturtdtive shutter set at 1495 and the gain at
680. The data was analyzed by NTA 2.0 Build 127veate.

Imaging of LB-MSN-OVA was performed by using a Ciy@an (FEI Corp, Hillsboro, OR)
operating at 300 kV and equipped with a field emissgun (FEG). Cryo-samples were
prepared from a 3 pL droplet of sample solutiorc@thon the grid inside the Vitrobot™
chamber at 100% relative humidity and 20 °C. Ptmruse the TEM grids were glow
discharged by a Cressington 208 carbon coatemtterehem hydrophilic. The samples were
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blotted to remove excess solution and vitrified using an automated vitrification robot
(Vitrobot™ Mark Ill, FEI Corp).

OVA Release Studies from AEP-MSNs and LB-MSN-OVA

To study the influence of ionic strength on theeaske of OVA from AEP-MSNs, phosphate
buffer (PB, 1 mM NgHPQO, and 1 mM NaHPO, were mixed at molar ratio of 5:2, pH 7.4)
with various concentrations of NaCl (0, 0.9, 1.8,3.2, 14.4 and 28.8%, m/v) were prepared.
AEP-MSNs loaded with OVA (1 mg, based on the mds8EP-MSNs) were dispersed in
one of the buffers (1 mL) mentioned above. The sosins were kept in the Eppendorf
mixer for 0.5 h (400 rpm, 37 °C), followed by cefuigation (9000 g, 5 min) to collect the
supernatant. The amount of released OVA in theebuffas quantified by measuring the
intrinsic fluorescence intensity of OVA with a Tec®1000 plate reader. The released OVA
in PB with 0.9, 1.8 and 3.6% NaCl was also testgdhigh pressure size-exclusion
chromatography (HP-SEC). Far-UV circular dichroig€dD) spectra of OVA before and after
release were measured by using a Jasco J-815 ggueatimeter (Tokyo, Japan). Spectra
were collected from 260-190 nm, at 25 °C.

To compare thén vitro release of OVA from AEP-MSNs and LB-MSN-OVA, OVAdded
AEP-MSNs and LB-MSN-OVA were dispersed in PBS (pHl)7and incubated in the
Eppendorf mixer (400 rpm, 37 °C). At various timams, the suspensions were centrifuged
and the supernatants were replaced with fresh FB8.amount of OVA released into the
supernatant was determined by measuring the imdrihgrescence intensity of OVA on a
Tecan M1000 plate reader.

Interaction of LB-MSN-OVA with Bone marrow-derived dendritic cells (BMDCs)

Dendritic cells were cultured from BALB/c donor rai@s previously described [28]. The
study was carried out under the guidelines comgigdhe animal ethic committee of the
Netherlands, and approved by the ethical commitiereanimal experiments of Leiden
University. Briefly, cell suspensions of bone marraere obtained by flushing the femurs
and tibia of adult BALB/c mice with culture mediurfihe cells (6 x 1Dcells/well) were
cultured for 10 days in Iscove’s Modified DulbeceMedium (IMDM) supplemented with
10% (v/v) fetal bovine serum, penicillin and stepicin (100 units/ml), 2QuM beta-
mercaptoethanol and 20 ng/ml GM-CSF. The cells waleired at 37 °C with 5% COThe
medium was refreshed every 2 days.

To study the uptake of nanoparticles, BMDCs (2.50%cells/ml)were cultured with LB-
MSN-OVA containing 6ug/ml, 0.6 ug/ml or Oug/ml (culture medium) OVA-AF488 for 4 h

at either 4°C or 37 °C. Free OVA-AF488 solutionhwihe same concentrations was used as a
control. After 4 h, the uptake of OVA-AF488 was meaaed using flow cytometry
(FACSCanto Il, Becton Dickinson, NJ). To quench é&x¢ernal AF488 signal, 0.02% trypan
blue was added 5 min before FACS analysis. Thekeptd OVA-AF488 was expressed as
the mean fluorescence intensity (MFI, fluoresceimtensity of each cell in average) in the
AF488 channel.

To study the activation of BMDCs by the nanopaeticlBMDCs (5 x 10cells/ml) were
cultured with LB-MSN-OVA containing qug/ml, 0.6 pg/ml or O ug/ml (culture medium)
OVA-AF488 for 4 h at 37 °C. OVA-AF488 solution withe same concentrations and LPS (1
ug/ml) were used as controls. The cells were staiped30 min with a mixture of 300 x
diluted anti-CD40-FITC, anti-CD80-PE, and anti-CB8BC. The cells were washed and the
expression of CD40, CD80 and CD86 were quantifieéldw cytometry.
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Modification of Silicon Microneedle Arrays to Obtain a pH-sensitive Surface

To coat negatively charged particles onto silicaorameedle arrays, the microneedles were
chemically modified to obtain a pH-sensitive suefgpositively charged at pH 5.8) by using

pyridine groups, as described previously [6]. Theface of silicon was first cleaned by

acetone and methanol. Next the surfaces were hyidtext by a fresh piranha mixture

consisting of 30% (v/v) kD, and 70 % (v/v) BSOy. Then the surface was incubated with 2%
(v/v) APTES in toluene overnight at room temperattor obtain the amine-modified silicon

surface.

The amine-modified surface was modified with 4-gyrecarboxaldehyde (100 mM) in
anhydrous isopropanol with acetic acid (1%, v/vyam temperature. The obtained imine
bonds on pyridine-modified surface were reduced teecondary amine by incubating in
NaBH;CN (50 mM) in isopropanol for 2 h. Finally the mbeld surface was cleaned with
isopropanol and methanol and dried in a vacuum av&0 C for 0.5 h.

Coating of LB-MSN-OVA on pH-sensitive Microneedle Arrays

To determine the level of binding of LB-MSN-OVA dhe microneedle arrays, DOPE-LR
was added to the lipids when the LB-MSN-OVA werepared. The top of the microneedle
arrays was incubated with LB-MSN-OVA (50 ul) withcancentration of 0.1, 0.5 and 1
mg/mL in EDTA buffer (1 mM, pH 5.8) for 2 h at rooremperature. The microneedles were
then washed with coating buffer (450 pl) and theitemn was kept for measurement. The
binding efficiency of LB-MSN-OVA was determined bgomparing the DOPE-LR
concentration in the coating solution before artdratoating by using a Tecan M1000 plate
reader (Excitation wavelength = 575 nm and Emissiamelength = 590 nm). The structure,
geometry and the surface morphology of the LB-MSWAQoated pH-sensitive microneedle
arrays were examined by scanning electron micros¢8gEM) in a FEI NOVA nanoSEM
200 (Hillsboro, OR). The LB-MSN-OVA coated on mioeedle arrays were also visualized
by Nikon D-Eclipse C1 confocal laser scanning nmscape (CLSM, Tokyo, Japan) with a
depth resolution of 5 um/step, equipped with a 1®lan Apo objective. The x and y
resolution was 2.5 um. An argon laser (488 nm) usexd to visualize OVA-AF488 with a
530/55 emission filter and a diode-pumped solideskaser (561 nm) with a 590/55 emission
filter was used to visualize DOPE-LR.

Delivery of LB-MSN-OVA from Microneedles into ex vivo Human Skin

After coated with LB-MSN-OVA, the pH-sensitive micreedles were pierced into human
skin from the abdomen, which was used within 24fteracosmetic surgery from a local
hospital. The study was conducted in accordandgetsinki principles and written informed
patient consent was obtained. The microneedles appéied into the skin by an impact-
insertion applicator with a velocity of 54.8 cm/s @escribed previously [6]. After 1 s, the
applicator was removed and the microneedles wepkiside the skin for 30 min. Then the
microneedles were removed and visualized by scgreigctron microscopy (SEM) in a FEI
NOVA nanoSEM 200 (Hillsboro, OR). The skin was \abped by Nikon D-Eclipse C1
CLSM (Tokyo, Japan) with a depth resolution of 5/gtep, equipped with a 4 x Plan Apo
objective. The x and y resolution was 6.3 um. Agoarlaser (488 nm) was used to visualize
OVA-AF488 with a 530/55 emission filter and a diguemped solid-state laser (561 nm)
with a 590/55 emission filter was used to visuall#@PE-LR.

Statistical Analysis
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All data shown are mean corrected values + SD déamt three experiments. The results of
cell experiments are analyzed by Two-way ANOVA viihnferroni posttests.

RESULTS
Characterization of MSNs and AEP-MSNs

The MSNs were synthesized from the silica precutswaethoxy silane (TEOS) by using a
mixture of a nonionic triblock copolymer (Pluronk:123) and the cationic fluorocarbon
surfactant (FC-4) as organic templates. Furthernioeeswelling agent TMB was added to
induce the formation of large-pore MSNs [29]. THaaned pristine MSNs were modified
with AEPTMS in order to generate a positively clergsurface (AEP-MSNSs). Inspection
with TEM revealed that the negatively charged MSMsre rectangular in shape with
mesochannels along the short axis (Fig. 1a). Meatifon with AEPTMS did not alter the
morphology or mesostructure (Fig. 1b), as compam@dpristine MSNs. Furthermore,
characterization with Nadsorption-desorption isotherms of both MSNs artePAMSNs
showed that these nanoparticles have typical Ithesms according to International Union of
Pure and Applied Chemistry (IUPAC) classificatidfig; 1c) [30]. The existence of channel-
type mesopores was confirmed by the existencetgperH, hysteresis loop (Fig. 1c) [31].
The values for BET specific surface areag$ the total pore volume ¢ BJH pore
diameter (W,4) and surface charge of MSNs and AEP-MSNs are suinethin Table 1. It
can be seen that after modification with AEPTMggSV: and W4 were slightly reduced
because of the attachment of the functionalizexhes on the pore surfadéne pore diameter
of the AEP-MSNs was 1-2 nm smaller than that of M§Ng. 1d), but still sufficiently large
to accommodate OVA (4 x 5 x 7 nm) [78]. Dynamichtigcattering (DLS) measurements
showed that the hydrodynamic diameter of MSNs aB®PMSNs was 146.3 + 0.3 nm and
213.7 £ 0.8 nm, respectively. The observed increaZeaverage size for AEP-MSNs may be
attributed to some particle aggregation, which isbpbly due to the decreased charge
repulsion among AEP-MSNs compared to MSNs (Tahle 1)

Table 1Physical characteristics of nanopatrticles (n=3)

BET Pore pore Zeta-potential

Sample  surface area volume diameter Size (nm) PDI (rrI?V)b

(m?g) (cm/g) (nmy’

MSNs 506 1.01 10+1 146.3+0.3 0.154+0.035 8270.4
AEP-MSNs 318 0.71 9+1 213.7+0.8 0.170+0.062 0.9k 0.5
AE(';;/“’/LSN' - - - 1842 +126 0.373+0.056 -8.1+1.3

LB(')'\\/I/iN' - - - 190.7+2.7 0.125+0.029 -24.0+0.7

4Calculated from desorption branch of theddrption isotherms based on the BJH method.
bZeta-potential was measured in 1 mM PB at pH 7.4.
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Fig. 1 Characterization of the MSNs and AEP-MSNs. TEM gew of (a) MSNs and (b)
AEP-MSNs. Scale bar = 200 nm. (c) Nitrogen adsorptesorption isotherms and (d) plots
of pore diameter vs. pore volume (inset), calcaldtem the desorption isotherms using BJH
model, show that the MSNs and AEP-MSNs have anageepore diameter of 10 nm and 9
nm, respectively.

Encapsulation and Release of OVA from AEP-MSNs

The percentage of grafted amine-containing groupthe surface of AEP-MSNs was 6.9%,
as determined by thermogravimetric analysis (TGAe Fig. 2a). The encapsulation
efficiency (EE%), defined as the percentage of OMAch is adsorbed in the MSNs or AEP-
MSNs was determined as a function of incubatioretifiig. 2b). The calibration curve used
to calculate the concentration of OVA is shownupgementary Fig. 1a. This study revealed
that the OVA encapsulation within AEP-MSNs was veffycient, as 95 + 0.4% (mean = SD,
n = 3) of the protein was encapsulated in the AEBPNd. Furthermore, equilibrium of OVA
encapsulation was reached in less than 5 min. dmpedson, only 12 + 2% (mean = SD, n =
3) of OVA was encapsulated in negatively charged\gl&fter 24 h. The loading capacity
(LC%) of OVA was calculated from the amount of O\&Acapsulated in AEP-MSNs and
expressed as the percentage of the total weigl@\W-loaded AEP-MSNs. The LC% of
OVA in AEP-MSNs was dependent on the initial corcaion of OVA (Fig. 2c). The
maximum LC% was 34 + 4% (mean £ SD, n = 3) and acseved by increasing the initial
concentration of OVA, indicating a diffusion-drivencapsulation process [32].
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To examine the influence of ionic strength of thedmm on the release profile of OVA from
the AEP-MSNSs, the concentration of NaCl in the bufivas varied. The calibration curve
used to calculate the concentration of OVA is shawsupplementary Fig. 1b. The release
percentage of OVA (defined as the percentage of @léased from total encapsulated OVA
in AEP-MSNS) increased from 0.6 + 0.2% (mean + 8£8) in NaCl-free buffer to 82 + 2%
(mean £ SD, n = 3) in buffer containing 7.2% NakB( 2d). These results demonstrate that
the ionic strength of the medium plays an importalg in the release of OVA, indicating that
the interaction between OVA and AEP-MSNs is magllctrostatic in nature. The structural
integrity of the released OVA was examined by HRESg§howing that the released OVA was
mainly monomeric (Fig. 2e), and far-UV CD spectagsg indicating that the secondary
structure of released protein was similar to tHatative OVA (supplementary Fig. 2). These
results strongly indicate that encapsulation atelbse have no adverse effect on the protein
structure.

Preparation and Characterization of LB-MSN-OVA

The OVA-loaded AEP-MSNs had the tendency to préaipi and form large aggregates
(Table 1), probably due to the decreased surfaasgelupon protein encapsulation (-8.1 + 1.3
mV, mean £ SD, n = 3). In order to increase thdoadl stability, the OVA-loaded AEP-
MSNs were stabilized with a lipid bilayer compos&#dDOPC, DOPS and cholesterol. For
this, liposomes and OVA-loaded AEP-MSNs were mixed equilibrated for 1.5 h and
afterwards the excess lipids were removed by dagttion. The encapsulation efficiency of
OVA in the resulting lipid-coated AEP-MSNs (LB-MS@VA) was determined to be 74 +
1%, as compared to 99 + 1% without lipid (mean % 8 3). The obtained LB-MSN-OVA
were characterized by DLS, NTA and TEM. The meamimer-based hydrodynamic diameter
(176 £ 11 nm, mean = SD, n = 3) measured by NTAgmentary Fig. 3) was close to the
Z-average hydrodynamic diameter (190.7 £ 2.7 nml;, £D.125 = 0.029; mean £ SD, n = 3)
found by DLS (Fig. 3a). The existence of a lipidaper surrounding the AEP-MSNs was
confirmed by cryoTEM (Fig. 3b and 3c). The colldidaability of the formulation was
examined by measuring the hydrodynamic diameterzatatpotential of LB-MSN-OVA for
one week (Fig. 3d-f). It showed that LB-MSN-OVAgiily changed in diameter and zeta-
potential, revealing that the lipid bilayer stropgihhanced the colloidal stability. The release
of OVA from AEP-MSNs and LB-MSN-OVA was examined ®BS (pH 7.4) for 32 h (Fig.
2f). The burst release of OVA from LB-MSN-OVA wassk in comparison to AEP-MSNSs,
indicating that the lipid bilayer acts as a barreaining the OVA for longer inside the AEP-
MSNSs.

Interaction of LB-MSN-OVA with BMDCs

As proteins in serum may interact with the partclie colloidal stability of LB-MSN-OVA
in cell culture medium was studied. Only limitedgeggation of the nanoparticles was
observed and a modest amount of OVA (15%) wasgeteafter 4 h (supplementary Table 1).
To examine whether LB-MSN-OVA facilitate the uptakg BMDCs, the uptake of LB-
MSN-OVA was assessed by flow cytometry and compéoetthat of free OVA solution. As
shown in Fig. 4, at 4°C there was almost no up{akesignificance compared to culture
medium only) of LB-MSN-OVA or OVA in BMDCs (Fig. 4aindicating that the uptake of
LB-MSN-OVA and OVA is mediated by an active proce&s 37 °C the fluorescent level of
LB-MSN-OVA treated cells was significantly highgn<€0.001) than that for free OVA-
AF488 with the OVA concentration of @/ml (Fig. 4b). There was no significant difference
found between LB-MSN-OVA and free OVA at lower centration. These results indicate
that LB-MSN-OVA are capable of promoting antigeriag by antigen-presenting cells
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Fig. 2 (a) Thermogravimetric analysis (TGA) curves of MSldad AEP-MSNs. (b)
Encapsulation kinetics of OVA into MSNs and AEP-MSfshean + SD, n = 3), concentration
of OVA is 0.5 mg/mL and MSNs (AEP-MSNSs) is 2 mg/n(t) Loading capacity (LC%) of
OVA into AEP-MSNs (mean + SD, n = 3) at differemitial concentration of OVA. (d)
Influence of ionic strength on OVA release from AEIBNs (mean = SD, n = 3). (e) HP-SEC
chromatograms of the released OVA from AEP-MSN}k.Rélease profiles of OVA from
AEP-MSNs and LB-MSN-OVA in PBS (pH 7.4) (mean = SDs 3).
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Fig. 3 Characterization of LB-MSN-OVA. (a) Hydrodynamicacheter of LB-MSN-OVA
determined by DLS. (b) CryoTEM image of AEP-MSNsddc) LB-MSN-OVA, revealing a
lipid bilayer thickness of ~4 nm (indicated by wvehiarrows), scale bar = 100 nm. (d-f)
colloidal stability of OVA-loaded AEP-MSNs and LB3MN-OVA over one week (d:
hydrodynamic diameter, e: polydispersity index &rmkta potential).
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(BMDCs). In order to study the activation of BMD®y the nanoparticles, BMDCs were
incubated with different formulations for 4 h arie texpression of CD40, CD80 and CD86
was measured. Whereas exposure to LPS led to dicagh upregulation of these activation
markers, LB-MSN-OVA did not induce increased expras of CD40, CD80 or CD86 on
dendritic cells compared to free OVA or cell cutumedium (Fig. 4c).
a b

200007 LB-MsNs %] — B3 LB-MSNs

OVA E3 OVA
15000 15000

L L
L 10000 L 10000

5000+ 50004

0- 0-

Concentration of OVA (ug/ml)

EZ OVA in LB-MSN-OVA 6pg/ml
B3 OVA in LB-MSN-OVA 0.6ug/ml
BE3 OVA 6ug/ml

F——- [ OvA 0.6ug/mi

Cell culture medium

LPS 1pg/ml

Fig. 4 The uptake of LB-MSN-OVA in BMDCs at 4 °C (a) aBd °C (b), and the activation
of BMDCs by LB-MSN-OVA (c). Bars represent mean B,S=3. The uptake of OVA-
AF488 and expression of CD40, CD80 and CD86 weprassed as the mean fluorescence
intensity (MFI). ** P<<0.001.

Table 2 Coating amount of LB-MSN-OVA and OVA on microneedlrrays

Amount of LB-MSN-OVA® Coated  LB-MSN-OVA Coated OVA <02ing

() (ug) (1g) oy
5 13202 0.24£0.03 27%3
25 54+17 10403 2247
50 79+13 15£0.2 16+3

®The amount of LB-MSN-OVA in coating solutiofThe amount of coated OVA was
calculated from the loading capacity of OVA and tloating amount of LB-MSN-OVA. All
the coating amounts are expressed as the amouAEBEMSNs and are based on one
microneedle array which contains 576 needles pexyalAll the results are based on 3
independent microneedle arrays.

Coating of LB-MSN-OVA on Microneedles
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Next, we investigated whether the LB-MSN-OVA coule adsorbed onto a silicon
microneedle array via physical adsorption. Firdte tpH-sensitive pyridine-modified
microneedle arrays were prepared as describedousyi[6]. The microneedle arrays were
coated with LB-MSN-OVA at pH 5.8 in an EDTA buff€t mM). To determine the optimal
concentration of LB-MSN-OVA for the coating procefise nanoparticle concentration was
varied in the buffered coating solution. Increasing LB-MSN-OVA concentration resulted
in increased amounts of LB-MSN-OVA coated ontorfieroneedle array surfaces. However,
the coating efficiency is reduced (Table 2). Thedst coating efficiency obtained was 16 +
2.7% (mean £ SD, n = 3), corresponding to 7.9 fuh.8mean £ SD, n = 3) and 1.5 £ 0.2¢4
(mean = SD, n = 3) of LB-MSN-OVA and OVA, respeely coated on the microneedle
array. Considering the surface area of the micrdlieseaccounts for 40% of the total surface
area of microneedle arrays, 3.2 + Qdp(mean = SD, n = 3) of nanoparticles and 0.58190.
ug (mean + SD, n = 3) of OVA were coated onto theramieedle surface of one array.

Fig. 5 SEM images of pyridine-modified microneedle arrégdore the adsorption of LB-
MSN-OVA with different magnifications (a: 80 x; BO00 x; c: 5000 x), after the adsorption
of LB-MSN-OVA with different magnifications (d: 88; e: 2000 x; f: 5000 x) and after the
penetration of human skin (g: 80 x; h: 2000 x;008 x).

Scanning electron microscopy imaging was used saahize the presence of the LB-MSN-
OVA on the pyridine-modified microneedle arrays giFiba-f). Compared to untreated
pyridine-modified arrays (Fig. 5a-c), a high numioérmanoparticles were observed on the
surface of the microneedles (Fig. 5d-f) after amatvith LB-MSN-OVA. To determine
whether the OVA and nanopatrticles colocalized om thicroneedles, the LB-MSN-OVA
coated microneedles were visualized by CLSM. Fa@ é&xperiment, we used OVA-AF488
and DOPE-LR enabling the visualization of both pihetein and lipids. Imaging revealed that
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the fluorescent labels were both located at theaneedle surfaces indicative of the integrity
of the LB-MSN-OVA upon physical adsorption (Fig.-6a This showed us that LB-MSN-
OVA could be immobilized onto microneedles via &lestatic interaction.
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Fig. 6 CLSM images of LB-MSN-OVA coated microneedles Ja®ed: DOPE-LR (a);
Green: OVA-AF488 (b); Merged (c). The x and y arsosthow that the scanning area is 1200
um x 1200um large. The z arrow indicates the scanning dep2006 um. CLSM images of
human skin after removal of the LB-MSN-OVA coateitimneedle arrays (d-f). Red: DOPE-
LR (d); Green: OVA-AF488 (e); Merged (f). The x apdrrows show that the scanning area
Is 3180um x 3180um large. The z arrow indicates the scanning dep#80um.

Delivery of LB-MSN-OVA into Human Skin

Next, the delivery of LB-MSN-OVA from the surfacéd microneedles into the skin was
studied. For this, the nanopatrticle-coated micrdieearrays were applied onto human sin
vivo for 30 min and subsequently withdrawn. Next theadéermal delivery was studied by
both SEM and CLSM. Less particles were observedsuniace of microneedles after the
penetration and withdrawal from human skin (Fig-is@Colocalization of the fluorescence
from both OVA-AF488 and DOPE-LR was observed indiue skin (Fig. 6d-f), illustrating
that the microneedles penetrated into the skinsaiedessfully delivered the LB-MSN-OVA.

DISCUSSION

An alarming trend towards decreased vaccine comg#ian the western world emphasizes
the need to develop effective, but also safe asdyeadministrable vaccines. In this respect
dermal vaccination is interesting as the skin pfesian easily accessible (and potentially
painless) route of administration and also provigesnvironment which is very conductive

for the initiation of immunological memory. Topicaiministration of vaccines is often not

effective as bulky vaccines do not permeate tha.dRecently, we and other groups have
shown that antigens can effectively be deliveréd the epidermis and dermis by means of
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coated microneedles [3, 4, 10, 33]. However, som@nthallenges remain, which include
the effective dose that can be delivered with abateroneedles and the immunogenicity of
the subunit vaccines [4, 6].

Here we introduce a novel carrier system for subweccines with a high loading efficiency
that effectively delivers a model antigen into thldn using a complementary charged
microneedle array. To our best knowledge, the ourstudy is the first example of a
microneedle-mediated intradermal delivery system rfeesoporous nanoparticles, which
could be a promising tool to deliver a wide rangeampounds into the skin. High loading
efficiency was achieved by encapsulating the maddigen OVA into surface-modified
MSNs with large pores (>10 nm). We chose MSNs beeai their advantageous properties,
including large surface area, controlled partidlee sand pore structure as well as ease of
surface modification. Moreover, a previous studpvedd that subcutaneous immunization
with 2 ug of OVA-loaded MSNs induced comparable antibodspomses as 5(1g OVA
adjuvanted with Quil-A [18], demonstrating thatigah-loaded MSNs can elicit an immune
response at reduced antigen doses compared tovantmmal delivery system. Our results
indicate that one of the reasons for the immunearcing effect on MSNs may be the
increased uptake by dendritic cells when OVA ieasded with MSNs (Fig. 4). LB-MSN-
OVA do not increase the activation of dendriticleelompared to free OVA, which is in line
with previous findings [34]. Similar results wereported with OVA-loaded PLGA
nanoparticles [35] as OVA-loaded PLGA nanoparticlese found not to increase activation
of human monocyte-derived dendritic cells (MHCQD83 and CD86). This suggests that the
addition of adjuvants capable of inducing DC maiora may further increase the
immunogenicity of LB-MSN-OVA.

For an efficient dermal delivery of nanoparticulagecines, MSNs are required that are small
in size. In addition, they should have large pofieser diameter > 5 nm) in order to
encapsulate large amounts of proteins. Most na@dsMSNs do not fit these criteria,
although recently some examples have emerged, ynfminthe delivery of DNA/RNA [24,
36-39]. MSNs with a large pore size of about 10 renently developed in our lab [26], were
used in the current study to accommodate the velgtlarge OVA molecules (4 x 5 x 7 nm).
The encapsulation study showed that the synthesit&ds can accommodate a large amount
of OVA within 5 min after mixing AEP-MSNs with OVAIt has been reported that MSNs
with a pore size of 3.6 and 2.3 nm had a maximunA@QZ% of 21.8% [1] and 7.2% [18],
respectively. The even higher maximum LC% of OVAour study of 33.9% may be due to
the larger pore size.

To coat nanoparticles onto the pyridine-modifiec¢dnmneedles, the nanoparticles should have
a negative surface charge allowing for adsorptiased on electrostatic interactions, and a
good colloidal stability allowing uniform and repiacible coating. In our study, negative
liposomes were used to fuse to the surface of diséipely charged AEP-MSNSs, to achieve a
negative surface charge. This fusion method wagqursly used for coating fluorophore [40],
photosensitizers [41] and DNA loaded MSNs [23] amals reported to be based on the
electrostatic interaction between the lipids andase of MSNs [23]. The fusion of lipid
bilayer on MSN surface has been shown to be abieoify the charge, improve the stability
of MSNs and contain the drug inside the pores of\BlSn order to prepare the liposomes,
DOPC and cholesterol were used because in a pegigy liposomes containing DOPC
and cholesterol were shown to be able to stabiizgy-, small interfering RNA- and toxin-
loaded MSNs [25]. DOPS was used to give the lipemnegative charge, which is needed
to coat the nanoparticles onto the positively chdrmicroneedles. Our results show that the
colloidal stability of OVA-loaded MSNs was improvexdter liposome fusion and the lipid
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bilayer generated a negatively charged surfaceBMMEN-OVA. The LB-MSN-OVA were
coated onto microneedles at pH 5.8 where more 8G¥ of the pyridine groups are
positively charged [6]. Combined with the low iomitength of the buffer, this allows for the
binding of the negatively charged LB-MSN-OVA viaelrostatic interactions. The presence
of the lipid bilayer on the surface of MSNs was faomed by cryoTEM and indicated by the
change of surface charge (from +11 mV to -24.0 myH¥Y.4). The encapsulation efficiency
of OVA was decreased by about 25% after the fusfdiposomes, which may be because the
negatively charged lipid bilayer and OVA were commue with each other for the binding on
the MSN surface and some of the OVA coated on tBB-MSN surface may be replaced by
the lipid bilayer. The release study showed thatdbated lipid bilayer functioned as a gate
and prolonged the release of the antigen, whichdcba important for the nanoparticles to
remain their adjuvant effect [35].

The binding of LB-MSN-OVA on microneedles was viszad by both SEM and CLSM. The
SEM images showed that after coating the micromsedith LB-MSN-OVA, the surface of
the microneedles became rougher, but the sharmieb® microneedles was not affected.
One major disadvantage of coated microneedlesifirtited amount of materials that can be
coated on microneedles because of the small sudez® The amount of LB-MSN-OVA
coated on one microneedle array was 7.9 pg andhigher than that of inactivated polio
virus (IPV) in a previous study (100 ng) [33]. Thasxt to improving the immunogenicity of
antigens, LB-MSN-OVA could also provide an effeetiway of increasing the antigen dose
coated on microneedles. This may be because LB-l@SN-have a lower zeta potential than
IPV under similar conditions (-16.8 mV vs -7.8 m¥1 mM EDTA at pH 5.8). In our study
the coated OVA loaded in LB-MSN-OVA is 1.5 pg oneomicroneedle array and is much
higher than the amount of coated IPV [33] in a pres study. Other possibilities to increase
the delivered amount of antigen are increasingrimmber of microneedle arrays used or
increasing the number of needles on one array.

To effectively deliver antigens into the skin, neéatefficient coating of the antigen on the
microneedles, rapid dissolution from the micronesdince inserted into the skin, is critical.
The pH-sensitive microneedles used in the predendysvere developed in our lab for the
intradermal delivery of vaccines by coating antgean slightly acidic pH and releasing them
at physiological pH. CLSM images showed that the-NIBN-OVA were successfully
released into the holes made by the microneedtes flliorescence from lipids and OVA was
found to still co-localize with each other in thelés made by microneedles, indicating that
the LB-MSN-OVA may be still intact after the releasThis would be important for LB-
MSN-OVA to remain their adjuvant effect [25].

Thus, the developed system combines the advantagescroneedles and nanopatrticles.
Microneedles allow non-invasive delivery of vacanento skin and antigen-loaded
nanoparticles have the potential to increase andif;yndhe immune response against the
antigen. In addition, by coating the nanopartiadedo the pH-sensitive pyridine-modified
microneedles, the separate application of antidgen microneedle penetration is avoided. An
important concern is the bio-distribution of MSNi$ea intradermal delivery. Studies have
shown that intravenously injected MSNs were maéXgreted out of mice through urine and
feces, indicating that MSNs are biodegradable pt] other studies showed that MSNs can
undergo hydrolysis to form non-toxic silica aci®]4However, as deposition in the skin may
alter the biodistribution and clearance of the MS$stematic studies need to be performed
in order to assess the safety of these nanopartitienimals and humans.
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CONCLUSION

In conclusion, the LB-MSN-OVA coated microneedleags represent a novel intradermal
antigen delivery system. The large pores of MSNabld the rapid encapsulation of OVA
with a high loading capacity. The introduction gdid bilayers significantly improved the
colloidal stability of OVA-loaded AEP-MSNs and camsitantly reduced the premature
release of OVA. In addition, it enabled the coatifighe nanoparticles on the surface of pH-
sensitive microneedle arrays. Application of LB-M&NA coated microneedle arrays into
human skin €x vivo) resulted in the successful delivery of the OVAded nanoparticles into
the skin. The method is not restricted to the @elivof antigens, but may also be useful to
deliver any compound that can be encapsulated iNdMke (low-molecular-weight) drugs,
RNA, DNA and proteins.

