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1) Abstract (English)

The prevalence of allergies is increasing worldwide and is a global burden for the healthcare sector. The
skin prick test (SPT) is a common method for screening for allergies. It takes 15-20 min and requires a
manual readout by a healthcare professional. However, the response is only qualitative, not quantitative.
The aim of the InstaPatch project, which this PhD thesis is a part of, was to improve on the SPT and develop
a novel test for fast and quantitative allergy diagnostics in the skin. The InstaPatch is envisioned as an
intradermal electrochemical biosensor based on microneedles (MNs) which are sub-mm structures that
act like small needles piercing the skin. The first aim of the PhD project was to ensure the mechanical
stability and penetration ability of in-plane solid silicon MNs. The MNs should cause as little tissue damage
as possible while ensuring sufficient penetration depth to reach the upper dermis skin layer. Five MN
shapes with varying dimensions were tested in skin-simulating hydrogels, excised Brown Norway (BN) rat
(rattus norvegicus) skin, and porcine ear skin samples using a Texture Analyser to obtain force-
displacement graphs for the penetration. The MN shape and dimensions were optimized to minimize
penetration force while maintaining mechanical stability. Induced tissue damaged was examined using
histology and the triangular shape was found to cause the least amount of tissue damage. The optimized
MNs were a hybrid between a triangular and pencil shape exhibiting good mechanical stability and
penetration ability while providing enough surface area for coating and future electrochemical
measurements. The optimized MNs were tested in porcine skin and human breast skin samples to
evaluate their mechanical stability and penetration ability. The MNs were 1000 um long, 400 um wide,
and 180 um thick. The second aim of the PhD project was to deliver an allergen by MN insertion to initiate
a local allergic reaction. First, MNs were coated using dip-coating with fluorescent-labeled molecules for
visualization and quantification of delivery. It was shown that MNs could be coated with fluorescent-
labeled molecules and delivery was confirmed by cryostat histology and fluorescence microscopy.
However, by measuring the remaining, fluorescent-labeled coating found on the MNs after insertion, the
delivered amounts were found to be exceedingly small and hard to quantify. The final aim of the PhD
project was to deliver an allergen in sensitized BN rats using allergen-coated MNs and confirm a local
allergic reaction. In vivo experiments were performed. One used peanut protein extract (PPE)-sensitized
BN rats and another used birch pollen extract (BPE)-sensitized BN rats. MNs were coated with the peanut
allergen Ara h 2 at various concentrations for delivery in PPE-sensitized rats while other MNs were coated
with BPE or the birch pollen allergen Bet v 1 in various concentrations for delivery in BPE-sensitized rats.
Coatings with compound 48/80 were included as positive control and phosphate buffered saline as
negative control. Intradermal (i.d.) injections of the same allergen solution concentrations were included
as a second control for the coated MNs. The allergic response within the skin was evaluated by
intravenously injecting Evans blue into the tail vein to visualize blood accumulations. It was not possible
to measure a significant reaction in sensitized BN rats when the delivery was facilitated by the MNs.
However, some promising, but sub-optimal dose-response curves were measured for rats receiving i.d.
injections. As a last step, delivered Ara h 2 was attempted recovered in homogenized biopsy samples from
the BN rats. Ara h 2 could be measured in the homogenized samples for delivery from the highest i.d.
injection concentration, however, not from the MNs.



Il) Resumé (dansk)

Allergier er udbredt verden over, og de er en global byrde for sundhedssektoren. Priktesten er en
almindelig metode til at screene for allergier. Priktesten tager 15-20 min og kraever en fortolkning fra en
sundhedsmedarbejder og denne respons er kun kvalitativ frem for kvantitativ. Malet for InstaPatch
projektet, som denne Ph.d.-afhandling er en del af, var at forbedre priktesten og udvikle en ny test til
hurtig og kvantitativ diagnosticering i huden. InstaPatchen forudses at vaere en intradermal elektrokemisk
biosensor baseret pa mikronale (MN), der er strukturer pa under en mm i form af nale, der kan prikkes
ind i huden. Det fgrste mal for Ph.d.-projektet var at sikre den mekaniske stabilitet og penetrationsevne
af solide in-plane silicium MN. MN skulle forarsage sa lidt hudbeskadigelse som muligt, men sikre en
passende penetrationsdybde til at na det g@gvre dermis-hudlag. Fem MN-former med forskellige
dimensioner blev testet i hudsimulerende hydrogeler, og udskarne hudprgver fra brune rotter (rattus
norvegicus) samt grisegrer ved at bruge en Texture Analyser til at opna kraft-forskydningsmalinger for
penetrationen. MN-form og dimensioner blev optimeret til at minimere penetrationskraften men
samtidig vaere mekanisk stabil. Induceret hudbeskadigelse blev evalueret ved brug af histologi, og de
trekantformede MN forarsagede mindst mulig hudbeskadigelse. De optimerede MN var en hybrid mellem
en trekants- og blyantsform, der udviste god mekanisk stabilitet og penetrationsevne samtidig med, at de
havde et passende overfladeareal til coating og fremtidige elektrokemiske malinger. Disse optimerede
MN blev testet for deres mekaniske stabilitet og penetrationsevne i grise- og menneskebryst-hud. De
optimerede MN endte med at vaere 1000 um lange, 400 um brede og 180 um tykke. Det andet mal med
Ph.d.-projektet var at levere allergener ved brug af MN-penetration til at igangsaette en allergisk reaktion.
MN blev coatet ved brug af dip-coating med fluorescensmaerkede molekyler for visualisering og
kvantificering af leveringen. Det blev pavist, at MN kunne blive coatet med fluorescensmaerkede
molekyler, og levering blev bekraeftet ved brug af cryostat-histologi og fluorescensmikroskopi. Ved maling
af den resterende fluorescensmaerkede coating pa MN efter penetration blev det konstateret, at
leveringsmaengderne var meget sma og svaere at kvantificere. Det sidste mal med Ph.d.-projektet var at
levere allergener i sensibiliserede brune rotter ved brug af allergen-coatede MN og bekrzefte en lokal
allergisk reaktion. In vivo forsgg blev udfgrt, hvor ét inkluderede peanut-protein-ekstrakt (PPE)-
sensibiliserede brune rotter og et andet birkepollenekstrakt (BPE)-sensibiliserede brune rotter. MN blev
coatet med peanut-allergenet Ara h 2 ved forskellige koncentrationer for levering i PPE-sensibiliserede
rotter, mens andre MN blev coatet med BPE eller birkepollenekstrakt-allergenet Bet v 1 ved forskellige
koncentrationer til levering i BPE-sensibiliserede rotter. Coating med stof 48/80 blev inkluderet som
positiv kontrol og fysiologisk saltvandsoplgsning som negativ kontrol. Intradermal (i.d.) injektion af de
samme allergenoplgsningskoncentrationer blev inkluderet som en sekundaer kontrol til de coatede MN.
Den allergiske respons i huden blev evalueret ved brug af intravengs injektion af Evans blue i halevenen
til at visualisere blodophobning. Det var ikke muligt at male en signifikant respons i sensibiliserede brune
rotter ved MN levering. Dog var der nogle lovende, men ikke optimale malinger i sensibiliserede brune
rotter, der fik i.d. injektioner. Som et sidste trin blev den leverede Ara h 2 forsggt genfundet ved at
homogenisere hudvaevsprgverne fra rotterne. Ara h 2 kunne genfindes for homogeniserede hudprgver
ved den hgjeste koncentration af i.d. injektion, men ikke fra MN.



Ill) List of abbreviations

Abbreviation Meaning
APC Antigen-presenting cell
BAT Basophil activation test
BN Brown Norway
BPE Birch pollen extract
CD Cluster of differentiation
CLSM Confocal laser scanning microscopy
CcMC Carboxymethyl cellulose
CRD Component-resolved diagnosis
ELISA enzyme-linked immunosorbent assay
FACS Fluorescence-activated single cell sorting
GMP Good manufacturing practice
GRAS Generally regarded as safe
HPMC Hydroxypropylmethylcellulose
i.d. Intradermal
i.p. Intraperitoneal
i.v. Intravenous
Ig Immunoglobulin
IHC Immunohistochemistry
IL Interleukin
ISF Interstitial fluid
MAT Mast cell activation test
MC Mast cell
MHC Major histocompatibility complex
MN Microneedle
MW Molecular weight
OCT Optical coherence tomography
PBS Phosphate buffered saline
PE Phycoerythin
PLGA Poly(lactic-co-glycolic acid)
PPE Peanut protein extract
PVA Polyvinyl alcohol
PVP Polyvinyl pyrrolidone
RAST Radioallergosorbant allergen test
SEM Scanning electron microscopy
SPT Skin prick test
TA Texture Analyser
TEWL Trans-epidermal water loss
TH2 T helper 2
WAO World Allergy Organization
YM Young’s modulus
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Chapter 1: Motivation

This chapter gives an introduction to the PhD project and the motivation behind it as well as the overall
project named the InstaPatch. Aims and objectives are presented and elaborated, and the structure of
the thesis is explained.

1.1 Allergy and diagnostics

There is an increasing prevalence of allergies worldwide and while some allergies are manageable, others
substantially impact quality of life and can even be life-threatening by causing anaphylaxis [1]. The current
way of treating allergy symptoms is dependent on the type of allergy, some such as pollen allergies can
be treated with antihistamine [2] while for others such as food allergies no treatment currently exists
other than avoiding being exposed to the allergens [3], [4].

The current methods for diagnostics are either based on visual interpretation, as is the case for the skin
prick test (SPT) and/or assay-based where a blood sample is required [5]. The SPT method is based on the
simple idea of eliciting an allergic response in the skin on the forearm of the patient in a controlled
manner. Based on the wheal and flare reaction a healthcare professional can make an evaluation and
determine whether the patient is likely to be allergic or not [6]. This also means that for an affirmative
answer a blood sample is necessary to confirm the presence of antibodies or biomarkers involved in the
allergic response.

The SPT is a commonly applied method, but it has some drawbacks:

e It is non-quantitative, as it can only confirm a clinical response or suggests an allergic reaction to
be tested with an assay [6].

e It can provide false positives, if the SPT needle itself causes some distress in the skin thereby
irritating the skin and causing redness [7].

e It can provide false negatives, if the allergen extract dose is too low to cause a visible reaction [5].

e ltisinvasive, as a standard SPT requires the entire forearm since the testing sites have to be placed
22 cm apart [6].

e It can be considered time-consuming, as a reaction typically takes 15-20 min to arise and become
visible [6].

e It requires the presence of a healthcare professional to do a manual readout and evaluate the
response [6].

1.2 Instantaneous monitoring of allergic reactions in the skin (InstaPatch)

This PhD project is part of the research project, “Instantaneous monitoring of allergic reactions in the skin”
(InstaPatch), led by Prof. Stephan Sylvest Keller at The National Centre for Nanofabrication and
Characterization (DTU Nanolab). The aim is to develop a novel allergy test using a microneedle (MN) patch,
which can perform electrochemical sensing of histamine released from activated mast cells (MCs) due to
an allergic response. The basic idea is that the final device should be less invasive, only requiring 1 cm? of



the forearm, and perform the measurements faster and more accurately compared to the SPT.
Specifically, the device should be able to give a quantitative measurement of each particular allergic
reaction and inform the patient about how allergic they are rather than providing a yes/no answer. Figure
1.1 illustrates the general idea behind the InstaPatch. It consists of a pyrolytic carbon MN patch, which
are inserted into the skin and release allergens. The released allergens stimulate MCs causing them to
degranulate and release histamine. The histamine is then measured quantitatively using an
electrochemical biosensor with the carbon MNs acting as biocompatible electrodes. The project was
performed in collaboration with The National Food Institute (DTU Food) and Gentofte Hospital and was
funded by Independent Research Fund Denmark (DFF-FTP).

Allergens

J/ Mast cells

Figure 1.1: The conceptualization of the InstaPatch. A-B) A schematic drawing of the microneedles (MNs) being
inserted into an arm. C) Allergens are subsequently released from the MNs thereby activating the mast cells and
causing them to degranulate. During degranulation histamine is released and measured electrochemically by the
pyrolytic carbon MNs. Kindly provided by Prof. S. S. Keller from the funding application.

The InstaPatch project consisted of two PhD projects, including this one, and a post.doc. position. The first
PhD project was carried out by Dr. Sheida Esmail Tehrani on developing the electrochemical biosensor
assay while the post.doc. position was undertaken by Dr. Long Quang Nguyen, who worked on the
fabrication side by developing the cleanroom fabrication process for the MNs and afterwards provided
MNs in different dimensions and shapes for testing. The second PhD project, which is the subject of this
thesis, focused on testing the MNs ex vivo and in vivo for the development of the allergy diagnostic tool.

1.3 Aim and objectives of the PhD thesis

The overall aim of this PhD thesis was to contribute to the development of a new allergy test by testing
the MNs. This required the implementation of testing methods for skin models and analysis methods for
obtaining quantitative results from designed animal experiments.

The main objectives were:

1. Develop an experimental setup and artificial skin model that allowed easy and reproducible
testing of the insertion force and mechanical stability of the microfabricated MNs.



2. Confirm the obtained results for insertion force and mechanical stability from the artificial skin
model in ex vivo skin models for a more realistic outlook.

3. Develop anintradermal (i.d.) delivery system for the allergen to be delivered i.d.
Perform in vivo animal studies to test the device.

The first research activity was to investigate the penetration force and mechanical stability of MNs with
different designs in terms of tip shapes and MN dimensions. This was accomplished using hydrogel skin-
simulating models, as well as excised skin samples from Brown Norway (BN) rats and pigs. The tissue
damage caused by the MNs was investigated using histology and optical coherence tomography (OCT) of
BN rat, pig, and human skin. Allergen delivery was formulated as a coating of the MNs, which was
visualized using various, fluorescent-labeled model molecules. As the electrochemistry was not fully
functional for in vivo testing yet, an alternative method using Evans Blue was utilized as a visualization
and quantification tool in the animal studies as it should behave similarly to the wheal and flare in the SPT
method.

1.4 Structure of the thesis

This thesis consists of seven chapters and four research projects resulting in two manuscripts, and two
study reports. Chapter 1 introduces the overall InstaPatch project with special emphasis on the parts
covered by this PhD project. Chapter 2 provides an introduction to allergy and the immunological
mechanisms of how allergy is developed and what happens during an ongoing allergic reaction. Chapter
3 presents a more detailed description of the various diagnostic tools either currently available or under
development. Chapter 4 defines the concept of MNs, elaborating on their purposes and designs found in
the literature and how their mechanical stability and penetration ability are usually tested. Chapter 5
highlights how MNs can be applied for delivery, looking into typical materials for solutions and the
different methods for coating used in the literature. Chapter 6 dives into which models can be used for
testing MNs including ex vivo skin samples, in vivo models, and artificial skin models. An important factor
to consider when using artificial skin models is how to validate them, which is also presented in this
chapter. Finally, chapter 7 sums up the entire thesis giving an overall conclusion and outlook for the future.
Manuscripts | and Il and the study reports | and Il follow as appendices after chapter 7 and the bibliography
list.



Chapter 2: Allergy

This chapter introduces the main concepts of allergy with focus on type | hypersensitivity. Type |
hypersensitivity is immunoglobulin (Ig)E-mediated allergy which is what the InstaPatch will be able to
measure. MCs and their role in allergy are presented along with biomarkers for detection of MC
degranulation with a focus on the biomarker tryptase.

2.1 What is allergy?

The term “allergy” was defined by Clemens von Pirquet in 1906 as the abnormal immune response of
some individuals towards certain harmless substances [8]. Allergy is one of the most common chronic
diseases, recording a worldwide increase in people who are diagnosed with an allergy [1]. Allergy is an
immunological reaction towards in principle harmless allergens such as pollen, food, animal dander, and
drugs (examples illustrated in Figure 2.1) and is caused by hypersensitivity of the immune system. This
means that the immune system responds to these allergens as if they were a threat instead of exhibiting
tolerance as would be normal for harmless allergens [3].

Figure 2.1: lllustration of potential allergen sources. A) grass pollen, B) peanut proteins (food allergy), C) animal
dander (private picture of Albus), and D) drugs. Picture A, B and D are from Pexels.com.

The umbrella term for diseases associated with allergies is atopic diseases. These include several allergic
disorders such as food allergies, atopic dermatitis, allergic rhinitis, and asthma [9], [10]. Atopy is defined
as the tendency of patients to become sensitized towards allergens, i.e., develop an allergy towards the
allergen [11].

There are two types of allergies, namely the IgE-mediated and non-IgE-mediated. IgE-mediated responses
involve the antibody IgE and activation of MCs [12] which is elaborated further in section 2.3. Non-IgE-
mediated responses are less understood and involve other components of the immune system such as T
cells [13] and IgG antibodies [14]. Many of the effects associated with an IgE-mediated response are
similar to those expected with enteric helminths or ectoparasites. It is believed that the increased living
standards in the Western world with less exposure to such parasitic attacks makes the immune system
respond in the same manner to harmless substances. This observation is the basis of the hygiene
hypothesis [3], [15], [16].



2.2 The prevalence of allergy

According to the World Allergy Organization (WAO) white book from 2013 there has been a global
prevalent increase in allergic diseases which includes asthma, rhinitis (irritation of eye, nose and throat
mucus membranes), drug allergy, food allergy, eczema, urticaria (skin rash), and anaphylaxis (severe
allergic reaction which can be life-threatening) [5]. Approx. 10-30% of the population in Western countries
are affected by allergic diseases and in Europe approx. 11-26 million people are suffering from some kind
of food allergy [5].

During the last three decades there has been a worldwide increase to 3.5-8% of children having food
allergies [17], and it has been demonstrated that having an atopic disease can make a person inclined to
developing another atopic disease [18]. Food allergy has been suggested to lead to the development of
asthma, which is one of the most common allergies for children where approximately 9% of all children
are affected [19]. Furthermore, climate changes have been suggested to also impact allergic disease by
e.g., increasing the concentration of air pollutants and pollen, extending the pollen seasons, and
increasing mold growth in damped houses due to flooding from tropical cyclones [20]. In short, allergy is
a global burden and a health issue that must be addressed [5].

2.3 Type | hypersensitivity sensitization and response

Four hypersensitivity reactions were classified by Gell and Coombs based on the immunological response
[21], [22]:

e Type | hypersensitivity reactions are immediate allergic reactions mediated through IgE
antibodies.

e Type Il hypersensitivity reactions are cytotoxic or IgG/IgM responses.

e Type lll hypersensitivity reactions are driven by IgG/IgM immune complexes.

e Type IV hypersensitivity reactions are driven by T cell responses.

In the context of this PhD, the most relevant response is type |, which will be discussed in further details.
Type | hypersensitivity can be divided into two steps of i) exposure to an allergen which causes
sensitization and ii) re-exposure to the same or similar (cross-reactive [23]) allergen causing an allergic
reaction in the sensitized individual [3]. An allergen is a substance that is capable of inducing sensitization
and causing an allergic reaction [24]. Allergens are most often proteins [3] which can be proteases that
are capable of reducing the epithelial barrier function for easier intrusion [25]. However, not all allergens
are proteins as some of them can also be lipids [26] or carbohydrates [27].

Sensitization is the process where an individual becomes allergic towards a harmless substance. The
immune system encounters an allergen, e.g., grass pollen, which is in principle harmless, but is perceived
by the immune system as being harmful [3], [4]. The allergen is collected by dendritic cells, B cells or
macrophages that are antigen-presenting cells (APCs). The APCs engulf the allergen, and the collected
allergen is carried by the APC to lymphoid tissue. Here, the engulfed allergen is processed within the cell
and broken down into peptide fragments which can be presented on the cell surface [28], [29]. The
peptide fragments are presented on the major histocompatibility complex (MHC) Il of the cell surface to



naive CD4* T cells for activation and differentiation of the T cell to a T helper 2 (TH2) cell by secretion of
interleukin (IL)-4 and IL-2 [30]. When the TH2 cell encounters a B cell presenting a peptide fragment from
the same allergen the TH2 cell secretes IL-4 and IL-13 [31] differentiating the B cell into a plasma cell and
causing class-switching of the B cell [32]. This means that the B cell changes from producing only IgM and
IgD antibodies to producing allergen-specific IgE antibodies which are secreted by the plasma cell [33],
[34]. This process is illustrated in Figure 2.2. The produced IgE antibodies are released into the lymphatic
vessels and are distributed throughout the blood circulation [35], [36].
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Figure 2.2: Allergic sensitization. A) The allergen is collected by an antigen-presenting cell (APC) (e.g., a dendritic
cell) where the allergen is processed into peptide fragments and B) these are presented on the major
histocompatibility complex (MHC) Il on the cell surface. MHC Il can interact with naive CD4* T cells, activating these
and differentiating them to T helper 2 (TH2) cells. C) The TH2 cell activates a B cell carrying the same or similar
allergen-peptide fragment and promotes this to become a D) plasma cell for allergen-specific IgE antibody
production. Created with BioRender.com.

When the person is later re-exposed to the allergen a reaction is initiated where MCs are activated [3].
MCs have FceRI receptors on their surface which bind the allergen-specific IgE antibodies [37]. When these
antibodies cross-link an allergen by bivalent or multivalent binding while bound to the FceRI receptor the
MC is activated and degranulates as illustrated in Figure 2.3 [3], [38]. During degranulation two classes of
inflammatory mediators are released: Mediators stored in cytoplasmic granules and newly synthesized
mediators. These mediators cause vasodilation which is the widening of blood vessels,
bronchoconstriction where the airways are narrowed, and endothelial retraction which makes the vessels
leak and creates edema [3]. Released mediators are further elaborated in section 2.4 and 2.5. Continuous
re-exposure to a certain allergen will lead to an increased production of the specific IgE antibodies [39].
These IgE-mediated responses usually happen within minutes of the re-exposure [3].
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Figure 2.3: Mast cell activation and degranulation. A) IgE antibodies bind to the FceRl receptor on mast cells (MCs)
and cross-link with allergens causing the MC to B) degranulate and release the inflammatory mediators. Created
with BioRender.com.

2.4 Mast cells

MCs were first discovered by Paul Ehrlich and contain the FceRI receptor which has a strong affinity for
IgE binding [38]. They are involved in the TH2 and IgE-mediated response where the MC undergoes
activation dependent on Igk and FceRI binding [40]. Upon activation several mediators are released for
inflammatory responses [41].

The organelles of a MC are prone to exocytosis and extracellular release of the mediators. This release
can be induced by chemicals [42], endogenous mediators [38] or immune mechanisms that may be IgE
dependent or independent [43], [44]. Upon allergen cross-linking the IgE triggers an increase of Ca?* influx
which increases the Ca?* content in the cytoplasm and promotes the degranulation [45]. The released lipid
mediators and cytokines along with preformed histamine have an important effect on the vascular
endothelium. They alter the permeability and adhesiveness allowing circulating inflammatory cells to
adhere to the endothelium and migrate to the surrounding tissue [38].

The released mediators from MCs can be divided into pre-formed mediators and mediators formed upon
activation. The pre-formed mediators include histamine, heparin, tryptase, chymase, cathepsin, and
carboxypeptidase. The mediators formed and released upon activation include several cytokines,
chemokines, prostaglandins, leukotrienes, and free radicals [40], [46]. The released mediators from MCs
can contribute to the damage caused during an allergic reaction. Histamine, leukotrienes, and
prostaglandins are involved in recruitment of eosinophils and increase the vascular permeability [47].
Several released cytokines affect other immune cells such as causing class switching in B cells to produce
IgE antibodies [32], inducing histamine release in basophils [47], recruiting neutrophils [47], and further
promoting a TH2 cell response [48], thus, enhancing the allergic reaction. MCs have been found to be
present in mucosal sites and in the skin [49] with the highest concentration in the upper dermis layer just
below the dermis-epidermis junction [50]. They are often located around blood vessels, nerves and
appendages and are not found in the epidermis in normal skin [3].



Janssens et al. examined the MC distribution in normal adult skin, and it ascertained to be 108 MCs/mm?
for distal body parts such as the forearm and lower legs and 77 MC/mm? for proximal body parts such as
trunk and upper arm and leg. The forearm was included under the distal body parts and made up for 101
MC/mm?. Together with the lower leg (113 MC/mm?), it was one of the two sites with the highest density
of MCs [50]. According to Weber et al. it was observed that the highest amount of MC/mm? was in various
parts of the head such as the back of the head, chin, nose, and cheek. The second highest location was
hand and foot with the third highest location being the upper and lower arm and leg. The lower arm was
found to contain 64 MC/mm? in the upper skin layers [51]. A higher presence of MCs can be correlated to
a higher probability and larger impact of an allergic reaction.

2.5 Biomarkers for detection of mast cell degranulation

Several biomarkers can be targeted to confirm the activation and degranulation of MCs. These biomarkers
can be surface-bound, or they can be released mediators. The best surface-bound biomarkers for
detection of activated MCs are cluster of differentiation (CD)63 or CD203 as these are expressed on the
cell surface upon activation. Because CD63 is one of the surface-bound biomarkers associated with most
allergies, this biomarker seems promising [52], [53].

As mentioned above, there are two main types of mediators released from degranulating MCs, preformed
mediators (e.g., histamine, proteoglycans, B-hexosaminidase, and neutral peptides) and newly
synthesized mediators (e.g., leukotrienes, prostaglandins, cytokines, TNF, and ILs) [46], [54].

Preformed mediators are made up of histamine, heparin, and tryptase [55]-[57]. Histamine has a quick
release within 5 min [58], [59] with a half-life of 10-30 min [46], [60] whereas tryptase has a slow release
which peaks after 15-120 min with a half-life of 1.5-2.5 hours [61]. Tryptase has a consistent baseline level
of 1-11 ng/mL [46], [62]. Heparin levels do not increase enough after an allergic response to be a viable
biomarker [46], [63]. The function of B-hexosaminidase in MCs is not fully known, but research suggests
that it is involved in the defense against bacterial infection [64].

Newly synthesized mediators are released more slowly than preformed mediators [3], [56] and these are
made up of lipid mediators, chymase, carboxypeptidase A, cytokine, and chemokines [65], [66]. Lipid
mediators are released shortly after activation as part of the immediate response [46], but these are also
released by other immune cells and thus, not specific for MCs [54]. Chymase is a serine protease involved
in vasculature inflammatory responses, however, an immunoassay is not currently available for MC
chymase detection [46]. Carboxypeptidase A levels are elevated for longer time than tryptase [46] and
cytokine and chemokine release may be determined based on the type of stimuli for MC activation [40],
[67]. The most investigated biomarkers for MC degranulation are histamine [68], tryptase [69] or B -
hexosaminidase [70]. For the purpose of this project it was decided to focus on tryptase as this biomarker
frequently appeared in the literature as one of the main MC specific biomarkers with a long half-life for
detection [61], [71].

Tryptase is one of the main mediators released upon degranulation and is a protein that is premade and
stored in the granules for release [46], [72]. There are two types of MCs: 1) MCs that contain only tryptase
and are found in alveolar walls and the small intestine and 2) MCs that contain both tryptase and chymase



and are found in the dermis of the skin, the intestinal mucosa and blood vessels [61]. There are four
isoforms of tryptase with two of them considered biologically relevant, namely the a and B forms. a-
tryptase is secreted continuously by the resting MCs as an inactive proenzyme [61] which makes up the
baseline serum level of 1-11 ng/mL [46], [62]. B-tryptase is released upon MC activation and levels peak
after 15-120 min and has a half-life of 1.5-2.5 hours [61]. For comparison, histamine peaks after 5 min
with a half-life of 10-30 min [58], [60].

In the case of our InstaPatch the target biomarker would depend on its availability. Tryptase may be a
more practical biomarker for measurements since it has a longer half-life [71] and is available for detection
for a longer period. On the other hand, histamine concentrations peak fast after 5 minutes [58] and can
be detected earlier compared to B-tryptase which diffuses more slowly and has a peak-release after 15-
120 minutes [61]. However, tryptase has the advantage of being measurable for several hours afterwards
unlike histamine [61].

2.6 Summary

This chapter introduced the basic concepts of immunology in relation to allergy sensitization and allergic
reactions. MCs were presented as their activation and degranulation is one of the central aspects of an
allergic reaction. MC biomarkers for degranulation were introduced with a special focus on tryptase since
this biomarker was investigated for in vivo animal experiments conducted during this thesis.



Chapter 3: Allergy diagnostics

This chapter introduces different methods for allergy diagnostics. Diagnostics often begin with looking at
the medical history of the patient and performing a physical examination [73]. After this, further
investigations can be conducted such as in vivo skin tests and in vitro assays. The presented diagnostic
tools represent state-of-the-art and lay the foundation for how the InstaPatch will improve allergy
diagnostics.

3.1 In vivo skin tests

Skin tests are some of the easiest tests to confirm a clinical response to allergens as they are simple,
convenient, reproducible, easy, and low cost to perform. However, it requires training and experience to
conduct the test, interpret the outcome, and correlate it with the medical history of the patient. Skin tests
should furthermore always be performed in a clinic where professionals are available for assisting in case
of a systemic reaction [5].

A well-established method for screening allergies in the clinic today is the SPT. The first in vivo test was
described by Dr. Charles Blackley in 1867 [74] with Schick and Cooke suggesting an intracutaneous test
shortly after [75]. The first SPT was done by Sir Thomas Lewis in 1924 [7], [76] and the basics of the SPT
method as it is known today were introduced in the 1950s [77].

The SPT is normally done on the volar area (underside) of a patient’s forearm or on the upper back [5], [6]
with a sterile metal SPT needle that is 1 mm long and applied perpendicularly to the skin surface [78]. The
SPT method can provide evidence of sensitization and detect type | hypersensitivities [6]. However,
positive SPTs are not conclusive, but require further examination and are dependent on the degree of
sensitivity, number of MCs present, and the potency of the allergen extract [5]. The SPT method is
performed by placing a droplet of an allergen extract on the skin of the forearm, which afterwards is
punctured through the skin using the SPT needle. Ideally, if the patient is allergic towards the allergen
used, then the allergen extract will induce a local allergic response in the form of inflammation that will
be visible as a wheal and flare. The induced inflammatory response of the skin is normally visible within
15-20 min after which a healthcare professional evaluates it by a manual readout [6], [79]. A positive
control of histamine dihydrochloride is always incorporated for comparison as this should always elicit a
visible response. Moreover, a negative control of saline solution is included to give an indication of the
skin trauma caused by simply pricking which might result in false positives. This can help identify false
positives in the test [7]. A SPT is shown in Figure 3.1.

The evaluation is often based on the diameter of the wheal (the swollen area) and flare (redness) area
where a wheal of 23 mm in diameter is considered positive [6], [80]. Based on Bodtger et al. where birch
pollen was used as a model allergen, the SPT method was reproducible when comparing results over a
longer period of time [81]. The needle used for the SPT has undergone optimization in order to standardize
the method [82]. Further optimization of the SPT was conducted in 1998 by Nelson et al. [83] and also in
2005 by Carr et al. [84] who investigated multi-headed devices for efficient testing.
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Several methods such as 2D/3D scanners [85], blood flow analysis [86], skin impedance measurements

[87], thermography [88], and photography [89] have been investigated for automating the readout
process of the SPT method in an attempt to standardize the method further. However, many of these
advances exhibit poor precision and require expensive equipment. These methods are furthermore
unable to perform the measurements simultaneously with the pricking, but have to wait for the visual
allergic response to develop [77].

Figure 3.1: Example of a skin prick test in progress. A skin prick test (SPT) is performed by placing a droplet of allergen
extract on the skin of the forearm and pricking it into the skin using a SPT needle. The SPT requires the use of the
entire forearm for testing. Picture of own arm from trying the SPT method, photo by Prof. S. S. Keller.

In continuation of the SPT test, there are several variations of this method such as the scratch test where
the basic principle remains the same. However, the sample is scratched into the skin rather than pricked,
but without causing bleeding [90]. This may not always be a better option as the scratch test is more
difficult to standardize for inhalant and food allergies [6]. An i.d. injection test has also been used and still
is in some countries today. It comprises of injecting a sample of an allergen into the skin with a hypodermic
needle and waiting 15 min for a response. Nonetheless, this method is often more painful than the SPT
method and associated with higher risks of adverse effects [91], [92].

For food allergies, the prick-to-prick method can be used where the allergen is fresh from the source and
has not been processed into an extract. In this case the SPT needle is first pricked into the fresh food and
afterwards pricked into the skin. This method can be beneficial when investigating allergens that are
difficult to process into extracts such as fruits and vegetables [93], [94].