ACKNOWLEDGMENTS

Jing Tu and Guangsheng Du acknowledge the supont the Chinese Scholarship Council.
We acknowledge Pim Schipper for technical assistamith the pyridine modification of the
silicon surface. Aimee Boyle is thanked for theical reading of this manuscript. Romain
Leboux and Naomi Benne are thanked for dendritit stedies. Alexander V. Korobko
helped with BET measurements at Delft UniversityTethnology. The microneedle arrays
are gift from Michael Stumber (Robert Bosch GmbH).

30



Mesoporous silica nanoparticle-coated microneadiys for intradermal antigen delivery

REFERENCES

[1] Y.B. Deng, R. Mathaes, G. Winter, J. Engert,c&psulation of antigen-loaded silica
nanoparticles into microparticles for intradermawpgler injection, Eur. J. Pharm. Sci. 63
(2014) 154-166.

[2] K.T. Mody, A. Popat, D. Mahony, A.S. CavallarG, Yu, N. Mitter, Mesoporous silica
nanoparticles as antigen carriers and adjuvantgaiteine delivery, Nanoscale 5 (2013) 5167-
5179.

[3] Y.Z. Ma, W.Q. Tao, S.J. Krebs, W.F. Sutton, NHaigwood, H.S. Gill, Vaccine delivery
to the oral cavity using coated microneedles indwgyestemic and mucosal immunity, Pharm.
Res. 31 (2014) 2393-2403.

[4] K. van der Maaden, W. Jiskoot, J. Bouwstra, fdieeedle technologies for (trans)dermal
drug and vaccine delivery, J. Control. Release(2612) 645-655.

[5] S.M. Bal, B. Slutter, E. van Riet, A.C. Kruith&. Ding, G.F.A. Kersten, W. Jiskoot, J.A.
Bouwstra, Efficient induction of immune respongetigh intradermal vaccination with N-
trimethyl chitosan containing antigen formulatiodsControl. Release 142 (2010) 374-383.
[6] K. van der Maaden, H. Yu, K. Sliedregt, R. Zwi®. Leboux, M. Oguri, A. Kros, W.
Jiskoot, J.A. Bouwstra, Nanolayered chemical modifon of silicon surfaces with ionizable
surface groups for pH-triggered protein adsorp#iod release: application to microneedles, J.
Mater. Chem. B 1 (2013) 4466-4477.

[7] E. Larraneta, M.T.C. McCrudden, A.J. CourtenRyf-. Donnelly, Microneedles: A new
frontier in nanomedicine delivery, Pharm. Res. 3%1@) 1055-1073.

[8] K. van der Maaden, K. Sliedregt, A. Kros, Wskbot, J. Bouwstra, Fluorescent
nanoparticle adhesion assay: a novel method fofacairrpK(a) determination of self-
assembled monolayers on silicon surfaces, Lang2&{012) 3403-3411.

[9] K. van der Maaden, E.M. Varypataki, S. RomeknOssendorp, W. Jiskoot, J. Bouwstra,
Ovalbumin-coated pH-sensitive microneedle arrayecéfely induce ovalbumin-specific
antibody and T-cell responses in mice, Eur. J. ®h&iopharm. 88 (2014) 310-315.

[10] P.C. DeMuth, X.F. Su, R.E. Samuel, P.T. Hamdjod.J. Irvine, Nano-layered
microneedles for transcutaneous delivery of polymamoparticles and plasmid DNA, Adv.
Mater. 22 (2010) 4851-4856.

[11] S.A. Coulman, A. Anstey, C. Gateley, A. Mosgy, P. McLoughlin, C. Allender, J.C.
Birchall, Microneedle mediated delivery of nanopdes into human skin, Int. J. Pharm. 366
(2009) 190-200.

[12] M. Zaric, O. Lyubomska, C. Poux, M.L. Hanna, ™ McCrudden, B. Malissen, R.J.
Ingram, U.F. Power, C.J. Scott, R.F. Donnelly, As3€npfennig, Dissolving microneedle
delivery of nanoparticle-encapsulated antigen tsliefficient cross-priming and Th1l immune
responses by murine langerhans cells, J. Invesiétel. 135 (2015) 425-434.

[13] M. Zaric, O. Lyubomska, O. Touzelet, C. Po&x,Al-Zahrani, F. Fay, L. Wallace, D.
Terhorst, B. Malissen, S. Henri, U.F. Power, Cdot§ R.F. Donnelly, A. Kissenpfennig,
Skin dendritic cell targeting via microneedle agdgden with antigen-encapsulated poly-
D,L-lactide-co-glycolide nanoparticles induces @ént antitumor and antiviral immune
responses, ACS Nano 7 (2013) 2042-2055.

[14] P. Sahdev, L.J. Ochyl, J.J. Moon, Biomaterfatsnanoparticle vaccine delivery systems,
Pharm. Res. 31 (2014) 2563-2582.

[15] R. De Rose, A.N. Zelikin, A.P.R. Johnston, 8exton, S.F. Chong, C. Cortez, W.
Mulholland, F. Caruso, S.J. Kent, Binding, interpaion, and antigen presentation of
vaccine-loaded nanoengineered capsules in blood, Mdter. 20 (2008) 4698-4703.

[16] J.C. Aguilar, E.G. Rodriguez, Vaccine adjusamevisited, Vaccine 25 (2007) 3752-
3762.

31



Chapter 2

[17] R.A. Rosalia, L.J. Cruz, S. van Duikeren, ATromp, A.L. Silva, W. Jiskoot, T. de
Gruijl, C. Lowik, J. Oostendorp, S.H. van der BuFg,Ossendorp, CD40-targeted dendritic
cell delivery of PLGA-nanoparticle vaccines indy#ent anti-tumor responses, Biomaterials
40 (2015) 88-97.

[18] D. Mahony, A.S. Cavallaro, F. Stahr, T.J. MapoS.Z. Qiao, N. Mitter, Mesoporous
silica nanopatrticles act as a self-adjuvant forllmwain model antigen in mice, Small 9
(2013) 3138-3146.

[19] F. Porta, G.E.M. Lamers, J. Morrhayim, A. Citggoulou, M. Schaaf, H. den Dulk, C.
Backendorf, J.I. Zink, A. Kros, Folic acid-modifiethesoporous silica nanopatrticles for
cellular and nuclear targeted drug delivery, Adeatthc. Mater. 2 (2013) 281-286.

[20] J. Tu, T. Wang, W. Shi, G. Wu, X. Tian, Y. WaID. Ge, L. Ren, Multifunctional ZnPc-
loaded mesoporous silica hanoparticles for enhaaneof photodynamic therapy efficacy by
endolysosomal escape, Biomaterials 33 (2012) 7903-7

[21] S.R. Bhattarai, E. Muthuswamy, A. Wani, M. @racek, A.L. Castaneda, S.L. Brock, D.
Oupicky, Enhanced gene and siRNA delivery by pdigcamodified mesoporous silica
nanoparticles loaded with chloroquine, Pharm. Ré$2010) 2556-2568.

[22] S. Hudson, J. Cooney, E. Magner, Proteins @soporous silicates, Angew. Chem. Int.
Ed. 47 (2008) 8582-8594.

[23] E.C. Dengler, J.W. Liu, A. Kerwin, S. Torrgs,M. Olcott, B.N. Bowman, L. Armijo, K.
Gentry, J. Wilkerson, J. Wallace, X.M. Jiang, E@arnes, C.J. Brinker, E.D. Milligan,
Mesoporous silica-supported lipid bilayers (protsddor DNA cargo delivery to the spinal
cord, J. Control. Release 168 (2013) 209-224.

[24] K. Epler, D. Padilla, G. Phillips, P. Crowd®&, Castillo, D. Wilkinson, B. Wilkinson, C.
Burgard, R. Kalinich, J. Townson, B. Chackerian\Gliman, D. Peabody, W. Wharton, C.J.
Brinker, C. Ashley, E. Carnes, Delivery of ricirkio a-chain by peptide-targeted mesoporous
silica nanoparticle-supported lipid bilayers, Atiealthc. Mater. 1 (2012) 348-353.

[25] C.E. Ashley, E.C. Carnes, G.K. Phillips, D.dila, P.N. Durfee, P.A. Brown, T.N.
Hanna, J. Liu, B. Phillips, M.B. Carter, N.J. CdirrX. Jiang, D.R. Dunphy, C.L. Willman,
D.N. Petsev, D.G. Evans, A.N. Parikh, B. Chackerih Wharton, D.S. Peabody, C.J.
Brinker, The targeted delivery of multicomponentgos to cancer cells by nanoporous
particle-supported lipid bilayers, Nat. Mater. P011) 389-397.

[26] J. Tu, A.L. Boyle, H. Friedrich, P.H.H. Bomarks Bussmann, N.A.J.M. Sommerdijk, W.
Jiskoot, A. Kros, Mesoporous silica nanoparticleghwarge pores for the encapsulation and
release of proteins, ACS Appl. Mater. Interfacd@@®L6) 32211-32219.

[27] S. Brunauer, P.H. Emmett, E. Teller, Adsorptiaf gases in multimolecular layers, J.
Am. Chem. Soc. 60 (1938) 309-3109.

[28] C. Keijzer, B. Slutter, R. van der Zee, W.kdist, W. van Eden, F. Broere, PLGA,
PLGA-TMC and TMC-TPP nanoparticles differentiallyodulate the outcome of nasal
vaccination by inducing tolerance or enhancing hi@nionmunity, Plos One 6 (2011).

[29] Y. Han, J.Y. Ying, Generalized fluorocarbordsgtant-mediated synthesis of
nanoparticles with various mesoporous structuregetv. Chem. Int. Ed. 44 (2005) 288-292.
[30] B.L. Zhang, Z. Luo, J.J. Liu, X.W. Ding, J.Hi, K.Y. Cai, Cytochrome ¢ end-capped
mesoporous silica nanoparticles as redox-resporsivg delivery vehicles for liver tumor-
targeted triplex therapy in vitro and in vivo, br@rol. Release 192 (2014) 192-201.

[31] J. Sun, H. Zhang, R. Tian, D. Ma, X. Bao, DSu, H. Zou, Ultrafast enzyme
immobilization over large-pore nanoscale mesopomilisa particles, Chem. Commun. 12
(2006) 1322-1324.

[32] I.I. Slowing, B.G. Trewyn, V.S.Y. Lin, Mesopaus silica nanopatrticles for intracellular
delivery of membrane-impermeable proteins, J. Aler@. Soc. 129 (2007) 8845-8849.

32



Mesoporous silica nanoparticle-coated microneadiys for intradermal antigen delivery

[33] K. van der Maaden, E. Sekerdag, P. SchipperK&sten, W. Jiskoot, J. Bouwstra,
Layer-by-layer assembly of inactivated poliovirugda\-trimethyl chitosan on pH-sensitive
microneedles for dermal vaccination, Langmuir 311&) 8654-8660.

[34] H. Vallhov, S. Gabrielsson, M. Stromme, A. 8ghius, A.E. Garcia-Bennett,
Mesoporous silica particles induce size depend#atte on human dendritic cells, Nano.
Lett.7 (2007) 3576-3582.

[35] B. Slutter, S. Bal, C. Keijzer, R. Mallants, Nagenaars, I. Que, E. Kaijzel, W. van
Eden, P. Augustijns, C. Lowik, J. Bouwstra, F. Bep@V. Jiskoot, Nasal vaccination with N-
trimethyl chitosan and PLGA based nanoparticlesioparticle characteristics determine
qguality and strength of the antibody response igemagainst the encapsulated antigen,
Vaccine 28 (2010) 6282-6291.

[36] N.Z. Knezevic, J.-O. Durand, Large pore mesops silica nanomaterials for application
in delivery of biomolecules, Nanoscale 7 (2015)22209.

[37] H.K. Na, M.H. Kim, K. Park, S.R. Ryoo, K.E. &gH. Jeon, R. Ryoo, C. Hyeon, D.H.
Min, Efficient functional delivery of siRNA using @soporous silica nanoparticles with
ultralarge pores, Small 8 (2012) 1752-1761.

[38] S.B. Hartono, N.T. Phuoc, M.H. Yu, Z.F. Jia,MMonteiro, S.H. Qiao, C.Z. Yu,
Functionalized large pore mesoporous silica nanmbes for gene delivery featuring
controlled release and co-delivery, J. Mater. Chgia.(2014) 718-726.

[39] D.S. Lin, Q. Cheng, Q. Jiang, Y.Y. Huang, Zang, S.C. Han, Y.N. Zhao, S.T. Guo,
Z.C. Liang, A.J. Dong, Intracellular cleavable p@hdimethylaminoethyl methacrylate)
functionalized mesoporous silica nanoparticlesdfficient sSiRNA delivery in vitro and in
vivo, Nanoscale 5 (2013) 4291-4301.

[40] J. Liu, X. Jiang, C. Ashley, C.J. Brinker, Efmstatically mediated liposome fusion and
lipid exchange with a nanoparticle-supported bitafj@ control of surface charge, drug
containment, and delivery, J. Am. Chem. Soc. 18D%92 7567-7569.

[41] Y. Yang, W. Song, A. Wang, P. Zhu, J. Fei,Li. Lipid coated mesoporous silica
nanoparticles as photosensitive drug carriers, F@lyeam. Chem. Phys. 12 (2010) 4418-4422.
[42] J. Lu, M. Liong, Z. Li, J.I. Zink, F. Tamandgiocompatibility,biodistribution, and drug-
delivery efficiency of mesoporous silica nanopaescfor cancer therapy in animals, Small 6
(2010):1794-1805.

[43] Y. Chen, H. Chen, J. Shi, In vivo bio-safetyakiations and diagnostic/therapeutic
applications of chemically designed mesoporousasitianoparticles, Adv. Mater. 25 (2013)
3144-3176.

33



Chapter 2

Supplementary Information

a 2500 -

2000 /
1500 - /
y=40.2x+ 125.31
1000 | * R?=0.9947
500 /
0 .

0] 10 20 30 40 50 60

Fl

COVA (pg/ml)

y =34.583x+ 41.786
R?=0.9978

0 10 20 30 40 50 60
C OVA (pg/ml)

Supplementary Fig. 1Calibration curves for quantification of OVA inmM PB with a pH
of 7.4 (a) and PBS with a pH of 7.4 (b). The irdrinfluorescence intensity (FI) of OVA w
measured with an excitatiavavelength of 280 nm and an emission waveleng826fnm

~ 4000+ —OVA
'—o —— Released OVA
£
©
e 0-
(8]
(o))
(]
T
@ -4000-
€
-8000 r r r r r )
200 220 240 260

Wavelength (nm)
Supplementary Fig. 2FarUV CD spectra of free OVA and OVA released from ~AMSNs
in PBS, pH 7.4, 25 °C.

34



Mesoporous silica nanoparticle-coated microneadiys for intradermal antigen delivery

104

NTA particles (E6/ml)

0 100 200 300 400 500 600 700

Size (nm)
Supplementary Fig. 3Size distribution of the LB-MSN-OVA determined bgmoparticle
tracking analysis (NTA).

Supplementary Table 1.Stability of LB-MSN-OVA in cell culture medium (r83.

Time (h) Size (nm) PD Zeta Potential Released OVA

(mv) (%0)
0 632.5+13.9 0.528 + 0.031 -10.8 £ 0.6
1 575.0+18.3 0.535+0.051 -11.7+0.4
2 536.5+19.6 0.584 + 0.057 -12.8+0.5
4 566.1 +64.5 0.485 + 0.158 -13.3+0.2 152+0.6
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Abstract

The skin is an attractive organ for immunizatiore da the presence of a large number of
epidermal and dermal antigen-presenting cells. diolinicroneedles allow for precise and
non-invasive intradermal delivery of vaccines. st study, ovalbumin (OVA)-loaded
poly(lactic-co-glycolic acid) (PLGA) nanoparticlegth and without TLR3 agonist poly(l:C)
were prepared and administered intradermally byohomicroneedles. The capacity of the
PLGA nanoparticles to induce a cytotoxic T cellp@sse, contributing to protection against
intracellular pathogens, was examined. We showalsaigle injection of OVA-loaded PLGA
nanoparticles, compared to soluble OVA, primed laatbptively transferred antigen-specific
naive transgenic CD8and CD4 T cells with markedly high efficiency. Applying taiple
immunization protocol, PLGA nanoparticles primedoakndogenous OVA-specific CD§
cells. Immune response, following immunization with particular anionic PLGA
nanoparticles co-encapsulated with OVA and poly(l:@rovided protection against a
recombinant strain of the intracellular bacterilunsteria monocytogenes, secreting OVA.
Taken together, we show that PLGA nanoparticle tdaton is an excellent delivery system
for protein antigen into the skin and that proteettellular immune responses can be induced
using hollow microneedles for intradermal immuniaas.

Keywords: protein vaccine, hollow microneedles, intradermaimunization, PLGA
nanoparticles, cytotoxic T cell response
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1. Introduction

The skin is an organ with many immune cells andcasisidered a potent organ for
immunizations [1]. However, the challenge is toi®l high-molecular-weight antigens
across the stratum corneum, which is the outertagst of the skin and acts as an effective
natural barrier for penetration of pathogens atetggns into the skin. One of the methods to
circumvent the skin barrier is the use of micronegdMVicroneedles are miniaturized needles
that provide the possibility of minimally invasivaccination in the dermis and epidermis of
the skin. There are other benefits in using micedites compared to traditional hypodermic
needles, like possible painless vaccination, tlgairement of less trained personnel and
reduced contamination risk [2]. Nowadays a wideietgir of these microneedles exist,
including solid, coated, dissolving and hollow noiceedles [3, 4].

Hollow microneedles have multiple benefits, fortamce they can be used to inject a wide
variety of fluids into the skin at different presstdriven flow rates [3, 5, 6] and offer the
highest precision in dose delivery among all mieextle types. Furthermore, they offer the
possibility to screen formulations without time-soming design and preparation of
microneedles, as in case of coated and dissolvingroneedles. Recently, hollow
microneedles and an applicator for them were deeeloin our laboratory to inject
formulations in precise manner into the skin. Theseroneedles were successfully used for
formulations with inactivated polio virus vaccina rats resulting in effective humoral
Immune responses [7-9]. However, whether hollowrameedle-mediated delivery may also
induce T cell responses towards vaccine antigepesently unclear.

Cytotoxic CD8 T cells play an important role in cellular immumeotection against
intracellular pathogens or tumor growth. To indseeh CD8 T cell responses, an antigen
needs to be processed in the cell and present&tHa+I molecules on professional antigen-
presenting cells (pAPC) to the immune system. [@ejivof vaccine protein antigens over the
cellular membrane can be achieved using delivestesys and over the past decades different
types of them, such as polymeric nanopatrticles,|gons and lipid-based nanoparticles have
been developed [10-12]. Nano-encapsulation of anfighas several advantages, such as
stabilization of antigens vivo, enhancement of the uptake by pAPC and also riesuof
antigen release into systemic circulation [4, T@)e immune outcome can be potentially
shaped by using nanoparticles with difference Elz¢ and surface charge [15], and by co-
encapsulating antigen and adjuvant into the naniofes [16, 17].

For the production of polymeric nanopatrticles, algtic-co-glycolic acid) (PLGA) is the
most commonly used polymer, because of its superemrompatibility and biodegradability
[18-20]. Previous studies have shown that modelgant and adjuvant-loaded PLGA
nanoparticles used for vaccination were able torawe the induction of cell-mediated
iImmune response in mice [17, 21-23]. However, ngdtyt little is known about how
encapsulation in PLGA nanoparticles modifies T cedsponses to antigen/adjuvant
combinations that are delivered intradermally bgnomeedles. One recent study reported that
PLGA nanoparticles, delivered intradermally usinigsdlving microneedles arrays [24],
induced cellular immune responses and protectiamagviral infection and tumor growth

In this study, nanoparticles were prepared andaciarnzed in terms of size, surface charge
and antigen/adjuvant release profiles. We invesdydhe ability of hollow microneedle-
delivered protein antigens, encapsulated in edhenic or cationic PLGA nanoparticles with
and without co-encapsulated TLR3 agonist poly(k&€)nduce a protective cellular immune
response towards an intracellular pathogen in asmowdel.
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2. Materials and Methods
2.1. Materials

PLGA (acid terminated, lactide glycolide 50:50, N24.000 - 38.000), polyethylenimine (PEl,
linear, average M 10,000), Roswell Park Memorial Institute mediumP{®) and Fetal
bovine serum (FBS) were purchased from Sigma-Atd(iewijndrecht, The Netherlands).
PVA 4-88 (31 kDa) was obtained from Fluka (SteinieiGermany). Endotoxin-free
ovalbumin (OVA), polyinosinic-polycytidylic acid ¢y(I:C)) (low molecular weight) and its
rhodamine-labelled version were obtained from Iogen (Toulouse, France). Alexa647
labelled OVA (OVA-Alexa647) was ordered from Thenfischer Scientific (Waltham,
MA). Dimethylsulfoxide (DMSO) was obtained from Bwlve BV (Valkenswaard, The
Netherlands). Sodium dodecyl sulfate (SDS) was iobta from Merck Millipore
(Hohenbrunn, Germany). Ammonium-Chloride-Potassi(hCK) lysis buffer (150 mM
NH,CL, 1 mM NaHCQ; pH 7.40) and 1 mM phosphate buffer (PB; pH YWé)e prepared
in the lab. Milli-Q water (18.2 ®@/cm, Millipore Co., USA) was used for the preparatof
solutions. Sterile phosphate buffered saline (PB@fs obtained from Braun (Oss, The
Netherlands). All other chemicals used are of dralygrade.

Purification antibodies used for DynaBeads® sebectvere all made in house and included
the following antibody clonesaCD11b (clone M1/70)pMHC-II (M5/114), aB220 (RA3-
6B2),aCD4 (GK1.4),aCD8 (YTS169) andCD25 (PC61). Purification antibodies for sorting
via flow cytometry werenxCD8-APC (53-6.7; eBioscience), CD44-FITC (IM7; e&igence)
and CD62L-PE (MEL-14; BD Bioscience) using a BDIluwf (BD Biosciences). For the
detection of the adoptively transferred T cells #ibodiesaCD45.2-PerCPCy5.5 (104;
eBioscience)aCD4-PE (GKL1.5; eBioscience) anCD8-APC (53-6.7; BD Bioscience) were
used. Detection of the endogenous T cells was megsising the antibodiesCD8-APC (53-
6.7; eBioscience)yCD4-eFluord50 (GK1.5; eBioscience)CD62L-Horizon B5100CD44-
FITC (IM7; eBioscience)pnCD16/CD32-unstained (2.4G2; made in house) alfdN-y-PE
(XMG1.2; eBioscience).

2.2. Preparation of PLGA nanoparticles

OVA-loaded PLGA nanoparticles were prepared by twmubmulsion with solvent
evaporation method as previously reported with rincattions [25]. Briefly, 75 pul OVA (20
mg/ml) in PBS was dispersed in 1 ml PLGA (25 mg/mlgthyl acetate by a Branson sonifier
250 (Danbury, USA) for 15 s with a power of 20 W prepare anionic OVA-loaded PLGA
nanoparticles (anPLGA-OVA), the obtained water-inemulsion was emulsified with 2 ml 2%
(w/v) PVA with the sonifier (15 s, 20 W) to get ater-in-oil-in-water double emulsion. In
case of cationic OVA-loaded PLGA nanoparticlesRt&A-OVA), the single emulsion was
emulsified with 2 ml 2% (w/v) PVA and 4% (w/v) PBolution. The double emulsion was
added dropwise into 25 ml 0.3% (w/v) PVA (40 °C)den stirring. The ethyl acetate was
evaporated by a rotary evaporator (Buchi rotavd&dt0, Switzerland) for 3 h (150 mbar,
40 °C). The nanoparticle suspension was centriesgaAvanti™ J-20XP centrifuge,
Beckman Coulter, Brea, CA) at 35000 g for 10 miashed twice with 1 mM PB to remove
the excess OVA and PVA, and dried in a Alphal-24eedryer (Osterode, Germany, -49 °C,
90 mbar) overnight. To prepare OVA and poly(l:C)aeswapsulated PLGA nanoparticles
(anPLGA-OVA-PIC), 18.751 OVA (40 mg/ml) and 75u poly(l:C) (46.7 mg/ml, including
0.03% fluorescently labelled equivalent) were emfiets with 1 ml PLGA (25 mg/ml) in
ethyl acetate to obtain the water-in-oil emulsidine remaining of the procedure was
identical to that of anPLGA-OVA. The obtained naadjtles were stored at°€ for analysis
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and further use. To prepare the PLGA nanopartiideselease study, 10% OVA-Alexa647
was used during the preparation.

2.3. Characterization of PLGA nanoparticles

The size and polydispersity index (PDI) of nandpkas were measured by dynamic light
scattering and the zeta potential of nanopartislas measured by laser doppler velocimetry
using a Nano Z%zetasizer (Malvern Instruments, Worcestershiré.)J The samples were
diluted with 1 mM PB buffer to a nanoparticle coniration of 25ug/ml before each
measurement. To determine the loading efficiency @fA and poly(l:C) in PLGA
nanoparticles, approximately 1 mg of nanopartielese dissolved in a mixture of 15% (v/v)
DMSO and 85% (v/v) 0.05 M NaOH and 0.5% SDS. Thewam of OVA was determined by
MicroBCA method following the manufacturer’s ingttions. The amount of poly(l:C) was
quantified by the fluorescence intensity of rhodaeniabelled poly(I:C)Xex 545 NM/Aem 576
nm). The encapsulation efficiency (EE) and loadiagacity (LC) of OVA and poly(l:C) in
the nanoparticles were calculated as below:

Mioaded ovA /poly(I:C
EE % = —2adedOVA/poyl® » 100 % (1)
Mtotoal ova /poly(I:C)

LC % = Mioaded OVA / poly(I:C) % 100 % (2)

nanoparticles

WhereMioaded ovapoly(:cyrepresents the mass of loaded OVA or poly(IMzai ovapoly (:c) 1S
the total amount of OVA or poly(l:C) added to tlerfiulation andVnanoparticiedS the weight
of nanoparticles.

2.4. Release of OVA and poly(l:C) from PLGA nanopaticles

Nanoparticles were prepared in triplicate as dbsdriabove. To study the release of OVA
and poly(l:C) from PLGA nanoparticles, 3 mg anPLGAA, catPLGA-OVA or anPLGA-
OVA-PIC were dispered into 1 ml RPMI supplementethvi0% FBS and incubated at 37 °C
with a shaking speed of 350 rpm. At different tipents, the suspensions were centrifugated
(9000 g, 5 min) with Sigma 1-15 centrifuge (Ostero@ermany). A release sample of @00

of the supernatant was collected and replaceddshfmedium. The released amount of OVA
and poly(l:C) was determined by fluoresence intgrsdi OVA-Alexab47 fex 647 NMiey, 671
nm) and rhodamine labelled poly(l:Qk{ 545 nmXer, 576 NmM), respectively.

2.5. Mice and intradermal immunizations

8-18 week old male B6.SJL/ptprcaPep3b/BoyCrl (BB)$uld type mice and 8-30 week old
transgenic (tg) mice that express pO¥#ssgspecific T cell receptor (OT-1I mice) or
POVA,s7264Specific T cell receptor (OT-I mice) were initialbbtained from Charles River
and were bred in house. Abdomen of mice were shpkiedto immunization on both flanks
and intradermal immunization was done using a sirfgbllow microneedle as reported
previously [8, 9]. The hollow microneedle was irtedrinto the abdomen of mice using an
applicator controlling precisely the depth, voluared rate of the injections. The injections
were performed at a depth of 120 um, a volume qil4@ 3 injections (2 on right flank, 1 on
left flank) and with a rate of 10 pl/min. In sevienace, the depth was increased up to 200 um
if leakage was observed in the beginning of ingttin all experiments a total of 5 pg OVA
or 50 pg OVA peptides was injected per immunizationcase of anPLGA-OVA-PIC, the
dose of poly(l:C) was also 5 ug. Ethical approvabwiven by the Animal Ethics Committee
from Utrecht University, The Netherlands.
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2.6. Adoptive transfer of OVA specifictg T Cells

OVA-specific T cell transferred mice were obtairmdinjecting OT-1 CD8 and OT-Il CD4

T cells into wildtype B6.SJL mice. In order to abt®DT-I and OT-II cells, spleens were
isolated from OT-I and OT-Il mice and erythrocytepteted splenocytes were obtained as
follows. Single cell suspensions were prepared &gsage over a 70 UM cell strainer after
homogenizing the spleens with a syringe plungeRREMI 1640 GlutaMAX supplemented
with 8.5% fetal calf serum (Bodinco), 3 2-mercaptoethanol and penicillin/streptomycin
(complete RPMI medium). The erythrocytes were depldy lysis with ACK lysis buffer.
Transgenic naive CD4(OT-Il) cells and transgenic CDEOT-I) cells were isolated from
splenocytes by negative selection using MagnetiodBgads® (Thermo Fisher Scientific,
Waltham, MA). Antibodies used wergCD11b,aMHC-II, aB220 and eitheaCD4 for CD8
(OT-1) T cell purification oraCD8 andaCD25 for naive CD4(OT-Il) T cell purification.
After negative selection by magnetic beads, a ypaibund 70% was achieved for naive tg
CD4" (OT-Il) T cells. An additional sorting was neceasst separate naive from non-naive
tg CD8 (OT-I) T cells. After selection on CDBCD44°" and CD62["" using a BD influx,
100% purity of naive tg CO8(OT-I) T cells was obtained. Naive tg CD@T-II) T cells
were stained with carboxy-fluorescein succinimiggter (CFSE; 0.5 uM, Invitrogen) and
naive tg CD8 (OT-I) T cells were stained with Cell trace vio[@TV; 5 uM, Invitrogen) for
10 min at 37°C. A total of 2 x 2CFSE-labelled naive tg CDA cells and 1 x 10CTV-
labelled naive tg CD8cells were injected into the tail vein of recigienice, one day before
immunization to obtain OVA-specific T cell transfed mice.