The SPT method usually provides results within 15-20 min whereas in vitro measurements require longer
time for analysis [6]. Nonetheless, the SPT method is not always the optimal way of diagnosing allergies
for all patients. If the patient has extensive eczema, urticaria which is a skin rash or is taking medication
like antihistamines, the results will not be reliable, and the diagnostic method is not applicable anymore.
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In such instances it is much more reliable to use in vitro methods such as the basophil activation test (BAT),
Component-resolved diagnosis (CRD) or measure the level of histamine as described later in following
sections 3.3-3.7. These methods are more time-consuming than the SPT and require collection and
handling of samples. In vitro methods can also be used to complement the interpretation of the SPT results

[6].
3.2 Provocation test

For some allergens the allergy is best confirmed using a provocation test where the allergen is inhaled or
ingested [5]. Here, the double-blind placebo-controlled food challenge is the golden standard for
diagnosing food allergies [95], [96]. It is important that this test is only performed by a trained professional
who knows how to interpret symptoms and potentially provide treatment in case of adverse effects [5].
Patch tests containing suspected allergens can be used for patients where contact dermatitis is suspected
[97], [98].

3.3 Histamine release test

As mentioned above, the SPT is not always conclusive. Therefore, in vitro tests can provide additional
results to determine a diagnosis. For the in vitro method of the histamine release test, the released
histamine from basophils is quantified [99]. Basophil cells are like MCs capable of binding IgE and are
activated once IgE antibodies crosslink with an allergen. This results in degranulation and release of
mediators similar to MCs including histamine [3].

For a histamine release test, a blood sample is collected and analyzed using glass-fiber coated microtiter
plates for passive separation of histamine from other components [100]. Blood samples should be
analyzed within 24 hours as basophil reactivity decreases with time [101]. As illustrated in Figure 3.2A
wells with glass fibers are coated with the specific allergen and a blood sample is added. In Figure 3.2B
allergen-specific IgE antibodies which are surface-bound to basophils can bind to the allergen and activate
these basophils. Histamine is thereby released and adsorbed on the glass fibers after which the wells are
washed for removal of other components [78], [102]. The histamine collected on the glass fibers can be
resuspended into the solution by a change in pH. It is then quantified by coupling to a fluorophore or
radioactive isotope and comparing to a standard curve [103], [104].

A similar, but different option known as “passive sensitization” [105], [106] is to use blood obtained from
non-sensitized individuals, removing IgE antibodies bound to their basophils and incubating these serum
samples with allergen-specific IgE antibodies from the blood sample of the sensitized patient. This has the
advantage that serum samples can be used instead of whole blood samples which makes it possible to
perform the assay after the 24 hours [104]. Then the histamine release is quantified in the same manner
as before, using a fluorescence- or radioimmunoassay.
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Figure 3.2: lllustration of histamine release test. A) Wells with glass fibers are coated with the specific allergen and
a blood sample is added. B) The IgE antibodies can then bind to the allergen and activate basophils in the sample,
which release histamine. The histamine is adsorbed on the glass fibers but can be released again by changing the pH
and coupling the histamine to either a fluorophore or a radioactive isotope for quantification. Created with
BioRender.com.

3.4 Basophil activation test

BAT is an in vitro assay that analyzes cell activation after allergen exposure in a flow cytometry setup.
Biomarkers for basophil activation are CD63 and CD203c, which are surface markers that become
available on sensitized basophil cells after activation [107].

As illustrated in Figure 3.3A A blood sample is collected and stimulated by incubation with an allergen at
37 °C to activate basophils. Erythrocytes are then lysed and the CD63 is labeled using e.g., phycoerythin
(PE) which is a fluorescent dye meant for fluorescence-activated single cell sorting (FACS) (Figure 3.3B-C).
Using FACS which is a flow cytometry technique the sample is measured before and after stimulating with
an allergen to see if the incubation with the allergen caused a significant upregulation of the basophil
surface marker [108], [109] (Figure 3.3D). Based on previous studies, it was determined that the BAT
should be performed within a few hours after collection of the blood sample (up to 24 hours) to ensure
viability of the basophil cells [101]. Several candidates have been investigated as biomarkers for
activation, in particular CD123 and CCR3 [110], but most BAT use CD63 or CD203c [111], which have been
validated as acceptable markers [107]. The BAT has been shown to be particularly good for diagnosing
IgE-mediated hypersensitivities, but also has the drawback that some patients have non-responding
basophils thereby rendering the results inconclusive [107].
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Figure 3.3: lllustration of basophil activation test. A) A blood sample is collected and incubated at 37°C together
with an allergen. B) Basophil cells are activated and degranulated which causes an upregulation of a surface marker
e.g., CD63. Flow cytometry fluorescent dye that targets CD63 is added. C) Erythrocytes (blood cells) are lysed in the
blood sample. D) Flow cytometry is used to quantify the number of basophils with upregulated surface markers via
fluorescence-activated cell sorting (FACS). Created with BioRender.com.

3.5 Mast cell activation test

The MAT is also an in vitro assay similar to the above-mentioned BAT. However, instead of using a fresh
blood sample it can use plasma or serum for sensitization of MCs [112], [113]. The MCs can either be
obtained from the peripheral blood or tissue of the patient [114] or healthy donors [115].

The MAT is performed similarly to the BAT in the sense that the MCs are sensitized by adding the sera of
the patient and sensitized MCs are activated by adding an allergen [115], [116]. Activated MCs exhibit
upregulated surface markers which can be labeled using a specific fluorescent-labeled monoclonal
antibody for flow cytometry analysis [117]. These surface markers are often CD63 [118], CD107a [115] or
CD203c [119]. The released mediators during degranulation such as histamine [120] and chemokines [121]
may also be measured using fluorescent labeling and flow cytometry.

Since flow cytometry is required for the MAT it is currently not a tool suitable for screening, but it can be
used as a complementary test to the SPT or measurement of allergen-specific IgE [112].
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3.6 Radioallergosorbant allergen test

Another in vitro test is the radioallergosorbant allergen test (RAST) where a radiolabeled anti-IgE is used
to build an immunoassay [103]. RAST detects specific IgE antibodies to determine which allergen the
patient is sensitized towards [122]. As illustrated in Figure 3.4A the surface of the microtiter plate well is
coated with the specific allergen and the sample serum is added to bind allergen-specific IgE (Figure 3.4B).
As illustrated in Figure 3.4C a secondary radiolabeled antibody is added and binds specifically to IgE
antibodies. The radioactivity can then be assessed and quantified using a standard curve [90], [103].

Radioactively

4+ labeled
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A B IgE C ' antibody
Allergen
Well coated with test allergen Incubation with serum sample Radiolabeled anti-human IgE

(Specific IgE binding)

Figure 3.4: lllustration of the radioallergosorbant allergen test. A) The well is coated with the specific allergen and
sample serum is added. B) Allergen-specific IgE antibodies will bind and C) a secondary antibody that is radiolabeled
is added. The secondary antibody binds IgE specifically and is measurable afterwards using a radioactive label and
quantifiable against a standard curve. Created with BioRender.com.

3.7 Component-resolved diagnosis

CRD is a method where purified allergens are used to detect IgE antibodies in blood samples. CRD was
developed to improve the sensitivity of IgE diagnostic methods as it can discriminate between
sensitization towards the specific allergen and cross-reactivity against other allergens [123], [124]. As
illustrated in Figure 3.5A CRD is performed by using a microarray-based diagnostic solution where wells
are coated with allergen components and a serum sample is added. As illustrated in Figure 3.5B allergen-
specific IgE antibodies will bind and a secondary antibody with chemiluminescence is added for detection
(Figure 3.5C). This can provide a more in-depth understanding of sensitization patterns in patients who
suffer from several allergies as different components of the allergen can be examined. This diagnostic
method has an increased specificity compared to the SPT, but less sensitivity [125], [126].
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Figure 3.5: lllustration of the component-resolved diagnosis. A) The well is coated with the specific allergen
component, and a serum sample is added. B) Allergen component specific IgE antibodies bind, and C) a secondary
antibody is added which binds to the IgE antibodies. Chemiluminescence is used for detection and quantification.
Created with BioRender.com.

3.8 Summary

This chapter introduced the current methods used for allergy diagnostics. Several methods exist and each
has its advantages and disadvantages. The most popular tests remain the in vivo tests as they are easy,
quick, and cheap to perform. However, the SPT has drawbacks, which we aim to address with the
InstaPatch. By using MNs for the InstaPatch the testing area will be limited and the MNs can be fabricated
for electrochemical measurements reducing the testing time while also giving a quantitative result.
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Chapter 4: Microneedles

This chapter introduces the concept of MNs and how they are tested both in terms of their mechanical
stability, but also their penetration ability in skin tissue. A literature study was performed on the most
frequent used shapes and dimensions and the main findings are presented here. MNs with a variety of
shapes and sizes have been developed depending on their purpose. Recently, MNs have also become part
of allergy research in aspects of diagnostics and inducing desensitization. The chapter provides
background information for research presented in manuscript | [127] and study report | [128].

4.1 Microneedles and their applications

The idea of fabricating MNs for skin penetration and transdermal drug delivery was introduced during the
1990’s where Henry et al. was one of the first to report transdermal delivery using microfabricated MNs
[129]. Patches of solid MNs have been investigated for delivery of desmopressin (medicine) [130], both
hollow [131] and porous [132] MNs have been investigated for vaccine delivery, and controlled release of
lidocaine (local anesthetic) was achieved using coated, solid polymer MNs [133]. Furthermore, Sullivan et
al. reported on how dissolving MNs could deliver influenza vaccine to a targeted location in the skin to
reach APCs for eliciting an immune response [134]. MNs have also been optimized for many different
applications other than the original idea of drug delivery [135]. They have been used for extraction of
samples such as interstitial fluid (ISF) [136], performing electrical measurements [137], medical diagnosis
[138], and as transdermal sensors [139]. As an example, Parrilla et al. developed a MN-based sensor where
the MNs were used as electrodes for electrochemical detection of potassium in the dermis [140]. Other
examples of MNs being used as electrochemical biosensors are for monitoring uric acid and dopamine
[141], glutamate [142], and glucose [143]. Lastly, MNs have started to appear within allergy research for
immunotherapy and diagnostics [144], [145].

4.2 What are microneedles?

MNs are defined as small structures with sub-mm size that act like needles and are used to pierce an
object or a body part, typically the skin [135]. Often the main purpose is delivery of a molecule, which is
not in itself able to pass through the stratum corneum of the skin barrier. The MNs are capable of piercing
the skin disrupting it temporarily depending on the length of the MN [146]. The most important
parameters for MNs are their penetration ability and mechanical stability. MNs should be able to
penetrate the epidermis and reach the dermis skin layer [147]. Furthermore, the design of the MNs (i.e.,
shape and dimensions) should ensure mechanical stability as the flexibility of the skin may impact the
required penetration force. If the penetration force exceeds the force that the material can withstand,
the MNs may break [132]. The main advantage of MNs compared to hypodermic needles is that they can
be less invasive, provide a less painful insertion, and the penetration depth can be more controlled if the
aim is to reach the dermis and not the blood veins [132], [148]. Figure 4.1 shows the MNs fabricated for
this PhD in comparison with a 27G syringe and the SPT needle used for allergy testing in the clinic today.
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Figure 4.1: Microneedle comparison with syringe needle and skin prick test needle. Optical microscope images for
comparison between A) a 27G syringe and a hypodermic shaped microneedle (MN) (500 um length and 400 um
width), and B) the skin prick test needle used in the clinic and a triangular shaped MN (500 um length and 200 um
width).

4.3 Microneedle materials

MNs can be processed from a variety of materials including silicon [149], metals [150], ceramics [151],
silica glass [152], carbohydrates [153], and polymers [154]. Silicon has a crystalline structure and allows
MNs to be produced in many shapes and sizes and makes batch production possible [155]. Nonetheless,
cleanroom processing of silicon is expensive, can be time-consuming, and the produced MNs can be fragile
and break [156], [157]. Silicon does, however, have the advantage of being biocompatible [158], [159].
Stainless steel and titanium alloys have been used for making MNs and have the advantages of good
mechanical properties and biocompatibility [160]. Ceramic MNs are mainly used due to their excellent
chemical resistance [132] and silica glass can be brittle and usually these MNs are made by hand, making
the process time-consuming [146]. Carbohydrates, usually maltose, may also be used for making MNs.
These MNs are often made using a template and a potential molecule for delivery is directly mixed into
the carbohydrate solution, which is optimal for a controlled drug release [161]. Furthermore, many
different types of polymers are used as MNs, often for dissolving or biodegradable MNs [162], [163]. MNs
made from polymer are often fabricated using an inverse mold made from e.g., silicon [164]. In this PhD
thesis silicon was selected as the MN material due to its biocompatibility and that the cleanroom
processing allows for process control and obtaining small structures. Lastly, silicon MNs can be coated
with a polymer, which can in turn be converted to carbon via pyrolysis. The pyrolytic carbon is an excellent
electrode material for electrochemistry [165].

4.4 Microneedle configurations

MNs can be fabricated in two configurations, namely in-plane where MNs are fabricated in parallel to the
surface of the material [166] and out-of-plane where MNs are fabricated orthogonally to the surface [130]
(Figure 4.2). For out-of-plane MNs fabricated using silicon wafers, the achievable MN height will be limited
by the thickness of the silicon wafer, as the MNs are “carved” from the wafer by removing the surrounding
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material, e.g., via etching. Furthermore, it is a challenge to fabricate out-of-plane MNs with a high aspect
ratio in silicon [167]. For out-of-plane MNs made by e.g., cutting into stainless steel sheets there is a higher
level of flexibility for the dimensions and aspect ratio [168]. Silicon micromachining allows for fabrication
of longer in-plane Silicon MNs compared to out-of-plane, as the MN shapes are etched into the wafer
based on a predefined design [166]. In order to avoid the “bed of nails” effects for out-of-plane MNs [169],
the density and interspacing of the MNs should always be optimized. Otherwise the MNs may not
penetrate the skin as desired and will not be able to perform their application [170]-[172]. In this PhD
thesis, the in-plane MN configuration was selected because of a straightforward microfabrication of in-
plane silicon MN and a high design flexibility.

In-plane microneedles Out-of--plane microneedles

Figure 4.2: Schematic of in-plane and out-of-plane microneedles. Microneedles (MNs) are typically divided into two
groups: In-plane and out-of-plane MNs. In-plane MNs consist of MNs placed in one line whereas out-of-plane MNs
consist of an array of several MINs which can range from just a few to hundreds. Created with BioRender.com.

4.5 Microneedle dimensions and shapes

The dimensions and shapes of the MNs have an impact on the ability to penetrate the skin. The elastic
properties of skin affect the penetration and some MN shapes may not be able to penetrate properly as
the skin simply folds around the MN [160]. Several MN shapes and dimensions have been proposed in the
literature with varying lengths and widths as well as sharpness or angle of the MN tip [173]-[176]. The
sharper the tip the more easily the penetration occurs i.e. the lower the penetration force [177]. Table
4.1 provides an overview of various MN shapes and their application found in the literature.

As reviewed by Waghule et al., MNs are usually between 150-1500 um long with a 50-250 um width and
1-25 um thickness [146], but these dimensions are indicative and may vary depending on the application.
For example in one study the width was 300 um [178] and in another one the length was 2000 pum [166].
The parameters for MNs could be divided into single MN parameters including height, width, thickness,
shape, and tip angle, whereas MN array parameters also include MN pitch (center to center spacing) and
arrangement. Figure 4.3 shows in-plane silicon MNs that were employed throughout this PhD thesis
where some of the potential dimensions and shapes are highlighted.
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Figure 4.3: Silicon in-plane microneedles from the PhD project. A) Optimized microneedles (MNs) based on research
project | with 1000 um length, 400 um width, and 180 um thickness. SEM image is to illustrate potential MN
dimensions. B-F) Various MIN shapes as examples: B) Flat, C) lancet, D) hypodermic, E) triangular, and F) Pencil shape.
B-F) Adopted from manuscript | [127].

The MN shapes are often hypodermic [149], beveled [179], triangular [150], octagonal [180], pencil [181]
or pyramid shaped [175]. MNs can be cylindrical protrusions [182] or flat like a cantilever [174] and the
sharpness or tip angle of the MN vary, but is very important for efficient penetration. A general
observation is that larger tip diameters require higher penetration forces [132], [177].
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Table 4.1: Short overview of microneedle shapes and their application. Several different shapes of microneedles
have been reported in literature. These have been used for various purposes ranging from delivery of molecules to
detection of biomarkers.

Mirconeedle shape Application and reference examples
Circular/cylindrical/octagonal

Cell surgery [173], [183]

Insertion in skin [180], [184], [185]
Transdermal delivery [182], [186], [187]
Square/rectangular/cantilever
Delivery device [186]
Collecting blood samples [174]
Beveled/hypodermic Molecule delivery in cells and skin [149]
Facilitating diffusion of high molecular weight compounds [160]
Simulation of skin insertion [175]
Transdermal penetration [179]
Transdermal drug delivery [188]

Microneedle characterization [189]

Sharp tipped/pencil/conical | Molecule delivery in cells and skin [149]
Transdermal delivery [129], [168], [181], [190]-[192]
Simulation of skin insertion [175]

‘ Transdermal penetration [179], [193]
Repeated insertion of microneedles [178]
Transdermal drug delivery (simulation) [194]

Pyramid
Simulation of skin insertion [175]
Transdermal penetration [179]
Clinical administration [195]
Triangular

Transdermal delivery [162], [168], [176], [192], [196], [197]

Vaccine delivery and antibody extract [198]
A Cell surgery [183]

Facilitating diffusion of high molecular weight compounds [150]
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4.6 Mechanical stability of microneedles

For mechanical stability it is essential that the MNs can withstand the forces experienced during insertion
and removal from skin. There are two main parameters to examine, namely the force which causes the
Fracture force)
Insertion force
is known as the safety margin, which should be as high as possible [199]. The failure of MNs is most often
evaluated by pressing the MN into a hard and unyielding surface, and determining the failure force in the

MNs to fracture and the force required for skin penetration [180]. The ratio between these (

associated force-displacement graph [184]. The failure modes are either fracture by compressive [162],
[186] or shear forces [180] which means the MNs exhibit complete fracture [200], bending [173] or
buckling [174], [199]. MN stability may also be determined using simulations, which can later be tested
experimentally [183], [194]. It has previously been determined that the fracture force is dependent on
the thickness of the MN. More specifically for hollow MNs, it was observed that increasing the wall
thickness also increased the fracture force [168]. Especially for hollow MNs, high mechanical stability is
required, as the cavity in the center of the MN is prone to collapse due to the reduced structural integrity
[132]. Ideally, MNs should be thin and sharp for easy skin penetration and they should be strong enough
not to break within the skin [177], [199].

For investigating the mechanical stability already existing equipment is commonly used, though
sometimes it originally served a different purpose such as a Royce 552 Bond test system used for shear
stress measurements [180] or a dynamometer used for compressive measurements [162]. Most
commonly the equipment is a force-displacement machine used to test and measure the mechanical
stability in terms of force required for e.g., fracture [184], [186], [199]. In two studies, as well as in our
research project | (elaborated in section 4.9.2), a Texture Analyser (TA) was used [201], [202], which is
essentially also a force-displacement machine. Figure 4.4 shows examples of different strategies for
testing of the mechanical stability of MNs using a TA.
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Compression Shear stress

Figure 4.4: Examples of testing the mechanical stability of microneedles. A) Texture Analyser (TA) used for testing
the mechanical stability of the microneedles (MNs). B) Image of mounted MNs to the arm of the TA. C) Image of how
the shear drag test of the MNs in this project was performed. The MNs are marked with a white circle and dragged
downwards through a skin-simulating hydrogel. D-F) lllustrations of testing mechanical stability of MNs. The black
arrows indicate the movement, and the red arrows indicate the force on the MNs. D) lllustration of testing MN
compression. E) Illustration of testing MN shear drag. F) lllustration of testing MN shear stress. Images D-F were
created using BioRender.com.

4.7 Mechanical testing of microneedle penetration

As mentioned above, evaluation of MN penetration is a part of the assessment of the mechanical stability
of MNs as they should be stable enough to penetrate without fracturing inside the skin. Often this type of
test can be performed quite simply by inserting the MNs into a skin model (skin models are elaborated in
chapter 6) and assess if the MNs fracture [183]. MN insertion may either be manual [195] or using a
machine for consistency [150]. For some studies the force can be measured simultaneously using a force-
gauge [171], but most studies perform this test while the MNs are mounted to a force-displacement
device which measures the applied force during insertion [172], [184]. In this way the penetration force
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is measured simultaneously with testing the MNs for insertion fracture. The insertion force is influenced
by the shape and dimensions of the MNs along with the angle and radius of the tip [164]. As the MN tip
surface area increases so will the required displacement to achieve penetration [183]. Testing the
insertion force can contribute to the optimization of the shape and dimensions [164].

Additional to mechanical testing, MN penetration is often confirmed visually as explained in the following
section 4.8, but sometimes this is done in a quantitative manner using other methods. Measuring a drop
in electrical resistance across the skin barrier can confirm and quantify penetration [188], [199]. Likewise,
measuring increased trans-epidermal water loss (TEWL) indicates a breach of the skin barrier and thereby
confirms penetration [160], [170]. Another way of confirming penetration is if the MNs are delivering a
molecule which can be measured using e.g., immunohistochemistry (IHC) [203] or after homogenization
of a skin sample [204]. Penetration can also be confirmed indirectly, e.g. by delivery of insulin which has
an impact on glucose levels that can be measured [168], or a vaccine delivery with measurements of
specific antibodies in the blood serum afterwards [198].

4.8 Visualization of microneedle penetration

By visualizing the MN penetration their ability to penetrate the epidermis and penetration depth can be
evaluated and the potential tissue damage caused by the MNs may be assessed. MN insertion in skin
samples has been visualized using confocal laser scanning microscopy (CLSM) where a fluorescent dye for
visualization was applied before and after skin penetration [150], [205], [206]. Other dyes such as trypan
blue [160], [207] and methylene blue [180], [195] have also been used for visualization as these dyes are
hydrophobic and do not stain the stratum corneum but only the areas where the skin has been damaged
by the MN [150], [208]. OCT is also an option for visualization of MN penetration [185], [209] as it can
provide a 3D scanning of the selected area. If the MN insertion was performed in skin, a sample may be
collected for histology [207] with different options for tissue staining such as Meyer’s hematoxylin and
eosin (H&E) or toluidine blue. Furthermore, methods such as cryostat histology and cryo-scanning
electron microscopy (SEM) have also been used. Histology is the analysis of microscopy images of
biological samples where it is possible to stain for certain features such as specific cells and thereby
visualize damage to the stratum corneum [186], [187]. Histology has the advantage of imaging the sample
cross-sectionally [208], [210]. Cryo SEM is another method, where the sample is snap frozen in liquid
nitrogen and imaged in a SEM. This imaging technique allows for a higher resolution and provides the
option of breaking the sample for a cross-sectional view [160]. A general consideration when visualizing
penetration holes in dermal tissue is the time it takes the skin to reseal. Depending on the time that passes
between MN application to the skin and the visual analysis, the skin may start to reseal and thereby show
less or maybe no visible penetration [211]. Figure 4.5 shows examples of how MN holes have been
visualized throughout this project using methylene blue, CLSM, OCT, and histology.

In several studies it has been found that not the entire length of the MN penetrates into the skin due to
the viscoelastic behavior of skin tissue. This has been observed using video recordings, methylene blue
staining, and fluorescent dyes [193], [212]. Gittard et al. reported that approx. 88.5% of
poly(dimethylsiloxane) MN length penetrated into porcine skin. In the same study, it was observed that
the skin undergoes compression by the MN until a certain force threshold. After this the skin ruptured
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and the MN was able to penetrate into the skin which rebounded onto the MNs [212]. In a different study
the penetration depth of 3.3 mm solid glass MNs in ex vivo human skin was investigated using video
frames and performing methylene blue staining. The authors found that with a maximum vertical skin
displacement of 1.5 mm, the penetration depth was approx. 250 um for all tip diameters of 5, 15, 24, and
37 um [193], i.e. only 7.5% of the needle actually penetrated the skin at this displacement.
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Figure 4.5: Methods for visualizing microneedle penetration holes. A) Porcine ear pricked with microneedles (MNs),
SPT needle, and 30G needle (positive control) and afterwards stained with 1% methylene blue in de-ionized water for
1 h. The methylene blue was gently wiped off and MN holes appeared as blue dots. Adapted from manuscript | [127].
B) Agarose skin-simulating hydrogel containing rhodamine B fluorescence pricked with MNs. Visualized using a
confocal laser scanning microscope where two holes are visible and indicated by two dotted white circles. C) Porcine
skin sample pricked with MNs and visualized using optical coherence tomography immediately after removing the
MNs. Adapted from study report | [128]. D) Cryostat histology image representing MN hole where MNs were coated
with 10 mg/mL rhodamine B dextran and fluorescent-labeled coating was delivered. The image is comprised of two
overlaid images, a brightfield microscope image and a fluorescence microscope image. Adopted from manuscript Il
[213].

4.9 Microneedle investigations in this project
4.9.1 Microneedle dimensions and shapes

The aim of this part of the PhD was to ensure the mechanical stability of selected MNs so they would not
fracture during penetration. Furthermore, the MNs should penetrate the epidermis skin layer and reach
the upper dermis layer where the MCs are present.

In-plane solid silicon MNs were selected for this project in the shapes of flat (control MN), hypodermic,
lancet, triangular, and pencil (Figure 4.3B-F). Different MN dimensions were examined including lengths
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of 500 um and 1000 pm, widths of 200 um and 400 pum, and thicknesses of 500 um, 350 um, and 180 um.
This was to optimize the MN shape and dimensions for successful penetration without fracture. The ideal
behavior of the MNs was excellent skin penetration with as low as possible penetration force and tissue
damage while maintaining a sufficient surface area for ultimately performing the in situ electrochemical
measurements. The optimized MNs were determined to be a hybrid between the triangular and pencil
shapes with 1000 um length, 400 um width, and 180 um thickness (Figure 4.3A). The optimized MNs were
tested for their mechanical stability and ability to penetrate skin using porcine neck and human breast
skin.

The penetration results of the initial study for optimization of MN shape and dimensions are presented in
manuscript | [127] and the penetration results for the optimized MNs in porcine neck and human breast
skin are presented in study report | [128]. The manuscript and study report are included in the appendix
of this PhD thesis. In the following sections a short summary of research project | and Il will be presented.

4.9.2 Research project I: Evaluation of microneedle shape and dimensions for penetration in
different skin models

In the first research project, the aim was to evaluate selected MNs of varying shape and dimensions. The
MNs should exhibit mechanical stability and penetration ability reaching the upper dermis skin layer. The
experimental methods and results are described and discussed in detail in manuscript | [127] included in
appendix A.

In brief, five different in-plane silicon MN shapes (flat, hypodermic, pencil, triangular, and lancet) were
tested in research project | using different skin models, i.e. skin-simulating hydrogels, ex vivo skin samples
of BN rats, and a porcine ear. The MN dimensions included the length, width, and thickness which were
iteratively varied for optimization. An investigation of the mechanical stability, penetration force, and
tissue damage was performed using the aforementioned skin models.

The MNs were found to have sufficient mechanical stability without fracturing upon penetration and the
penetration force was measured using a TA for obtaining force-displacement curves. The tissue damage
was evaluated using histology and it was observed that not the entire MN length penetrated into the skin,
however, the MNs did penetrate the epidermis and reached the upper dermis which is the target area of
the InstaPatch. The general conclusion was that the triangular shaped MN caused the least amount of
damage overall and required the lowest penetration force in the skin models.

Based on the results from research project I, the selected shape for the next experimental studies in the
PhD project was a hybrid between the triangular and pencil shaped MNs as shown in Figure 4.3A above.
The triangular tip shape provided the abovementioned assets in terms of penetration, while the pencil
shape had a larger surface area, which was judged to be more suitable for allergen delivery and ultimately
performing the electrochemical measurements intended for the InstaPatch. The final optimized MN shape
and dimensions are illustrated as a schematic in Figure 4.6. The pencil shaped MNs are 1000 um long, 400
pum wide, and 180 um thick and extrude from a 3 x 3 mm base sitting on a 9 x 15 mm chip for handling.
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Figure 4.6: lllustration of optimized microneedles. The optimized microneedles were a hybrid between the triangular
and pencil shape tested in research project I. The optimized dimensions were 1000 um length, 400 um width, and
180 um thickness. Adopted from manuscript I [213].

4.9.3 Research project Il (part 1): Evaluation of optimized microneedles for penetration in
porcine neck skin and human breast skin samples

In a second research project the optimized MN shape and dimensions identified in research project | were
tested in porcine neck and human breast skin samples during an external stay at Cardiff University. The
methods and results are described in detail in study report | [128] included in appendix B.

Porcine skin was first used for testing MN insertion at 5, 10, and 15 N where 5 N was found to be sufficient
for penetration without breakage of the MNs. Penetration was confirmed using cryostat histology and
methylene blue staining together with OCT measurements performed immediately after retracting the
MNs from the porcine skin.

Furthermore, MN arrays were tested by combining two and three rows of in-plane MNs with spacers in
between and inserting these MN arrays in porcine skin. Here, penetration was also confirmed using
methylene blue and OCT where it was observed that the penetration efficiency decreased with more than
one row. This essentially means that the interspacing of the MNs needs further optimization and testing
if several in-plane MN chips should be combined into 3D array with multiple rows of MNs.
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4.10 Summary

This chapter introduced the concept of MNs and their potential applications. An overview of MNs and
their materials was given where in-plane solid silicon MNs were selected for our study. Various dimensions
and shapes of MNs were also presented as this literature study was the first part of the project for
selection of MNs for testing. Five MN shapes: Flat, lancet, hypodermic, pencil, and triangular with varying
dimensions were tested in research project I. Different methods were considered for testing mechanical
stability, penetration ability, and visualization of MN holes. For mechanical stability and penetration, a TA
was used to measure the fracture force of the MNs and measure the penetration force of the MNs in skin-
simulating hydrogels, excised BN rat skin samples, and porcine ear skin. No breakage of the MNs was
observed upon penetration of the various skin models. Visualization was achieved using methylene blue
and histology in research project |, as well as using fluorescence, OCT, and cryostat histology in research
project Il. The outcome was the optimized hybrid MN shape of a triangular and pencil shape with
dimensions of 1000 um length, 400 um width, and 180 um thickness.
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Chapter 5: Microneedle coating for intradermal delivery

For this project the specific purpose is allergy diagnostics using the SPT as a base model for improvements.
As in the SPT, a specific allergen needs to be delivered for testing to confirm a certain allergy. The MNs
therefore need to not only perform the in situ measurements, but also to deliver the allergen together
with the electrochemical measurement. This chapter introduces the different types of MNs that exist for
dermal delivery and their mode of action. The focus will be on the so called “poke-and-release” delivery
method where solid MNs are coated and inserted directly into the skin for delivery. The various materials
of solutions will be presented alongside the methods for how to coat MNs as well as how to evaluate the
coated MNs.

5.1 Intradermal molecule delivery using microneedles

MNs for drug delivery are typically divided into two categories namely solid and hollow MNs where the
solid MNs include MNs which can generate holes (channels) within the skin, MNs that are coated, as well
as dissolvable or porous MNs [214], [215]. The main parameters to consider for drug delivery is a
controlled release and reaching the target area which is usually the dermis skin layer. In addition, the drug
should also not be deactivated by other components included in the delivery method [190], [191]. Once
the coated MNs are inserted into the skin the coating should start to dissolve thereby releasing into the
ISF. The limiting factors for this approach is the available surface area of the MNs for coating and insertion,
and the insertion time [216].

As reviewed by Prausnitz [214] and Van Der Maaden et al. [215] there are four different strategies for
delivery of molecules such as drugs or vaccines as illustrated in Figure 5.1. The first one is defined as “poke
and patch” where solid MNs create channels in the skin tissue for a patch or solution that is either applied
before the initial poking or afterwards. For this purpose, it is essential that the channels stay open long
enough for the drug to diffuse into the skin [217]. In a large sense the current SPT could be considered a
“poke and patch” method. The second strategy is “coat and poke” where solid MNs are coated with
coating solution containing the drug for delivery that is then released upon penetration. Ideally for this
method the coating is released rapidly to ensure that the solid MNs do not have to remain within the skin
for very long time [197], [218]. The third method is “poke and flow” where hollow MNs are inserted into
the skin and a solution is delivered directly to the insertion site. This method has the advantage of being
able to deliver the drug in pulses [188] and easily deliver significant amounts of drugs with a high
molecular weight (MW) [219]. Finally, the fourth strategy is “poke and release” where the MNs must
remain in the skin for some time to allow controlled release. These MNs are either porous [220] or
dissolvable [221] where the drug is trapped inside the pores [132], [220], hydrogel [222], polymer [163]
or other biodegradable materials that the MNs may be made of. Dissolvable MNs also have the advantage
of not leaving biohazard materials afterwards [223] and some hydrogel-based MNs have the ability to
swell up upon insertion and thereby creating channels which allows passage for drugs through the skin
barrier [224]. In some studies, the above-mentioned categories have also been combined into hybrid
versions. For example, solid silicon MNs have been designed with a dissolvable tip which would break off
in the skin and slowly dissolve thereby releasing a drug [225].
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This chapter will focus on the “coat and poke” strategy, as this was the method envisioned for the i.d.
delivery of allergens in the InstaPatch project.