2.7.1n vivo proliferation of adoptively transferred T cells

OVA-specific T cell transferred mice were immunizedth OVA, anPLGA-OVA and
catPLGA-OVA at day 0. PBS and OVA peptide immunmas were used as negative and
positive control, respectively. Proliferation of Tgcells was studied at day 3, 5 and 7. 2.5 x
10° erythrocyte depleted splenocytes or draining (img) lymph node cells were stained
with aCD45.2,aCD4 andaCD8 and transferred cells were measured as a pageemf
CD45.2 and either CD8or CD4 cells of total cells using a FACSCanto Il (BD Bignces)
and FlowJo (TriStar) analysis software. Percentagfe$ully proliferated (> 6 division)
transferred cells were measured by similar antikgidining, but as CD45.2nd either CTV
CD4" and CFSE" or as CFSEDS8" and CTV", all after gating on live cells on FSC-
A/SSC-A and single cells in FSC-A/FSC-H.

2.8. Endogenous CD%and CD8' T cell responses

B6.SJL mice were immunized with OVA, OVA+poly(l:GQOVA+PIC), anPLGA-OVA,
catPLGA-OVA or anPLGA-OVA-PIC at day 0, 3, 6 andcé@ll responses were analyzed at
day 13. The endogenous CD# cell response was measured’dythymidine incorporation.
For this 0.2 x 1Derythrocyte-depleted splenocytes or inguinal lymplde cells were plated
in complete RPMI medium in a 96 well round bottolatg for 72 h with or without 10 pg/mL
OVA Endo-Fit (Worthigton) or ConA, at 37 °C in arhidified incubator. After 72 h*H-
Thymidine (0.4 puCi/well; Amersham Biosciences E@w@mbH) was added for an additional
18 h and incorporation into DNA was measured bwitigscintillation counting (Microbeta,
Perkin-Elmer Inc.).

CD8" T cell activation was measured using intracelluleN-y staining as described
previously [26]. In short, 2.5 x 20erythrocyte-depleted splenocytes were incubated in
complete RPMI medium with 1 pg/ml pOV¥é.264 (Genscript) or complete RPMI medium
with 10uM monensin (eBioscience) for 6 h at 37 °C in 6% Hlified incubator. Cells were
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stained with eithernCD8, aCD4, aCD62L or aCD44 in the presence @fCD16/CD32 to
block Fc-receptors. Next they were fixed with 2%gbarmaldehyde and stained with=N-y
antibody in the presence of 0.05% saponin. Sanvpéee measured on a FACSCanto Il (BD
Biosciences) and analyzed using FlowJo softwareq Btar).

2.9. CFU counts in bacterial challenge study

B6.SJL mice were immunized with OVA, OVA+PIC, anPA®VA, catPLGA-OVA or
anPLGA-OVA-PIC at day 0, 3 and 6. Mice were chajlesh with recombinant.isteria
monocytogenes secreting OVA (rLM-OVA) 21 days after final immuuizon. rLM-OVA [27,

28] were cultured in Brain Hart Infusion broth (BH®igma-Aldrich) with 5 pg/mL
erythromycin and to challenge the mice 100.000 Qfédteria from a LOG-phase culture
were injected in 200 pl/mouse in the tail vein. &limmunized with 10.000 CFU rLM-OVA
at day 6 were used as positive control and unimpaghmice served as negative control. To
study the elimination of bacteria, three days aftallenge spleens were isolated and single
cell suspensions were made in RPMI medium. Selligi@hs were plated on BHI agar plates
and CFU counts were determined after approximad&lyh in a 37 °C incubator. The
remaining mice were sacrificed 5 days after thdlehge to study the CD4and CD8 T cell
responses. The specific T cell response was detedrnin spleen using intracellular 1FN-
staining method as described in section 2.8.. Tierdene the memory phenotype of the
CDS8' T cells, CD62L and CD44 antibodies were used. Iirst the gate of the total CD§
cells, three different populations were gat&lifplement Figure 1B;solid lines). CD44
were considered naive T cells, CD@&D62L" are T central memory cells and CD&H62L

are T effector and T effector memory cells. Seégnish order to determine the antigen
specific memory phenotype, the gates that wereseatll CD8 T cells were copied in the
CDS8'IFN-y" population.

2.10. Statistics

Statistical significance was determined using KstMiallis and multiple comparison/post hoc
analysis was done with Dunns correction, *=p<0*05p<0.01, ***=p<0.001.

3. Results
3.1. Preparation and characterization of PLGA nanoprticles

The physicochemical characteristics of PLGA nantiglas are shown ifable 1. All types

of PLGA nanoparticles had a size of approximately 850 with a low PDI ranging from
0.032 to 0.100. AnPLGA-OVA had a negative surfaterge with a zeta potential of
approximately -18 mV and catPLGA-OVA possessed sitpe surface charge with an
opposite zeta potential around +10 mV. The EE% 6A@vas around 50% in both anPLGA-
OVA and anPLGA-OVA-PIC, and catPLGA-OVA showed grsficantly higher EE% of
87%. CatPLGA-OVA had also a higher LC% (10.4%) &afAOthan anPLGA-OVA (6.6%)
and anPLGA-OVA-PIC (2.8%). The ratio between thildahamount of OVA and poly(l:C)
in the formulations during the preparation procedwas adjusted in order to prepare
anPLGA-OVA-PIC with similar LC% of OVA (2.8%) andfy(I:C) (2.7%).
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Table 1: Physicochemical characteristics of PLGA naoparticles

o EE% LC%
Nanoparticles Size (nm) PDI mv)

OVA Poly(:C) OVA  Poly(l:C)
anPLGA- -
VN 155.0£6.2 0.0640.010 [, , 54.8£10 - 6.6+0.1 -
gi}';LGA' 147.3+2.1 0.100£0.029 9.9+05 87.0+4.8 - 10.4+0.6 -
anPLGA- -
o 148.418.4 0.032£0.007 |, oo 47.2¢162 9.6:28 28+10 27:08

The formulations are characterized in terms of éilzemeter) and polydisperse index (PDI),
zeta potential (ZP), encapsulation efficiency (BB loading capacity (LC) of OVA and
poly(l:C). The EE% of OVA or poly(l:C) was defined as the pertage of encapsulated
amount of OVA or poly(l:C) compared to the addecbant of OVA or poly(l:C). The LC%
of OVA or poly(l:.C) was defined as the percentadeencapsulated amount of OVA or
poly(l:C) compared to the amount of nanoparticlkePLGA-OVA: anionic OVA-loaded
PLGA nanopatrticlesCatPLGA-OVA: catonic OVA-loaded PLGA nanoparticlésiPLGA-
OVA-PIC: OVA and poly(l:C) co-encapsulated anioRIcGA nanoparticles.

3.2. Release of OVA and poly(l:C) from PLGA nanopaiticles

Release of OVA and poly(l:C) from PLGA nanoparticas measureih vitro in culture
medium containing serunfig. 1). The developed nanoparticles showed a burst elehs
OVA within the first day, followed by a slow releasAt day 30 around 49%, 22% and 26%
OVA were released from anPLGA-OVA, catPLGA-OVA andnPLGA-OVA-PIC,
respectively. The release of poly(l:C) followed tinend of OVA in anPLGA-OVA-PIC. At
day 30, around 42% poly(l:C) was released. Thusyfahe PLGA nanopatrticles released at
most half of their content within one month.
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Figure 1. Release of OVA and poly(l:C) from PLGA nanopartl®LGA nanoparticles
were dispersed into culture medium containing seamah incubated at 37 °C. At different
time points, the release sample was collected termiéne the release amount of OVA (A)
and poly(I:C) (B). Per time point 3 independent mmeaments were performed (mean + SEM,
n=3)

3.3. OVA-loaded PLGA nanoparticles enhanced antigemduced activation of tg T
helper cells and enabled priming of tg cytotoxic Tcells after intradermal immunization
using a hollow microneedle

To determine the induction of a cellular immunepresse towards a protein antigen that is
delivered via hollow microneedles, we first exandinge ability of a protein antigen to
activate transgenic (tg) T cells that were adoppitansferred fig. 2A). Naive OVA specific
CD4" and CDS8 T cells were isolated from spleens of OT-Il and-QOffiice, expressing atg T
Cell Receptor specific for the CD4nd CD8 T cell epitopes (OVApz 339and OVAs7.06) Of
the model antigen OVA, respectively [29, 30]. Afgeaining with cell trace dyes, these cells
were mixed and transferred into congenic recipraite, allowing the distinction between
host and donor T cells in flow cytometry, basedeapression of the congenic mark€id
2A). One day later the recipient mice were immunizetfadermally, using a hollow
microneedle, with full length OVA protein or withé OVA epitopes (pOVA). These epitopes
do not require any antigen processing in orderctovate tg T cells and served as a positive
control. We first determined if CD4T helper cells were activated in the present stidy
CD4" T cells were detected in flow cytometry as CD@D45.2 T cells within the
lymphocyte gate in either draining inguinal lympbdes (dLN) or in the spleens. In OVA
protein-immunized mice, a small increase in numloérgy CD4 T cells compared to PBS
group was found in the dLN after immunizatidfig. 2B). Minimal systemic responses were
measured in the spleefig. 2C). Besides, minimal numbers of transferred CO4cells
activated by OVA protein were fully proliferatedrig. 2D-F, depicted by more than 6
dilutions of cell trace dyeNumbers of tg CD4T cells were higher than PBS group in both
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dLN and spleen in mice immunized with peptidegy( 2B). OVA peptides showed a high
proliferation rate of the tg CD4T cells at day 5, while at day 7 the numbers dlyfu
proliferated cells droppedrig. 2E-F).
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Figure 2. Encapsulation of OVA by PLGA nanoparticles enhances activation of tg CD4

T cells after intradermal immunization using hollow microneedle.

(A) Experimental design; naive CD8y T cells specific for OVAs7.264 Were isolated from
spleens of OT-I mice and stained with Cell Tracel&ti CD4 tg T cells specific for OVAps.

339 were isolated from spleens of OT-Il mice and ddinwith Carboxyfluorescein
succinimidyl ester (CFSE). From both cell types 1®Rcells were injected in tail vein of
B6.SJL mice 1 or 2 days before intradermal immurora T cell responses were analyzed on
day 3, 5 and 7. (B-F) CD4T cell response of tg transferred T cells. (B&AGhount of
transferred tg T cells as a percentage of COEDZ" cells in either dLN cells (B) or
lymphocyte gate of splenocytes (C). (D) Indicatadriully proliferated (>6 dilutions) cells in
the CFSE window of CTV/ CD45.2CD4" / lymphocyte gate. (E-F) Percentage of cells that
are CD45.2CD4" and divided more than 6 times as measured by GR8Esity on day 5 or

7 in either dLN (E) or spleen (F) after intradernmamunization via hollow microneedles
with the formulations indicated on X-axes. Graphe aepresentative for 1 of total 2
independent experiments. Per experiment the nuoflraice used is n=4 for OVA, anPLGA-
OVA and catPLGA immunization groups, n=3 for pOViAmunization groups, and n=2 for
PBS immunization group (as depicted by the amountais in the graph). Statistical
significance was determined using Krukis-Wallis andltiple comparison/post hoc analysis
was done comparing immunization strategies ver&£ & OVA immunization with Dunns
correction, *=p<0.05.

We then determined whether OVA encapsulation in RL@noparticles could enhance
OVA-specific tg CD4 T cell responses. When mice were immunized withAGdaded
anPLGA-OVA and catPLGA-OVA, we detected higher nemsbof OVA-specific tg CD4T
cells than OVA group in dLN and spleen, both at 8aand 7 post-immunizatioig. 2B-C).
Total numbers of tg CD4T cells retrieved from PLGA-OVA nanoparticle imnized mice
were also much higher than that in mice immunizétth @VA peptides [Eig. 2B-C). Over
95% of these cells were fully proliferated in anFA-GVA and catPLGA-OVA groups, while
OVA induced only slightly more fully proliferatecelts than PBS locally on day %i{). 2E)
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and systemically Kig. 2F) on day 7. No differences were observed betwesporeses
detected against anPLGA-OVA and catPLGA-OVA. Takemgether, we show that
encapsulation in PLGA nanoparticles enhanced thigation of tg T helper cells by OVA
after intradermal immunization using hollow micredées.

Next, it was determined if the followed immunizatistrategy also induced a cytotoxic
cellular immune response. Activation and prolifenatof CD8 tg T cells was measured in
the experimental setup as shownFAig. 2A. As expected, no increase in the numbers of tg
CD8' T cells was detected in either dLN or spleen at 3{a5 or 7 after immunization with
soluble OVA protein Kig. 3A-B). On day 3, immunization with OVA had induced soime
cell proliferation, as shown by dilution of cellate dye Fig. 3C-D), although this
proliferation did not lead to a significant increas tg CD8 T cell numbersKig. 3A-B) as
compared to PBS group. In contrast, immunizatiothv@VA-loaded PLGA nanoparticles
induced a marked increase in tg COBcell numbers in both dLN and spleen, as deteated
both days 5 and 7#{g. 3A-B). Most of these cells were fully proliferated ahere was no
difference observed between responses induced Py@#A-OVA and catPLGA-OVA Fig.
3C-D). Immunization with OVA peptides induced a str@ygtemic tg CD8T cell response
at day 5, but in contrast to nanoparticle-immunagtthis response decreased significantly at
day 7 Fig. 3A-B). This was probably due to differing kinetics ofcé&ll responses triggered
by precise T cell epitopes, compared to full len@KWA, which requires prior antigen
processing. In conclusion, our data indicate thatapsulation of OVA in PLGA
nanoparticles enables OVA to trigger CD§ T cell responses upon hollow microneedle-
mediated intradermal delivery.
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Figure 3. Encapsulation of OVA by PLGA nanopartices enabled activation of tg CD8
T cells after intradermal immunization using hollow microneedle.CD8" T cell response
of tg transferred T cells. (A-B) Amount of transkst tg T cells as a percentage of
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CD45.ZCD8" cells in either dLN cells (A) or lymphocyte gaté splenocytes (B). (C-D)
Percentage of cells that are CD4&EDR8" and divided more than 6 times as measured by Cell
Trace Violet intensity on day 3, 5 or 7 in eithdtNd(C) or spleen (D) after intradermal
immunization via hollow microneedles with the forations indicated on X-axes. Graphs are
representative for 1 of total 2 independent expenits. Per experiment the number of mice
used is n=4 for OVA, anPLGA-OVA and catPLGA immuatipn groups, n=3 for pOVA
immunization groups and n=2 for PBS immunizatioougr (as depicted by the amount of
dots in the graph). Statistical significance watedrined using Krukis-Wallis and multiple
comparison/post hoc analysis was done comparinguimmation strategies versus PBS
immunization with Dunns correction, *=p<0.05.

3.4. OVA primed both endogenous CD%and CD8 T cell responses in immunized hosts
when particulated in PLGA nanopatrticles or adjuvanted with TLR3 agonist

Having shown that hollow microneedle-mediated immation with OVA-loaded PLGA
nanoparticles activates adoptively transferred tglls Fig. 2-3), we next examined whether
this strategy also primes endogenous T cell regsomsimmunized hosts. To this end, wild
type mice were immunized at day 0, 3 and 6 with OM@VA+PIC, anPLGA-OVA,
catPLGA-OVA or anPLGA-OVA-PICTable 1; Fig. 4A).
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Figure 4. Specific endogenous T cell responses irmhd by OVA when particulated in
anionic, cationic PLGA nanoparticles or when adjuvated with TLR3 agonist.

(A) Schematic overview of immunization strategyneéasuring wild type T cell responses.
Intradermal immunization on day 0, 3 and 6 and aesps measured 7 days after final
immunization (day 13). (B-C) Percentage of IFNeglls in CD8 gate within the lymphocyte
gate on FSC/SSC of dLN (B) or spleen (C). i¥Neells upon stimulation with medium is
considered background and shown in gray. Results m@oled of 2 experiments with a total
of 6-9 mice/group. (D) CD4T cell response was measured by proliferationptérsocytes
upon stimulation of OVA protein. Each data poinpresents the results of one animal.
Incorporation ofH-thymdine in DNA was measured liquid scintillationunting as CCTM
Statistical significance was determined using Kstliallis and multiple comparison/post hoc
analysis was done comparing all immunization growith Dunns correction, *=p<0.05,
**=p<0.01, **=p<0.001.

At day 13, antigen-specific CDST cell responses were detected by intracellulad-yF
cytokine staining $upplement Fig. 1A. Background levels of IFN-produced by CD8T
cells was low in all mice, as depicted by restirtialaof cells with mediumKig. 4B-C). As
expected, no OVs7.oesspecific CD8 T cell response was detected in mice immunized wit
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soluble OVA Fig. 4B-C). In contrast, responses to this epitope were gledgtectable in
dLN (Fig. 4B) and the spleer{g. 4C) of mice immunized with OVA+PIC, anPLGA-OVA
or catPLGA-OVA. Responses in the anPLGA-OVA groepded to be lower than that in the
catPLGA-OVA group. The addition of poly(l:C) enhadcthe CD8 response, either when
mixed with OVA solution or co-encapsulated with OWA PLGA nanoparticles (anPLGA-
OVA-PIC) (Fig. 4B-C). Thus, following hollow microneedle-mediated delien specific
recipient CD8 T cell response is induced by OVA when encapstlatd®LGA nanoparticles
or when adjuvanted with TLR3 agonist (either mixecto-encapsulated with OVA in PLGA
nanoparticles). Furthermore, induction of OVA-sfieciCD4" T cell responses in the
immunized mice was determined by measurittythymidine incorporation in 72 h
splenocyte cultures incubated with O\f#otein. Some OVA-specific proliferation was
detected in mice immunized with OVA+PIC, catPLGA-®Vand anPLGA-OVA-PICKig.
4D), although no significant differences between gsowere observed.

Thus, hollow microneedle-mediated intradermal immation with OVA loaded PLGA
nanoparticle with or without poly(I:C) induces dliyadetectable OVAgs7.26sSpecific CD8 T
cell responses and minor OVA-specific CD®cell responses in mice.

3.5. Protective immune response towards recombinantLM-OVA after intradermal
immunization using hollow microneedles

CD8" T cells play an essential role in clearance of ititeacellular bacteriunListeria
monocytogenes [31]. Next, we determined whether hollow microneeahediated vaccination
with  PLGA nanoparticles induces protective immunagainst rLM-OVA. Mice were
immunized with OVA, OVA+PIC, anPLGA-OVA, catPLGA-QVor anPLGA-OVA-PIC at
day 0, 3 and 6 and challenged with the bacteriurda&% after final immunization§ig. 5A).
Unimmunized mice served as a negative control alceé immunized with rLM-OVA at day
6 served as a positive control, as these mice ygrieally able to completely clear the
bacterium within 3 days after challenge. Determamabf CFU counts in the spleens at day
30 showed that mice immunized with rLM-OVA indeedntpletely cleared the challenge
dose, while spleens of non-immunized mice contaimedverage approximately 100.000
bacteria Fig. 5B). While immunization with soluble OVA, OVA+PIC arahPLGA-OVA
failed to protect(Fig. 5B), protection was observed in at least one mouseummuad with
catPLGA-OVA. Moreover, anPLGA-OVA-PIC induced fulirotection, resulting in zero
bacteria count in the spleen, similar to mice immea with rLM-OVA (Fig. 5B). This
indicates that immunization with anPLGA-OVA-PIC,dato some degree catPLGA-OVA,
via the intradermal route using hollow microneedlglgcited a protective cellular immune
response.
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mediated intradermal immunization. (A) Schematic overview of challenge study in which
the mice received an i.v. challenge of 100.000 mdmoant Listeria monocytogenes-OVA
(rLM-OVA) 21 days after 3 immunizations with diffamt formulations. CFU count of rLM-
OVA in spleen was determined 3 days after challearg T cell activation was measured 5
days after challenge. (B) Spleens were isolatedsanidl dilutions were plated on BHI agar
plates and CFU’s were counted 36 h after incubaitddiz°C. (C-D) CDAT cell and CD8T
cell responses were measured by using a procediemédal to that used for T cell responses
showed inFig. 4B-D. Gentamycin was added to culture medium to prefwettier growth of
potential rLM-OVA. Per experiment n=4 for OVA, anBA-OVA and catPLGA-OVA
immunization groups, n=3 for pOVA immunization gpsuand n=2 for PBS immunization
group (as depicted by the amount of dots in thplgreStatistical significance was determined
using Krukis-Wallis and multiple comparison/postchanalysis was done with Dunns
correction, *=p<0.05.

To study the possible relation between T cell raspaand the capacity to clear the pathogen,
the T cell response in the spleen of the challengex® was measured. Results of T cell
responses 5 days after challenge with rLM-OVA shobwigat all immunization regimens
triggered OVA-specific CD4 T cell responses, and that the addition of paB)(Idid not
further increase these respongg. 5C). In all immunized groups except OVA-immunized
mice a particularly robust activation of antigeresific CDS T cells was detectedFig. 5D).
Remarkably, the activated CD& cells in OVA-immunized mice consisted of 40% tcah
memory T cells (Tcm; CD62ICD44) and 60% effector T cells and effector memory Tsce
(Teff/Tem ;CD62LCD44). In contrast, in the other immunization groupse tiicm
populations were much smaller and the Teff/Tem peflulation much largeiSup Fig. 1B-

D; solid line). While Tcm:Teff/Tem cell ratio failed to correéatith immune protection,
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cells within the CD62ICD44 gate were further analyze8yp. Fig. 1B-D; dotted ling. We
found higher CD44:CD44" cell ratios in mice that had received anPLGA-OVKGP
catPLGA-OVA and rLM-OVA, i.e. the immunization regens that led to reduced CFU
counts following bacterial challengEig. 5E). Thus, the presence of antigen-specific CH44
CD8' T cells seems favorable for immune protection td4OVA infection.

4. Discussion

Nowadays, most of the vaccines under investigasian based on recombinant proteins or
subunits of pathogens, because of improved safadyl@ver production cost compared to
live or attenuated vaccines [32]. However, in gahsuch vaccines are poorly immunogenic
and fail to elicit robust cell-mediated immunityaagst intracellular pathogens. In this respect,
nanoparticle-based delivery of antigens may be timactive tool, because it can improve
Immune response induction to encapsulated antig8jsin this study, OVA was used as a
model antigen and encapsulated into PLGA nanopestivith or without the adjuvant
poly(1:C). The capacity of the nanopatrticle forntidas to stimulate cell-mediated immunity
was investigated by intradermal immunization ushmglow microneedles. We show that
intradermal delivery using hollow microneedles aditit a protective cellular immune
response when the antigen is encapsulated in @tPbGA nanoparticles or when the
antigen and adjuvant are co-encapsulated in anlli@A nanoparticles. These data expand
on previous studies using hollow microneedles whamenoral immune responses were
detected [7-9], which illustrate the attractivene$she intradermal route for the delivery of
vaccines.

Nanocarriers used for delivery of proteins or subwuaccines enhance antigen uptake by
antigen presenting cells and contribute to a piggonpresentation of the vaccine antigen at
the cell surface [34, 35]. This leads to activataira cellular immune response, which was
exemplified in previous studies showing that PLGa#oparticle-encapsulated antigens, with
or without adjuvant, may induce strong T helpeetypand cytotoxic T cell immune response
(Th1/CTL) when delivered systemically or subcutarsyp [15, 17, 36]. However, relatively
little is known about the immune responses eliciteg nanoparticle vaccines when
administered intradermally using microneedles. S@mevious studies showed that coated
and dissolvable microneedle delivered protein amtimduced CD8T cell responses [39-41].
In these studies none of the vaccine antigens emcapsulated in nanoparticles. Our results
showed that the encapsulation of antigen in narniopes with and without adjuvant can
enhance the T cell responses. These results ali@einwith a previous study, in which
dissolving microneedles loaded with PLGA nanopkatencapsulated antigens were used for
intradermal vaccination, and shown to induce a sblantigen-specific protective cellular
Immune response in mice [24].

Our data show that hollow microneedle-deliveredtipalated OVA not only activated
transferred tg T cells, but also primed endogenpugective CD8 T cell responses in
immunized mice. In mice adoptively transferred with T cells, an endogenous T cell
response could not be detected (data not showriy fMlay be explained by the single
injection immunization regimen in these studiebichr may be sufficient to prime adoptively
transferred tg CDBT cells, but not the naive antigen-specific T ceflertoire. Alternatively,
interference of the relatively easily activatedTtgcells with priming of naive T cells of
recipient mice, for example by cytotoxicity towardstigen presenting pAPC as part of an
immune homeostasis feedback loop, may explainothégrvation. For this reason, to examine
whether hollow microneedle-mediated immunizatiothw?LGA nanoparticles encapsulated
OVA may prime OVA-specific endogenous CD§ cells in mice, a priming procedure
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consisting of three immunizations delivered ovetinae period of 6 days was used. This
protocol had been shown to induce cellular immuesponses following dermal DNA tattoo
immunization [26, 42], but not yet when using hallmicroneedles [7]. We report here that
this prime boost protocol indeed elicits vigorou®8C T cell responses in mice immunized
with PLGA nanopatrticles encapsulated with antigethen using hollow microneedles as
delivery method.

A variety of dendritic cells in the dermis and epitiis have been shown to contribute to
immune activation following dermal immunization [484], and they all express diverse
pathogen recognition receptors, such as Toll-lieeptors (TLRs). In agreement with this
observation, multiple intradermal immunization sésdhave shown added effects of different
Toll-like receptor (TLR) agonists based adjuvanii§, [45]. In our study, co-delivery of OVA
and the TLR3 agonist poly(l:C) in PLGA nanoparti;léed to protective cellular immune
responses to rLM-OVA. Possibly, the nanoparticlelsas a depot system and stimulate the
immune system by controlling the release of OVA poly(l:C), resulting in prolonged OVA
presentation and enhanced immunogenicity [23].

Cationic PLGA nanopatrticles are considered to beemimmunogenic than anionic PLGA
nanoparticle, as their positive surface chargelifai@ the interaction with anionic cell
membranes, enhancing uptake of these nanopartiglebagocytic cells [46]. However, this
enhanced interaction can also lead to increasddcgtltoxicity [10], contributing to the
challenges faced for therapeutic use in humanfiumadoptive transfer studies anPLGA-
OVA and catPLGA-OVA seemed to perform equally welowever, catPLGA-OVA primed
the endogenous cellular immune responses effigiemthile anPLGA-OVA did not show
significant increase of response compared to OVItem. Besides, although one mouse
showed full protection from subsequent infectiothwiLM-OVA after immunization with
catPLGA-OVA, no statistical difference in degreeimimune protection induced by plain
cationic compared to anPLGA-OVA was detected. Oesults show that inclusion of
poly(l:C) in the anionic nanoparticles was neededully protect immunized mice from
infection.

Remarkably, although immune protection differedwsstn mice immunized with OVA
particulated in cationic or anionic PLGA without with poly(l:C), vigorous OVA-specific
CD8" T cell responses were detected in all groups éxoepmice immunized with soluble
OVA. Further analysis of CD8T cell phenotype showed that there was no difiezenithin
percentage of Tcm and Tem/Teff cells between tHerdnt PLGA nanoparticle immunized
groups, but an enhanced ratio of CDBcells with CD44" phenotype was detected in mice
immune to rLM-OVA challenge. Difference in antigezlease can have a role in shaping the
memory phenotype [47], however we found similaeask profiles of OVA in the different
nanoparticle formulations. Thus, although no chiefinition of CD44"CD62L"*is available
[48-50], we show a correlation between their preseand intradermal immunization-induced
protective immunity to challenge with rLM-OVA.

Taken together, we show that hollow microneedles ar excellent tool for intradermal
vaccination, leading to the induction of minor CD# cell and vigorous CO8T cell
responses to PLGA nanoparticle encapsulated wiilyears. Evoked CDSBT cell responses
provided full protection against an intracellulaackerium if poly(I:C) was co-encapsulated
with the OVA antigen in PLGA nanoparticles. Futwsiidies may show whether other
adjuvants have similar effects or whether speaifipivants may induce protection to specific
categories of intracellular pathogens.
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Abstract

In this study, we investigated the potential ofadiermal delivery of nanoparticulate vaccines
to modulate the immune response of protein antigggmg hollow microneedles. Four types of
nanoparticles covering a broad range of physioct&nmarameters, namely poly (lactic-co-
glycolic) (PLGA) nanopatrticles, liposomes, mesopsrasilica nanoparticles (MSNs) and
gelatin nanoparticles (GNPs) were compared. Theldped nanoparticles were loaded with
a model antigen (ovalbumin (OVA)) with and withar adjuvant (poly(l:C)), followed by
the characterization of size, zeta potential, molgpdy, and loading and release of antigen
and adjuvant. An in-house developed hollow-micraiheeapplicator was used to inject
nanoparticle suspensions precisely into murine sikina depth of about 120 pm.
OVA/poly(l:C)-loaded nanoparticles and OVA/poly():Golution elicited similarly strong
total IgG and 1gG1 responses. However, the co-eudapon of OVA and poly(l:C) in
nanoparticles significantly increased the IgG2@oase compared to OVA/poly(l:C) solution.
PLGA nanoparticles and liposomes induced strong@2& responses than MSNs and GNPs,
correlating with sustained release of the antigeth &djuvant and a smaller nanopatrticle size.
When examining cellular responses, the highest "Ca& CD4 T cell responses were
induced by OVA/poly(l:C)-loaded liposomes. In camibn, the applicator controlled hollow
microneedle delivery is an excellent method foradermal injection of nanoparticle vaccines,
allowing selection of optimal nanoparticle formudats for humoral and cellular immune
responses.

Key words: Intradermal vaccination, hollow microneedles, nartples, antigen, adjuvant
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1. Introduction

Skin is an attractive administration site for immaation and may act as an excellent
alternative for traditional intramuscular or sulanmgous vaccination. Furthermore,
intradermal vaccination may enable dose sparimgesihe skin has a rich network of immune
cells compared to muscle or subcutaneous tissueHdyever, the uppermost layer of the
skin, the stratum corneum, is the main barrier gravents the transport of vaccines (>500
Da) across the skin. Therefore, novel delivery méshneed to be developed. Among various
methods developed for antigen delivery via the ,s&sapecially microneedle-based approaches
have recently attracted increasing attention [Re Thajor advantage of microneedles is their
ability to pierce the skin in a minimally invasiveanner and subsequently deliver their
payload in the superficial skin layers potentiallythout pain, owing to the limited
penetration depth of microneedles (typically <500) {i13].

Several microneedle types have been developed docine delivery, such as coated or
dissolving microneedles which can release the dtigen into the epidermis and dermis after
the piercing of the skin [2]. In contrast, hollowanoneedles can be used to deliver antigens
or particulate formulations as solutions or susjmrssinto the skin. To this end, in our group
a hollow microneedle device has been developedallats precise and controlled injections
into the epidermis and dermis by using etched fisslezh capillary-based microneedles [4-6].
The advantage of the hollow microneedles comparatisisolving or coated microneedles is
that little time is required for modifying the degermulation or administration depth. This is
particularly advantageous when studying optimizatd formulations or parameters for the
immunization (e.g. penetration depth or vaccinesfldsurthermore, if required a higher dose
can be injected into the skin compared to dissghand coated microneedles.