"Poke and patch” "Coat and poke” "Poke and flow" "Poke and release”
Porous or
Solid Coated Hollow dissolvable

Epidermis

Upper dermis

Lower dermis

Hypodermis Insertion
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Figure 5.1: Four different delivery strategies using microneedles. There are four different approaches for using
microneedle (MN) delivery of molecules. The first one being the “poke and patch” where solid MNs are inserted
creating puncture holes where liquid afterwards can diffuse into. The second one is “coat and poke” where solid MNs
are coated with a drug and then inserted for release. The third one is “poke and flow” where hollow MNs are inserted,
and the drug solution can be injected directly. The last one is “poke and release” where porous or dissolvable MNs
are inserted for a controlled release. Created with BioRender.com.

5.2 Materials for microneedle coating

For the “coat and poke” method described above, the MNs have to be coated with the molecules that
should be delivered into the skin. When selecting a formulation for a MN coating solution several
considerations must be made. During the coating method, it should be ensured that the solution is able
to wet the MN surface and that its spreading can be controlled to obtain a uniform coating in terms of
thickness and material properties. When adding a surfactant, the wettability and spreading of the coating
solution is increased [196]. The MNs should dry uniformly and avoid de-wetting which is related to the
surface interactions with e.g., the silicon. Silicon MNs can be treated with plasma changing the surface
free energy of the surface [226]. When adding a viscosity enhancer, the thickness of the deposited coating
can typically be increased and controlled by the amount of enhancer added. Increasing the viscosity also
slows down the de-wetting process during drying, allowing the solution to remain on the surface long
enough for the solvent to evaporate and the coating to set [227].

Many parameters related to the coating play a role for molecule delivery, such as the coating layer
thickness and MN surface area [196]. After deposition, the coating should adhere to the MN during skin
penetration. The mechanical properties of the coating should be optimized such that the coating remains
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on the MN surface until insertion into the skin, to ensure that a minimum amount of coating is scraped
off on the surface. After skin penetration, the coating should be dissolved or degraded within the ISF of
the skin [227]. Finally, the materials that are included in the coating solution should generally be
biocompatible and not cause distress or damage to the skin [196] — except for materials such as drugs
[163] or vaccines [190], in which the delivered molecule within the solution should cause a specific
reaction.

The components of a coating solution should ideally be generally regarded as safe (GRAS), and several
GRAS surfactants and viscosity enhancers have been proposed in the literature to improve and modify the
properties of the coating. Surfactants reduce the surface tension and increase wettability of the solution.
Lutrol F-68 NF [196] and Tween 20 [197] are often used and in some instances Poloxamer 188 and Quil-A
[192] are employed. Viscosity enhancers help to increase the thickness of the coating. For viscosity
enhancers  carboxymethyl cellulose (CMC) salt [227], methylcellulose [198], and
hydroxypropylmethylcellulose (HPMC) [197] are often used, but also sucrose [227], hyaluronic acid [227],
sodium alginate [227], polyvinylpyrrolidone (PVP) [228], polyvinyl alcohol (PVA) [162], glycerol [227],
poly(lactic-co-glycolic acid) (PLGA) [227], and alginic acid [229] are commonly used. Xanthan gum [227],
gum ghatti [229], and karaya gum [229] have also been employed although to a lesser degree. In addition,
stabilizers can be added to stabilize bioactive components. Common stabilizers are trehalose [162],
sucrose [162], glucose [190], inulin [229], and dextran [229]. The coating solutions are usually based on
deionized water [162] or phosphate buffered saline (PBS) [190]. The activity of the drug in the final
solution should be investigated and tested as it was observed in one study that the CMC added to the
solution had deactivated the vaccine antigen. It is therefore necessary to ensure that the components of
the solution do not interfere with the molecule for delivery [229].

It is often easier to deliver hydrophilic drugs than hydrophobic ones since the coating should be easily
dissolved within the ISF, which is water-based. When coating MNs with hydrophobic molecules the
excipients should be soluble in both an aqueous environment, which the ISF consists of, as well as an
organic solvent to allow coating to dissolve [227], [230]. As an example PVP might be used in this case as
it is soluble in both water and ethanol [227].

There are several examples of various types of molecules which have been incorporated into coatings.
Among these are peanut extract [144], ovalbumin [198], vaccine [190], insulin [181], and anticancer
agents [231]. In most cases the solution incorporated some of the above-mentioned components in
different concentrations optimized for a given final application.

In this PhD it was decided to use CMC as the viscosity enhancer in aqueous coating solutions. A surfactant
was purposely not included as these were found to often have an irritating effect on skin causing
inflammation [232]. This would have an impact on the final in vivo measurements done in BN rats.

5.3 Methods for coating of microneedles

As mentioned above, MNs have to be coated using a solution containing the molecule of interest for
delivery, such as a drug, and in most cases additional components such as viscosity enhancers, surfactants,
and stabilizers. The criteria for a good method are that it should provide a uniform coating with the
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possibility of a high drug loading. Furthermore, it should be reproducible, fast, and simple [196]. If the
MNs should be used for commercial purposes the coating method should be cheap and sterile following
good manufacturing practices (GMP) [233]. Several different coating approaches can be found in the
literature such as gas-jet drying [192], spray coating [197], inkjet printing [234], and dip-coating [227].
These four examples are illustrated in Figure 5.2.

Gas-jet drying (Figure 5.2A) may be advantageous if the MNs are very small as it distributes the coating
evenly on smaller MNs (<90 um). In gas-jet drying, the coating solution is added to the MNs, and a gas-jet
with a speed 6-8 m/s is afterwards used to dry the solution. Finally, an increased gas-jet speed of 10 m/s
is used to remove excess coating [192].

For a spray coating (Figure 5.2B) process, a spray bottle with a nozzle is used. An appropriate nozzle
opening is needed to accommodate the molecules in the coating solution as well as a precise control of
the viscosity. The MNs are fixed and the coating procedure can be controlled using a peristaltic pump to
control the rate of liquid deposition on the MNs [197].

Inkjet printing (Figure 5.2C) can be used to ensure precise coating of MNs with a known dose. The doses
can be dispensed with precision in amount and location on the surface of a solid MN with very little waste.
An inkjet printer works with a XYZ movable printer head that dispenses a chosen amount of liquid at a
selected position [234]. Since the droplet volumes when using the inkjet printer are very low (48-524 pL
[235]) the solvent evaporates quickly leaving behind the solid content of the solution-coated on the MN.
When using the inkjet printer for dispensing, the quality of the coating depends on the nozzle size of the
dispenser. If the nozzle of the dispenser becomes very small clogging might arise and affect the inkjet
printing, and this can especially happen if the concentration of larger molecules is high within the solution
[181]. Another parameter that needs optimization is the placement of the MNs. This is exemplified in a
study by Ross et al. where the MNs were mounted at an angle of 45° relative to the dispenser head of an
inkjet printer to ensure correct coating of only one side of solid MNs [181]. Since the droplet volume
dispensed is so small, it is important to ensure that the distance between the coating area (e.g. the MN
tip) and the nozzle is optimized [231].

Dip-coating (Figure 5.2D) is one of the simpler methods and more commonly used for coating MNs. In this
approach, the MNs are simply dipped into a coating solution and then again retracted in a controlled
manner followed by drying [227]. The dip-coating method has several variables which can also partake in
defining the amount delivered [228]. These parameters are the number of times the MNs are dipped into
the solution, the insertion and removal speed in the solution, and duration the MNs are immersed in the
solution [196]. The dip-coating method can be done manually or using a customized machine with
controlled movement [196]. The coating method impacts the composition of the coating solution as e.g.,
the nozzles from the above-mentioned method inkjet printing usually require lower concentrations of
larger molecules to prevent clogging [181] whereas dip-coating does not have this constraint.

For the purpose of this PhD the dip-coating method was selected for coating of in-plane solid silicon MNs.
It was simple and easy to perform and using a TA it was possible to control the speed of moving the MNs
into and out of the solution.
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Figure 5.2: lllustration of four different coating methods of microneedles. A) Gas-jet drying. B) Spray coating. C)
Inkjet printing where droplets of solution is dispersed on the microneedles (MNs). D) Dip-coating where 1. The MNs
are lowered into the solution, 2. The MINs are in the solution, and 3. The MINs are retracted out of the solution. Created
with BioRender.com.

5.4 Evaluation of microneedle coating and delivery

In most cases the MN coating and delivery are linked, and it is easiest to evaluate the coating through
delivery. The most commonly used method for evaluation of MN coatings, whether to confirm its
presence on the MN or conduct quantitative measurements of delivery, is using fluorescence.
Fluorescent-labeled coatings have been used to visually confirm their presence on MNs before and after
insertion [196], [227]. Fluorescence measurements have also been used as a quantitative tool to
determine the amount of fluorescent-labeled molecules on the MNs and also the amount delivered after
insertion [144], [236]. In some instances, fluorescence is combined with other methods such as histology.
Cryostat histology allows skin samples to be cut and viewed without staining making it possible to easily
observe and confirm fluorescent-labeled molecules delivered inside MN holes and/or on top of the
surface of the skin [187]. As mentioned in section 4.7, tissue penetration may also be evaluated via the
coating, such as measuring the quantity of the molecule delivered [204] or measuring on the outcome of
the delivered molecule e.g., an increase in antibodies found in blood serum [198].
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5.5 Microneedles in allergy research

MNs have recently emerged within allergy research and subjected to an investigation for their potential
use to either diagnose allergies or induce tolerance or desensitization. In allergen immunotherapy,
desensitization is induced by a gradual increased exposure of individuals to allergens until they become
non-allergic or have less symptoms. The ability of coated MNs to deliver allergen extract for
desensitization and inducing tolerance has been tested in mice for peanut allergy. In these studies a water-
based coating solution containing the allergen extract and CMC was utilized and promising results were
obtained in regards to desensitization [144], [236], [237]. As an improvement on the current SPT method,
MNs have also been examined as a potential diagnostic tool for allergy in two particular studies both
using dissolvable MNs [145], [238]. Since MNs are likely less invasive and have a low risk of adverse effects,
they have been tested in mice with the aim of diagnosing specific allergen allergies. While delivery of
allergen was confirmed in one study neither of the two studies presented a fully developed allergy test
[145], [238].

5.6 Investigations of coating and macromolecule delivery in this project
5.6.1 Intradermal delivery with silicon microneedles

As mentioned above, the “coat and poke” strategy was selected for the i.d. delivery of allergens in this
PhD. Basically, the allergen-coated in-plane solid silicon MNs with integrated electrodes will be inserted
in the skin, the allergen will be released, and the activation of the MCs will be measured electrochemically
by measuring histamine or another redox-active biomarker. For dissolvable MNs used in the case of the
poke and release method, integration of electrodes would not be possible and another method than
electrochemistry should be developed for measuring the MC activation. For hollow MNs the fabrication
process would be further complicated as opposed to fabricating solid MNs.

One of the main objectives of this PhD was to develop a simple and reproducible method for coating MNs
with allergens. Ideally, the resulting coating should be delivered with the insertion of the MNs to enable
in situ electrochemical measurements. The dip-coating method was selected as it was a simple method.
It was furthermore possible to perform this dip-coating method using the TA already applied in research
project I. Figure 5.3A-C shows how the dip-coating process was done as well as an example of MNs coated
using the dip-coating method. Inkjet printing was also investigated using an AutoDrop Inkjet printing
system from MicroDrop Technologies shown in Figure 5.3D and an example of droplet deposition on MNs
with the inkjet printer is presented in Figure 5.3E. However, it was ultimately decided to continue with
the dip-coating method as the inkjet printing would require more optimization before it was viable for
use compared to dip-coating.

Based on previous studies using peanut extract-coated MNs [144], [237], it was also decided to use a PBS-
based solution containing the peanut allergen Ara h 2 [239], [240] and CMC. A surfactant was purposely
left out as these are often found to have an irritable effect on skin, which would have interfered with our
detection method using Evans blue (elaborated in section 5.6.4). The CMC was necessary to include to
enhance the solution viscosity. Without CMC the solution would be too water-like and potentially not
much allergen would be deposited on the MNs.
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Figure 5.3: Coating methods used in this PhD. A) Dip-coating performed inside a fume hood for a controlled
environment using a Texture Analyser. B) Close-up image of microneedles (MNs) moving into the solution inside the
blue well. C) Example of coated MNs using the dip-coating method. D-E) Inkjet printer images kindly provided by
Isabel Fontdn Arrizabalaga. D) Image of the inkjet printer which was also investigated as a potential coating method.
E) Example of MNs coated using droplet dispersion from the inkjet printer.

5.6.2 Preliminary testing of dip-coating

During dip-coating, both the MNs and the base were immersed into the solution and coated. However,
during in vivo experiments only the coating deposited on the MNs could dissolve into the skin. To estimate
the amount of coating covering the MNs, three replicates of MNs with three different coating
concentrations were evaluated by measuring the coated surface area. The total coated surface area and
the actual coated MN area were estimated from optical microscope images on the front and reverse side
of the MN chip using ImagelJ. The approx. percentage of coating covering the three MNs was calculated
to be 12% of the total coating. Figure 5.4 depicts the above estimation.

Figure 5.4: Coated microneedles to provide an example of how the estimated coating coverage of the microneedles
was determined. Using ImagelJ, the coated surface area of the microneedles’ (MNs’) A) front and B) reverse side were
estimated. The amount of coating only covering the MNs was calculated to be 12% of the total coating.
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5.6.3 Visualization of coating delivery

In this PhD, fluorescence measurements were used to confirm the presence of coatings on the MNs,
measure the fluorescence quantitatively, and confirm fluorescent-labeled molecule delivery within the
skin. FITC-dextran was selected as the model molecule due to its MW of 20 kDa which is very similar to
the MW of 16-18 kDa for the peanut allergen Ara h 2 [241], [242]. Ara h 2 was selected for MN coating
and i.d. delivery in vivo as it is one of the main peanut proteins associated with peanut allergy together
with Ara h 1, 3, and 6 [239], [240]. During the initial experiments with dip-coating, it was observed that
the delivery molecule and its concentration had an impact on the coating release. FITC-BSA with a MW of
66 kDa was included in the study to investigate the potential impact of higher MW molecules on the
coating solution. This was relevant because some allergens are larger molecules than Ara h 2. It was
established that the formulation of the coating solution requires optimization for each individual molecule
that is to be delivered.

While FITC was used as the fluorescence on MNs, Rhodamine B dextran (MW of 10 kDa) was chosen as
the model molecule for visualization of fluorescent-labeled coating delivery in skin samples to avoid
autofluorescence. Skin may fluoresce at the same wavelength as FITC unlike the rhodamine B, which
fluoresces at a different wavelength [243], [244].

5.6.4 Research project Il (part 1): Ara h 2 allergen-coated in-plane silicon microneedles for
intradermal delivery

In a third research project, the aim was to test MN delivery using peanut protein Ara h 2-coated MNs.
Here, a brief summary of the study is included. A detailed description of the experimental methods and
results are presented and discussed in manuscript Il [213] which is included in appendix C.

Rat experiments were carried out in the animal facility at the Technical University of Denmark. Ethical
approval was given by the Danish Animal Experiments Inspectorate with the authorization number (2020-
15-0201-00732-C1). The experiments were overseen by the University’s in-house Animal Welfare
Committee for animal care and use.

It was first proved that MNs could be coated with fluorescent-labeled molecules, and these could be
released directly from the MNs and measured. Coating delivery was investigated using porcine skin and
human breast skin samples where MNs with fluorescent-labeled coating (Fluorescein isothiocyanate-
dextran, Albumin-fluorescein isothiocyanate conjugate, Rhodamine B isothiocyanate-Dextran, and
Rhodamine B-conjugated Ara h 2) were inserted for 60 s and the remaining, fluorescent-labeled coating
on the MNs was measured. The skin samples were subject to cryostat histology thereby making the
delivery of fluorescent-labeled coating visible. It was not possible to determine accurately the amount of
fluorescent-labeled coating delivered by measuring the remaining coating on the MNs after insertion.
However, it was possible to confirm delivery using the cryostat histology images.

MNs coated with the peanut allergen Ara h 2 were tested in peanut protein extract (PPE)-sensitized BN
rats to investigate if they would elicit a local allergic response. The allergic response was made visible
using Evans blue which was injected intravenously (i.v.) through the tail vein. Evans blue binds to albumin
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thereby staining the blood blue [245]. Allergic responses have previously been visualized using Evans blue
[246]-[248] and the technique of staining blood to make blood accumulations visible has been used for
several years [249], [250]. Compound 48/80 was used as a positive control as it causes degranulation of
MCs [42] and PBS was used as a negative control. As a control to the BN rats receiving allergen delivery
by MNs, BN rats receiving an i.d. injection of the same allergen solution concentrations were included as
it was expected that a local allergic response would be visible for these. For the rats receiving i.d. injection
some responses could be observed, though, the Evans blue method was found not to be optimal. No
measurable reaction different from negative control reactions was observed in rats receiving the allergen
or compound 48/80 by MN insertion.

As a final attempt to quantify the delivered amount of Ara h 2, skin samples were collected from i.d.
injection sites and MN insertion sites and homogenized. Using an Ara h 2 specific enzyme-linked
immunosorbent assay (ELISA), it was only possible to measure Ara h 2 in the skin homogenates that had
received the highest concentration of i.d. injection.

5.6.5 Research project IV: Birch pollen extract and Bet v 1 allergen-coated in-plane silicon
microneedles for intradermal delivery

In a fourth research project, the aim was to test MN delivery using birch pollen extract (BPE) and Betv 1
allergen-coated MNs. Here, a brief summary of the study is included. A detailed description of the
experimental methods and results are given and discussed in study report Il [251] which is included in
appendix D.

In a final study conducted over the course of this PhD, an animal experiment was conducted similar to the
above-mentioned research project Ill, but instead of having MNs coated with peanut protein Ara h 2, the
MNs were coated with BPE or the birch pollen allergen Bet v 1. The BN rats were sensitized with the BPE.
The rats receiving an i.d. injection exhibited more promising responses; however, the MN insertion did
not provide a measurable reaction compared to the negative control reactions as was observed in the
above research project lll.

5.6.6 Research project Il (part 11): Immunohistochemistry to confirm mast cell degranulation
after compound 48/80 delivery by optimized microneedles

In the second research project previously presented in section 4.9.3, the optimized MN shape and
dimensions were also investigated for their delivery ability as described within this chapter. MNs were
coated with compound 48/80 which should activate MCs and cause degranulation [42]. This was
investigated using IHC to stain for CD63, which is a surface-bound marker of MC activation. A confirmation
of MC degranulation using this method was not observed. The experiment and results are further
discussed in study report | [128] in appendix B.

5.7 Summary

This chapter introduced the concept of solutions and methods for coating MNs for delivery. An overview
of solutions and methods was presented where the dip-coating and inkjet printing methods were
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investigated in the PhD. A water- and CMC-based solution was selected together with a dip-coating
method for the “coke and poke” strategy and MNs were shown to be coated with fluorescent-labeled
molecules.

Delivery of fluorescent-labeled molecules was confirmed using cryostat histology on porcine and human
breast skin samples. Peanut allergen Ara h 2-coated MNs were tested in an in vivo animal experiment with
PPE-sensitized BN rats as part of research project Ill. As an extension to research project Ill, BPE and Bet
v 1 allergen-coated MNs were also tested in BPE-sensitized BN rats in research project IV. The conclusion
from research project Il and IV was that the delivered amount of allergen or positive control compound
48/80 was either too small to elicit an allergic response or the allergic response was too small to be
measured using Evans blue.

Once the optimized MN shape and dimensions have been selected and a solution and method for coating
have been chosen, the MNs should be tested. For the purpose of testing, there is a variety of different
skin and animal models to choose from depending on what should be investigated.
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Chapter 6: Skin models for microneedle testing

This chapter introduces what skin is and what kinds of skin models are available. These models are
available as in vitro, ex vivo, and in vivo models. For the purpose of this PhD the focus will be on the
hydrogel-based artificial skin models as this was used in research project | and BN rats since these were
used in research project I, Ill, and IV.

6.1 Layers of the skin

The skin is the largest organ of the body and is vital for protection against water loss and potentially
harmful substances from the environment. The advantage of delivery via the skin is the bypassing of
degradation by the gastrointestinal tract and the hepatic metabolism [252]. The skin is comprised of three
major layers: Epidermis, dermis, and hypodermis (Figure 6.1). The epidermis consists of keratinocytes in
four layers: Stratum basale, stratum spinosum, stratum granulosum, and stratum corneum where the last
one is the outermost layer. The thickness of the stratum corneum is approx. 10-20 pm, 50-100 um for the
epidermis, and 1000-2000 um for the dermis [253], [254]. Stratum corneum plays an important role in the
skin barrier function as it controls the permeability of the skin and is mechanically resistant [255]. The
dermis is a fibrous tissue consisting of collagen and elastic fibers forming the extracellular matrix [256],
[257]. This layer contains capillary and lymphatic vessels and is most often the target of molecule delivery.
Below the dermis layer is the subcutaneous tissue, hypodermis, which is comprised mainly of fat [255].
The thickness of skin varies depending on age, anatomical location, gender, ethnicity, and pathological
differences [258]. One study found that human skin on the dorsal region (the front side) of the forearm
had a stratum corneum of approx. 18.3 um + 4.9 um and an epidermis of approx. 56.6 um + 11.5 um thick
[259]. Adult skin has an average pH of 5.07 [260] and exhibits linear elasticity and anisotropic
characteristics meaning that its mechanical behavior is dependent on the direction in which the stress is
applied [261]. Several immune cells are present within the skin either residing there or passing through
while looking for pathogens. In the epidermis there are Langer cells which are a special type of APCs that
reside in between the keratinocytes [262]. The dermis contains several immune cells such as dendritic
cells, macrophages, and MCs, which assist in fighting infections and foreign bodies, as well as summoning
more immune cells to locations displaying inflammatory stimulation [263]-[265].
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Figure 6.1: lllustration of the skin layers. The skin is comprised of the three main layers: Epidermis, dermis (upper
and lower dermis), and hypodermis. The main target for the InstaPatch is the lower epidermis and upper dermis
where mast cells are located. Created with BioRender.com.

6.2 Ex vivo skin samples

Ex vivo skin samples may be the closest option to real life without using in vivo testing and provide the
researchers with a wider range of possibilities such as testing harmful substances on skin and breakage of
skin. Often skin samples are collected from either animals or humans, where the skin can be excised during
surgery or obtained from a cadaver [150]. Skin samples can be collected from animals such as rabbits
[266], mice, rats [201], and pigs [212]. The porcine skin has the highest similarity to human skin [208],
[267] and the ear of a pig should be representative for the forearm skin of a human [268]-[270]. Human
skin samples can be used as reference for comparing results but are usually more difficult to obtain [171],
[208]. Skin from smaller species like rats and mice exhibit more viscoelastic properties than skin from
larger species such as humans. This is likely due to the higher thickness of the epidermis layer relative to
the dermis in smaller species [271]. When using ex vivo skin samples the skin thickness and composition
will vary between species and anatomical location, which should be taken into consideration. Due to this,
it is difficult to compare results obtained across different species [272].

6.2.1 Skin storage

One main disadvantage of using excised skin samples is that they often must be stored between collecting
and using the sample and once it has been excised it no longer retains its original shape and size and
becomes difficult to handle [273], [274]. Typically, human skin samples are stored at either -20 °C [176],
[195] or -80 °C [150], [160], [186], [275]. Storage for three weeks at -20 °C has been found to have little
impact on the integrity of the skin. However, significant damage may occur to skin stored at -80 °C [276].
In some studies the excised skin samples (both human and porcine) were stored using moist paper at 4 °C
until testing [261], [277] and in another study, PBS was applied to the skin every 5 min to prevent
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dehydration and retain the integrity and pH of the skin until use [181], [184]. Skin samples such as porcine
skin are also stored at -20 °C [209] or -80 °C [207].

6.2.2 Experimental procedures

Several different types of experimental setups have been developed and used for testing MNs ex vivo.
Usually a supportive layer such as styrofoam [150], soft polymer clay [184], and paper clay as a hard
substrate or PDMS as a soft substrate [171] have been used to simulate the dermis or hypodermis layer
below the excised skin. Fatty areas and muscle tissue are normally removed from the skin sample before
conducting the experiment as these often add further variables and affect the reproducibility of the
results [181]. The skin layers in human skin samples may be separated if the aim of the investigation is
focused on a specific layer [176], [275]. Some studies developed their own equipment for insertion of MNs
into skin samples [150] and in one study a human skin sample was strapped to a loading block [177]. When
performing insertion experiment the in vivo state of the skin should be resembled as close as possible
including the stretching of the skin [193], [230].

6.3 In vivo models

Often when MNs are tested in in vivo settings it is to evaluate a biological outcome not possible in ex vivo.
This includes delivery of vaccine [190], immunotherapy disease treatment [278], in situ measurement of
glucose [143] or simply testing tissue damage/MN insertion using TEWL [160]. Often mice, rats or pigs are
used for in vivo studies [170]. Repeated MN insertion was examined in one study which found that
repeated insertion did not alter the skin appearance or barrier function over time based on TEWL
measurements. They also found that inflammatory biomarkers were not significantly overexpressed after
MN insertion [178].

6.4 Artificial skin models

Several different types of artificial models have been used to simulate skin. Some of them have been liquid
suspensions [279], [280], gelatinous substances [281], polymers [272], [282], elastomers [283], epoxy
resin [284], metals [285], textiles [286], and layered parafilm [287]. Each of the models was developed
for its own purpose and type of investigation. Artificial skin models may prove to be a good alternative to
ex vivo and in vivo tests as they can be more reproducible, but it should be noted that they cannot replace
in vivo models [288], [289].

6.4.1 Cell-based skin models

In vitro cells cultures can be used to produce an artificial skin layer as a membrane. As reviewed by
Choudhury et al. it is difficult to include the complexity of cells if they are grown in a 2D monolayer rather
than a 3D stack. By growing the cells on a 3D scaffold the cells are more likely to differentiate and allow
the relevant expression of receptors, proteins and so forth within the native tissue. Several cell-based skin
models are available at present time for different types of tissues. Great technical advances have made it
possible to culture systems that are very close to real life tissue [290].
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Commercially available and “ready-to-use” cell-based skin models are also an option; however, these can
be expensive. Examples of commercially available models are the Vitroskin® (IMS Empowering Product
Development, FL, USA) [291], [292] and Bio Skin Plate #30 (Beaulax, Co. LTD, Tokyo, Japan) [293]. In a
review by Eudier et al., these two models were selected for testing as they are meant to be easy to handle
and affordable. The authors found that Vitroskin® needed hydration before use following a company
protocol but had very similar surface properties to the ones of real skin on a human forearm. Bio Skin
Plate #30 could be used immediately as-is and exhibited good mechanical properties mimicking those of
real human skin [294].

6.4.2 Biologically inactive skin models

Artificial skin models which are biologically inactive, i.e., meaning that they do not contain living cells, can
be reproduced several times and be adapted to exhibit the physical properties of various types of tissue
[286]. While ex vivo skin samples may provide a more realistic outcome, a polymer-based artificial skin
model is sometimes more favorable in research as it can provide more reliable and reproducible results.
When discussing reliability, it is worth noting that while measurements performed in these setups can be
compared within the same artificial model, the model might not be directly transferable to a real biological
system [286], [289]. In the context of this thesis the focus will be on gelatinous substances as these are
the primary ones found in literature for MN testing.

Gelatinous models are water-based, and their mechanical and chemical properties can be controlled. The
most often used models within this category are gelatin [281], agar [295], and agarose [296]. Gelatin is a
protein obtained from partial hydrolysis of collagen and is present in skin and bones. Dried gelatin has the
advantage of a long shelf-life [281] and these types of hydrogels are often used to mimic skin in ballistics
tests [297]. Agarose hydrogels have been used as a skin model [298] for testing MNs [189], [299]. Studies
have also been performed with multilayered skin-simulating hydrogels where gelatin and agarose were
mixed [266] and agar/agarose skin simulants are routinely used [296], [300]. Based on the concentration
of agarose added to the water-based solution, the mechanical properties of the hydrogel can be altered
[301] and the final hydrogel can simulate various types of tissue such as skin [300] or brain [302], [303].

6.5 Validation of artificial and ex vivo skin models
6.5.1 Young’'s modulus

Validation of artificial and ex vivo skin models is important when comparing the results to the ones
obtained with in vivo measurements. Skin models can be validated by investigating their deformation
behavior. For example, the elastic modulus, also known as Young’s modulus (YM), can be determined. YM
is equal to the slope of the linear region in the stress-strain curve of a solid material as illustrated in Figure
6.2 [304]. The stress-strain curve can be obtained by either compression or tension [305]. YM is a
parameter often used for comparison of materials and can be applied to in vivo and ex vivo skin as well as
skin models [306]. YM is defined as stress divided by strain for small strains, i.e., strains that are still within
the linear elastic deformation regime where the strained material will return to its original size and shape
when the stress is relieved. In other words, YM tells how much a material will elastically deform when a
certain stress is applied. If the material does not return to its original form after the stress is relieved, a
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permanent residual deformation has occurred. The yield strength is a measure of the stress or strain
required to induce a permanent deformation, whereas the breakage or fracture strength is a measure of
the stress or strain required for breakage of the material. In the case of skin, the YM is dependent on the
resistance of skin to elastic elongation as defined by Hooke’s law. Within the elastic range the stress-strain
relationship is linear and YM expresses the factor of proportionality [307], [308]. YM may be measured in
vivo [309], [310], but it can also be measured ex vivo on either full-thickness skin (consisting of all skin
layers) [150], [195] or separated skin layers [311].
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Figure 6.2: Schematic of a Young’s modulus measurement. Young’s modulus (YM) is calculated by measuring the
stress/strain relationship and finding the slope of the first (linear) part of the graph. YM can be used for comparing
in vitro or ex vivo skin models with in vivo skin. Created with BioRender.com.

6.5.2 Validation tests

Studies often compare the YM of the artificial skin model with the one of ex vivo or in vivo skin [189],
[296]. However, there is no golden standard for measuring the YM of skin as it is dependent on several
factors such as gender and age [312]-[314]. It has been observed that the physical properties of skin
change with age and that the thickness of the skin increases until maturity and then starts to decrease
again [315].

There are four main methods for testing the YM of skin, which are indentation [316], torsion [317], tension
[261], and suction tests [318]. For the indentation method, a known force is applied to deform the skin,
after which the mechanical properties of the skin may be determined. In this case the YM is dependent
on the contact dimensions and indentation depth. In the torsion method a constant rotation or torque is
applied through an intermediary disk. The tension method is based on loading the skin parallel to its
surface and stretching it while measuring the force. Suction is done by applying a circular vacuum to the
skin and the deformation can be quantified using ultrasound devices [274], [306].
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Pailler-Mattei et al. proposed an indentation method for determining the mechanical properties of skin
using the stress-strain relationship of in vivo skin. While this method is close to the real world, it raises
some questions about the influence of the subcutaneous layer and muscle tissue beneath the skin. They
therefore suggested using a two-layer elastic skin model to improve the mechanical properties of the skin
model [316]. Ahearne et al. also used the indentation method to determine YM of hydrogel skin models
[296] while Koelmans et al. did their compression study using a two-layer model based on agarose gel
with a commercially available foil on top to simulate the stratum corneum. They found that the
characterization methods complemented in vivo experiments well [189]. Simulations are also an option
based on experimental results and knowledge about the thickness of skin, water content, and other
mechanical properties to predict YM of e.g., the separate skin layers [319], [320].

6.5.3 Validation results

Measurements for determining the YM are dependent on both the test method and skin location and due
to these variances, the YM reported for human skin varies between 0.42-0.85 MPa for torsion tests [316],
[317], 4.6-20 MPa for tension and torsion tests [321], and 0.05-0.15 MPa for suction tests [313], [316],
[317]. Wei et al. illustrated how much impact just the tip radius of a probe for indentation test has as the
YM varied for the studies in humans between 50.3 kPa + 19.3 kPa for tip radius 0.18 mm to 2.0 kPa + 1.1
kPa for tip radius 3.15 mm [271]. Kalra et al. reviewed the four methods for mechanical testing of skin and
found that the YM was within the range of 5-100 kPa for indentation tests, within 25-140 kPa for torsion
and tension testing, and within 25-260 kPa for suction testing [306]. Table 6.1 provides an overview of YM
values found in the literature for the human forearm in vivo using the described methods.