Subunit antigens are based on purified antigensaamdegarded safer than traditional whole
bacterium- or virus-based vaccines [7]. Howevereséh antigens have often lower
immunogenicity and therefore adjuvants, such ddikel receptor (TLR) ligands or toxoids,
are needed to increase the immune response [8nRgcnanoparticles have gained growing
attention for the delivery of subunit vaccines hessaof their capability of protecting antigens
from degradation, forming a depot at the site ¢géation, and facilitating antigen uptake by
dendritic cells (DCs) [9-11]. Studies have additityy shown that co-formulation of antigen
and adjuvant into a nanoparticle might be crucmlimprove immune responses against
subunit vaccines [12-15]. However, it is not wehderstood how the physicochemical
properties such as size, material, surface chargeelease behavior of antigen/adjuvant
influence the immune response. Previously, it hasnbproposed that positively charged
nanoparticles with a size smaller than about 200mght be optimal for the interaction with
antigen-presenting cells [9, 16-18]. Moreover, aum&d release of antigen and adjuvant from
nanoparticles and a depot effect of nanoparticiegshe cell surface could allow the co-
delivery of antigen and adjuvant to antigen-prasentcells [17, 19]. However, most
vaccination studies have been performed by intraolas or subcutaneous injection and no
studies have directly compared different nanopaditor intradermal vaccine delivery.

The aim of this study was to assess the potenti@ntigen loaded nanoparticles, with or
without co-encapsulated adjuvant, to induce humaral cellular immune responses after
hollow microneedle-mediated intradermal immunizatido this end, we prepared four
different nanoparticulate delivery systems withyuag physicochemical properties, namely
poly (lactic-co-glycolic) acid (PLGA) nanoparticlesliposomes, mesoporous silica
nanoparticles (MSNs) and gelatin nanoparticles (§NPLGA nanoparticles [10, 20-24] and
liposomes [12, 18, 22, 25] have been extensivelestigated as biocompatible and
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biodegradable nanoparticle vaccine delivery systediSNs gain increasing attention for
vaccine delivery because of their controlled sizel anesostructure, excellemh vivo
biocompatibility and high loading capacity [26, 2@elatin based nanoparticles have been
studied as promising vaccine carriers becauseenf &xcellent biocompatibility, stability and
aptness for surface modification [28-30].

A model antigen, ovalbumin (OVA), with and withoat TLR3 agonist, poly(l:C), was
encapsulated into the nanoparticles. First, thesigbghemical properties and the vitro
release of antigen and adjuvant of the differenhoparticulate formulations were
characterized. Next, mice were immunized with tlemiulations by using a hollow
microneedle device followed by the analysis of htahand cellular immune responses. The
results reveal that the immune response dependscapsulation of antigen/adjuvant and the
characteristics of nanoparticles. Furthermore, wmahstrate that the hollow microneedles
together with the applicator are excellent toolsifdradermal vaccination and screening of
nanoparticulate formulations.

2. Materials and methods
2.1. Materials

PLGA (acid terminated, lactide glycolide 50:50, Na& — 38 kDa), gelatin from porcine skin
(bloom 300), OVA forin vitro studies (albumin from chicken egg white, lyoplatiy, bovine
serum albumin (BSA»96%, gluteraldehyde, glycine, cholamine chlorideldoghloride (2-
aminoethyl)-trimethylammoniumchloride hydrochlorideethyl-3-(3-dimethyl-aminopropyl)
carbodiimide hydrochloride (EDC), cholesterei99%) and hydrofluoric aci¢48% were
purchased from Sigma-Aldrich (Zwijndrecht, The Nethnds). Polyvinyl alcohol (PVA) 4-
88 (31 kDa) and ethylenediaminetetraacetic acid TiEDwere purchased from Fluka
(Steinheim, Germany). 1-stBpultra3,3',5,5-tetramethylbenzidine (TMB) was obtaineurf
Thermo-Fisher Scientific (Waltham, MA). Endotoxireé OVA, polyinosinic-polycytidylic
acid (poly(I:C)) (low molecular weight) and its dhemine-labeled version were purchased
from Invivogen (Toulouse, France). Egg phosphatidgline (EggPC), 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-syegiro-3-[phosphor-L-serine](sodium
salt) (DOPS), 1,2-dioleoyl-3-trimethylammonium-pame chloride salt (DOTAP) and 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine (DOPEj)en@dered from Avanti Polar Lipids
(Alabaster, AL). HRP-conjugated goat anti-mouselttgG, IgG1 and IgG2a were purchased
from Southern Biotech (Birmingham, AL). Fluoresdgiébeled antibodies specific for CD4,
CD8 and CD45.1 were ordered from eBioscience (Sagd) The Netherlands). Sulfuric acid
(95-98%) was obtained from JT Baker (Deventer, Netherlands). Ethyl acetate and
silicone oil (AK350) were ordered from Boom ChentécdMeppel, The Netherlands).
Dimethylsulfoxide (DMSO) was ordered from BiosolvBV (Valkenswaard, The
Netherlands). Sodium dodecyl sulfate (SDS) was hmged from Merck Millipore
(Hohenbrunn, Germany). Vivaspin 2 centrifugal coniegors (PES membrane, MWCO
1000 kDa) were obtained from Sartorius Stedim (Wegein, The Netherlands). Sterile
phosphate buffered saline (PBS, 163.9 mM,N&0.3 mM Cl, 8.7 mM HPGQ?, 1.8 mM
H,PO", pH 7.4) was obtained from Braun (Oss, The Nedsimeis). Cell culture medium was
prepared by mixing Roswell Park Memorial Institatedium (RPMI) with 10% Fetal bovine
serum (FBS), 1% L-glutamine and 1% Penicillin-sta@pycin. 1 mM phosphate buffer (PB,
0.77 mM NaHPQ,, 0.23 mM NaHPQ,, pH 7.4), 10 mM PB (7.7 mM NEPQ,, 2.3 mM
NaH,POy, pH 7.4), 5 mM 4-(2-hydroxyethyl)piperazine-1-atkaulfonic acid (HEPES, pH
7.4) buffer, lysis buffer (150 mM ammonium chloridd mM KHCQ 0.1 mM EDTA, pH
7.2), and FACS buffer (2% FBS in PBS, pH7.4) wereppred in the lab. All the other
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chemicals used are of analytical grade and Milw@ter (18 MY/cm, Millipore Co.) was
used for the preparation of all solutions.

2.2. Preparation of nanoparticles
2.2.1. Preparation of PLGA nanoparticles

OVA loaded PLGA nanoparticles (PLGA-OVA) were preggh by double emulsion with
solvent evaporation method as previously reportétd wodifications [31]. Briefly, 75 ul
OVA (20 mg/ml) in PBS was dispersed in 1 ml ethggtate containing 25 mg/ml PLGA by
using a Branson sonifier 250 (Danbury, CT) for 1&ith a power of 20 W. The obtained
water-in oil-emulsion was emulsified with 2 ml ague solution containing 2% (w/v) PVA
with the sonifier (15 s, 20 W). The water-in-oikwvater double emulsion was added
dropwisely into 25 ml 0.3% (w/v) PVA (40 °C) undstirring. The ethyl acetate was
evaporated by a rotary evaporator (Buchi rotavd@it0, Flawil, Switzerland) for 3 h (150
mbar, 40 °C). The nanoparticles were collected leptrifugation (Avanti™ J-20XP
centrifuge, Beckman Coulter, Brea, CA) at 3500(g 0 min. Finally, they were washed
twice with 1 mM PB to remove the excess OVA and P&i#d dried in an ice condenser
(Alpha 1-2, Osterode, Germany) in freeze vacuur {&, 90 mbar) overnight for further use
and storage.

To prepare OVA and poly(l:C) co-encapsulated PLG#aparticles (PLGA-OVA-PIC),
18.75ul OVA (40 mg/ml) and 75l poly(l:C) (46.7 mg/ml, including 0.03% fluoresain
labeled equivalent) were emulsified with 1 ml PLG% mg/ml) in ethyl acetate to obtain the
water-in-oil emulsion. The rest of the procedureswgentical to that of PLGA-OVA.

2.2.2. Preparation of liposomes

Liposomes were prepared by a film hydration metf@@]. A thin lipid film of EggPC:
DOPE: DOTAP in a molar ratio of 9:1:2.5 was creabgdevaporating chloroform of lipid
stock solutions (25 mg/ml) using a rotary evaparafBuchi rotavapor R210, Flawil,
Switzerland). To prepare OVA loaded liposomes (LipdA), the lipid film was rehydrated
in 10 mM PB (pH 7.4) containing 0.25 mg/ml OVA, asdbsequently stabilized at room
temperature for 1 h, resulting in final lipid cont&tion of 12.5 mg/ml. In the case of OVA
and poly(l:C) co-encapsulated liposomes (Lipo-OVIER after lipid film hydration, 250 pl
poly(l:C) solution (1.32 mg/ml, containing 0.5% damine-labeled poly(l:C)) was added
slowly (2 pl/min) by using a syringe pump to thgolsome suspension under stirring. Finally,
the liposomes were extruded (LIPEX extruder, Northern Lipids, Burnaby, Canada) four
times through a carbonate filter with a pore sizd@ nm and another four times through a
filter with a pore size of 200 nm (Nucleopore Mithre, Amsterdam, The Netherlands). The
obtained suspensions were transferred into Viva@paentrifuge concentrators (1000 kDa
MWCO) and centrifuged (Allegra X-12R, Beckman Ceultindianapolis, IN) twice for 7 - 8

h (350 g, 22 °C) to remove the excess OVA and jp@y(18]. The liposome suspensions
were collected and stored at 4 °C until further. use

2.2.3. Preparation of MSNs

Large pore MSNs were synthesized and used for dhding of antigen and adjuvant as
described earlier [33]. To improve the colloidalstity of antigen loaded MSNs, negatively
charged liposomes were fused to the surface of M&blseported previously [34, 35]. For
this purpose liposomes were prepared by dispensiock solutions of DOPC (70 ul, 25
mg/ml), DOPS (20 ul, 12.5 mg/ml) and cholesterd (1, 25 mg/ml) in chloroform into
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scintillation vials. A lipid film was created byt evaporation of chloroform in the vial
under a nitrogen flow and dried in vacuum overnigtte lipid film was rehydrated by the
addition of 1 ml of ImM PB (pH 7.4) and the mixtwvas vortexed for 10 s to form a cloudy
lipid suspension. The obtained suspension was atuicn a water bath for 10 min. The
resulting clear liposome dispersions were storeti°a for further use.

To prepare lipid bilayer coated and OVA encapsdlda#SNs (LB-MSN-OVA), OVA (0.5
ml, 0.25 mg/ml) in 1 mM PB (pH 7.4) was first trésed into a 2 ml micro-centrifuge tube,
followed by the addition of MSNs (0.5 ml, 1 mg/nalhd liposomes (0.5 ml, 2 mg/ml). For
OVA and poly(I:C) co-encapsulated and lipid coaM8Ns (LB-MSN-OVA-PIC), 0.5 ml
solution containing 0.25 mg/ml OVA and 0.094 mg/moly(I:C) (containing 1.2%
rhodamine-labeled poly(I:C)) were mixed with MSNsddiposomes similarly to LB-MSN-
OVA. The resulting mixtures were incubated for h.binder shaking (400 rpm, 25 °C). The
nanoparticles were collected and excess liposo®@®# and poly(l:C) were removed by
centrifuging the sample (9000 g, 5 min) with a Sagir15 centrifuge (Osterode, Germany).
The obtained nanoparticles were stored at 4 °Crbdfe use.

2.2.4. Preparation of GNPs

GNPs were prepared by using a two-step desolvatietihod as previously described [36].
First, 1.25 g gelatin (cationic, pl 7-9) was dis®ul in 25 ml ultrapure water at 50 while
stirring at 600 rpm for 30 min. The first desoleatistep was carried out by addition of 25 ml
acetone. The mixture was left for 1 h until theadjal precipitated. The supernatant was
discarded and the sediment was re-dissolved inl28trapure water at 5 while stirring at
250 rpm for 30 min. Subsequently, the pH of theusoh was adjusted to 2.5 by using
concentrated HCI and a second desolvation step pga®rmed by drop-wise (0.1 ml/s)
addition of 80 ml acetone at 50 while stirring at 1200 rpm. The crosslinking b&tGNPs
was accomplished by adding 25 (w/w)% glutaraldehy@l&) solution. The amount of added
GA was adjusted such that the molar ratio betwdéen NH, groups of gelatin and GA
molecules was 1:1. Calculations were performed dasethe assumptions that MWiin=
100 kDa and 1 mol gelatin has 37 mol NJB6]. The resultant suspension was stirred at 600
rom for 16 h at room temperature. Next, an equalme of 100 mM glycine solution was
added to the suspension to block the unreacted i@Astop the cross-linking reaction. The
suspension was stirred for 1 h at room temperdtefere being centrifuged at 7000 g for 1 h
(Avanti™ J-20XP centrifuge, Beckman Coulter, Brea, CA) ¢paate the GNPs from the
reaction mixture. The GNPs were rinsed with ultrapuater in three rounds of centrifugation
and resuspension. The obtained GNPs were catiotiziedrease the positive surface charge
and consequently enhance the loading of OVA and/(pbGl). Briefly, the pH of GNP
suspension was adjusted to 4.5 and the quatermaineacholamine (10% of the weight of
GNPs) was added under constant stirring. After B,BDC (10% of the weight of GNPS)
was added to the suspension to activate the caibapups of gelatin which would couple
cholamine. The mixture was stirred for 3 h at rommperature. The cationized GNPs were
purified by three successive centrifugation stepdescribed above. Finally, the nanoparticles
were resuspended in ultrapure water by using vimgeand probe sonication [37], and stored
at 4 °C for further experiments.

To prepare OVA loaded GNPs (GNP-OVA) for the hurhoeaponse study, 100 pg OVA in
water was added to 2000 pg GNPs in water (totalmel 1 ml) and the samples were mixed
for 1 h (400 rpm, 25°C). For OVA and poly(l:C) amtled GNPs (GNP-OVA-PIC), after
shaking OVA and GNPs for 1 h, 100 pg poly(l:C) @@aming 1% rhodamine-labeled
poly(l:C)) was added to the GNP suspension andtispension was mixed for another 1 h.
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Finally, the loaded nanoparticles were separateccdntrifugation at 2800 g for 5 min,

followed by re-suspension in de-ionized water. ther cellular response study, a modification
of the method was required to allow administratwéra higher dose. Instead of water, 4 mM
HEPES buffer (pH 7.4) was used for loading to aanthe pH. For GNP-OVA the added

amounts of GNPs and OVA were 6000 pug and 300 pg.&ml), respectively, and for GNP-

OVA-PIC, the amounts of GNP, OVA and poly(l:C) wet@00 pg, 200 pug and 200 pg (in
1.5 ml), respectively. The modification did not rafgcantly change the characteristics of
nanoparticles.

2.3. Characterization of the nanoparticles
2.3.1. Particle size and zeta potential determinain

The particle size and polydispersity index (PDijd aeta potential for all formulations were

determined by dynamic light scattering and lasgptir velocimetry, respectively, by using a
Nano z$¥ zetasizer (Malvern Instruments, Worcestershir&. U Particle size measurements
were performed in 10 mM PB (pH 7.4) (PLGA nanopdes, liposomes and MSNs) or

ultrapure water (GNPs), while for zeta potentiabsiw@ements samples were diluted in 5 mM
HEPES buffer (pH 7.4).

2.3.2. Morphological characterization

Morphology of PLGA nanoparticles and GNPs was \igad by using scanning electron
microscopy (SEM, Nova NanoSEM, FEI, Eindhoven, Netherlands) with a voltage of 15
kV. Nanoparticles were first freeze-dried and cdatéth a thin layer of carbon. MSNs were
visualized by transmission electron microscopy (TEMing a JEOL 1010 instrument (JEOL
Ltd, Peabody, MA) with an accelerating voltage 06fkV. To prepare the samples, several
droplets of MSN suspension (1 mg/ml) were addedaaropper grid, dried overnight and
coated with carbon. Liposomes were visualized byoEtM. The samples were diluted to 5
mg/ml and drops of 3 ul were applied to 300 mesh @gtMs with lacey carbon (Ted Pella,
USA). Grids were transferred into an electron nscapy grid plunger (EM GP, Leica,
Germany) operated at room temperature and 100%diymiThe sample was vitrified by
removing excess liquid immediately followed by ghurg into liquid ethane and the plunge-
frozen grids were stored in liquid nitrogen untirther use. Samples were inserted into a
Gatan 626 cryo holder (Gatan, Pleasanton, CA). én&eF20 microscope (Thermo-Fisher,
Eindhoven, The Netherlands) was operated at 20@ik¥/the EM images were recorded at
defocus values between 1 and 3 micron underfocus @datan 4k x 4k CCD (Gatan,
Germany).

2.3.3. Determination of loading efficiency of OVA ad poly(l:C)

To determine the loading efficiency of OVA and fddl§) in PLGA nanoparticles, the
nanoparticles were dissolved in a mixture of 15%)(DMSO and 85% (v/v) 0.05 M NaOH
and 0.5% SDS. The amount of OVA was quantifiedh®/rmicroBCA method following the
manufacturer’s instructions. The amount of polyfIMas determined by the fluorescence
intensity of rhodamine labeled poly(I:G)ef 545 nmiem 576 nm) with a plate reader (Tecan
M1000, Mannedorf, Switzerland). The loading effiag of OVA in liposomes, MSNs and
GNPs was determined by measuring its intrinsicrégoence intensity\dx 280 nmieny, 320
nm) with the Tecan M1000 plate reader in the sugdant before and after the encapsulation
(MSNs and GNPs) or in the purification filtratespflsomes). The loading efficiency of
poly(l:C) in these nanopatrticles was quantifiedikirty by measuring the fluorescence of its
rhodamine labeled equivaleit.{ 545 nmkey, 576 Nm).
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The encapsulation efficiency (EE) and loading capgdC) of OVA and poly(l:C) in the
nanoparticles were calculated as below:

Mioaded ovA/poly(I:C
EE % = —2aded0VA/RolydO). % 100 % (1)
Mtotal ovA/poly(I:C)

M .
LC % — loaded OVA/poly(I:C) X 100 % (2)
nanoparticles+0OVA+poly(I:C)

Where Mioaded ovapalya:c) represents the mass of loaded OVA or poly(11@}a ovapolya:c) iS
the total amount of OVA or poly(l:C) added to tloerhulations andVinanoparticles+ ova+poly(:c) IS
the total weight of nanoparticles, OVA and poly(lL:C

2.3.4.1n vitro release studies

To study the release of OVA and poly(l:C), the rnzarticles were dispersed in PBS and
shaken by using an Eppendorf thermomixer (Nijmegére Netherlands) &7 'C with a
speed of 550 rpm. The concentration for PLGA nartapes, liposomes, MSNs and GNPs
after the suspension was 3 mg/ml, 5 mg/ml (lipichaantration), 1 mg/ml and 1.3 mg/ml,
respectively. At predetermined time intervals, tiges were taken out of the shaker bath and
centrifuged at 10000 g for 10 min (PLGA nanopaescand MSNSs) or at 2800 g for 5 min
(GNPs). A release sample of 600 pul was taken froensupernatant and replaced by fresh
release medium. In the case of liposomes, 300 mpkawas collected to Vivaspin 500
concentrators. After the centrifuging (350 g, 3)nthe filtrate was collected and replaced
with fresh medium. The amount of released OVA aoly(iC) were determined by intrinsic
fluorescence of OVA Mx 280 nmiken 320 nm) and fluorescence of rhodamine labeled
poly(l:C) (Aex 545 nmiem 576 Nm), respectively, using a Tecan M1000 pla&der. The
amount of released OVA in PLGA nanoparticles wasmened by the MicroBCA method.

2.4. Hollow microneedles and applicator

Hollow microneedles were prepared as describedeedi88]. Briefly, 4-cm pieces of
polyimide-coated fused silica capillaries (PolymicPhoenix AZ, 375 um outer diameter, 50
pum inner diameter) were first filled with silicond in a vacuum oven (100 °C) overnight and
subsequently etched for 4 h348% hydrofluoric acid. The polyimide coating wasmved
from the etched ends of capillaries by dipping thato heated (250 °C) sulfuric acid for 5
min.

A hollow-microneedle applicator was used to contiw injection depth and volume as
previously reported [5]. A 100} syringe with an inner diameter of 1.46 mm wasduse
conjunction with a syringe pump (NE-300, Proseasterhout, The Netherlands) and silica
capillaries. High-pressure resistant CapTiteonnectors were used to connect the pump,
syringe, capillaries and needles.

2.5. Immunization studies

Female BALB/c mice (H) and C57BL/6 mice (H} were used for the antibody response
and T-cell response study, respectively. The mieeew-8 weeks old at the beginning of the
experiment. All the mice were purchased from ClsaRevers (Maastricht, The Netherlands)
and were housed under standardized conditionsarnattimal facility of Leiden Academic
Centre for Drug Research of Leiden University. Expents were approved by the ethical
committee on animal experiments of Leiden Univgrfiicence number 14176).
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2.5.1. Antibody response study

BALB/c mice were anesthetized by intraperitonegédtion of ketamine (60 mg/kg) and
xylanize (4 mg/kg), which was followed by the shybf the injection site. At the same day
mice (n = 8/group) were immunized by an intradermgction of 10 pl nanopatrticles loaded
with 0.31 pg OVA, with or without approximately @.31g poly(l:C), on the flank of the
mouse by using the applicator, as described abSwtutions of 0.31 ug OVA, with or
without 0.31 pg poly(l:C), were used as controlse Tnjection depth was set to about 120
pum. In addition, subcutaneous injection of 0.31QMA (100 ul) was used as another control.
Mice were immunized on day O (prime), day 2f @oost) and day 42 72 boost), and
sacrificed on day 49. Before each immunizationthensame day, a venous blood sample was
collected from the tail to measure the antibodypoeses. Before the sacrifice, the blood
sample was collected from the femoral artery.

2.5.2. T cell response study

OT-1 (OVA-specific CD8) and OT-Il (OVA-specific CD3) T cell transferred C57BL/6 mice
were used for the T cell response study. To ob®inl and OT-1l T cells, spleens of OT-I
and OT-II transgenic mice (CD45.1) were isolated ammgle cell suspensions were obtained
by forcing the spleens through a 70 um straineterAdrythrocyte depletion with ammonium
chloride, percentage of CD®alphaZ or CD4/ValphaZ cells was determined by flow
cytometry (BD FACSCanto-Il, San Jose, CA). An ealewt of 8000 OT-I and 56000 OT-II
cells were intravenously transferred through thlevian into C57BL/6 mice. Next day, the T
cell transferred mice were immunized with nanopetiformulations. OVA and poly(l:C)
solutions were used as controls. Before the imnafiw@, mice were anesthetized by
isoflurane inhalation (induction 4-5% and maintezeai%), which was followed by shaving
of the injection site. On the same day, mice (n/grdup) were immunized by three
intradermal injections of 13.3 ul (totally 40 pBriulation containing 5 pg OVA with or
without approximately 5 pg poly(l:C) on the flanktbe mouse (two injections on the right
side, one injection on the left side) by using tlelow-microneedle applicator as described
above. 7 days after the immunization, venous blsaple was collected from the tail to
analyze the T cell response.

2.6. Determination of OVA specific IgG antibodies

OVA-specific antibodies were analyzed by a sandvenhyme-linked immunosorbent assay
(ELISA) as described earlier [39]. Briefly, well§ the 96 well-plates were first coated with
500 ng OVA for 1.5 h at 37 °C. The plates were kéocby incubation with 1% (w/v) BSA
for 1 h at 37 °C. After the blocking, appropridbtege-fold serial dilutions of mouse sera were
applied to the plates and incubated for 1.5 h at@7Then the plates were incubated with
horseradish peroxidase-conjugated goat antibodj@nst IgG, 1IgG1 and IgG2a (1:5000
dilution) for 1 h at 37 °C. Finally, specific antithes were detected by TMB. The absorbance
was measured at 450 nm (Tecan M1000) and the alytitiier was determined as a log10
value of the mid-point dilution of S-shaped dilutiabsorbance curve of the diluted serum
level.

2.7. CD4 and CD8' T cell responses

The erythrocytes of the blood sample (100 pl) west lysed by incubating samples with 3
ml lysis buffer for 6 min in ice, followed by adaih of 5 ml cell culture medium. After the
centrifugation (5 min, 500 g), the supernatant diasarded and the samples were suspended
in 5 ml FACS buffer. Next, samples were centrifugetl 200 ul of cell suspension was
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added to the 96-well plate after discarding theesogtant. The cell surfaces were stained by
incubating the cells with 100 pl diluted (1:800)dtescently labeled antibodies specific for
CD45.1 (eFluor450), CD4 (APC) and Co8erCP) for 30 min (100 pl/well). After 30 min
incubation at 4 °C, the excess antibodies were @hdly using FACS buffer. The cells were
incubated with fixation and permeabilization sajuati(BD Biosciences) for 10 min at 4 °C.
Finally, the cells were washed with FACS buffer amdhlyzed by flow cytometry (BD
FACSCanto-Il, San Jose, CA). The data were analipgagsing FlowJo software.

2.8. Statistical analysis

All the data of immunization studies were analybgdone way ANOVA with Bonferoni’s
post-test by using GraphPad Prism software (verSifg). The level of significance was set
at p<0.05.

3. Results
3.1. Physicochemical characterization of nanopartles

Table 1.Physicochemical characteristics of OVA/poly(l:Gatled nanopatrticles.

d
Nanoparticles (Sn'ﬁqe; PDI" (ﬁf\);) == Lo
OVA Poly(I:C) OVA  Poly(l:C)
PLGA-OVA 15747  0.060%0.028 -18+1 64.7+4.8 : 6.9405 :
;LgA-OVA- 160+1  0.05240.019 -22+44 76.742.0 13.9442 2.7+0.7 3.0+0.9
Lipo-OVA 124415  0.15240.026 44+2  97.0+2.4 i 1.6+0.1 i

Lipo-OVA-PIC 171+9  0.270+0.040 41+1 92.1+5.6 98.6+2.3 1.5+0.1 1.6+0.1

LB-MSN-OVA 65645  0.280+0.018 -33+3 73.845.7 ] 15.641.2 i
:;'IaéMSN'OVA' 603+17 0.318+0.040 -38+3 34.4+3.3 64.9+14.6 7.9:0.8 5.9+1.3

GNP-OVA 507+31 0.131+0.116 21+2 90.9+14.2 - 4.3+0.7 -

GNP-OVA-PIC  757+235 0.320+0.179 8+12 96.8+4.3 95.0+4.4 3.5#0.9 3.4#1.0

Data are average + SD of at least 3 independeahésit
°Size: Z-average in diametePPDI: poly dispersity index,°ZP: zeta potential "EE:
encapsulation efficiencyl.C: loadingcapacity.

Four different nanoparticle formulations (PLGA npadicles, liposomes, MSNs and GNPSs)
were developed and characterized in terms of g potential, surface morphology, and
loading and release properties of encapsulatedgeantand adjuvant. Physicochemical
characteristics of the nanoparticles are summarizethble 1 According to DLS, PLGA

nanoparticles and liposomes had an average diatmetigeen 120 nm and 170 nm with a PDI
value below 0.1 (PLGA nanoparticles) and 0.3 (lgpues). MSNs and GNPs had a larger
diameter, ranging from 500 nm to 760 nm, and PUesbetween 0.1 and 0.3. The electron
microscopy images revealed a spherical shape ofAPh&hoparticles, liposomes and GNPs,
whereas MSNs had a rectangular shape with mesoelsaallong the short axi§i@. 1). The
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estimated size based on electron microscopy imagamsistent with the size ifable 1 for
PLGA nanoparticles and liposomes. MSNs had a smédidicle size in TEM images than in
DLS measurements, indicating the presence of agtgedgn these nanoparticle suspensions.
In the case of GNPs, particles are swelling in agaemedium [40], which may explain the
smaller particle size in SEM images as compardalis.

PLGA nanoparticles and MSNs had a negative zetanpat, whereas liposomes and GNPs
possessed a positive zeta potential. In generakncapsulation of poly(l:C) did not
substantially affect the size, the PDI and zeteemizdl of the nanoparticlesT@ble 1).
Moreover, both OVA and poly(l:C) were efficientip@psulated into the nanopatrticles. The
EE% of OVA reached more than 60% for all nanopksiexcept LB-MSN-OVA-PIC (34%)
(Table 1). Similarly, poly(I:C) had a EE% higher than 60é#&cept for PLGA nanoparticles
(13.9%). During the development of the preparatmocess of the nanoparticles, the
introduced amounts of antigen and adjuvant weremipdéd to obtain similar loading
capacities of OVA and poly(I:C) for each delivegstem ([able 1).

Figure 1. Electron microscope images of nanoparticles. #anmBing electron microscopy
(SEM) image of PLGA nanoparticles; B) Cryo-EM imagkliposomes; C) Transmission
electron microscopy (TEM) image of MSNs; D) SEM geaf GNPs.

3.2.Invitro release of OVA and poly(l:C) from nanoparticles
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Figure 2. Release profiles of OVA (A) and poly(l:C) (B) froRLGA nanoparticles
(blue/spheres), liposomes (purple/diamonds), MSNgreep/triangles) and GNPs
(brown/squares) in PBS at 37 °C. Open and closedbsis correspond to poly(l:C)-
containing and poly(l:C)-free nanopatrticles, respety. Data points represent mean = SD, n
=3.

To determine the release properties of OVA or gaby(from the nanoparticles, the particles
were dispersed in PBS and the released amount é&f @\poly(l:C) was measured at regular
time intervals during one montlfrig. 2). PLGA nanopatrticles slowly released OVA and on
day 30, approximately 13% and 20% of the encap=sail@VA were released from PLGA-
OVA and PLGA-OVA-PIC, respectively. Poly(l:C) rekea followed the OVA release and
approximately 20% of the encapsulated poly(I:C) wasased during one month. Liposomes
released about 30% OVA on the first day, followgdaslow release to 40% during one
month. Approximately 12% poly(I:C) was slowly retea from liposomes during one month.
MSNs showed a burst release of approximately 409 @Athin the first 6 h, followed by a
slower and linear release phase from 40% to alh@3% in the subsequent two weeks. The
release of poly(l:C) was slower and only 30% poy)Iwas released from LB-MSN-OVA-
PIC within 15 days. GNPs showed a burst releaseeafly all loaded OVA and poly(l.C)
within 2 h, followed by a slow release until 4 days

3.3. Antibody responses after intradermal immunizabn
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Figure 3. OVA-specific total IgG antibody titers measuredBALB/c mice on day 21 (A),
day 42 (B) and day 49 (C). Bars represent meanM,3E= 8. *p < 0.05, **p < 0.01, ***p <
0.001. All the formulations were injected intradetly, except the subcutaneous control of
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OVA solution (OVA S.C.). Groups without a bar shantgers below the detection limit of
the ELISA.