The value of YM is not only dependent on the type of testing performed, but also on the structure of the
skin. Langer et al. mapped the natural lines of skin tension [322] and it was observed by surgeons that
incisions done along these lines resulted in little to no scarring. During tensile testing in 1966 it was
observed that the characteristics of deformed skin are dependent on the orientation of the skin sample
i.e., the Langer lines. YM is thereby dependent on the sample orientation whether it is measured parallel
or orthogonal to Langer lines [261].
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Table 6.1: Values of in vivo Young’s modulus found in literature for the human arm. Due to the application of the
InstaPatch the following table is focused on in vivo Young’s modulus (YM) values associated with the arm obtained
using either indentation, torsion, tension or suction test as described above. The table is meant to give an overview
of YM values and their variance.

Method Young’s modulus
1.11 kPa [323]

1.09 kPa [323]

1.51 kPa [323]

14.0 kPa [324]
5.1-13.3 kPa [325]
10.7 £ 2.6 kPa [326]

7.2 +2.1kPa [326]
14.38 + 3.61 kPa [327]
Indentation test | 6.20 + 1.45 kPa [327]
4.5 - 8 kPa [316]

12.3 kPa + 2.6 kPa [309]
7.7kPa * 1.6 kPa [309]
5.4 kPa % 1.2 kPa [309]
5.67 kPa [328]

19.46 + 0.54 kPa [329]
0,0504 + 0,0144 kPa [330]
0,0662 +0,0107 kPa [330]
10-100 kPa [314]

20-50 kPa [314]
Torsion test 420 kPa [317]

850 kPa [317]

1120 kPa [331]

Tension test 130-657 kPa [332]
110 — 120 kPa [315]
80— 260 kPa [315]

Suction test

Essentially, artificial skin models can be validated by comparison to the YM value obtained from either in
vivo or ex vivo skin measurements to estimate how close the resemblance of the mechanical properties
are. Nonetheless, it is worth noting that the method of measuring YM and the sample location should be
as similar as possible for the skin simulant and the ex vivo/in vivo sample that it is being compared to. This
has e.g., been done in hydrogels [296], [333], [334] to ensure as close a comparison as possible even if the
YM is not yet optimal.

6.6 In vivo models for allergy testing

Animal studies are often used within allergy research with rats as one of the most common animal models
[145] and the BN rat (rattus norvegicus) is particularly suitable as it exhibits excellent IgE sensitization
[335]. Other rat strains have been investigated, but seem to fail in the IgE production [336], [337]. The BN
rat is commonly used in immunological studies [338] such as allergy studies as their oral sensitization is
easily developed [339].
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The BN rats have been found to be sensitized when an allergen is provided either orally [340] or by
intraperitoneal (i.p.) injection [341]. Sensitization is usually confirmed by determining antigen dose-
response and assessing IgE and IgG levels in blood serum. To induce sensitization, the BN rats are given
e.g., a food protein regularly and often adjuvants are included which are substances that help create a
stronger immune response. In one study they were given ovalbumin with a carrageenan adjuvant twice a
week for six weeks to induce sensitization with great success [335].

6.7 Selection of skin models for microneedle testing in this project
6.7.1 Models used in this project

An agarose skin-simulating hydrogel was selected for testing mechanical stability and penetration ability
of MNs in research project I. It had been reported within the literature to be a stable and reproducible
model that was simple to set up in the laboratory. A detailed description of the hydrogel skin tissue-
simulant is included in manuscript | [127]. Two agarose concentrations were considered, 1.5% and 2%
w/v. The resulting hydrogels were tested using compression tests and these results were compared to
measurements performed on a volunteer’s forearm where the InstaPatch is meant for application. The
1.5% agarose skin-simulating hydrogel was selected as the skin model for MN testing as it had the lowest
YM values and was closer to the YM of the forearm.

For ex vivo experiments BN rats, porcine ear and neck, and human breast skin samples were used as part
of research projects Il and Ill. For in vivo experiments BN rats were used as part of research projects Il
and IV. The BN rat animal model for allergies had already been developed and used in previous studies
[342], [343].

6.7.2 Research project Ill (part 2): Preliminary experiments on biomarker detection for mast
cell degranulation

Skin samples were collected at the i.d. injection sites and MN insertion sites of Ara h 2 delivery as part of
research project Il described in section 5.6.4. To confirm that an allergic response had occurred tryptase
was measured in homogenized skin samples using rat tpsabl ELISA kit (EKR864, Nordic BioSite AB, Taby,
Sweden), since tryptase is expected to be released from the MCs during degranulation [61]. For a
preliminary study, MNs coated with Ara h 2 solution concentrations ranging from 1 pg/mL to 625 pg/mL
were inserted into the skin samples for 60 s and biopsies were taken, snap frozen using liquid nitrogen,
and later homogenized. Then it was attempted to quantify the released tryptase in the skin biopsy by
performing the ELISA on the homogenate. It was not possible to observe a difference in tryptase response
between naive and sensitized animals (Figure 6.3). As this was only preliminary data and only the skin
tissue homogenates from four animals (two naive and two sensitized) were analyzed more samples should
be prepared and tested before drawing too many conclusions.
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Figure 6.3: Recovered tryptase in skin samples from microneedle insertion in animals. Experiment conducted as a
part of research project lll with homogenized skin samples after Ara h 2 delivery by microneedles (MNs). MNs were
coated with different coating solution concentrations of Ara h 2 (1, 25, 625 ug/mL) and the positive control compound
48/80 (1000 ug/mL) (mean * SD, n=2).

6.8 Summary

This chapter introduced skin models used for testing MNs. These ranged from artificial skin models
through ex vivo skin samples to in vivo models. Skin-simulating hydrogels, excised BN rat skin, porcine
skin, and human breast skin samples were used for testing the mechanical stability and penetration of
MNs in research projects | and Il. Sensitized BN rats were used for in vivo animal experiments in research
projects Il and IV. The most commonly used method for validating skin models is measurement and
comparison of YM. YM was used in research project | to compare the skin-simulating hydrogel (artificial
skin model) with YM of in vivo forearm skin for initial testing of the mechanical stability and penetration
ability of the MNs. While YM comparisons are not optimal, they are arguably the best measure of
comparison between models at the moment. A standardization of the YM measuring method for skin
would be very valuable for future studies using skin models.
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Chapter 7: Conclusions and outlook

This PhD project provided a thorough testing of the penetration ability and mechanical stability of MNs
and also investigated coating and delivery using MNs. MN dimensions and shapes were investigated and
thoroughly tested, and a simple coating method was established using dip-coating. The final combination
of dip-coated MNs with optimized dimensions and shape was tested in in vivo animal experiments using
sensitized BN rats.

Results from manuscript | showed that the penetration force of MNs could be measured using skin-
simulating hydrogels, BN rat skin, and pig ear skin samples. Depending on the selected skin model the
force measurements varied, however, for comparison between MN dimensions and tip shapes each of
these skin models were shown to function. The MNs did not break during testing in these skin models,
thus, showing good mechanical stability. The fracture force was furthermore measured and found to be
much higher than the penetration force for all MNs. Tissue damage was estimated using histology of the
BN rat and pig ear skin samples. It was generally observed that the triangular shaped MN required the
lowest penetration force and caused the least amount of tissue damage. The required penetration force
and surface damage induced by these MNs were even shown to be lower than for the SPT needle used in
the clinic today. The optimized MN became a hybrid between a triangular and pencil shape to increase
the surface area for electrochemistry measurements while minimizing penetration force. The length of
the optimized MN was determined to be 1000 um with a width of 400 um for increased surface area.
Additional surface area was sacrificed by reducing the thickness of the MNs in order to improve the
penetration ability. The MNs had a final thickness of 180 um, which proved to be mechanically stable
enough for skin penetration.

Based on study report |, the optimized MNs were tested for their ability to penetrate skin using pig neck
and human breast skin and the mechanical stability was further confirmed. MN insertion at 5 N was found
to be sufficient for penetration in skin samples, and OCT measurements made it possible not only to
confirm the penetration in skin, but the MN holes could also be measured more precisely compared to
the histology analysis presented in manuscript I, as these OCT scans were done immediately after
retracting the MNs from the skin without having to wait for additional processing steps of the skin which
is required for histology. It was found that the penetration depth was dependent on the applied force and
that manual insertion had much more variation than when the applied force was controlled by a force
gauge. Rows of in-plane MNs were assembled in a 2D-array format and were investigated in terms of the
array effect on penetration ability. It was confirmed that the penetration efficiency decreased as more
rows were added and therefore that the design of the InstaPatch should be further optimized if the MNs
are to go from the single row in-plane format to an out-of-plane 2D-array patch format. Finally, delivery
of compound 48/80 was tested in fresh human breast skin to activate MCs and upregulate surface marker
CD63, which could then be stained for using IHC. However, the results showed only unspecific binding of
the secondary antibody. The IHC would have needed more optimization in order to work and ideally, the
coating release should also be further optimized.

The results presented in manuscript Il showed that the amount of delivered coating was very small and
thus, could not be quantified accurately by measuring the remaining, fluorescent-labeled coating on the
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MNs. The delivery was confirmed by cryostat histology where the delivered fluorescent-labeled coating
was visible under a fluorescence microscope. It was observed that the delivery molecule influenced the
coating, and the coating solution should therefore always be optimized for the individual molecule to be
delivered. The coating method should also be further optimized to ensure only coating on the MNs to
obtain a more exact measure of the delivered dose. This would also provide a more accurate estimation
of delivery efficiency using the fluorescence quantification method.

Using PPE-sensitized BN rats with i.v. injection of Evans blue for visualization of reactions, gave a few clear
dose-response curves for rats receiving Ara h 2 i.d. injections, while rats receiving Ara h 2-coated MN
insertions gave no measurable reaction compared to the negative controls. Study report Il functioned as
an extension of manuscript Il where both the BPE and Bet v 1 was applied instead of Ara h 2. Rats were
sensitized using BPE and similar results were obtained from this study where no significant measurable
reaction against BPE or Bet v 1 could be achieved using the MNs even if the results from i.d. injection in
the rats were better than in manuscript Il for Ara h 2.

The dip-coating method used in this study coated not only the MNs, but also the base from which the
MNs extrude. This meant that due to the large background fluorescence coming from the coating on the
base, the small decrease in remaining fluorescence signal became difficult to quantify. It would therefore
be ideal to optimize the dip-coating method to only coat the MNs. It was estimated in section 5.6.2 that
the combined amount of coated surface area on the three MNs was only 12% of the total coated area.
This estimation assumed that the coating had the same thickness over all coated surfaces.

Tryptase which is released during MC activation and degranulation was measured using an ELISA kit on
homogenized skin samples obtained in research project Ill (see section 6.7.2). The preliminary data
suggested no measurable difference between the tryptase found in naive and sensitized rats.
Nonetheless, only four rats were included in this preliminary study, and hence, it is recommendable to
run this ELISA again with more samples and rats.

As an overall conclusion, the MNs were shown to possess sufficient mechanical stability and be able to
penetrate skin-simulating hydrogels, rat, pig, and human skin samples using very low penetration forces.
The MNs could be coated with various molecules and small amounts delivered. It was not possible to get
a significant measurable allergic response in sensitized BN rats using coated MNs.
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7.1 Outlook

As some of the results from the research projects conducted within this PhD thesis were inconclusive due
to limited time further investigations into these subjects would be of utmost relevance. The outlooks for
the various subjects are outlined below.

Coating solution and method:

The dip-coating method should be further optimized so only the MNs are coated, and more coating
methods should be investigated and potentially optimized. Inkjet printing could be promising and provide
a more controlled coating strategy as a droplet, or a series of droplets can be applied to each individual
MN. This would also ease the process of coating several different allergens on separate MNs later on. The
delivery efficiency needs to be improved by optimizing the solution of the coating for the individual
allergen to be delivered. For this purpose, fluorescent-labeled molecules or fluorescent-conjugated
allergens could be applicable to measure delivery efficiency. The delivered dose should be quantified as
it was not possible to accurately quantify this in research project lll. This may be possible once the coating
method is optimized to only coat MNs, otherwise the amount of molecules for delivery could be measured
by other means — the MNs could e.g., be weighed on a sensitive weight before and after coating and
delivery. It could be interesting further to confirm delivery by IHC targeting the specific allergen (e.g., Ara
h 2) or CD63 after compound 48/80 delivery as attempted in research project |l when the delivery has
been optimized.

In vivo animal experiments:

It would be good to complement the image analysis of Evans blue with quantitative measurements as
Evans blue can be measured using a spectrophotometer. Homogenized skin samples to which the allergen
was delivered after i.v. injection of Evans blue could be used for the purpose of quantifying the Evans blue
reaction using spectrophotometry. A local allergic reaction after MN insertion with allergen-coating
should be confirmed by other means such as detecting biomarkers strongly associated with an allergic
response. This was attempted using a tryptase ELISA kit on homogenized skin samples, however, the
preliminary data did not provide any firm conclusions. The test should therefore be repeated with more
samples from more rats and potentially, the ELISA would need some optimization too. As described in
section 2.5 there are some potential biomarkers specifically for MC degranulation, which could be
targeted such as surface marker CD63 or the biomarkers tryptase, histamine or B-hexosaminidase. The in
vivo animal experiments could also be designed to include an allergen that the animals should not respond
to as a second negative control.

All things considered; much optimization is still needed in order to realize the InstaPatch.
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Abstract

In the past decade, microneedle-based sensors have been introduced as a novel strategy for in situ
monitoring of biomarkers in the skin. Here, in-plane silicon microneedles with different dimensions and
shapes are fabricated and their ability to penetrate skin is evaluated. Arrays with flat, triangular,
hypodermic, lancet-shaped and pencil-shaped microneedles, and a length of 500-1000 um are considered.
The fracture force is higher than 20 N for all microneedle arrays (MNA) confirming a high mechanical
stability of the microneedles. The penetration force in skin-simulating hydrogels, excised abdominal rat
skin and porcine ear skin is at least five times lower than the fracture force for all MNA designs. The lowest
force for skin penetration is required for triangular microneedles with a low width and thickness. Skin
tissue staining and histological analysis of rat abdominal skin and porcine ear skin confirm successful
penetration of the epidermis for all MNA designs. However, the penetration depth is between 100-300
um, which is considerably lower than the microneedle length. Tissue damage estimated by visual analysis
of the penetration hole is smallest for triangular microneedles. Penetration ability and tissue damage are
compared to the skin prick test (SPT) needle applied for allergy testing in the skin.

1. Introduction

A main challenge for transdermal drug delivery is that many drugs are not capable of crossing the skin
barrier to induce a therapeutic effect [1]. In the past two decades, microneedles have been introduced
addressing this issue and demonstrating delivery of different compounds such as drugs or vaccines to the
skin [2], [3]. More recently, microneedles have also been proposed as intradermal sensors for measuring
glucose [4], [5], glutamate [6] and other biomarkers in the skin [7], [8]. Microneedle-based sensors are
typically designed to penetrate the epidermis and reach the interstitial fluid (ISF) in the dermis, where
biomarkers are readily accessible for analysis. Microneedles have been fabricated with many different
shapes, sizes, and materials which are usually optimized for the specific purpose they serve. Microneedle
materials include for example ceramics [9], polymers [10], silicon [11], and metals [12]. The microneedles
can be nano-porous [13], hollow [14], or solid [15], and these formats have all been used for transdermal
delivery of compounds from either within or on the microneedles. In most cases, microneedles are



designed as out-of-plane arrays where several hundred microneedles penetrate the skin at the same time.
Alternatively, they are placed in a single row in an in-plane configuration [2], [16].

The overall aim for microneedles is to minimize invasiveness while ensuring that a drug is delivered at the
correct location or that the microneedle-based sensor reaches the desired site for performing specific
measurements. Therefore, several aspects should be considered for tissue penetration when designing
microneedles for a specific application. Firstly, the mechanical stability of the microneedles should be
sufficiently high to allow penetration of the epidermis and avoid fracture inside the skin. For mechanical
characterization, microneedles are exposed to compressive, or shear stress and their mechanism of failure
is observed [17] to evaluate if they fracture, bend [18] or buckle [19]. Additionally, the fracture force is
measured as the force the microneedles can withstand before breaking [20]. For quantitative analysis,
force displacement curves have been recorded with custom made equipment [21] or using a texture
analyzer (TA) [22]. Secondly, the force required for skin tissue penetration with the microneedles should
be as low as possible and preferably orders of magnitude lower than their fracture force. The penetration
ability of microneedles can be quantified by analysis of the penetration force. Microneedle geometry has
a large impact on the penetration force and should therefore be optimized. The geometrical parameters
include the center-to-center spacing (pitch) between the microneedles in the array, their base [23], [24]
and tip diameters [25], as well as the shape of the microneedle tip [15], [26]. Thirdly, the penetration
depth has been identified as the most influential factor when determining delivery efficiency [26]. Finally,
the microneedles should cause minimal injury to the surrounding tissue. Therefore, it is relevant to
compare the local tissue damage caused by microneedles as an indication of the invasiveness.