First, it was examined whether intradermal vacoomatwith solutions or nanoparticles
containing 0.31 ug OVA with or without poly(l:C) @31 pg) Table 1) can induce antigen
specific antibodies. The dose of antigen was chbssed on a dose response study (data not
shown). As shown irrig. 3, all groups, except the subcutaneous control oAQWlution,
showed a detectable total IgG response on dayr2ilthee highest response was detected for
the PLGA-OVA-PIC groupKig. 3A). The total IgG levels increased after the boostiay 21
(Fig. 3B) and 42 Fig. 3C). All studied nanoparticle formulations and OVAQ®YA-poly(l:C)
solutions gave similar total IgG responses, exdeptPLGA-OVA. These nanoparticles
showed significant weaker total IgG responses on4faand 49, but co-encapsulation of
poly(l:C) in PLGA nanoparticles increased signifidg total IgG titers to similar levels
observed with the other nanoparticle suspensiongohclusion, the nano-encapsulation of
OVA or co-encapsulation of OVA and poly(l:C) didtiead to enhanced total 1gG titers.

Next, the subtype 1gG1 and IgG2a titers were ddatexdh(Fig. 4). The IgGL1 titers followed
the trend of total IgG titerd~{g. 4A, C, E) and similarly the encapsulation of OVA or co-
encapsulation of OVA and poly(l:C) did not increabe IgGl response. However, the
encapsulation of OVA, and particularly co-encapsoaof OVA and poly(l:C), strikingly
increased the IgG2a response compared to OVA ahdl)®) solution (Fig. 4B, D, F)
(except GNP-OVA-PIC). Furthermore, liposomes andsRLnanoparticles showed higher
IgG2a responses than MSNs and GNHg.(4F). Specifically, on day 21 only PLGA-OVA-
PIC induced an IgG2a responggg( 4B). After each boosting on day 2Eig. 4D) and 42
(Fig. 4F), there were more groups having an IgG2a resp@salay 42, after prime and one
boost, all OVA and poly(l:C) co-encapsulated namtgas, except GNP-OVA-PIC, showed
an IgG2a responsé&i@g. 4D). After the second boost, on day 49, all the gsp@gxcept OVA
solution, induced a measurable IgG2a resporsg. (4F). These results illustrate that
encapsulation of OVA especially co-encapsulatio©®A and poly(I:C) in nanoparticles is
critical for enhancement of IgG2a response butntiagnitude of this effect depends on the
type of nanoparticles.

The higher 1IgG2a responses observed with liposandsPLGA nanoparticles suggested that
these formulations may be able to trigger cellutamune responses more effectively. To
study the efficacy of the developed nanoparticlemidations to induce T cell mediated
immunity in vivo, OT-I (OVA specific CD8 T cells) and OT-Il (OVA specific CD4T cells)
cells were transferred into C57BL/6 mice beforeadermal vaccination. Seven days after the
immunization T cell responses in blood were anayzg flow cytometry with gating strategy
shown inFig. 5A. Lipo-OVA-PIC evoked significant higher CDg cell responses than OVA
and poly(l:C) solution and the other nanoparticerfulations Fig. 5B), suggesting efficient
induction of CTL responses by liposomes. In generaho-encapsulation of OVA or co-
encapsulation of OVA and poly(l:C) increased the8CBesponse compared to OVA or
OVA-poly(l:C) solution. In the case of CDA cell response, Lipo-OVA-PIC and LB-MSN-
OVA-PIC induced the strongest responseg( 5C). OVA loaded nanoparticles induced
similar CD4 response compared to OVA solution. Poly(l:C) coagsulation slightly
increased CD4responses compared to OVA-loaded nanoparticlesobiyt in the case of
liposomes the improvement was significant. Furtleen the Lipo-OVA-PIC formulation
induced a significantly higher CD4esponse than OVA and poly(l:C) solution.
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Figure 4. OVA-specific 1IgG1 (A, C, E) and IgG2a (B, D, F) drudy titers measured in
BALB/c mice on day 21 (A, B), 42 (C, D) and 49 (B, Bars represent mean + SEM, n = 8.
*p < 0.05, *p < 0.01, *** p < 0.001. All the formations were injected intradermally, except
the subcutaneous control of OVA solution (OVA S.Gyoups without a bar showed titers
below the detection limit of the ELISA.

3.4. T cell responses after intradermal immunizatio
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Figure 5. OVA-specific T cell responses. (A) An example o€ thow cytometry gating
strategy used to determine the T cell responseaphgpcytes were gated on forward/sideward
scatter, followed by the exclusion of double or erithg cells. After pregating on CD4r
CDS8' T cells, the percentage of respectively OT-IlI ant-lQvere measured by gating on
CD45.T cells. OVA specific CD8(B) and CD4 (C) responses of transferred OT-I and OT-
Il cells in mouse blood 7 days after the immun@atimean £+ SEM, n = 5). *p < 0.05, **p <
0.01, ***p < 0.001.

4. Discussion

In recent years, nanoparticles have been intensiugestigated as vaccine delivery systems
because of their advantages, such as protectiantmfen from degradation, increased antigen
uptake by dendritic cells and the ability to copdsi antigen and adjuvant [10, 22, 41].
Nanoparticles also offer the possibility to adjtist type of immune response by modifying
the nanopatrticle characteristics such as sizeasirtharge and antigen release profile [10].
Numerous studies have indicated that nanopartcdes be used to modulate the immune
response [9, 10, 12, 15, 17, 18, 20, 22, 25, 39, @&ing to its high density of antigen-
presenting cells, the skin could be an attractite ef administration of nanoparticulate
vaccines. However, relatively little is known abthe effect of nanoparticulate vaccines after
(microneedle-mediated) intradermal vaccination. réfaee, in this study, we used hollow
microneedles together with an applicator to exantime effect of nano-encapsulation of
antigen and adjuvant on both the humoral and elildsponse in mice. Our results showed
that antigen and adjuvant loaded nanoparticles waceessfully delivered intradermally in
mice by using hollow microneedles together with #gplicator, leading to an effective
nanoparticle-dependent immune response. Furthermafier co-encapsulation of OVA and
poly(l:C) into nanopatrticles, the immune responss wiodulated towards a Th1 direction.
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Previously, the in-house developed hollow microt@@gplicator system has been used for
immunization with inactivated virus [4-6]. In theseidies we used hollow microneedles with
a bore diameter of 20 um. However, the system baveen used with nanoparticles with
larger size (>100 nm). Therefore, the injectiomahoparticles through the system was tested
in vitro (data not shown) prior to thie vivo studies presented here. These pilot studies
showed that the hollow microneedles could be bldckee to occasional nanoparticle
aggregation if the bore diameter was 20 um. Byeasing the bore diameter to 50 pum, this
problem could be circumvented since increase of libee diameter decreases particle
obstruction in the CapTit¥ connectors in the system. Consequently, there wasiatkage

or leakage of formulation during the immunizatiotudses. The success of intradermal
injection was confirmed by the formation of a blkbthe injection site after each injection.
Furthermore, no adverse effects, such as erythens&im induration, were observed at the
injection site during the studies.

Intradermally administered OVA/poly(l:C) loaded oparticles did not increase the total IgG
response compared to administration of antigenyadjualone. These results indicate that the
encapsulation of OVA or co-encapulation of OVA grady(1:C) is not required for a strong
IgG response following intradermal administratidrhis may be caused by the efficient
uptake of the free antigen/adjuvant by antigengmgsg cells in epidermis and dermis
(Langerhans cells and dendritic cells) and lympluesobeneath the skin. Additionally,
poly(l:C) has been shown to strongly improve CD§pnses rather than 1gG responses [43-
45]. In case of PLGA nanoparticles, PLGA-OVA showacn a lower total IgG response
than OVA alone. This may be due to a change inté@hery structure of OVA, either during
preparation or in the acidic environment of PLGAogarticles during the degradation of the
polymer after administration [46, 47]. Furthermarethe current study the OVA dose was
much lower (0.31 ug) compared to the dose usedewviqus studies (e.g. > 5 ug) [27, 42, 48].
The low dose can magnify the detrimental effectpaftial OVA degradation in PLGA
nanoparticles.

Our results clearly show that co-delivery of theigan and adjuvant in nanoparticles,
increased significantly the 1gG2a antibody respoosmpared to OVA/poly(1:C) solution.
This indicates that the nanoparticles skewed theume response of the antigen more
towards a Thl direction [39]. Interestingly, PLGAnoparticles and liposomes induced
higher IgG2a responses than GNPs and MSNs. Therataleast two possible underlying
factors that may play a role. i) The higher IgG@sponse is in line with the slower release of
OVA and poly(l:C) from PLGA nanoparticles and liposes. The sustained release can allow
the co-processing of adjuvant and antigen withan same antigen-presenting cell, which is
suggested to be crucial for a higher IgG2a resp¢hSe 19, 22]. Differences in release
behavior of OVA/poly(l:C) between the nanoparticiteay stem from the differences in the
location of the antigen and adjuvant in nanopassichnd in the strength of the interaction
between antigen/adjuvant and the nanoparticle maf@n the one hand, in PLGA
nanoparticles and liposomes the antigen/adjuvanmised with nanoparticle precursors
during synthesis, and the antigen/adjuvant is eepgeto be localized inside the matrix of
PLGA nanoparticles or in the aqueous core laydiposomes. Therefore, it is likely that the
antigen/adjuvant is mostly released after the narimtes are taken up and processed by
antigen-presenting cells or degraded. On the dthed, with GNPs and MSNs the loading of
antigen/adjuvant is done post-synthesis througloratien of the antigen/adjuvant onto the
surface of nanoparticles, presumably based onre#tatic interactions. In addition, in MSNs
interactions are expected to occur also between /P8MYI:C) and the stabilizing lipid
bilayer. Antigen and adjuvant loaded in MSNs andRSNare sensitive to environmental
conditions, such as salts and endogenous protezsemt in the skin tissue, that can accelerate
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the release. As a result, the release of antigpvaat from MSNs and GNPs can be faster
than that from PLGA nanoparticles and liposomessuggiested by then vitro release data.
Premature release can consequently lead to sepgrttke and processing of antigen and
adjuvant by different antigen-presenting cells. Tihe size of PLGA nanoparticles and
liposomes (less than 200 nm) is substantially smalan that of MSNs and GNPs (above
500 nm). Although single MSNs had a size below 869 as shown by TEM images [33],
DLS showed a larger diameter, indicating the agafieg of MSNs. Smaller particles with a
size below 200 nm are expected to be more effigi¢aken up by dendritic cells than bigger
particles [16]. Moreover, large nanoparticles (20@0 nm) have been shown to be mostly
associated with dendritic cells at the injectice sifter intradermal delivery, while small (20-
200 nm) nanoparticles are able to drain to lympHesoand target there the dendritic cells
[49]. Therefore, the higher IgG2a response induogdhe OVA/poly(l:C) loaded PLGA
nanoparticles and liposomes could be due to thetebuptake by dendritic cells and faster
trafficking to the lymph nodes.

As IgG2a levels merely give an indication of theéeexx of IFNv induced isotype switching,
we also directly assessed the capacity of eachdf/pmanoparticulate formulation to induce
CD8" and CD4 T cell responses in OT cell transferred mice. ftmber of transferred OT
cells were kept low as an excess of transgenicll§-bave previously been shown to alter the
T-cell response [50]. Our results showed that ti@dOVA-PIC formulation showed an
exceptional high capacity to induce both C#d CD4 T cell responses, in line with the
data from previous studies [18, 48]. The DOTAP Hdasationic liposomes have been shown
to be very effective for the induction of CTL resges [9, 12, 18], as the cationic lipids
promote the activation and maturation of dendiglls and subsequently the T cell priming.
Moreover, EggPC, the main lipid component of thespnt liposomes, has been shown to
facilitate antigen presentation by enhancing pepkisthding to MHC class Il molecules [51].
So, the superior immune responses of liposomeshaapaused by the properties of the lipids.

As explained above, MSNs and GNPs may not be ablenhance the immune response
because of their fast release of OVA/poly(l:C) daje size. In case of PLGA-OVA-PIC
group, our data showed that the co-encapsulati@M# and poly(l:C) did not increase the T
cell responses. This is in contrast to previousntsg12-14], which have shown that the co-
encapsulation of OVA and poly(l:C) in PLGA nanopdes can induce a strong CTL
response after intramuscular or subcutaneous \atemm This indicates that vaccine
formulations that provide potent immune responsksr antramuscular or subcutaneous
administration, may be less suitable for intradérdelivery, reemphasizing the need for
route-specific optimization of vaccine formulatiofi2, 18, 42]. Furthermore, targeting of
different skin layers may also affect immune regasn as shown in previous studies [52, 53].
Nowadays, there is an increasing need of efficidrit/CTL immune response, for example,
in therapeutic vaccinations for cancer [13, 17, 454l intracellular pathogens [14, 21]. Our
results indicate that cationic liposomes are vepnpsing nano-carriers to induce a superior
Th1/CTL immune response compared to the other ratioles following hollow
microneedle-mediated intradermal administration.

5. Conclusions

OVA and poly(l:C) loaded PLGA nanoparticles, liposss, MSNs and GNPs were
successfully developed and compared for hollow omeedle-mediated intradermal
immunization in mice. The encapsulation of OVA aadencapsulation of OVA and poly(l:C)
induced a strikingly higher IgG2a antibody respottsgn OVA/poly(l:C) solution, but the
type of nanoparticle has a major effect on respoRd€&sA nanoparticles and especially
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cationic liposomes induced the highest IgG2a, CD8cell and CD4 T cell responses,

suggesting their superiority for intradermal vaetion. Finally, our study demonstrated that
the in house developed hollow microneedle/applicagstem is an excellent tool for
nanoparticle-based intradermal vaccination and deeen different intradermal vaccine
formulations.
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Abstract

In this study, we aimed to investigate the immumagjey of cationic liposomes loaded with
diphtheria toxoid (DT) and poly(l:C) after hollow iecroneedle-mediated intradermal
vaccination in mice. The following liposomal formatibns were studied: DT loaded
liposomes, a mixture of free DT and poly(l:C)-loddgosomes, a mixture of DT-loaded
liposomes and free poly(l:C), and liposomal forntiolas with DT and poly(l:C) either
individually or co-encapsulated in the liposomesefdRence groups were DT solution
adjuvanted with or without poly(l:C) (DT/poly(l:C))The liposomal formulations were
characterized in terms of particle size, zeta ga@kroading and release of DT and poly(l:C).
After intradermal injection of BALB/c mice with théormulations through a hollow
microneedle, the immunogenicity was assessed bys@&Cific ELISAs. All formulations
induced similar total IgG and IgG1 titers. Howevat,the liposomal groups containing both
DT and poly(l:C) showed enhanced IgG2a titers caegbato DT/poly(l:C) solution,
indicating that the immune response was skewedrttsrva Thl direction. This enhancement
was similar for all liposomal groups that contawttbDT and poly(l:C) in the formulations.
Our results reveal that a mixture of DT encapsdldigosomes and poly(I:C) encapsulated
liposomes have a similar effect on the antibodypoeses as DT and poly(l:C) co-
encapsulated liposomes. These findings may havbcatipns for future design of liposomal
vaccine delivery systems.

Keywords : Immunogenicity, diphtheria toxoid, poly(l:C)pbsomes, hollow microneedle,
intradermal vaccination
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1. Introduction

Vaccination has become the most effective methogfeventing infectious diseases, having
led to the eradication of smallpox and severe igt&tn of other devastating diseases such as
polio and measles [1, 2]. However, there is stile®d for new and better vaccines against
emerging infectious diseases [3]. Nowadays, vaticnaains increasing attention also for
therapeutic use against established diseases swameer and chronic auto-immune disorders
[4]. Most vaccines are delivered by intramusculasabcutaneous injection. However, these
injections need special training and can cause [&inTo avoid the drawbacks of the
hypodermic needles, microneedles have been dewkl@e Microneedles are micro-sized
needle structures with a length shorter than 1 mdhcan be used to penetrate skin barrier in
a non-invasive and pain-free way [7-9]. Owing te thrge number of antigen presenting cells
in viable dermis and epidermis, dose-sparing magdbéeved [10, 11].

Traditional vaccines are derived from attenuateglanisms or inactivated pathogens and
toxins. Attenuated vaccines have safety concernthes may revert back to their virulent

form [12]. Inactivated vaccines like subunit antigeare safer but they are generally less
immunogenic [1, 12]. To enhance and modify the imentesponse, immune modulators or
nanoparticle delivery systems can be used [13].oNarticles are expected to improve the
immunogenicity of antigens by protecting the antgdrom degradation, increasing their

uptake by antigen-presenting cells and co-deligeaintigens and immune modulators [14].

Liposomes have been studied frequently becausénef excellent biocompatibility and
biodegradability [15]. Studies have shown that a@ovfulating antigen and immune
modulators in liposomes can affect the quality ofmune response after intradermal
vaccination [15-23]. One recent study showed tlbagmcapsulation of OVA and poly(l:C), a
TLR3 ligand, in 1,2-dioleoyl-3-trimethylammoniumgpane chloride (DOTAP)-based
cationic liposomes significantly increased the 1g@@sponse (Th1l type) and the CO8cell
response compared to OVA and poly(l:C) solutiong].[JAnother study in a human skin
explant model showed that a melanoma-associatedeantind immune modulator co-
encapsulated liposomes induced a higher TD8cell response compared to the co-
administration of antigen loaded liposomes and $§@eation of the immune modulator [21].
These results are noteworthy, as nowadays theam imcreasing need for potent cellular
Immune responses, e.g., for inmunotherapy of cddder24, 25] and intracellular pathogens
[26, 27]. However, it is not yet well understoodetliner the antigen and immune modulator
need to be co-encapsulated in liposomes, or thewicailarly modulate the immune response
when encapsulated individually in liposomes.

In the present study, we aimed to study the immanmity of diphtheria toxoid (DT) and
poly(l:C) loaded liposomes after intradermal detwddT and poly(l:C) were used as a model
antigen and immune modulator, respectively. DT agooly(l:C) were individually
encapsulated or co-encapsulated into DOTAP-baseidnaa liposomes. The prepared
liposomal formulations were injected into mice kgmg hollow microneedles. The IgG1 and
IgG2a titers, which are indications of a Th2 and@ihd type immune response, respectively
[18], were determined. The results revealed that lthosomal formulations skewed the
immune response towards a Thl direction, no matteether DT and poly(l:C) were
encapsulated individually or co-encapsulated irodgmes, as compared to DT/poly(l:C)
solutions.

2. Materials and methods
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2.1. Materials

DT (batch 04-44, 1 pug equal to 0.3 Lf) and diphthdoxin were provided by Intravacc
(Bilthoven, The Netherlands). Aluminum phosphates \warchased from Brenntag (Ballerup,
Denmark). Egg phosphatidylcholine (EggPC), DOTAPd ah,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE) were ordered from Av&uaiar Lipids (Alabaster, AL).
Polyinosinic-polycytidylic acid (poly(l:C)) (low mecular weight) and its rhodamine-labeled
version were purchased from Invivogen (ToulousenEe). Foetal bovine serum (FBS),
M199 medium (with Hanks' salts and L-glutamin), bw serum albumin (BSA) and
hydrofluoric acid>48% were ordered from Sigma-Aldrich (ZwijndrechfelTNetherlands).
Glucose solution, L-Glutamine (200 mM), penicilbireptomycin (10000 U/ml) and 1-st&p
ultra 3,3',5,5'-tetramethylbenzidine (TMB) were obtainffdm Thermo-Fisher Scientific
(Waltham, MA). HRP-conjugated goat anti-mouse t@@é, IgG1 and lgG2a were purchased
from Southern Biotech (Birmingham, AL). Sulfuricidd95-98%) was obtained from JT
Baker (Deventer, The Netherlands). VivaSpin 2 aff Sentrifugal concentrators (PES
membrane, MWCO 1000 kDa) were obtained from Sarsoistedim (Nieuwegein, The
Netherlands). Sterile phosphate buffered salineS(PB3.9 mM N§ 140.3 mM Cl, 8.7 mM
HPO, 1.8 mM HPJ", pH 7.4) was obtained from Braun (Oss, The Neginel$). 10 mM
PB (7.7 mM NaHPQO,, 2.3 mM NaHPQ, pH 7.4) was prepared in the laboratory. All the
other chemicals used were of analytical grade anlit@ water (18 MQ/cm, Millipore Co.)
was used for the preparation of all solutions.

2.2. Preparation of liposomes

Liposomes were prepared by thin-film hydration dated by extrusion, as reported earlier
[23]. EggPC (25 mg/ml), DOPE (25 mg/ml) and DOTA®E (mg/ml) in chloroform were
mixed in a molar ratio of 9:1:2.5 in a round bottéask. The organic solvent was evaporated
by using a rotary evaporator (Buchi rotavapor REawil, Switzerland) for 1 h at 40 °C and
120 rpm. To prepare DT encapsulated liposomes {Dipy the lipid film was hydrated with
0.25 mg/ml DT dissolved in 10 mM PB (pH 7.4) by texing for 10 s, resulting in a 12.5
mg/ml lipid suspension. To prepare poly(l:C) encéged liposomes (Lipo-PIC), the lipid
film was hydrated with 0.25 mg/ml poly(l:C) solutidcontaining 0.5% (w/w) rhodamine-
labeled poly(1:C)). To prepare DT and poly(l:C) eneapsulated liposomes (Lipo-DT-PIC),
after lipid film hydration with DT solution, 0.25 gyml poly(l:C) (containing 0.5% (w/w)
rhodamine-labeled poly(l:C)) dissolved in 10 mM BB 7.4) was added slowly (2 pl/min)
into the lipid suspension by using a syringe purik-B00, Prosense, Oosterhout, The
Netherlands). Next, the lipid vesicles were extcudelPEX™ extruder, Northern Lipids,
Burnaby, Canada) four times through a carbonater fivith a pore size of 400 nm and
another four times through a filter with a poreesiaf 200 nm (Nucleopore Millipore,
Amsterdam, The Netherlands). To remove the DT/p@y(not associated with liposomes,
the suspension was transferred into VivaSpin 2riéegal concentrators (1000 kDa MWCO)
and centrifuged (Allegra X-12R, Beckman Coultediamapolis, IN) for 6 h (350 g, 22 °C).
Finally, the liposomes were washed with 10 mM PHB kept at 4 °C in the refrigerator prior
to use. The filtrates, containing the free DT/pb{y), were collected for determination of
loading efficiency of DT and poly(l:C).

2.3. Characterization of liposomal formulations
2.3.1. Particle size and zeta potential measurement

The patrticle size of the liposomes was measurediybhgmic light scattering by using a Nano
ZS® zetasizer (Malvern Instruments, Worcestershiré.)JJ The zeta potential of liposomes
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was measured by the same instrument by using Rgppler velocimetry. The liposomes
were diluted with 10 mM PB (pH 7.4) to a concentnatof 25 pg/ml for the measurements.
The samples were measured 3 times with 10 runsafcin measurement.

2.3.2. Determination of encapsulation efficiency (E) and loading capacity (LC) of
DT/poly(I:C) in liposomes

To determine the EE and LC of DT and poly(l:C), th&insic fluorescence intensity of DT
(Aex 280 NM/rem 320 nm) and fluorescence intensity of rhodamitellzd poly(l:C) Xex 545
nm/ Aem 576 nmM) in the purification filtrates were measut® using a Tecan M1000 plate
reader (Mannedorf, Switzerland). The EE and LC veateulated by usingq. (1) andEq. (2)
as below:

EE = Mioaded DT /poly(I:C) % 100 % (1)

Mtotal DT/poly(I:C)

M .
LC — loaded DT /poly(I:C) X 100 % (2)
MLiposomes+DT+poly(I:C)

WhereMioaded bTipoly(i:c) represents the mass of encapsulated DT or polyMéa DT/poly(1:C) IS
the total amount of DT or poly(I:C) added to thenfialations andMiiposomes+bT+poly(i:c) IS the
total weight of liposomes, DT and poly(l:C).

2.3.3Invitro release of DT and poly(l:C) from liposomes

To study than vitro release of DT and poly(l:C) from Lipo-DT, Lipo-P&hd Lipo-DT-PIC,
the liposomes (containing about 80 pug/ml DT withvathout 80 pug/ml poly(l:C)) were
dispersed in PBS and shaken with a speed of 550atpBv °C by using an Eppendorf
thermomixer (Nijmegen, The Netherlands). At predateed time points, 300 pl liposomes
were transferred into the VivaSpin 500 concentsatord centrifuged for 30 min with a speed
of 350 g. After the centrifugation, fresh PBS wiitle same volume as the filtrates was added
back to the liposomes. The concentration of DT polg(l:C) in the filtrates was determined
by measuring the intrinsic fluorescence intensifyDd (Aex 280 nmlkey,, 320 nm) and
fluorescence intensity of rhodamine labeled poG)Ifiex 545 Nnmikem 576 Nm), respectively,
by using a Tecan M1000 plate reader.

2.3.4 Adsorption of free DT or poly(l:C) on liposones loaded with the other active
ingredient

To investigate the adsorption of free DT to Lip&PDT was mixed with Lipo-PIC in PBS,
resulting in a concentration of 31 pg/ml for botil @nd poly(l:C). The samples were
incubated in the Eppendorf thermomixer (Nijmegehne Netherlands) at 37 °C with a speed
of 300 rpm. To investigate the adsorption of freé/@:C) to Lipo-DT, poly(l:C) was mixed
with Lipo-DT in PBS, resulting in a concentratioh 3l pg/ml for both DT and poly(l:C).
After 4 or 24 h, the samples were transferred ta8pin 500 centrifugal concentrators (PES
membrane, 1000 kDa MWCO) and centrifuged for 30 with a speed of 350 g. The DT or
poly(l:C) in the filtrates was quantified by measgrthe intrinsic fluorescence intensity of
DT (Aex 280 nm/iem 320 Nm) or fluorescence intensity of rhodaminesladd poly(l:C) fex
545 nm/Aem 576 nm), respectively. The adsorption efficiendy Dl or poly(l:C) was
calculated according t&q. (3) as follow:

. . . M ) in fi
Adsorption efficieny % = (1 — —2HpebCO myllrates y 5 100 % ()
MDT/poly(I:C) total
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where Mprpaya:c) in filrates represents the mass of DT or poly(l:C) in filtrataster
centrifugation, anMppaly(:c) total ISthe total mass of DT or poly(l:C) added.

2.4. Hollow microneedles and applicator

The hollow microneedles were prepared by hydroftuacid etching of fused silica
capillaries [28, 29]. Briefly, silica capillarie®glymicro, Phoenix AZ, 37hm outer diameter,
50 um inner diameter) were cut into 4-cm pieces anédilith silicone oil in a vacuum oven
(100 °C) overnight. The silicone oil-filled capillas were etched into hollow microneedles
by immersing their ends m48% hydrofluoric acid for 4 h at room temperatltmally, the
polyimide coating on the microneedles was remowvedlipping the microneedles into hot
sulfuric acid (250 °C) for 5 min.

To reproducibly insert hollow microneedles into rmewskin, a hollow microneedle applicator
developed in our lab was used [28, 29]. The systensists of a syringe pump (NE-300,
Prosense, Oosterhout, The Netherlands) and antanjeehich were used to accurately
control the injection rate (10 pl/min), the injexti volume (10 ul) and the injection depth
(120 pm). The pump, injector and hollow micronesdieere connected by using high-
pressure resistant CapTifeconnectors and silica capillaries.

2.5. Immunization study

Female BALB/c (H2) mice were ordered from Charles Rivers (Maastrithe Netherlands)
and accommodated under standardized conditiontseiramimal facility of Leiden Academic
Centre for Drug Research, Leiden University. Thenimization study was approved by the
ethical committee on animal experiments of Leidenversity (Licence number 14166).

The mice were 7-8 weeks old at the beginning of é&x@eriments. The mice were
anesthetized by intraperitoneal injection of ketzan{60 mg/kg) and xylanize (4 mg/kg)
before shaving of the injection site. The mice wéhen injected with 10 ul of the
formulations, containing 0.31 ug DT with or withduB1 pg poly(l:C), into abdomen skin by
using the hollow microneedle and the applicatodescribed above. The following liposomal
formulations were used: DT encapsulated liposomepo{DT), a mixture of DT-
encapsulated liposomes and free poly(l:C) (Lipo-BT3), a mixture of free DT and
poly(l:C)-encapsulated liposomes (DT+Lipo-PIC), &ture of DT-encapsulated liposomes
and poly(l:C)-encapsulated liposomes (Lipo-DT+Liptz), and DT and poly(l:C) co-
encapsulated liposomes (Lipo-DT-PIC). Control gowere injected with 0.31 pg DT with
or without 0.31 pg poly(l:C) solution (DT/poly(I:E)All formulations were freshly prepared
and mixed prior to the immunization study. Subcatarsly injected 5 ug DT and 150 pg
aluminum phosphate (DT-Alum) was used as a posaomrol. The mice were immunized
on day 0, 21, 42 and sacrificed on day 56. Seruswwitndrawn from the tail vein of mice on
day 0, 21 and 42 and the sacrifice serum was tlikenthe femoral artery on day 56.

2.6. Determination of DT-specific IgG antibody tites

DT-specific antibodies were measured by using alwai enzyme-linked immunosorbent
assay (ELISA) as described earlier [18]. The wedl96-well plates were coated with 140 ng
DT and incubated overnight at 4 °C. The plates vikweked with 1% BSA at 37 °C for 1 h.
After blocking, appropriate three-fold serial diris of mouse sera were transferred into the
plates and incubated for 2 h at 37 °C. The platesewhen incubated with horseradish
peroxidase-conjugated goat antibodies against k@&l IgG1 or IgG2a (1:5000 dilution) for
1.5 h at 37 °C. Subsequently, the plates were meabwith TMB and 2 M sulfuric acid was
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used to stop the reaction. The absorbance was meglagu450 nm by using a Tecan M1000
plate reader. The antibody titers were expressddgd® value of the mid-point of S-shaped
dilution-absorbance curve of the diluted serumlleve

2.7. Determination of DT-neutralizing antibodies

The functionality of the antibody response was mheit@ed by measuring diphtheria toxin-
neutralizing antibodies in a Vero cell test [30heTserum samples were first diluted by M199
medium supplemented with 5% FBS, 0.5% glucose, O.88tutamine and 1% penicillin-
streptomycin. Appropriate two-fold serial dilutiord the serum were applied to 96-well
plates. Next, 5 x IDLf diphtheria toxin was added to each well. Subsedly, 1.25 x16
Vero cells were added to each well and incubate® fdays at 37 °C in 5% GOFinally, the
neutralizing antibodies were expressed as the \@h2e of the highest serum dilution that
protected the Vero cells.

2.8. Statistics analysis

All the data of antibody titers were analyzed by amay ANOVA with Newman-Keuls
Multiple post-test by using GraphPad Prism softw&ezsion 5.02). The level of significance
was set at p<0.05.

3. Results

3.1. Physicochemical characteristics of the liposas andin vitro release of DT and
poly(l:C)

Lipo-DT, Lipo-PIC and Lipo-DT-PIC were first chatacized in terms of particle size, poly
dispersity index (PDI) and zeta potential. As showiiable 1, Lipo-DT and Lipo-PIC had a
similar average size below 200 nm with a low PDhilev Lipo-DT-PIC showed a slightly
larger size and PDI. All the liposomes had a pesitieta potential above +35 mV. Both DT
and poly(l:C) were efficiently encapsulated inte fiposomes, with a EE higher than 96%.
Furthermore, DT and poly(l:C) had a similar LC%abbut 1.7% Table 1).

Table 1.Physicochemical characteristics of DT/poly(l:Crapsulated liposomes (n=3).

EEY (%) LC ®(%)
Liposomes Siz& (nm) PDIP ZP° (mV)

DT Poly(l:C) DT Poly(l:C)

Lipo-DT 182+8 0.195+0.012 +37+1  96.5%2.1 - 1.6+0.1 -
Lipo-PIC 184+6 0.153+0.010 +37#1 - 98.5+0.8 - 1.7+0.0

Lipo-DT-PIC 238411 0.243+0.003 +35+1  98.0+0.8 98.9+0.5 1.7+0.0 1.7+0.0

Data are average + SEM of 3 independent batches.
°Size: Z-average diamet@PDI: poly dispersity indexZP: zeta potentialEE: encapsulation
efficiency,®LC: loadingcapacity.

To study then vitro release of DT and poly(l:C), the prepared liposemwere incubated in
PBS for one month. As shown kig. 1A, there was a burst release of DT of about 25% from
both Lipo-DT and Lipo-DT-PIC within the first dayfter 3 days, almost no additional DT
was released. On day 30, the total release of b fripo-DT and Lipo-DT-PIC was about
50% and 40%, respectively. Similarly, about 20 %hef poly(l:C) was quickly released from
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Lipo-PIC and Lipo-DT-PIC within the first day anftexr day 3 almost no additional release
was detectedHig. 1B). On day 30, about 40% and 25% of the loaded payfiere released
from Lipo-PIC and Lipo-DT-PIC, respectivelin summary, after incubation in PBS for one
month, less than half of the loaded DT or poly(M@&s released from the liposomes.
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Figure 1. In vitro release of DT and poly(I:C) from liposomes. A: &ede of DT from Lipo-
DT (spheres) and Lipo-DT-PIC (squares). Inserticglease over a period of 1.5 days. B:
Release of poly(I:C) from Lipo-PIC (spheres) an@d-DT-PIC (squares). Insertion: release
over a period of 1.5 days. Bars represent meanM, S 3.
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Figure 2. DT-specific total 1gG titers on day 21 (A), 42 (Bhd 56 (C). Bars represent mean
+ SEM, n =8. *p < 0.05, **p < 0.01.

In order to study the interaction between free DTpoly(l:C) and the positively charged
liposomes loaded with the other active ingredidteranixing in PBS, the adsorption of DT
or poly(I:C) on the liposomes were determined. €hgere 75.9 + 3.8% (mean = SEM, n=3)
and 77.4 £ 0.8% (mean £ SEM, n=3) of DT adsorbindre surface of Lipo-PIC at 4 h or 24
h after mixing, respectively. In case of poly(l:G5.9 + 2.7% (mean + SEM, n=3) and 95.6
1.0% (mean + SEM, n=3) were adsorbed on the sudatipo-DT at 4 or 24 h after mixing,

respectively. In summary, most of free DT or pal@jl was adsorbed on the surface of
liposomes after mixing.

3.2. Intradermal vaccination study
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The formulations were intradermally delivered im@e by using hollow microneedles with a
DT dose of 0.31 pg with or without 0.31 pg poly{l:@ased on our previous dose response
study [31]. Subcutaneously injected DT-Alum witimach higher dose (5 pug DT and 100 pg
Alum) was used as a positive control. During thedtion, there was no visible leakage and
successful injection was indicated by the formabbthe bleb on the abdomen area of mouse
skin.

IgG1

IgG2a

D21

Logy anti-DT 1gG1 titer
Logy anti-DT 1gG2a titer

PR

On
%
O
9,

% b
%
%
©

]
.

RS

-----

D42

R

AR

Logyanti-DT IgG2a titer
N
1

o

Logyanti-DT IgG1 titer

RO

AN Y

R
SESINARARLNLCLNNRRNNRNNS

T
R

R
R

NS

[E

R

™
o,

e

D56

TR
SXNNNNONNN NN

Logy anti-DT IgG1 titer
ARAARARARARNRRNRANAY

Logyanti-DT IgG2a titer

R

AANRRAANRY:

%

Figure 3. DT-specific IgG1 (A, C, E) and IgG2a (B, D, F)etis on day 21 (A, B), 42 (C, D)
and 56 (E, F). Bars represent mean + SEM, n = & 65, ***p < 0.001.
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DT-specific total IgG and subtype titers (IgG1 dg&2a) are presented kig. 2 andFig. 3,
respectively. As shown iifrig. 2, total 1gG titers increased after each immunizatiés
expected, DT-Alum induced significantly higher totlgG responses than all other
formulations on day 21 and 42 (p<0.0B)g. 2A, B). However, on day 56 the response of the
intradermal groups increased to similar levels Hat tinduced by DT-Alum (except DT),
despite the 15-fold lower dose administerewy( 2C). The encapsulation of DT/poly(l:C) in
liposomes did not increase the total IgG resporm@pared to DT/poly(l:C) solutions
(p>0.05). Furthermore, the addition of poly(l:Cy ot change the total IgG response.

Next, the IgG1l and IgG2a titers were measured. #@va in Fig. 3, the IgG1l response
followed the total IgG response: liposomal formuatgroups induced equally strong IgG1
responses compared to DT/poly(l:C) solutions (p5D.®lowever, when focusing on IgG2a
response, clear differences were observed amongydlogps. On day 21 all groups except DT-
Alum developed a detectable IgG2a resporigg. (3B). After the f' boost (day 42), all
groups showed an IgG2a resporisig.(3D). Moreover, liposomal groups that contained both
DT and poly(I:C), i.e., Lipo-DT+PIC, DT+Lipo-PIC,ijho-DT+Lipo-PIC and Lipo-DT-PIC,
induced a similar IgG2a response that was highean the response induced by DT solution
(p<0.05) and the DT and poly(l:C) mixturgig. 3D), although compared with the latter the
difference is not significant (p>0.05). After th& ®oost (day 56), the IgG2a response of all
groups increased to a higher level, but still ip@domal groups containing both DT and
poly(l:C) induced a distinctly higher IgG2a respetisan DT solutionKig. 3F). In summary,
the results showed that the IgG2a response wasieathavhen DT/poly(l:C) was loaded in
liposomes, no matter whether only one ingredienbath of them were encapsulated in
liposomes. Furthermore, DT and poly(l:C) individya#ncapsulated in liposomes induced a
similar 1gG2a response compared to DT and poly(lc@)encapsulated in liposomes. In
contrast, DT encapsulated liposomes (Lipo-DT) diot mnhance the IgG2a response
compared to DT solution. Additionally, the DT-Alugroup did not improve the IgG2a
response in spite of a much higher dose.

In order to study functionality of the antibody pesse, the neutralizing antibody titers in
serum on day 56 were determined by a Vero cellyasBae sera of the DT-Alum group
contained higher levels of toxin-neutralizing antiies than all other groups (p<0.05)d. 4).
The liposomal groups containing both DT and po@y)Ishowed similar neutralizing titers
compared to DT/poly(l:C) solutions. The Lipo-DT gpseemed to have the lowest titers
among the intradermal groups, but the differencenag significant. In summary, the
encapsulation of DT/poly(l:C) in liposomes did maiprove the protective immunity against
diphtheria toxin.
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15+ *
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Figure 4. DT-neutralizing antibody titers of mice. Reswdr® shown for serum collected on
day 56. Bars represent mean + SEM, n = 8. *p <.0.05

4. Discussion

Liposome-based delivery system for vaccination lsn extensively investigated [15, 32].
When focusing on intradermal vaccination, sevetadies have shown that co-encapsulation
of antigen and adjuvant in liposomes can increg&24 and CD8T cell responses [16, 17,
21, 22, 33]. In one of our previous studies, wadusalow microneedles to examine the effect
of nano-encapsulation of OVA and poly(l:C) on themune response in mice after
intradermal vaccination. In that study, four typsfsnanoparticles were compared and the
results indicated that OVA- and poly(l:C)-contaipinationic liposomes were more potent
than the other nanoparticles and significantlyeased the IgG2a response compared to OVA
and poly(l:C) solutions [17]. In the present study used the same liposome composition to
study whether co-encapsulation of antigen and inermodulator is the essential factor for
increased IgG2a levels. To investigate this, weemoapsulated DT and poly(l:C) or
encapsulated them individually in liposomes anddistl the 1gG (subtype) response
following hollow microneedle-mediated intradermadceination. The results showed that
liposomal formulations containing both DT and p&l@j, induced higher IgG2a titers than
those induced by DT/poly(l:C) solutions, no mattdrether only one ingredient or both of
them were encapsulated in liposomes. Furthermork, add poly(l:C) that were both
individually encapsulated in liposomes induced EmlgG2a titers compared to DT and
poly(l:C) co-encapsulated in liposomes.

The results of Lipo-DT-PIC are well in accordanaghwpreviously reported results [16, 23],
showing that the co-encapsulation of antigen anchume modulator in liposomes can
increase lgG2a responses and favor Thl type immasponses after intradermal delivery by
using a hypodermic needle. This may be causedlippsome induced increase in the uptake
of antigen and adjuvant by antigen presenting cafighe size of liposomes (smaller than 200
nm) is favorable for uptake by dendritic cells [3d}. Burke et al. additionally showed that
liposomes may facilitate the access of poly(l:Cx#dlular cytoplasm and up-regulate TLR
signalling molecules and NLRP3 inflammasome pathwWay]. Furthermore, cationic
liposomes may have a stronger interaction withnibgatively charged cell membrane due to
the attractive electrostatic interaction comparedédgatively charged particles, which allows
longer retention time on the cell surface and sgbsetly sustained release of antigen and
adjuvant [15, 38, 39]. Finally, several studieséhandicated that the co-processing of antigen
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and adjuvant by antigen presenting cells afterdéiken up may be the reason for a higher
IgG2a response [16, 17, 21]. The delivery of amtigad the triggering of TLR in the same
dendritic cell may synergistically induce a supesdntigen presentation to T cells [21, 40].

The results of Lipo-DT+PIC and DT+Lipo-PIC are imd with our previous study by
Varypataki et al, who found that the mixture ofigen-loaded liposomes and free poly(l:C)
solution induced a similar IFM-producing CD4 T cell response (Thl) as antigen and
adjuvant co-encapsulated liposomes after hypodenmexle-mediated intradermal delivery
[41]. One explanation may be that the negativebrgad antigen and adjuvant mixed with the
liposome formulation adhered to the surface oftpasy charged liposomes after intradermal
injection due to the electrostatic interaction. &sesult, most of the antigen and adjuvant
were co-delivered into the antigen presenting aétlsough they were not co-encapsulated in
the liposomes. The adsorption study supported gpothesis, as most of the DT or poly(l:C)
were found to adsorb on the surface of liposomis afixing in PBS.

In case of the Lipo-DT+Lipo-PIC formulation, we @qb that these two liposomes would
repel with each other due to their strong surfatarge. Indeed, the particle size and zeta
potential of Lipo-DT+Lipo-PIC were found to rematme same within 24 h after mixing in
PBS (data not shown). Nevertheless, Lipo-DT+Lip@-Riduced similar IgG2a responses as
Lipo-DT-PIC. These results indicate that the indiially encapsulated DT and poly(l:C) are
as efficient as the DT and poly(l:C) co-encapsulaite the liposomes for activation of
immune system when administered intradermally. Thesy be explained by an efficient
uptake of both Lipo-DT and Lipo-PIC by the sameigent presenting cells. One possible
approach to further investigate this is to use coamf microscopy to study the fate of
fluorescently labeled liposomes and antigen/adjuf@lowing administrationn vivo.

In order to produce liposomes loaded with the ogtimtio of antigen/adjuvant with a high
loading efficiency, optimization work needs to bend. Our results clearly suggest that co-
encapsulation of antigen and adjuvant in liposommay not be necessary for the use in
intradermal delivery. This might simplify the woftr the development of formulations. This
may even be particularly beneficial for developfiogmulations that must contain multiple
antigens and adjuvants, e.g., for personalizedapies of cancer patients [42]. Such
formulations can be prepared by mixing differeppSomes loaded with only antigen or only
adjuvant. Furthermore, it may be interesting to wadsether our current findings also hold true
for other nanoparticulate vaccine delivery systems.

Finally, the results of neutralizing antibody assaglicate that high 1gG2a titers did not
contribute to the immunity against diphtheria, whis in line with a previous study [30]. The
high IgG2a titers may be more suitable for antaVimmune responses where a Thl response
is more desired [43].

5. Conclusion

Our results show that DT and poly(l:C) can be sssitdly encapsulated into cationic
liposomes with a high loading efficiency. After loal microneedle-mediated intradermal
vaccination, the antigen and adjuvant encapsuléifsmsomes evoked a potent immune
response and shifted the IgG1/IgG2a balance mdtesttyG2a direction. The combination of
DT-encapsulated and poly(l:C)-encapsulated liposoane able to simulate an equally strong
IgG2a response compared to DT and poly(l:C) co{esulated liposomes. These findings
may have implications for future design of liposdrfieamulations aiming for modification of
iImmune response after intradermal delivery.
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Abstract

The aim of this study was to examine the immunaogsgnof diphtheria toxoid (DT) loaded
mesoporous silica nanoparticles (MSNs) after coaad hollow microneedle-mediated
intradermal immunization in mice. DT was loadediMSNs and the nanoparticle surface
was coated with a lipid bilayer (LB-MSN-DT). To jpae coated microneedles, alternating
layers of negatively charged LB-MSN-DT and posityveharged N-trimethyl chitosan (TMC)
were coated onto pH-sensitive microneedle arraysavayer-by-layer approach. Microneedle
arrays coated with 5 or 3 layers of LB-MSN-DT wesed to immunize mice and the elicited
antibody responses were compared with those indoigdubllow microneedle-injected liquid
formulation of LB-MSN-DT. Liquid DT formulation wit and without TMC (DT/TMC)
injected by a hollow microneedle were used as otstt.B-MSN-DT had an average size of
about 670 nm and a zeta potential of -35 mV. Theapsulation efficiency of DT in the
nanoparticles was 77%. The amount of nano-encadpsul@T coated onto the microneedle
array increased linearly with increasing numbethef coating layers. Nano-encapsulated DT
induced stronger immune responses than DT soluttben delivered intradermally via
hollow microneedles, but not when delivered viatedamicroneedles. In conclusion, both the
nano-encapsulation of DT and the type of microrediffect the immunogenicity of the
antigen.

Keywords: Coated microneedles, hollow microneedles, mesmysorsilica nanoparticles,
diphtheria toxoid, intradermal vaccination
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1. Introduction

Vaccination is one of the most cost-effective taolgprevent infectious diseases in man [1].
Traditional vaccines are based on attenuated ativaged pathogens. Nowadays, subunit
vaccines containing only immunogenic parts of &apgén are being extensively investigated
because they are safer [2]. The disadvantage aingiaccines is that they are generally less
immunogenic than traditional vaccines. To overcothes, adjuvants such as immune

modulators and nanoparticulate delivery systemseamsed [3, 4].

Nanoparticles have been extensively studied fod#iery of vaccines, as they can improve
the immunogenicity of antigens by enhancing thgeting of antigens to antigen-presenting
cells (APCs) [5]. Furthermore, the immune resportsas potentially be modified by tuning
the properties of nanoparticles such as size, seidharge, and release kinetics of antigens [3,
6, 7]. Among different types of nanoparticles, npgous silica nanoparticles (MSNs) have
gained increasing attention because of their eswebiocompatibility and stability. Besides,
the silica surface can be easily modified and fionelized and the large pores and surface
area of MSNs enable efficient loading of antigenth & high loading capacity [8, 9]. Studies
have shown that antigen loaded MSNs are able tease the uptake of antigens by APCs
and improve immune responses in mice [9-11].

Vaccines are mostly administered by intramuscularsabcutaneous injection, but these
methods have disadvantages such as low acceptgrecednsiderable number of people and
infection risk due to needlestick injuries or reusie needles [12-14]. Additionally, the
delivery of vaccines to APCs may be inefficienttlasse delivery sites are not rich of APCs
[15]. To avoid the drawbacks of hypodermic needhag;roneedles have been developed.
Microneedles are micrometer-sized needle-like stnes and can be used to penetrate skin
and deliver the antigen in a minimal invasive amghgree way [16]. The skin contains a
large number of APCs, and therefore microneedleiabed intradermal delivery of vaccines
has potential for effective vaccination [17].

Several types of microneedles are in developmerth ®s coated, dissolvable and hollow
microneedles [16]. On the one hand, coated andoldasle microneedles are used to
administer dry-state vaccine formulations [18], ethioffer the potential advantage of
improving antigen stability [16, 19]. Previouslyili®@n microneedle arrays with a pH-

sensitive surface were developed to bind negatiwblgrged vaccines at slightly acidic

conditions (pH 5.8) and release the coated matatighysiological pH (7.4) [20]. Several

studies have shown that the antigen coated micdeeéduced a similar immune response
as subcutaneously or intramuscularly injected antigolution [21-23]. On the other hand,
hollow microneedles are used to inject liquid fotations and the dose can be precisely
controlled. We previously showed that hollow miaedles together with an applicator can
be used to deliver antigen-loaded nanoparticleadermally [24].

In this study, we aimed to examine the immunogénai intradermally delivered DT loaded

MSNs by using either coated microneedle arrays @ingle hollow microneedle. The

microneedle arrays were coated with DT loaded inNI®y using a layer-by-layer coating
approach after which the delivered dose iexovivo human skin were examined. In an
subsequent immunization study, the antibody respanduced by LB-MSN-DT coated

microneedles was compared with that obtained afjection of a suspension of LB-MSN-

DT by hollow microneedles into mouse skin.

2. Materials and methods

99



Chapter 6

2.1. Materials

DT (batch 04-44, 1 pug equal to 0.3 Lf) and diphthdoxin were provided by Intravacc
(Bilthoven, The Netherlands). (3-aminopropyl)trietgsilane (APTES, 99%), 4-
pyridinecarboxaldehyde (97%), sodium cyanoboroltgr{(NaBHCN, 95%), cholesterol
(>99%), fetal bovine serum (FBS), M199 medium (withni's salts and L-glutamine) and
bovine serum albumin (BSA) were obtained from Sighidrich (Zwijndrecht, The
Netherlands). 1,2-dioleoyl-sn-glycero-3-phosphori®l (DOPC) and 1,2-dioleoyl-sn-
glycero-3-[phospho-L-serine](sodium salt) (DOPSYyavpurchased from Avanti Polar Lipids
Inc (Alabaster, AL). Hydrogen peroxide (30%) wasrghased from Fluka (Steinheim,
Germany). Toluene>09.7%) was obtained from Biosolve (Valkenswaarde Netherlands).
N-trimethyl chitosan (TMC) and rhodamine labeled CMTMC-Rho) were prepared as
reported previously [23, 25]. Glucose solution, lutgmine (200 nM), penicillin-
streptomycin (10000 U/mL) and 1-st&pultra 3,3',5,5-tetramethylbenzidine (TMB) were
purchased from Thermo-Fisher Scientific (Walthan)MRDye 800CW protein labeling kit
(low molecular weight) was ordered from LI-COR (t@in, NE). HRP-conjugated goat anti-
mouse total IgG, IgG1 and lgG2a were ordered frautlsern Biotech (Birmingham, AL).
Sulfuric acid (95-98%) was obtained from JT BakBe\enter, The Netherlands). Sterile
phosphate buffered saline (PBS, 163.9 mM ,N&0.3 mM Cl, 8.7 mM HPQ?, 1.8 mM
H,PG", pH 7.4) was ordered from B. Braun (Oss, The Né&ihes). 1 mM phosphate buffer
(PB) with a pH of 7.4 or 5.8 was prepared in the Milli-Q water (18 M2/cm, Millipore Co.)
was used for the preparation of all solutions.tA# other chemicals used were of analytical
grade.

2.2. Preparation of DT encapsulated and lipid fusetMSNs (LB-MSN-DT)

Plain MSNs with a particle size of about 200 nm &rde pores (about 10 nm in diameter)
were prepared and modified with amino groups toegate a positively charged surface, as
described earlier [11, 26]. To improve the collbiskability of MSNs, liposomes were coated
onto the surface of MSNs by using a method as pusly described [11]. These liposomes
were prepared by lipid film hydration followed bgrscation. Briefly, DOPC, DOPS and
cholesterol with a molar ratio of 7:1:2 were dissal in chloroform in a round bottom flask.
The organic solvent was evaporated by using aya&aporator (Buchi rotavapor R210,
Flawil, Switzerland) for 30 min. Subsequently, tipgd film was hydrated with 1 mM PB (pH
7.4) and vortexed for 10 s to form a lipid vesislspension. The suspension was sonicated in
a Branson 2510 water bath (Danbury, @ir)10 min. The obtained liposomes were stored at
4 °C in the refrigerator for further use.

To prepare LB-MSN-DT, 0.5 mL MSNs (2 mg/mL) and & DT (0.5 mg/mL) were mixed
in 1. mM PB (pH 7.4), followed by addition of 0.5 niposomes (2 mg/mL) in 1 mM PB (pH
7.4). To prepare LB-MSN-DT loaded with Alexa488IBDye 800CW labeled DT, plain DT
was replaced with fluorescently labeled DT accaydime need of experiments. The mixture
was incubated in an Eppendorf thermomixer (Nijmeddre Netherlands) for 1.5 h at 25 °C
with a speed of 300 rpm. To remove the excess DA lgposomes, the suspension was
centrifuged by using a Sigma 1-15 centrifuge (@&ter Germany) for 5 min with a speed of
10,000 g. The resultant pellet was washed andsgedsed in 1 mM PB (pH 7.4) for further
use.

2.3. Characterization of LB-MSN-DT

2.3.1. Measurement of size and zeta potential of EBISN-DT
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The size and zeta potential of LB-MSN-DT were deieed by using dynamic light
scattering (DLS) and laser Doppler velocimetry,pessively, with a Nano Z%zetasizer

(Malvern Instruments, Worcestershire, U.K.). Thepkes were diluted in 1 mM PB (pH 7.4)
to a concentration of 25 pg/mL (expressed basedhenconcentration of MSNs) and
measured 3 times with 10 runs for each measurement.

2.3.2. Determination of encapsulation efficiency (E) and loading capacity (LC) of DT in
LB-MSN-DT

The loading efficiency of DT was determined by messy the intrinsic fluorescence
intensity of DT (fex 280 nmikery, 320 Nm) in the supernatant before and after endatpsn by
using a Tecan M1000 plate reader (Mannedorf, Sviéad). The EE and LC were calculated
using the equations below:

EE — Mioaded DT x 100 %

Mtotal DT

LC — Mioaded DT X 100 %

MpsNs

WhereMioaged pT represents the mass of encapsulated M, pris the total amount of DT
added to the formulation amdiys\s is the weight of MSNSs.

2.3.3.In vitro release of DT from LB-MSN-DT

To study the release of DT, 1 mL nanoparticle sosjpa with a concentration of 1 mg/mL
(expressed based on the concentration of MSNsegmonding to about 0.2 mg/mL DT) in
PBS was incubated for one month at 37 °C by usmgpendorf thermomixer (Nijmegen,
The Netherlands) set at a speed of 550 rpm. Atgpeechined time points, the samples were
centrifuged for 5 min with a speed of 10,000 g. §Q0sample from the supernatant was
collected and the amount of DT was measured binsitrfluorescence intensity of DT. Fresh
PBS with the same volume of the collected supematas added back to the suspension.
The release percentage of DT was calculated bylidiyithe released amount of DT by the
total amount of DT initially loaded in LB-MSN-DT.

2.4. Coating of LB-MSN-DT on microneedle arrays andelease of LB-MSN-DT inex
vivo human skin

2.4.1 Modification of microneedle arrays to achieva pH-sensitive surface

Silicon microneedle arrays with 576 microneedlesguey on a back plate of 5 x 5 mmith

a microneedle length of 200 um were kindly providgdRobert Bosch GmbH (Stuttgart,
Germany). To obtain pH-sensitive microneedles, sh&face was modified with pyridine
groups as previously reported [20]. In brief, thenoneedle surface was first cleaned by
piranha solution (70% sulfuric acid and 30% hydrogeroxide) at 120 °C for 2 Zaution:
piranha is strongly acidic and oxidizing. Piranha reacts violently with organic compounds,

and it should not be stored in closed containers. Subsequently, the microneedles were
extensively washed with MilliQ water followed by gkang with acetone and methanol. Next,
the microneedles were incubated in 2% APTES inetwduovernight to obtain an amine-
modified surface and thereafter incubated with deyecarboxaldehyde (100 mM) in
anhydrous isopropanol containing 1% acetic acidrogat. Finally, the formed imine bonds
were reduced to secondary amines by incubatingnibeoneedles with NaB$CN (50 mM)

in isopropanol for 2 h. After cleaning the microdkxs were stored under vacuum at 50 °C
until further use.

101



Chapter 6

2.4.2 Multilayer coating of LB-MSN-DT on the surfa@ of microneedle arrays

LB-MSN-DT and TMC were alternately coated onto theface of microneedle arrays by
using a layer-by-layer approach. The pH-sensitiveraneedle arrays were transferred into
Greiner Cellstar® 48 well plates. 50 pL negativeharged LB-MSN-DT (0.5 mg/mL) in 1
mM PB (pH 5.8) was added onto the top of each miedle array and the arrays were
incubated for 30 min. The excess nanoparticles weashed by adding 450 uL 1 mM PB (pH
5.8). Next, the microneedle arrays were dried urmtessurized nitrogen flow for 10 min.
After the first coating layer of LB-MSN-DT, 50 plopitively charged TMC (40 pg/mL) in 1
mM PB (pH 5.8) was added onto the top of each miedle array and the arrays were
incubated with TMC for another 30 min. The concatin of LB-MSN and TMC in the
coating solutions based on prior studies [11, ZBE excess TMC was removed by washing
the microneedle arrays with 450 uL 1 mM PB (pH 5R)bsequently, the microneedle arrays
were dried under nitrogen flow as described abdves procedure was repeated until the
desired number of coating layers of LB-MSN-DT waaahed. After the last layer of LB-
MSN-DT, no more TMC was coated onto the micronesdi#ace. In order to study the dose
effect of DT using coated microneedles, the micealte arrays were coated with either 5 or 3
layers of LB-MSN-DT and 4 or 2 alternate layersTMC, respectively.

To determine the coating efficiency of DT on micgedles, the amount of nhano-encapsulated
DT in the supernatant after washing was determimetheasuring the intrinsic fluorescence
of DT. The coating efficiency was calculated byiding the amount of coated DT by the
total amount of DT initially added to the coatirgigion.

2.4.3 Insertion of microneedle arrays intax vivo human skin

Ex vivo human skin was obtained from a local hospital ediog to Helsinki principles. A

written informed patient consent was obtained. @graducibly insert the microneedles into
the skin, an in-house developed impact-insertigector together with a uPRAX applicator
controller (Delft, The Netherlands) was used byngseither a single insertion mode or
multiple insertion mode [27, 28]. In case of a &@nmsertion, the microneedle arrays were
inserted into the skin with an average velocityodd m/s and kept in the skin for 30 min by
applying a force of 5 N on top of the microneedli@y In case of multiple insertion mode,
the microneedle arrays were 10 times inserted tinéoskin within 10 s with an average
velocity of 0.5 m/s. After the last penetratiore thicroneedles were removed from the skin.

2.4.4 Visualization of the coated microneedles bef and after penetration of ex vivo
human skin by scanning electronic microscopy (SEM)

The 5-layer LB-MSN-DT coated microneedles were a@imed with a Nova NanoSEM
(Eindhoven, The Netherlands) operated with a veltafj 15 kV before and after removal
from the skin. To increase the surface conductivitg microneedle arrays were coated with a
layer of platina/palladium before visualization.

2.4.5 Release of LB-MSN-DT from microneedle arraysto ex vivo human skin

To visualize the release of LB-MSN-DT from microdkearrays into the skin, the 5-layer
LB-MSN-DT coated microneedle arrays and the rel@asanoparticles in the skin were
visualized by using a Nikon D-Eclipse C1 CLSM (Tokyapan). For this purpose, DT-
Alexa488 and TMC-Rho were used. The coated micrireeand the skin area penetrated by
coated microneedles were scanned with a depthutesolof 5 pm/step by using a 10 x and 4
x Plan Apo objective, respectively. An argon 1a@&8 nm) with a 530/55 emission filter and
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a diode-pumped solid-state laser (561 nm) with @/%® emission filter were used for
visualization of DT-Alexa488 and TMC-Rho, respeetiv

The released amount of DT in tBevivo human skin was quantified by using a Perkin-Elmer
IVIS Lumina Series lllin vivo imaging system (Waltham, MA, USA). For this purpoBT
was labeled with IRDye 800 CW (DT-IRDye800) by usen IRDye 800CW protein labeling
kit (low molecular weight) according to the manutaer's instruction. The LB-MSN-DT-
IRDye800 coated microneedles were inserted intodmskin by using either the single or
multiple insertion mode as described above. A callibn curve was prepared by injecting
different amounts of LB-MSN-DT-IRDye800 in the skiy using a hollow microneedle (see
below). To determine the amount of DT released fridra coated microneedles, the
fluorescence intensity of DT-IRDye800 in the skimsvmeasured by using the vivo
imaging system with a 745 nm excitation waveleragtti an ICG emission filter. By using the
calibration curve the amount of delivered DT waswdated.

2.5. Hollow microneedles and applicator

The hollow microneedles were prepared by etching fudfed silica capillaries with
hydrofluoric acid, as previously described [29]. bnef, silica capillaries (375 pum outer
diameter, 50 um inner diameter) were cut into 4gietes and filled with silicone oil in a
vacuum oven (100 °C) overnight. The tips of capédk were etched ir48% hydrofluoric
acid for 4 h. Subsequently, the polyimide coatirmswemoved by dipping the microneedle
tips into hot sulfuric acid (250 °C) for 5 min. Thpplicator for hollow microneedles consists
of a syringe pump and an injector for precise ardf injection depth, rate and volume. The
hollow microneedles, injector and pump were corgwedby silica capillaries and high-
pressure resistant CapTiteconnectors [24].

2.6. Immunization studies in mice

Female BALB/c mice of 7-8 weeks old (Charles Riwdgastricht, The Netherlands) at the
start of the experiments were used for the immuinzastudy. The animals were housed
under standardized conditions in the animal facitif Leiden Academic Centre for Drug
Research. The study was approved by the ethicaitbeée on animal experiments of Leiden
University (Licence number 14166).

Mice were first anesthetized by intraperitoneatation of ketamine (60 mg/kg) and xylanize
(4 mg/kg) before shaving the abdomen area. In chseated microneedles, the LB-MSN-DT
coated microneedle arrays were inserted into tlaorakbn of mice by using the multiple
insertion mode as described above for the studiex vivo human skin. Each mouse was
immunized with one microneedle array coated withezi 5 or 3 layers of LB-MSN-DT. In
case of hollow microneedles the following groupsen@cluded: a) 10 pL suspension of LB-
MSN-DT, b) 10 puL DT solution and c) 10 pL DT and ThMsolution. All formulations of
hollow microneedle groups contained 0.31 pg DT. §dmme amount of TMC was included in
the DT and TMC group. The formulation was injectetb the skin of the abdomen of mice
with a rate of 10 uL/min at a depth of 120 um. Suéceously injected 5 pg DT formulated
with 150 pg colloidal aluminum phosphate (DT-Alum)PBS with a volume of 100 pL was
used as a positive control. The mice were immunimediay 0 (prime), 21 (1st boost), 42
(2nd boost) and sacrificed on day 56. The serumwitsdrawn from the tail veins of the
mice on day 0, 21 and 42 prior to the immunization.day 56 the serum was collected from
thoracic vein and the mice were sacrificed by aailislocation.

2.7. Measurement of DT-specific antibody titers
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The total IgG and subtype IgG1 and IgG2a titerheéserum were measured by using ELISA
as previously reported [30]. Briefly, the wells@8-well plates were first coated with 140 ng
DT overnight at 4 °C. Next, the plates were blockéth 1% BSA and appropriate 3-fold

serial diluted serum samples were applied to tlaepl and incubated for 2 h at 37 °C.
Subsequently, HRP-conjugated goat anti-mouse tg@J IgG1 and IgG2a were added into
the wells and incubated for 1.5 h. Finally, TMB veakied to the plates and 2 M sulfuric acid
was added to stop the reaction. The absorbancengasured at 450 nm by using a Tecan
M1000 plate reader. The antibody titers were exe@sas the'%og value where the

corresponding absorbance is located in the middileeoS-shaped dilution-absorbance curve.

2.8. Measurement of DT-neutralizing antibody titers

To check the functionality of the antibodies, dhmria toxin neutralizing antibody titers in
the serum of the mice at day 56 were checked biyguai Vero-cell assay [31]. Briefly,
appropriate 2-fold serial diluted serum was firgpleed to 96-well plates. 5 x TFOLf
diphtheria toxin was added to each well and incedb&dr 2 h at 37°C in a stove with 5% €O
Subsequently, 1.25 x 10erocells were added to each well and incubated fomy& @t 37°C
in the stove with 5% C©OFinally, the neutralizing antibodies were showrites’log value of
the highest dilution times of serum that protedtexiVero cells.

2.9. Statistics analysis

All the data of antibody titers were analyzed by amay ANOVA with Newman-Keuls
Multiple post-test by using GraphPad Prism softw@ezsion 5.02). The level of significance
was set at *p < 0.05, **p < 0.01, ***p < 0.001.

3. Results
3.1. Physicochemical characteristics of LB-MSN-DT

The physicochemical characteristics of LB-MSN-DE ahown inTable 1 The size of LB-
MSN-DT was approximately 700 nm with a polydispgrsndex (PDI) slightly larger than
0.3. The nanoparticles showed a high negativeatntial. DT was efficiently encapsulated
into the nanopatrticles with a high EE and LC.

Table 1.Physicochemical characteristics of LB-MSN-DT (n=3)

Nanoparticles Siz& (nm) PDI° ZP° (mV) EE%° LC%*®

LB-MSN-DT 676 7 0.322 £ 0.016 -35+1 77.1+6.4 19.3+1.6

Data are average + SEM of 3 independent batches.
°Size: Z-average in diametePPDI: polydispersity index,°ZP: zeta potential,"EE:
encapsulation efficiencyl.C: loadingcapacity.

3.2.Invitro release of DT from LB-MSN-DT

The in vitro release of DT was investigated by suspending LB-MSNin PBS for one
month. As shown iffrig. 1, there was a moderate burst release of DT of ak@kit within the
first day, followed by a sustained release, reaghiiotal release percentage of about 70% on
day 30. These results indicate that the LB-MSN-Ddyrserve as a reservoir and allow the
sustained release of DT, but at the same timenrstaficient DT for a prolonged period of
time to deliver it as nanoparticulate antigen taCAP
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Figure 1. In vitro release of DT from LB-MSN-DT in PBS at 37 °C a$uaction of time.
Bars represent mean = SEM, n = 3.

3.3. Coating of LB-MSN-DT on microneedle arraysand releaseof LB-MSN-DT in ex
vivo human skin

3.3.1 Quantification of coated amount of nano-encaulated DT on microneedle arrays

As shown inFig. 2A, the amount of nano-encapsulated DT that was doatdo the
microneedles increased linearly with increasing benof layer coatings. About 0.4 ug DT
was coated onto the microneedles of one microneediy per layerThe coating efficiency
was similar for each layer and was about 20-269¢.(2B). As shown inTable 2, the
cumulative amount of nano-encapsulated DT coatedhenmicroneedle surfaces of one
microneedle array was about 1.9 ug and 1.1 pgesponding to 9.7 pg and 5.7 ug LB-
MSN-DT (based on the mass of MSNs) for a 5-layer 3ubayer coating, respectively.
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Figure 2. Cumulative amount of nano-encapsulated DT (A) wex coated on the
microneedles of one microneedle array and coafiingency (B) as a function of the number
of layers. Data is represented as average = SE}iradependent microneedle arrays.
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Table 2. Coated and released amount of DT/LB-MSN-DT from mhicroneedles of a single
1microneedle array (n=3).

=
> Delivered DT (ug) Delivered percentage

a (%)
Microneedles Coated LB(EIC\)/IaSt‘eNcf - - - -
DT (ug) Multiple Single Multiple Single
DT (ng) insertion insertion insertion insertion
mode mode mode mode

S-layer 1.940.1  9.7¢0.2  0.814+0.008 0.341+0.083  42.8+0.1% 7.940.8%
coated .9+0. .710. . +0. . +0. .8+£0.1% 7. .8%
3-layer 1.1+0.1  5.7+0.2  0.256+0.001 - 23.2+0.0% ;
coated

Data are average = SEM of 3 independent micronesadig’s.

8The coated amount of LB-MSN-DT is expressed asrtass of MSNs and was calculated by
using the coated amount of DT and loading capa¢iyT in LB-MSN-DT.

® The delivered dose of DT was measureekitivo human skin.

¢ Delivered percentage was calculated by dividing detvered amount of DT i®x vivo
human skin by the coated amount of DT on the meedies.

3.3.2 Visualization of coated microneedles beforend after penetrating ex vivo human
skin by SEM

The 5-layer LB-MSN-DT coated microneedles were @iged by SEM. The uncoated pH-
sensitive microneedles showed a smooth surfeae BA, B1-B2. On the surface of LB-
MSN-DT coated microneedlesFi§g. 3C1-C2, single nanoparticles or clusters of
nanoparticles were observed. After insertion of tiieroneedles into and removal from the
skin, the nanoparticle density was reduced on ticeomeedle surfacd=(g. 3D1-D2).

3.3.3 Visualization of the released LB-MSN-DT irex vivo human skin

After observation of the reduction of the numbenahoparticles on the microneedle surface
after penetration in and withdrawal from human skiLSM was used to visualize the
released LB-MSN-DT in the skin. To this end, thiager LB-MSN-DT coated microneedles
before penetration of the skin were first visualiz§ig. 4). The green color from DT-
Alexa488 Fig. 4A) and red color from TMC-RhoF{g. 4B) were observed and they
colocalized on the surface of the microneedlgg.(4C). These results support the SEM
images of LB-MSN-DT coated microneedlésg, 3C1-C2, further revealing that LB-MSN-
DT were successfully coated onto the surface ofitleeoneedles.

Next, the released LB-MSN-DT in the skin was viszed by CLSM. After a single insertion,
the fluorescence of the released DT-Alexa488 anCIRho were clearly observeBi§. 4D-

F). The green color from DT-Alexa488ig. 4D) and red color from TMC-Rhd~(g. 4E) co-
localized in the micro-channels induced by the omeedles Kig. 4F). After the
microneedles were inserted in and withdrawn from gkin by using the multiple insertion
mode, clearly more micro-channels were observenhdisated by the fluorescence of DT-
Alexa488 and TMC-RhoHig. 4G-l). These results together with the SEM images ef th
coated microneedles after penetration of the sidicate that LB-MSN-DT were successfully
released into skin.
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Figure 3. Scanning electron microscopy (SEM) images wficoated pH-sensitive
microneedles (A, B1-B2), microneedles coated witayers of LB-MSN-DT/TMC (C1-C2),
and the microneedles after insertion into and rexh@wultiple insertion mode) frorex vivo
human skin (D1-D2).

Figure 4. Confocal laser scanning microscopy (CLSM) imagésc-layer LB-MSN-DT
coated microneedles (A: DT-Alexa488; B: TMC-Rho; r@erged), anax vivo human skin
after insertion and removal of microneedle arrdsager coated) by using single (D: DT-
Alexa488; E: TMC-Rho; F: merged) or multiple ins@nt mode (G: DT-Alexa488; H: TMC-
Rho; I: merged).

3.3.4 Quantification of the released amount of DTrbm microneedles intoex vivo human

skin

As shown inTable 2, after insertion of the 5-layer coated microneeali@ys intoex vivo
human skin, the delivery efficiency from the miceedles by using the multiple insertion
mode (42.8%) was more than twice as high comparddat in single insertion mode (17.9%).
Based on this observation, the multiple insertiamdewas chosen for subsequent penetration
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studies. Next, the released amounts of DT from onieedles coated with 5 and 3 layers of
LB-MSN-DT were compared. The amount of delivered DTthe skin from one 5-layer
coated microneedle array (0.814 pg) was about@tigher than that from a 3-layer coated
microneedle array (0.256 ug)dble 2).

3.4. 1gG antibody titers after intradermal vaccination

D21 D42 D56
A B

Hollow Coated Hollow Coated Hollow Coated
N x - .

O

—.

Logyanti-DT IgG titer
Logy anti-DT IgG titer
Logyanti-DT IgG titer

Figure 5. DT-specific total IgG antibody titers on day 21)(A2 (B) and 56 (C). Bars
represent mean + SEM, n = 8. *p < 0.05, **p < 0.0%p < 0.001.

Total 1gG titers are shown iRig. 5. On day 21 all groups showed detectable total I¢€3sti
(Fig. 5A). On day 42, the responses of all groups increasetpared to those on day 21.
Responses of hollow microneedle injected LB-MSN-Ddre significantly higher than those
induced by DT/TMC solution and LB-MSN-DT coated moiceedle groupsHg. 5B)
(p<0.05). On day 21 and 42, DT-Alum induced higlo¢al 1gG responses than other groups,
probably due to the much higher dose used (p<OOf)day 56, the responses of hollow
microneedle injected LB-MSN-DT and 5-layer LB-MSNFzoated microneedles increased
to similar 1gG levels as those induced by DT-Aludaspite the ca. 15-fold lower dose, while
DT/TMC solution elicited significantly lower levetean DT-Alum.

In all these three immunizations, the addition BfT did not improve the total IgG response.
Additionally, 5-layer LB-MSN-DT coated microneedlesemed to induce a stronger total IgG
response than 3-layer coated microneedles, althdhghdifference was not significant
(p>0.05). In summary, LB-MSN-DT delivered by both axhtand hollow microneedles
successfully induced DT-specific total IgG respendeB-MSN-DT induced superior total
IgG responses as compared to DT/TMC solution whigniistered by hollow microneedles
(after ' boost), but not when using coated microneedles.
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Figure 6. DT-specific IgG1 (A, C, E) and IgG2a (B, D, F) iaaidy titers on day 21 (A, B),
42 (C, D) and 56 (E, F). Bars represent mean + SEM,8. *p < 0.05, **p < 0.01, *** p <

0.001.

Besides total IgG, we measured the subtype IgGlig@da titers. As shown iRig. 6, IgG1
followed the trend of total IgGHg. 6A, C, E). Hollow microneedle injected LB-MSN-DT
induced stronger responses than DT/TMC solutiote(df boost). However, this advantage
of using LB-MSN-DT disappeared when LB-MSN-DT wermgelivered by coated
microneedles. In case of IgG2a titers, on day 21gedups except coated microneedles
induced detectable 1gG2a titersid. 6B). On day 42, DT-Alum induced significantly higher
titers than other groupgig. 6D) (p<0.05). Although not significant, hollow microneedle
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injected LB-MSN-DT seemed to induce a higher Ig@2sponse compared to DT solution
(p=0.10) and coated microneedles (p=0.12). On diyhBllow microneedle injected LB-
MSN-DT and DT solution showed significantly highgG2a titers than 3-layer LB-MSN-DT
coated microneedle group<(®01), but this was not significant compared taayel LB-
MSN-DT coated microneedle§i). 6F) (p=0.15). Furthermore, the IgG2a titers inducgd b
hollow microneedle injected LB-MSN-DT reached adesimilar to those induced by DT-
Alum. In summary, hollow microneedle injected LB-M®T induced stronger IgG1 and
IgG2a titers than LB-MSN-DT coated microneedles.

The functionality of the antibody response was mheteged by measuring the DT-neutralizing
antibodies from serum taken on day 56. As expedhedsubcutaneously injected DT-Alum
with a high dose induced high neutralizing antibddgrs Fig. 7). Hollow microneedle-
injected LB-MSN-DT showed a significant higher malizing response than a mixture of DT
and TMC solution and coated microneedle groups.

Hollow Coated
15+

kK H

104

Log, Neutralizing Antibody
Titers

Figure 7. DT-neutralizing antibody titers of mice. Resudt® shown for serum collected on
day 56. Bars represent mean + SEM, n = 8. *p <,0:05 < 0.001.

4. Discussion

Microneedle technologies for the intradermal delvef drugs, including vaccines, have been
extensively investigated during the past twentyryegd2]. As the skin contains a large
number of APCs, such as epidermal Langerhans caalid dermal dendritic cells,
microneedles have gained particular attention tiachive delivery systems for intradermal
vaccination [33]. In this study, we investigated thmmunogenicity of DT encapsulated
MSNs after coated microneedle- and hollow microteatediated intradermal immunization
in mice. We showed that LB-MSN-DT delivered by bathated and hollow microneedles
induced DT-specific antibody titers. Both the namwapsulation of DT and the type of
microneedles were found to affect the immune respen

Nanoparticulate vaccines have been reported toneehine immunogenicity of antigens by
increasing their uptake by APCs [3, 34]. In thisdst MSNs were chosen for the loading of
DT as they have large pores which allow for effiti®ading of antigen [11]. In a previous
study it was shown that ovalbumin (OVA) loaded MSNsere able to elicit antibody
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responses with a reduced antigen dose comparedAosOlution adjuvanted with QuilA [9].
In another study, MSNs loaded with a virus relaaatigen induced 10-fold higher antibody
responses than the mixture of the antigen and amuime modulator [10]. Our findings are in
line with these results, as we showed that hollaeroneedle injected LB-MSN-DT induced
distinctly higher total IgG and IgG1 titers as cargd to a solution of plain DT.

When coating LB-MSN-DT onto the microneedle arraig, coated amount of DT per layer
on one microneedle array (about 500 ng) was higtean that reported in a previous study
(about 300 ng) where plain DT was coated onto #meestype of microneedle arrays [23]. The
high loading capacity of DT in LB-MSN-DT togetheitkv the high surface charge of LB-
MSN-DT may synergistically lead to this higher engtamount. Additionally, the multilayer
coating approach used in the current study cahduiincrease the coated amount of antigen
by increasing the number of coating layers. By stiljig the number of coating layers, the
coated amount of nanoparticles/antigen can ber¢ailo

Besides the successful coating of antigen on médles, it is important to have a fast
release of the coating after the microneedles weretrated into skin. Here we showed that
by using a multiple insertion mode (10 penetratianthin 10 s), the released amount of
antigen was increased by 2.5-fold as comparedsingle insertion mode. The amount of DT
released into the skin was also increased compardtht released from the 5 layer coatings
of plain DT using a single penetration [23]. Theref the combination of multiple insertions
with nanoparticle coatings may require less codtygrs, which will facilitate the production
process of coated microneedles. When using multiertions, the application time was
much shorter than that used in single penetratimdan The improvement of release
efficiency may be due to the friction force betwele@ microneedles and the skin tissue when
the microneedles were inserted in and removed filoenskin. The short wearing time of
microneedles by using the multiple insertion modghinhelp improving the acceptance by
vaccinees.

While hollow microneedle injected LB-MSN-DT induced stronger immune response as
compared to plain DT, LB-MSN-DT delivered by coatattroneedles induced a comparable
response as DT/TMC solution. The results of coatedoneedles are in contrast with those
reported in a recent study, which showed that nartigpllate vaccine coated microneedles
induced superior immune responses as comparedigearsolution intradermally delivered
by a hypodermic needle [35]. One explanation ist tthee dose delivered by coated
microneedles may be lower than that delivered bptwomicroneedles. However, there are at
least two arguments against this hypothesis. {8tk coated microneedles delivered a two-
fold higher (5-layer coated) or comparable (3-lageated) dose imx vivo human skin,
respectively, compared to that delivered by hollowgroneedles. Secondly, a previous study
showed that the delivery amount of antigen fromeanicroneedles intex vivo human skin
was similar as that delivered ax vivo mouse skin [23]. Therefore, the lower than expgcte
responses of coated microneedle delivered LB-MSNwR$ not likely caused by lower dose
of DT delivered.

Although the LB-MSN-DT coated microneedles inducsihnilar total IgG and IgG1
responses as compared to hollow microneedle ijddeMSN-DT on day 56 (p>0.05), they
induced distinctly lower 1gG2a responses. At theadime, it has been reported that nano-
encapsulation of antigen can increase IgG2a reggd@4, 36]. These results suggest that the
advantage of using nanoparticles is abrogated wienare delivered by coated microneedles.
One possible explanation for the lower responseded by coated microneedles is that the
nanoparticles were not released from the nanopaiidC layers after their deposition in the
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skin. As a result, the nanoparticles may be ndtiefitly taken up by APCs or drained to
lymph nodes. In the hollow microneedle groups, dddition of TMC did not improve the
immune responses either. An adjuvant effect of TRH3 been reported for hypodermic
needle-mediated intradermal vaccination [37]. Tihk®nsistency may be caused by the much
lower dose of TMC used in our study.

Previous studies have shown that IgG1 titers magnhimly responsible for the neutralizing
titers against diphtheria toxin [31]. However, owgsults showed that although hollow
microneedle and coated microneedle groups indugéd responses close to those induced
by DT-Alum, they still induced much lower neutratig antibodies. These results indicate
that the IgG1 titers may need to reach a certaiestiold in order to achieve protection
against diphtheria toxin.

5. Conclusion

In this study, we showed that DT loaded MSNs carsumessfully delivered into mice by

using coated and hollow microneedles, and evokespdcific antibody responses. When
inserting coated microneedles into skin, the midtimsertion mode of the applicator

significantly increased the release efficiency I toating compared to the single insertion
mode. DT encapsulated in MSNs induced a strong#saaty response than antigen solution
when delivered by hollow microneedles (aft&rhbost), but not by coated microneedles. Our
results revealed that both the nano-encapsulafidiToand the type of microneedles affect

the immunogenicity of the antigen.
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Introduction

Microneedles have been extensively investigatednfibadermal delivery of vaccines during
the last two decades. They are, as the name ssggesidle-like structures with a length
shorter than 1 mm. The microneedles can be usexifeéctively pierce stratum corneum,
which is the upper-most layer and the main baofeskin, thereby facilitating the delivery of
vaccines into the skin [1, 2]. As the microneedlesnot reach nerves and blood vessels, the
application of microneedles is minimally invasivedgpain free. This will minimize the stress
caused by traditional hypodermic needles and thaysimprove the compliance of vaccinees.
Furthermore, as the skin contains a large numbantbfien-presenting cells (APCs), such as
epidermal Langerhans cells and dermal dendritits,cehicroneede-mediated intradermal
delivery of vaccines has high potential for effeetvaccination [3].

Different types of microneedles have been develdpedvaccine delivery. Initially, solid
microneedles were used to pierce the skin, aftaclwhiaccine formulations were applied
topically onto the penetrated skin after removaltioé microneedles [4]. However, an
important drawback of this method is that the delyvefficiency of vaccines is low as the
diffusion through the conduits is limited becausdh® small diameter of the conduits. To
increase the delivery efficiency, coated, dissdiwamnd hollow microneedles are now being
investigated. Coated microneedles are prepared $aid microneedle arrays by coating the
microneedle surface with vaccines. After the miesxtle arrays are inserted, the coating is
deposited in the skin. Dissolvable microneedlesnaade of soluble polymers, biodegradable
polymers or sugars and the vaccines are loaddteimatrix of microneedles. After insertion
of microneedles in the skin, the matrix starts issodlve or degrade, thereby releasing the
vaccine. Hollow microneedles contain a conduit tigto which the vaccine formulation can
be injected into the skin. The preparation metholdthese different types of microneedles
have been extensively reviewed [1-3, 5].

Nanoparticulate vaccines are antigen loaded natiolgarwith a diameter less than 1000 nm
[6]. Nanopatrticles are capable of protecting thegan from degradation and increasing the
uptake of antigen by APCs. Additionally, nanopaescallow the co-delivery of antigen and
adjuvant, which has been reported to be crucialifgeroving immune responses [7, 8].
Besides, it has been reported that the immune neggocan be modified or enhanced by
tuning the physicochemical characteristics of namidqulate vaccines, such as size, surface
charge and release kinetics of antigen and adjupant0]. Various types of nanoparticles
have been investigated as vaccine delivery systeush as polymeric nanoparticles,
liposomes, inorganic nanoparticles, et al [6].

Nowadays, an increasing number of studies are ilogusn the use of microneedles for
intradermal delivery of nanoparticulate vaccindsjilag to combine the advantages of both
microneedles and nanoparticulate vaccin&sprevious study showed that microneedles
coated with antigen loaded lipid nanocapsules teduh a higher IgG2a response than plain
antigen coated microneedles [11]. Other studiesvetidhat dissolvable microneedles loaded
with antigen containing PLGA nanoparticles inducstbnger Th1/CD8 responses than
antigen solution [12, 13]. Besides, hollow microtieeinjected toxoid-loaded chitosan
nanoparticles induced a higher IgG2a response tamaiger expression of Thl cytokines than
a commercial vaccine of tetanus toxoid [14]. Alltbése studies showed the advantages of
using microneedles for intradermal delivery of n@auticulate vaccines.

The aim of this thesis was to determine 1) whethieroneedles can be used and optimized to
effectively deliver nanoparticulate vaccines ingadally and 2) whether the physicochemical
characteristics of nanoparticulate vaccines haveftatt on the immunogenicity of antigens
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after microneedle-mediated intradermal vaccinatlorthis thesis, we focused on the use of
coated and hollow microneedles for the deliverparfioparticulate vaccines. In case of coated
microneedles, silicon microneedle arrays were nedlivith pyridine groups to obtain a pH-
sensitive surface. These microneedles are capdtiiending negatively charged antigens at
acidic conditions and releasing the coating at naéypH [15, 16]. In case of hollow
microneedles, the microneedles were prepared blyingtcfused silica capillaries with
hydrofluoric acid [17]. These microneedles can Iseduto inject liquid formulations
intradermally into the skin. Microscopy images dfetmicroneedle array and hollow
microneedle are shown Hig. 1.

In the studies described in this thesis, the coatedhollow microneedles were developed and
combined with nanoparticles with various physicaolwal characteristics. The efficacy of
these antigen loaded nanoparticles with and withcotencapsulation of an immune
modulator on improving or modulating the immunep@sses was investigated.

Figure 1. Microscopy images of microneedles. A: scanningctebn microscopy (SEM)
image of a pH-sensitive microneedle array, B: Wrfgeld microscopy image of a hollow
microneedle.

Summary of the results

In Chapter 1, a short introduction to the use ofromeedles and nanoparticles for vaccine
delivery via the skin is given. Next, the progredsusing microneedles for intradermal

delivery of nanoparticulate vaccines is briefly désed. Finally, the aim and the outline of

the thesis are provided.

In Chapter 2, a study is described in which a ngpe tof mesoporous silica nanopatrticles
(MSNs) with large pores (about 10 nm) was succégsfileveloped. The synthesized
nanoparticles showed an efficient loading of ovailbu (OVA) with a maximum loading
capacity of about 34%. The colloidal stability dletMSNs was enhanced by coating the
surface of antigen loaded MSNs with a negativelgrghd lipid bilayer (LB-MSN-OVA). To
examine whether the MSNs could enhance antigerkeidigt dendritic cells, the uptake of
OVA loaded in LB-MSN-OVA by bone marrow derived demic cells (BMDCs) was
examined. Indeed, LB-MSN-OVA showed a higher upttian free OVA. In the next step,
nanoparticles were coated onto pyridine-modifiedronieedle arrays. The coating process
was based on the electrostatic interaction betwieerpositively charged microneedles and
the negatively charged nanoparticles. Scannindreleenicroscopy (SEM) and confocal laser
scanning microscopy (CLSM) showed that LB-MSN-OVArer successfully coated onto the
microneedle surface. About 11 of encapsulated OVA was coated onto one micrdeeed
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array. Finally, a release study showed that LB-M3WA were successfully released from
the microneedles upon pierciegvivo human skin.

The studies described in Chapter 3 focus on paftleo-glycolic acid) (PLGA)
nanoparticles. OVA loaded PLGA nanopatrticles wiihoaitive or negative zeta potential and
OVA and poly(I:C) co-encapsulated PLGA nanoparsi¢leith a negative zeta potential) were
prepared The effect of encapsulation of OVA withaithout poly(l:C) on T cell responses
was investigated after hollow microneedle mediatetladermal immunization in mice.
Firstly, the capacity of OVA-loaded PLGA nanopddgcto induce T cell responses in OVA-
specific T cell (OT-1 and OT-II cells) transferregice was studied. It was shown that OVA-
loaded PLGA nanoparticles with a positive or negatzeta potential induced similar
proliferations of the adoptively transferred OVAesffic CD8 and CD4 T cells, which were
both significantly higher than those induced by OS@ution. Next, the capacity of PLGA
nanoparticles loaded with OVA with and without pd#g) to induce endogenous T cell
responses in wild type mice was studied. The OVadta PLGA nanopatrticles (both cationic
and anionic), and OVA and poly(l:C) co-encapsulatadoparticles were found to be able to
induce endogenous OVA-specific CDB cell responses in the wild type mice. The additi
of poly(l:C) (either mixed with OVA solution or ceacapsulated with OVA in PLGA
nanoparticles) enhanced CDS8T cell responses. Furthermore, OVA loaded PLGA
nanoparticles with a positive zeta potential inductronger endogenous CDJ cell
responses than anionic PLGA nanoparticles. Findllyyas studied whether the elicited
endogenous T cell responses were able to protectildl type mice from infection with
OVA-secreting intracellular bacteriutristeria monocytogenes. It was shown that OVA and
poly(I:C) co-encapsulated PLGA nanoparticles predida full protection against the
bacterium. In summary, in this study it was showat tPLGA nanoparticle formulations are
excellent systems for delivery of protein antigatoithe skin to induce protective cellular
Immune responses by using hollow microneedlesttoadermal immunization.

The results of Chapter 2 and 3 demonstrate thengalyes of using nanoparticulate vaccines
for improving the immunogenicity of antigen. In @hter 4, studies are reported in which
hollow microneedles were used to further inveséigdtte effect of nano-encapsulation of
antigen and adjuvant on the immune responses. OWiA poly(l:C) loaded PLGA
nanoparticles, liposomes, MSNs and gelatin nanmpest(GNPSs), covering a broad range of
physicochemical particle characteristics, were careg. PLGA nanoparticles and liposomes
showed a smaller particle size (below 200 nm) dodiex release of OVA/poly(l:C) than
MSNs and GNPs (mean particle size of both partickes about 500-700 nm). The
vaccination studies revealed that the encapsulafi@VA and co-encapsulation of OVA and
poly(l:C) in the various types of nanoparticlesundd similar total IgG and IgG1 responses,
but higher IgG2a antibody responses as comparédVi&/poly(l:C) solution. The type of
nanoparticles had a major effect on the IgG2a mesgoPLGA nanoparticles and cationic
liposomes induced higher responses than MSNs an@sGMorrelating with a smaller
nanoparticle size and a slower release of antigenaajuvant. When studying cell mediated
immune responses, the antigen and adjuvant loaatézhic liposomes induced the strongest
proliferation of adoptively transferred Cb8nd CD4 T cells, suggesting their superiority for
intradermal vaccination over the other nanopasiclEhe studies described in this chapter
demonstrate that the in-house developed hollowanexdles can be used to screen different
nanoparticulate vaccine formulations for intraddra@cination.

After the observation of the superior immune resgsnof antigen and adjuvant co-
encapsulated liposomes as compared to other ndindgmrthe aim of the next series of
studies was to examine whether the co-encapsulafiantigen and adjuvant in liposomes is
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a crucial factor for the higher IgG2a response®sérstudies have been described in Chapter
5, using the same type of cationic liposomes agha studies reported in Chapter 4.
Diphtheria toxoid (DT) and poly(l:C) were used asnadel antigen and adjuvant,
respectively. DT and poly(l:C) were either indivadly encapsulated or co-encapsulated in
the liposomes with high loading efficiencies of mdhan 90%. After hollow microneedle-
mediated intradermal immunization, the antigen- adpivant-containing liposomes evoked
potent antibody responses and shifted the IgGl/gi&ance to a IgG2a response, no matter
whether DT and poly(l:C) were individually encapged or co-encapsulated in the
liposomes. These results indicate that the combmadf DT and poly(l:C) individually
encapsulated liposomes are as efficient as DT ahgljC) co-encapsulated liposomes for
the modulation of the immune response.

In Chapter 6 studies are reported in which DT ldaded lipid bilayer coated MSNs (LB-
MSN-DT) were coated onto pH-sensitive microneedi@ys. Additionally, the antibody
response elicited by coated microneedles was cadpao that elicited by hollow
microneedle-delivered LB-MSN-DT. By using the sapmeparation method as described for
OVA loaded MSNs in Chapter 2, DT was successfufded into MSNs followed by fusion
of a negatively charged lipid bilayer onto the augf of MSNs. The synthesized nanoparticles
showed a high loading capacity of DT of about 20Rlhe LB-MSN-DT and N-trimethyl
chitosan (TMC) were alternately coated onto the ggsitive surface of the pyridine-
modified microneedle arrays by using a layer-byelagoating approach. SEM and CLSM
images demonstrated that LB-MSN-DT were successfalated onto the microneedle
surfaces. It was shown that the cumulative coateduat of nano-encapsulated DT for a 5-
layer and 3-layer coating on the microneedle serfgficone microneedle array was about 1.9
png and 1.1 ug, respectively, corresponding to @apd 5.7 ug LB-MSN-DT (expressed as
the weight of MSNSs). A release studyeaxvivo human skin showed that 0.814 pg and 0.256
pg of the encapsulated DT were released from gdy-knd 3-layer coated microneedle array,
respectively. Ann vivo study in mice showed that LB-MSN-DT delivered lmttbcoated and
hollow microneedles successfully induced DT-specifintibody responses. The nano-
encapsulated DT induced stronger antibody respotses DT solution when delivered by
hollow microneedles (afterlboost immunization), but induced only comparalgigppnses
as DT solution when delivered by coated microneedlée results of the research described
in this chapter demonstrate that both the encapsolaof antigen and the type of
microneedles can affect the immunogenicity of amijgand that the coated microneedle
system may need to be improved in order to obtapimal immune responses.

In summary, the collective results described is thiesis show that nanoparticulate vaccines
can be delivered intradermally by coated and hoheoeroneedles and evoke antigen-specific
immune responses. The choice of both the nanojestend the microneedle(s) could have
important influences on the immune responses. Mmeedle arrays coated with antigen
loaded and lipid bilayer fused MSNs could be a psimy system for convenient and fast
intradermal delivery of protein antigen, althougir cesults indicate that the system needs to
be improved in order to obtain optimal immune resas. Moreover, antigen and adjuvant
loaded nanoparticles can increase IgG2a (Th1l) &8f @sponses after intradermal delivery
by hollow microneedles. This effect depends on thpe and the physicochemical
characteristics of the nanoparticles, in which $enalize and controlled release properties of
antigen and adjuvant were found to correlate withgdtronger effect. Finally, the combination
of separate antigen loaded and adjuvant loadedpaaicles may be as efficient as the
antigen and adjuvant co-encapsulated nanoparfmieaodification of the immune responses
following intradermal immunization.

121



Chapter 7

Discussion and prospects

MSN coated microneedle arrays for intradermal delivery of protein antigen

One main goal of the work described in this thegs to optimize coated microneedles for
intradermal delivery of nanoparticulate vaccines. €éoated microneedles, one limiting factor
iIs the relatively small coating amount of antigenedto the small surface area of
microneedles. In the studies described in thisisheédSNs with large pores (10 nm in
diameter) were synthesized to allow for efficieodding of antigens. Indeed, it was shown
that the synthesized MSNs had a high loading capatiOVA and DT,which was about 20%
for both antigens. The high loading capacity ofigeris in MSNs together with the strong
surface charge of MSNs may synergistically havedetthe higher coating amounts of antigen
onto the microneedle array surfaces (about 500arglgyer) as compared to our previous
study (about 300 ng per layer), in which plain DRswcoated onto the same type of
microneedle arrays [18]Previously, a layer-by-layer coating approach wasedufor the
coating of antigen onto the pH-sensitive microneeattrays, in which the coating amount of
antigen could be tailored by adjusting the numberaating layers [18, 19]n Chapter 6 it
was shown that this multilayer coating method cko &e used for the coating of antigen
loaded MSNSs.

Besides an adequate coating amount of antiges imiportant that the coated antigen can be
released fast into the skin. We showed that bygusimultiple insertion mode (10 times
penetration in 10 s) of the microneedles, the sdeefficiency of the coated antigen was
significantly increased and the required wearimgetiof the microneedles was significantly
decreased. The shorter wearing time of microneeadksg help improving the compliance of
vaccinees. However, a disadvantage of using théptaulnsertion mode is that an expensive
applicator needs to be used. If the applicatoutsomto the medical market in the future, the
scale production may help decreasing the costyarcator.

The immunization studies in mice showed that DTapsalated MSNs induced stronger
immune responses than DT solution when deliveredhbjow microneedles, but only
induced comparable responses as DT solution whiszvetksl by coated microneedles. The
results of coated microneedles are contradictotheéaresults reported in a previous study, in
which microneedles coated with OVA loaded lipid oeapsules enhanced immune responses
compared to those induced by plain OVA coated mieedles [11]. In that study, the lipid
nanocapsules and a hydrolytically degradable pedylino ester) were alternately coated
onto microneedles by using a layer-by-layer coaapgroach. The results showed that the
multilayers were successfully released into tha skid completely broke down within 24 h,
thereby allowing uptake of the nanocapsules by APEgossible reason for the lower
responses of the coated microneedles in the stesiyritbed in Chapter 6 is that the individual
LB-MSN-DT nanoparticles cannot escape from the iplalt nanoparticle/TMC layer
deposited in the skin. As a result, the nanopadichay not be efficiently taken up by APCs.
It would therefore be interesting to study the akpolymers which are easier to degrade (for
example, polyf{-amino ester)) or less viscous (for example, TMGhva lower molecular
weight).

Hollow microneedle mediated intradermal delivery of nanoparticul ate vaccines

In the studies described in this thesis, hollowroneedles are used as a tool to investigate the
effect of the physicochemical characteristics ohoparticulate vaccines on the immune
responses. Previously, it has been shown thateanéigd immune modulator co-encapsulated
nanoparticles were able to enhance IgG2a and *CD&ell responses after traditional
hypodermic needle mediated intradermal vaccing8o120, 21]. Our results showed that this
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trend remains in hollow microneedle-mediated irgrathl vaccination. The results showed
that the co-delivery of antigen and adjuvant byngsnanoparticles significantly increased
IgG2a titers. Co-encapsulation of antigen and auypoly(l:C) may allow the delivery of
antigen and adjuvant in the same antigen presentelts, which may increase the
presentation of antigen to T cells [20, 22]. Fumiere, nanoparticles with a smaller size and
slower release of antigen and adjuvant inducechgéo IgG2a titers. The smaller size of
nanoparticles may enhance the uptake of antigeradjuyant by antigen presenting cells [9,
23]. These results demonstrate that the qualitytgmel of immune responses can be modified
to desired direction by using nanoparticles witprapriate physicochemical properties.

The results described in the thesis further shawatlindividual encapsulation of antigen and
adjuvant is as efficient as co-encapsulation ofgant and adjuvant in liposomes for the
induction of higher IgG2a titers, indicating thatencapsulation of antigen and adjuvant may
not be necessary for the use of intradermal dslivEnis might help simplifying the work for
development of liposomal formulations. The formiglas can be made by simply mixing
antigen loaded liposomes and adjuvant loaded lipeso It will be interesting to test whether
these findings remain when other types of TLR ldgmare used. Overall, the results described
in the thesis indicate that the optimal nanopasidbr intradermal use should be encapsulated
with antigen and adjuvant (either individually epsalated or co-encapsulated), have a small
particle size (below 200 nm) and a sustained releadantigen and adjuvant.

In the research described in this thesis, it was shown that co-encapsulation of antigen and
adjuvant in 1,2-dioleoyl-3-trimethylammonium-progarmchloride (DOTAP)-based cationic
liposomes induced potent Th1/CDB cell responses. Furthermore, the liposomes ieditice
strongest T cell responses among four types oh#mparticles. Some recent studies also
reported that peptide-loaded cationic liposomesvadie to induce effective T cell responses
for the prevention of tumor growth [24] and cleararof established tumors [25]. These
results demonstrate the potential of cationic lgmoss for inducing high T-cell responses,
which are important for treatment of tumors and batagainst intracellular bacteria. In the
future, it would be important to test whether th#eaiveness of cationic liposome
formulations holds true for other tumor models.

Prospects of the use of microneedles for intradermal delivery of nanoparticulate vaccines

In case of hollow microneedles, the antigen and\adijt loaded nanoparticles are suspended
in buffer before the injection and the physicochmhiproperties of the nanoparticulate
vaccines probably do not change during the injechy hollow microneedles. As a result, by
using hollow microneedles it is convenient to stuttg effect of the physicochemical
characteristics of nanoparticles on the immune aesgs. Furthermore, by using hollow
microneedles, the influence of injection depth lo& immune responses can be easily studied
[26]. Instead, in case of coated and dissolvableaneedles, the nanoparticles suspended in
buffer are first coated onto or loaded into theromeedles. The nanoparticles are dried during
the fabrication of microneedles and released fioemicroneedles after the penetration of the
skin. During this process, it is possible that theperties of nanoparticles and the
encapsulated antigen are impacted. For examplendheparticles may aggregate and the
antigen may lose some activity. Therefore, holloveroneedles may be more suitable for
preliminary research, such as screening of nanopkate vaccines for intradermal
vaccination and study of the effect of physicoctehicharacteristics of nanoparticles on
immune responses. After the screening, the sele@edparticulate vaccines can be used for
the development of coated or dissolvable microresed|
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Although the results in this thesis showed thatdbated and hollow microneedles can be
used to intradermally deliver the nanoparticulaecines and evoke antigen specific immune
responses, further research is needed to develdpopiimize the two technologies. The
interest in combining microneedle and nanopartteuleaccine technologies will continue to
grow with the emergence of new types of nanopadichnd fabrication methods of
microneedles. Finally, the largest challenge ifdoslate the research to products which can
finally benefit patients. This will need continuoaad joint efforts from academia and the
pharmaceutical industry.
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Nederlandse samenvatting

Inleiding

Gedurende de laatste twee decennia is veel onderayecht naar micronaalden met als
voornaamste toepassing intradermale vaccinatieziif zoals de naam al doet vermoeden,
naaldachtige structuren met een lengte van minder d mm. De micronaalden kunnen
worden gebruikt om het stratum corneum (de oppdihde bovenste laag en de belangrijkste
barriéere van de huid, effectief te doorboren, waarchet eenvoudiger is om vaccins via de
huid toe te dienen [1, 2]. Aangezien micronaaldenkart zijn dat ze geen zenuwen en
bloedvaten bereiken, is de toediening van micra®maiminimaal invasief en pijnvrij. Dit
beperkt de stress voor gevaccineerden en kan doaggn aan een hogere vaccinatiegraad.
Bovendien kan intradermale toediening van vaccinsrdmiddel van micronaalden de
effectiviteit van vaccinatie verbeteren, omdat dedheen hoge concentratie aan antigeen
presenterende cellen (APC's) bevat, zoals epidermiangerhanscellen en dermale
dendritische cellen [3].

Verschillende soorten micronaalden zijn ontwikkeldor de toediening van vaccins.
Aanvankelijk werden massieve micronaalden gebrorktde huid te doorboren, waarna na
verwijdering van de micronaalden vaccinformulerimggp de huid werden aangebracht [4].
Een belangrijk nadeel van deze methode is dattslegm klein deel van het vaccin in de huid
terechtkomt, aangezien de diffusie door de aangbteajaatjes beperkt is vanwege de kleine
diameter daarvan. Om dit probleem te omzeilen worde gecoate, oplosbare en holle
micronaalden ontwikkeld. Gecoate micronaalden wordgemaakt uit massieve
micronaaldenarrays, waarbij het oppervlak van deronaalden bedekt is met het antigeen
(de “werkzame stof” in een vaccin). Nadat de miedden in de huid ingebracht zijn, wordt
de coating in de huid afgegeven. Oplosbare micideaazijn gemaakt van oplosbare
polymeren, biologisch afbreekbare polymeren of etsikHet antigeen wordt in de matrix van
micronaalden geladen. Na het inbrengen van mictdeaan de huid begint de matrix op te
lossen of af te breken, waardoor het antigeen omijk Holle micronaalden bevatten een
kanaal waardoor de vaccinformulering in de huid wanden geinjecteerd. Een overzicht van
de bereidingsmethoden voor deze verschillende esoonicronaaldjes is uitgebreid besproken
in de literatuur [1-3, 5].

Op nanodeeltjes gebaseerde vaccins (hieronder ealj@d-vaccins genoemd) bevatten
nanodeeltjes met een diameter kleiner dan 1000 mmbeladen zijn met antigeen [6].
Nanodeeltjes zijn in staat om het antigeen te lm¥soén tegen afbraak en de opname van
antigeen door APC's te vergroten. Bovendien isnmegelijk door middel van nanodeeltjes
het antigeen en adjuvans (een hulpstof ter bevogl@an de immuunrespons) gezamenlijk
toe te dienen. Dit zou de immuunrespons kunneneteren [7, 8]. Daarnaast kan de
immuunrespons worden gemodificeerd of versterkt digofysisch-chemische eigenschappen
van nanodeeltjes te optimaliseren, zoals groottepgervlaktelading van de deeltjes alsmede
de afgiftekinetiek van antigeen en adjuvans [9, M@rschillende soorten nanodeeltjes zijn
onderzocht als antigeen-afgiftesystemen, zoals modymere nanodeeltjes, liposomen en
anorganische nanodeeltjes [6].

Tegenwoordig wordt steeds meer onderzoek verrigat het gebruik van micronaalden voor
intradermale toediening van nanodeeltjes-vacciris.hBeft als doel om de voordelen van
micronaalden en nanodeeltjes te combineren. Uit eerdere studie is gebleken dat
micronaalden gecoat met antigeen beladen nanastebkstaande uit lipiden leidden tot een
hogere 1IgG2a respons dan micronaalden met alledeamhigeen [11]. Uit andere studies bleek
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dat oplosbare micronaalden beladen met antigeeatteede PLGA-nanodeeltjes leidde tot
hogere Thl en CD8T-celresponsen in vergelijking met een oplossiag vrij antigeen [12,
13]. Tevens bleek dat met holle micronaalden getegrde tetanustoxoide beladen chitosan-
nanodeeltjes een hogere lgG2a-respons en hogeressigpvan Thl-cytokines leidden dan
een commercieel tetanustoxoidevaccin [14]. Uit dazgerzoeken blijkt dat het gebruik van
micronaalden voor intradermale toediening van naetigs-vaccins voordelen kan bieden.

Gebaseerd op deze bevindingen is het doel vannusrooek beschreven in dit proefschrift
om 1) micronaalden te gebruiken en te optimalisem@nintradermaal nanodeeltjes-vaccins
toe te dienen en 2) te onderzoeken of de fysiselm@the eigenschappen van nanodeeltjes-
vaccins de immuunrespons tegen het antigeen befetona intradermale toediening met
micronaalden. In het onderzoek beschreven in digéfgchrift hebben we ons gericht op het
gebruik van gecoate en holle micronaalden. Gecoateonaalden waren gebaseerd op
micronaald-arrays gemaakt van silicium waarbij bpperviakte gemodificeerd was met
pyridinegroepen, waardoor de lading van het opp&tel pH-gevoelig was. Deze
micronaalden zijn in staat om negatief geladengengn te binden in een zure omgeving en
de coating af te geven bij neutrale pH zoals aaimgMezde huid [15, 16]. In het geval van
holle micronaalden werden de micronaalden gemalsilica capillairen die geétst werden
met fluorwaterstofzuur [17]. Deze micronaalden kemrworden gebruikt om vloeibare
formuleringen intradermaal in de huid te injecter®bhcroscopische afbeeldingen van een
micronaaldenarray en een holle micronaald zijn gegeven irFig. 1.

Figuur 1. Microscopische opnamen van micronaalden. A: doannelectronen
microscopische afbeelding van een pH-gevoelige anaaldenarray, B: microscopische
opname van een holle micronaald.

Samenvatting van de resultaten

In hoofdstuk 1 wordt een korte inleiding gegevererotaet gebruik van micronaalden en
nanodeeltjes voor vaccintoediening via de huid.

In hoofdstuk 2 wordt een nieuw type mesoporeuzeasilanodeelties (MSN's) met grote
porién geintroduceerd. Deze silica-nanodeeltjesl@rebeladen met ovalbumine (OVA). De
maximale beladingscapaciteit was ongeveer 34%.dDeidale stabiliteit van de MSN's werd
verhoogd door het opperviak van de MSN's te bekledeet een negatief geladen
lipidenmembraan (LB-MSN-OVA). Vervolgens werd ordmecht of de MSN's de

antigeenopname door dendritische cellen verbet&dartoe werd de opname van LB-MSN-
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OVA door dendritische cellen onderzocht en vergateknet die van een OVA-oplossing.
Inderdaad leidde het gebruik van LB-MSN-OVA tot eeogere opname in dendritische
cellen dan OVA-oplossing. Vervolgens werden met idiye gemodificeerde
micronaaldenarrays gecoat met LB-MSN-OVA. Het augtroces vond plaats onder zure
omstandigheden (pH 5,8). Het coatingsproces waasgeid op de elektrostatische interactie
tussen het positief geladen micronaaldenopperviaklee negatief geladen nanodeeltjes. Uit
scanning-elektronenmicroscopie (SEM) en confocasenscanningmicroscopie (CLSM)
opnamen bleek dat LB-MSN-OVA met succes op het ofigle van de micronaalden werd
gecoat. In  totaal kon 1,51g OVA in LB-MSN-OVA gecoat worden op €én
micronaaldenarray. Tenslotte bleek uit afgiftestgddat de gecoate micronaaldenarrays na
penetratie in de menselijke ex-vivo huid de LB-M8NA afgaven.

De studies beschreven in Hoofdstuk 3 zijn uitgestosret een ander type nanodeeltje,
namelijk poly(melkzuur-co-glycolzuur) (PLGA-)nanadges. OVA bevattende PLGA-
nanodeeltjes werden gemaakt met een positieve gdtiese oppervlaktelading en PLGA-
nanodeeltjes die zowel OVA als poly(l:C), een adjs, bevatten. Het effect van inkapseling
van OVA met of zonder poly(l:C) in PLGA nanodeddtigp T-celresponsen werd onderzocht.
Hiertoe werden de formuleringen met een holle nmaedd intradermaal geinjecteerd in
muizen. Er werden verschillende experimenten udgey. Ten eerste werd onderzocht of
OVA bevattende PLGA-nanodeeltjes tot een hogereeliiespons leidden dan een OVA-
oplossing. Het bleek dat OVA bevattende PLGA-naetiplss met een positieve of negatieve
opperviaktelading tot een vergelijkbare verhogingn vhet aantal OVA-specifieke (niet
endogene) CD8en CD4 T-cellen leidden. Het aantal T-cellen was aanjletioger dan
geinduceerd door een OVA oplossing. Omdat dit et positief resultaat was, werd in een
tweede stap uitgezocht of OVA bevattende PLGA-naptipts met en zonder poly(l:C) ook
leiden tot een verhoging van endogene T-cellendieméng van OVA bevattende PLGA-
nanodeeltjes (met een positieve of negatieve opgldevlading) en PLGA-nanodeeltjes die
zowel OVA als poly (I: C) bevatten leidde tot eearhoging van het aantal endogene OVA-
specifieke CD8 T-cellen. Poly(l:C) in de formulering (hetzij gengdl met OVA-oplossing
hetzij met OVA ingebouwd in de PLGA-nanodeeltjesfhoogde de CD8T-celresponsen.
Bovendien bleek dat OVA-bevattende PLGA-nanodeeltjanet een positieve
oppervlaktelading een sterkere endogene TD8elrespons opwekten dan OVA bevattende
PLGA-nanodeeltjes met een negatieve oppervlakieadaden slotte werd onderzocht of de
opgewekte endogene T-celresponsen ook in staahvedgrenuizen te beschermen tegen een
infectie met de intracellulaire bacterlasteria monocytogenes. Het bleek dat OVA en
poly(l:C) bevattende PLGA-nanodeeltjes leiden ten evolledige bescherming tegen de
bacterie. Samengevat, uit deze studie blijkt dadRInanodeeltjes uitstekende formuleringen
zZijn voor de intradermale toediening van een entitgeen, en dat deze formulering resulteert
in een beschermende cellulaire immuunrespons.

Uit de resultaten beschreven in hoofdstuk 2 enijitlmlat antigeen bevattende nanodeeltjes
de immuunrespons drastisch kunnen verbeteren. Ba@rbiet interessant om de effectiviteit
van verschillen typen OVA bevattende nanodeeltjes efkaar te vergelijken. Dit onderzoek
wordt beschreven in Hoofdstuk 4. In dit hoofdstu&reen verschillende OVA bevattende
nanodeeltjes met of zonder adjuvans, poly(l:C), elkhar vergeleken. Holle micronaalden
werden weer gebruikt om de formuleringen intradeimae te dienen. OVA en poly(l:C)

bevattende negatief geladen PLGA-nanodeeltjestipbgeladen liposomen, negatief geladen
MSN's en positief geladen gelatine-nanodeeltiesKGNwerden met elkaar vergeleken. De
nanodeeltjes verschilden verder in gemiddelde ¢tgoan in afgifteprofiel. PLGA-

nanodeeltjes en liposomen hadden een gemiddeldgedgmotte van ongeveer 150 nm.

129



Appendix | Nederlandse samenvatting

Tevens was de afgiftesnelheid van OVA en poly(la2g. De deeltjesgrootte van MSN's en
GNP's was tussen de 500-700 nm en de afgiftesdells OVA en poly(l:C) was veel
sneller. Uit immunisatiestudies in muizen bleek @A bevattende nanodeeltjes en OVA en
poly(l:C) bevattende nanodeeltjes in vergelijkingetnOVA en poly(l:C) in een buffer
oplossing tot vergelijkbare IgG- en IgG1-responiegiden. Echter er was wel een belangrijk
verschil in IgG2a-responsen in vergelijking met €YA / poly(l:C) oplossing. Het type
nanodeeltje had invioed op de hoogte van de Ig@&pons: Negatief geladen PLGA-
nanodeeltjes en positief geladen liposomen vera#tea hogere IgG2a-responsen dan de
negatief geladen MSN's en de postief geladen GNPis.geeft aan dat een kleine
nanodeeltjesgrootte en/of een langzame afgifteardigeen en adjuvans leidt tot een hogere
IgG2a-respons. Omdat IgG2a vaak gerelateerd iselanaire responsen, werd besloten ook
deze te onderzoeken. Het bleek dat OVA en poly(:&jattende positief geladen liposomen
de sterkste verhoging van het aantal CB8 CD4 T-cellen teweegbrachten en dus superieur
zijn ten opzichte van de andere onderzochte deel@ek blijkt uit deze studies dat de in
eigen huis ontwikkelde holle micronaalden met aggtbr uitstekend gebruikt kunnen worden
voor het screenen van verschillende vaccinformudgem.

De volgende vraag in het onderzoek was of het aaliecs om antigen en adjuvans beiden in
dezelfde nanodeeltjes te verpakken, of dat ze iadart in de nanodeeltjes verpakt kunnen
worden met behoud van de immunogeniciteit. De stidm deze vraag te beantwoorden zijn
beschreven in hoofdstuk 5. In dit onderzoek wernditgle type positief geladen liposomen
gebruikt, waarin DT en poly(l:C) ofwel samen in diéde liposomen (DT/poly(l:C)-
liposomen) of afzonderlijk in de liposomen (DT-lgmmen en poly(l:C)-liposomen)
ingebouwd werden. Intradermale vaccinatie werdewibgrd met de holle micronaalden met
de volgende formuleringen: i) DT in buffer, ii) DJemengd met poly(I:C) in buffer, iii) DT-
liposomen, iv) een mengsel van DT-liposomen en (h@y-liposomen en v) DT/poly(l:C)-
liposomen. De antigeen- en adjuvans-bevattendesdipen wekten sterke responsen op,
waarbij de lgG2a-respons hoger was in vergelijkimgt DT in buffer, ongeacht of DT en
poly(l:C) individueel of beiden in dezelfde liposemwaren geincorporeerd. Deze resultaten
laten zien dat een intradermaal toegediende fomnglenet een mengsel van DT-liposomen
en poly(l:C)-liposomen even immunogeen is als eemmilering met DT/poly(l:C)-
liposomen.

In Hoofdstuk 6 worden studies beschreven waarin eeet fosfolipidenmembraan omhulde
MSN’s waarin DT is geincorporeerd (LB-MSN-DT) zijgecoat op pH-gevoelige
micronaaldenarrays. Met dezelfde bereidingsmetlasl®eschreven voor OVA in hoofdstuk
2, werd DT geincorporeerd in MSN'’'s. Vervolgens wermkn negatief geladen
fosfolipidenmembraan op het oppervliak van de M&idisgebracht. De nanodeeltjes hadden
een hoge beladingscapaciteit van DT, namelijk oege20%. De negatief geladen LB-MSN-
DT nanodeeltjes en het positief geladen N-trimethybsan (TMC) werden afwisselend
gecoat op het pH-gevoelige opperviak van de metidipg gemodificeerde
micronaaldenarrays. Uit SEM- en CLSM-afbeeldingeek dat de nanodeeltjes met succes
op het oppervlak van de micronaalden waren geBmatumulatieve gecoate hoeveelheid DT
in LB-MSN-DT voor een 5-laagse en 3-laagse coatiag respectievelijk ongeveer 118 en
1,1pug DT, overeenkomend met ca. 9F en 5,7ug LB-MSN-DT (uitgedrukt als het gewicht
van MSN's). Uit een afgiftestudie in de ex vivo elijke huid bleek dat 0,814g en 0,256

ug van de geincorporeerde DT werd afgegeven aamidentet respectievelijk een 5-laagse
en 3-laagse gecoate micronaaldenarray. Deze gemoai@naalden arrays werden vervolgens
gebruikt voor een intradermale immunisatiestudie.ibmuunrespons werd vergeleken met
dezelfde dosis LB-MSN-DT toegediend via een holieranaald. LB-MSN-DT induceerde
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sterkere antilichaamresponsen dan een DT-oploggjngediening via een holle micronaald,
maar induceerde slechts een vergelijkbare respgsreea DT-oplossing wanneer toegediend
door gecoate micronaalden. De resultaten van rait oofdstuk beschreven onderzoek laten
zien dat zowel de incorporatie van het antigeeeein nanodeeltje als de keuze van het type
micronaalden de immuunrespons tegen het antigeenbkévioeden, en dat het gecoate
micronaaldsysteem mogelijk moet worden verbeterdeem optimale immuunrespons op te
wekken.

Samengevat tonen de in dit proefschrift beschrewesultaten aan dat antigenen in
nanodeeltjes intradermaal kunnen worden toegedikmat gebruikmaking van gecoate en
holle micronaalden, waarmee vervolgens antigeenHsgle antistof- en T-celresponsen
opgewekt kunnen worden. De keuze van zowel de regifipels als de micronaald(en) kan een
belangrijke invloed hebben op de effectiviteit \da vaccinatie. Micronaaldenarrays gecoat
met antigeen-geladen MSN's zouden een veelbeloveysteem kunnen zijn voor
gemakkelijke en snelle intradermale toediening v&en eiwit antigeen, hoewel onze
resultaten aangeven dat het systeem nog moet woveebeterd om een optimale
immuunrespons te verkrijgen. Bovendien kunnen metigeen en adjuvans beladen
nanodeeltjes IgG2a en vooral CDB-celresponsen verhogen na intradermale toediedoog
een holle micronaald. Dit effect hangt af van dsidgh-chemische eigenschappen van de
nanodeeltjes, waarbij bleek dat de kleinere narlgedseen/of een langzame afgifte van het
antigeen en adjuvans uit de deelties de responstevieen. Ten slotte kan, wanneer
intradermaal toegediend via een holle micronaakl,cdmbinatie van afzonderlijke met
antigeen en adjuvans geladen nanodeeltjes evedtieffeijn als een formulering met het
antigeen en adjuvans samen geincorporeerd in dezainodeeltjes.

131



Appendix | Nederlandse samenvatting

132



Appendix Il Curriculum Vitae

Curriculum Vitae

Guangsheng Du was born at June 14, 1988. Afteshiing his preschool education in Linyi,
China, he started his bachelor study in 2006 aPtimacy Institute of Shandong University
and obtained his bachelor degree in 2010. After, thee went to the Institute of
Pharmaceutical Engineering of Tianjin Universitydgrerformed his master study under the
supervision of Prof. Zhenping Wei. The topic of mmster research is “Transcutaneous
delivery of water-insoluble drug using @tacopheryl polyethylene glycol 1000 succinate
based solid lipid nanoparticles”. In the summeR@13, he obtained his master degree. At the
same time, he received his scholarship from thex€d@ Scholarship Council (CSC) for PhD
study abroad after obtaining the invitation fronofPfoke A. Bouwstra. In September 2013,
he started his PhD project at Leiden University amthe supervision of Prof. Joke A.
Bouwstra and Prof. Wim Jiskoot. His PhD study wasuted on intradermal delivery of

nanoparticulate vaccines using coated and hollogvaneedles, which resulted in this thesis.

133



Appendix Il Curriculum Vitae

134



AppendixIIl List of publications

List of publications

G.S. DU, J. Tu*, M.R. Nejadnik, J. Monkéare, K. van der Maa, P.H.H. Bomans, N.A.J.M.

Sommerdijk, B. Slatter, W. Jiskoot, J.A. Bouwsta,Kros. Mesoporous silica hanopatrticle-
coated microneedle arrays for intradermal antigelivery. Pharm. Res. 2017,34(8):1693-
1706

G.S. Du R.M. Hathout, M. Nasr, M.R. Nejadnik, J. Tu, RKbning, A.J. Koster, B. Slitter,
A. Kros, W. Jiskoot, J.A. Bouwstra, J. Moénkare.rdadermal vaccination with hollow
microneedles: a comparative study of various pnoteitigen and adjuvant encapsulated
nanoparticles. J. Control. Release 2017,266:109-118

G.S. Du, A.M. de Groot*, J. Monkare, A.C.M. Platteel, F.o@re, J.A. Bouwstra, A.J.A.M.
Sijts. Hollow microneedle-mediated intradermal dely of model vaccine antigen-loaded
PLGA nanoparticles elicits protective T cell-med@dimmunity to an intracellular bacterium.
J. Control. Release 2017,266:27-35

G.S. Du M. Leone, S. Romeijn, G. Kersten, W. Jiskoot,. Bauwstra. Immunogenicity of
diphtheria toxoid and poly(l:C) loaded cationicdgopmes after hollow microneedle-mediated
intradermal injection in mice. Int. J. Pharm. 2@Kg:250-257.

G.S. Du L. Woythe, K. van der Maaden, M. Leone, S. Romeg. Kersten, W. Jiskoot, J.A.
Bouwstra, Coated and hollow microneedle-mediaté@dermal immunization in mice with
diphtheria toxoid loaded mesoporous silica nanogast Pharm. Res. 2018,35:189.

J. Tu, J. BussmannG.S. Dy Y. Gao, J.A. Bouwstra, A. Kros. Lipid bilayer-¢ed
mesoporous silica nanoparticles carrying bovine dgtabin towards an erythrocyte mimic.
Int. J. Pharm. 2018,543(1-2):169-178.

J. Monkare, M. Pontier, E.E.M. van KampeB,S. Dy M. Leone, S. Romeijn, M.R.
Nejadnik, C. O’'Mahony, B. Slutter, W. Jiskoot, J.Bouwstra. Development of PLGA
nanoparticle loaded dissolving microneedles andpaoison with hollow microneedles in
intradermal vaccine delivery. Eur. J. Pharm. Biophd018,129:111-121.

* Co-first author

135