For evaluation of these parameters, various strategies have been considered. Skin samples and skin
simulants are widely employed for testing of the mechanical stability and penetration ability of
microneedles [27]. Hydrogels such as gelatin and agarose are most commonly used as materials for skin
tissue simulants because they are easy to prepare and their specific composition can be adapted to
simulate different tissues [28]—[32]. There, when optimizing the skin-simulating model, it is relevant to
compare the Young’s modulus of the simulant and the type of tissue that it should mimic [33], [34]. As an
alternative to skin simulants, excised skin samples from humans [13], [27] or animals [23], [35] have been
used as ex vivo models. Kochhar et al. compared several skin models based on excised rat or porcine skin
mounted on hard or soft substrates serving as tissue-like mechanical supports, and with human skin as a
reference [23]. The study concluded that a soft polydimethylsiloxane (PDMS) substrate better mimics skin
tissue than a hard material such as clay. The skin layers vary depending on the species and on the location
the tissue sample was removed from. Porcine skin has been established as an excellent model for human
skin [36] and specifically porcine ear skin has high similarity with human forearm skin [37], [38]. For visual
confirmation of skin penetration, staining with methylene blue or Trypan blue has often been used. These
compounds stain the skin where it has been damaged resulting in blue dots where microneedles have
penetrated the skin sample [39] [21]. Measurements of the Trans-epidermal water loss (TEWL)
measurements before and after microneedle insertion can provide an indication of the overall tissue
damage caused by the microneedles [40]. However, these methods are unable to provide insight into the
actual local effect of individual microneedles on the dermal tissue or quantitative information about the
penetration depth.

The aim of this study was to evaluate in-plane silicon microneedles for dermal tissue penetration with the
future perspective of microneedle-based sensing in the ISF. The ideal microneedles for this application
require a low force for penetration of the epidermis, reach the dermis, and cause minimal tissue damage.
For the systematic investigation of these aspects, in-plane silicon microneedles with various shapes and



dimensions were fabricated with conventional Si microfabrication methods. The penetration force,
penetration depth, and local tissue damage were evaluated using skin-simulating hydrogels, excised
abdominal rat skin, and porcine ear skin, combining force-distance measurements, optical microscopy and
skin tissue staining. For direct comparison with a clinical application, the lancet needle used for skin prick
testing (SPT) in allergy diagnostics was included in this study since it is specifically designed to reach the
dermis [41]. Finally, the detailed investigation of Si microneedle penetration allowed for a comparative
discussion of the three different skin tissue models employed in terms of their ease of use and biological
relevance.

2. Results

2.1. Microfabrication of in-plane Si microneedles

First, microneedle chips with in-plane Si microneedle arrays (MNA) were designed and fabricated. The
design of the microneedle chips is illustrated in Figure 1A. The main chip had dimensions of 9 mm x 15
mm facilitating handling during application of the microneedles. A base of 3 mm x 3 mm extruded from
the main chip and an array of three in-plane microneedles extruded from the base. The base was included
to act as a physical barrier during insertion of the microneedles into the skin and to prevent damage of
the tissue by the main chip.

The microneedle chips were fabricated by Si micromachining as illustrated in Figure 1B. In brief, two
consecutive iterations of photolithography and etching from the back- and frontside of a 4-inch Si wafer
were performed to define the thickness of the microneedles and the microneedle shape, respectively. On
each wafer, 16 microneedle chips were fabricated.

For a systematic evaluation of skin penetration, MNA with different dimensions and shapes were
designed. The length L of microneedle-based intradermal sensors reported in the literature varies quite
significantly with values ranging from 150-1500 um [42]. Therefore, MNA with L=500 um (L500) and
L=1000 pum (L1000) (Figure 1C-D) were fabricated for this study. For further investigation of the effect of
dimensional parameters, microneedles with two different widths W=200 um (W200) and W=400 pum
(W400) (Figure 1C and 1E) and three different thicknesses T=180 um (T180), T=350 um (T350), and T=500
um (T500) were prepared. Finally, MNA with five different shapes were fabricated including flat,
hypodermic, pencil-shaped, triangular, and lancet microneedles (Figure 1F-J). These shapes represent the
most reported microneedle geometries while the flat MNA served as a control. Figure 1K shows the SPT
needle with a length of approximately 1100 um, width of 700 um and a thickness of 270 um used for
comparison.
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Figure 1: MNA design and fabrication. A) Schematic illustration of the Si chip with the array of three
microneedles. W = microneedle width and L = microneedle length; B) Schematic overview of the
microfabrication method with backside and frontside processes defining the thickness and shape of the in-
plane Si microneedles; C-E): SEM images of MNA with different length L, width W and thickness T: C) (L500,
W400, T500); D) (L1000, W400, T500); E) (L500, W200, T500); F-K): SEM images showing the different
microneedle shapes (flat (control), hypodermic, pencil, triangular, and lancet) used in this study (L500,
W400, T500), along with the skin prick test (SPT) needle for comparison. Scalebars = 1 mm.

2.2. Mechanical stability of in-plane Si microneedles

After fabrication, the mechanical stability of the MNA was investigated. The measurements of the fracture
force upon compression demonstrated excellent mechanical stability of the in-plane Si microneedles.
Even for the MNA with three microneedles of (L1000, W200, T180) the fracture force was 24.9 + 11.3 N
(Figure S1A, SI). For evaluation of the mechanical stability towards shear stress after insertion in the skin,
the MNA were dragged through a vertically placed skin-simulating hydrogel (Figure S1B-C, Sl). The
microneedles did not break when exposed to the shear stress and were able to withstand a shear force of
0.15 £ 0.02 N. These results indicate a high mechanical stability for application in the skin for all the MNA
designs used in this study.

2.3. Microneedle penetration in skin-simulating hydrogel

2.3.1. Penetration force measurements in agarose hydrogels



A skin-simulating model was established for initial evaluation of penetration ability of the microneedles.
The main advantage of using skin simulants was that material properties could more easily be controlled
than for real skin samples facilitating comparative measurements. Penetration force measurements in a
well-established skin-simulating model should allow for systematic investigation of the influence of the
different microneedle dimensions and shapes on skin penetration.

Here, agarose hydrogel was chosen as the skin model since it has been shown previously to be a good skin
simulant [1,2,3]. A method for reproducible preparation of agarose hydrogels in a 3D printed mold was
developed (Figure S2A-D, Sl). The agarose content in the hydrogel determines the viscoelastic properties
of the gel [44]. According to literature, a skin tissue model typically requires 2-3% w/v of agarose [45]—
[47] while a 0.6% w/v agarose hydrogel is more appropriate for brain tissue models [48], [49]. In
preliminary experiments, hydrogels with concentrations of 1.5% and 2% w/v agarose were prepared. The
Young’s modulus, indicating the material stiffness, was determined by compression tests and compared
with skin tissue (Figure S2E-F, Sl). Based on these results, 1.5% w/v agarose hydrogel was chosen as the
skin-simulating model and used immediately after preparation.

For the evaluation of their ability to penetrate the skin-simulating hydrogel, MNA chips with different
microneedle dimensions and shapes were mounted on a texture analyzer (TA) (Figure 2A and S2G-l, Sl).
During the measurements, the force was recorded while vertically approaching the hydrogel with a
constant speed of 2 mm s (Figure S2J, Sl). In the resulting force-displacement curves, typically two force
peaks were identified (Figure 2B). The origin of these peaks was determined by correlating the vertical
probe movement with the lengths of the microneedles and the MNA base. The first peak was assigned to
the penetration of the microneedles into the hydrogel while the second peak was attributed to the
consecutive penetration of the MNA base.

Figure 2B shows two force-displacement curves recorded for pencil-shaped MNA with a length of 500 pm
and 1000 um, respectively. After an initial stage of gel compression (step 3), approximately the same force
was required to penetrate the hydrogel (step 4) independently of the microneedle length. However,
Figure 2B illustrates that it was more difficult to identify the penetration peak for the shorter microneedles
due to the subsequent contact between the base and the hydrogel (step 5). Therefore, all force-
displacement curves were differentiated for easier identification of the force peaks. The most relevant
parameter extracted from these recordings was the penetration force corresponding to the force value
of the first peak (Fp in Figure 2B).

2.3.2. Influence of microneedle dimensions on penetration force

First, the influence of the MNA dimensions on the penetration force was investigated. Figure 2C confirms,
using a two-way ANOVA with Tukey’s multiple comparisons test, that there is no significant difference
between the required penetration force for the same MNA when the length is changed between 500 and
1000 um. Thus, the length of the MNA had no effect on the force required for penetration of the hydrogel.
However, a statistically significant difference was found when increasing the width from 200 um to 400
um for the same microneedle shape, thus indicating that the microneedle width impacts the force
required for penetration of the hydrogel. Comparing the penetration force between W200 and W400, an
increase of approximately 40% for the L1000 and 44% for L500 was found, respectively. A similar impact
on the penetration force was confirmed for all the different MNA shapes (L500, T500) when increasing
the width from 200 pum to 400 um as shown in Figure 2D. The difference between the two widths was
statistically significant for all MNA designs except for the triangle shape. In general, an increase of the



penetration force between 48-62% was observed for the wider microneedles compared to the narrow
ones, which was nicely correlated with an increase of the cross-sectional area of the microneedles by 50%.
Considering the third dimensional parameter, the thickness of the microneedles was varied from 180 um
to 350 pum and 500 um and the results of the penetration force measurements are summarized in Figure
2E. The force required for penetration of the hydrogels was significantly different for T180 vs. T350 and
T180 vs. T500 for all microneedle shapes. The lower thickness of the microneedles clearly resulted in a
decrease of the penetration force. The decrease was approximately 50-66% changing from T500 to T180,
which again was very well correlated with a decrease in the cross-sectional area of the microneedles by
64%. The combined results for MNA with different dimensions indicate that the cross-sectional area of
the microneedles was the main parameter influencing the penetration force for MNA with a given
microneedle shape.

2.3.3. Influence of microneedle shape on penetration force

Next, the influence of the microneedle shape on the penetration force was investigated. As indicated in
Figure 2D-E, the trends were similar for all microneedle dimensions. The triangular microneedl|es resulted
in the lowest penetration force, followed by pencil-shaped, hypodermic, and lancet microneedles having
similar values, whereas the flat control required the highest force for penetration of the hydrogel. Figure
2F compares microneedles with different shapes (L500, W400, T180) with a SPT needle used in the clinic
for allergy testing in the dermis. These MNA dimensions were selected because they were closest to the
ones of the SPT needle. Multiple statistically significant differences were identified among the different
microneedle shapes and the SPT needle. The results showed that the microneedle shape had an impact
on the penetration force and confirmed that the MNA with a triangular shape required the lowest force
of 24 + 1 mN for hydrogel penetration. When comparing the MNA with the SPT needle it is important to
note that the SPT needle was a single microneedle whereas the MNA consisted of three microneedles.
Multiplying the penetration force measured for the SPT needle with a factor of three results in a value
comparable to the one for the triangular microneedles.

Figure 2G is an example of two force-displacement curves measured for a MNA with flat (L500, W200,
T500) and triangular microneedles (L500, W200, T500), respectively. For the flat microneedles, a steep
and clearly visible peak was measured. Apparently, the skin-simulating hydrogel bounced back up after
penetration of the flat microneedle resulting in a decline of the force and yielding a very distinct peak. In
comparison, microneedles with the triangular shape were inserted more gradually into the hydrogel, thus
merely causing a plateauing of the force measured after initial penetration.

2.3.4. Influence of microneedle geometry on hydrogel compression before penetration

As an additional parameter for evaluation of hydrogel penetration, the vertical compression of the skin-
simulating hydrogel by the MNA before measurable penetration occurred was considered. More
specifically, the vertical distance travelled from the first detectable contact of the MNA with the hydrogel
until the penetration peak was defined as the distance to penetration d, (Figure 2B).

Figure 2H-I indicates that the distance to penetration was larger for microneedles with a larger width or
a higher thickness although differences were less evident than for the penetration force. Furthermore,
the results show that for almost all the MNA the distance to penetration was larger than 500 um (black
dotted line), which was the actual length of the microneedles. This was attributed to the elastic properties
and compressibility of the skin-simulating hydrogel. For most of the MNA, this also means that eventually



the MNA base (Figure 2A) might have been in contact with the hydrogel before actual microneedle
penetration occurred. Figure 2H-I shows that only the triangular microneedles with the lowest thickness
and width were able to penetrate the hydrogel after a distance lower than or equal to the microneedle
length of 500 um. On the one hand, an eventual contact of the MNA base before penetration might be a
drawback preventing the microneedles from entering the skin and causing damage of the epidermis. On
the other hand, the microneedle base might be employed to regulate penetration depth and minimize
tissue damage in the dermis. The simplest strategy avoiding contact between the skin-simulating hydrogel
and the MNA base before penetration was to increase the microneedle length to 1000 um.
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Figure 1: Microneedle penetration in skin-simulating hydrogel. A) Image of MNA chip mounted on texture
analyzer; B) Force-displacement curves recorded for pencil-shaped MNA (L1000, W200, T500) (red) and
(L500, W200, T500) (green): 1 - MNA approaching the skin-simulating hydrogel, 2 - Initial contact of
microneedles with the hydrogel, 3 - Compression of the elastic hydrogel due to the applied force, 4 —
Microneedles penetrating the hydrogel, 5 - Microneedles fully inserted and physical contact between MNA
base and hydrogel; F, = penetration force correlated with microneedle penetration in step 4; d, = distance
to penetration; C) Penetration force for pencil-shaped MNA with different lengths and widths (T500);
Penetration force for MNA with five different microneedle shapes with D) (L500, T500) and two different
widths, E) (L500, W400) and varying thicknesses, and F) (L500, W400, T180) compared with SPT needle. #
Significant difference (o = 0.05) from flat, T Significant difference from hypodermic, ¥ Significant difference
from lancet, ¥ Significant difference from triangle, ¢ Significant difference from pencil, & Significant
difference from SPT needle, *Significant difference from all other shapes and SPT needle (One-way ANOVA
with Tukey’s multiple comparisons test); G) Force-displacement curves recorded for flat (orange) and
triangular (green) MINA (L500, W200, T500); Distance to penetration for MNA with five different
microneedle shapes with H) (L500, T500) and two different widths, and 1) (L500, W400) and varying
thicknesses. The black dotted line indicates the actual length of the microneedles; All values are mean *



SD. For statistical analyses (except in F) a two-way ANOVA with Tukey’s multiple comparisons test was
used, and the significant differences are marked as: ** p <0.01, *** p £0.001, **** p <0.0001.

2.4. Ex vivo penetration of rat abdominal skin

2.4.1. Penetration force measurements in excised rat abdominal skin

The penetration experiments in the hydrogel skin model provided an excellent indication of the
penetration behavior of different in-plane Si microneedles. However, it is imperative to investigate
penetration ability of the microneedles in real skin samples. Based on the results obtained with the skin-
simulating hydrogel model, the triangular and pencil-shaped microneedles as well as the flat control were
selected for further investigation in ex vivo studies. The thickness of all microneedles was 180 um while
the width was varied between 200 um and 400 um and the length between 500 um and 1000 um. The
SPT needle was again included for comparison. Abdominal skin samples of six rats, three males, and three
females, were used for this ex vivo animal study. After sacrificing the animals, the excised abdominal skin
samples for penetration force measurements were fixed to their original size using a custom-built 3D-
printed tissue fixture (Figure 3A-B). According to literature, a supporting layer placed beneath the skin
sample provides a better approximation of real skin tissue [23], [39], [50]. Therefore, a 1.5% w/v skin-
simulating hydrogel was placed beneath the excised rat skin as a supporting tissue layer. In a similar setup
as for the skin-simulating model, the TA was used for skin penetration (Figure S3A, Sl). Penetration force
measurements were done in duplicates on each skin sample and placed either at the edge or in the center
resulting in a total of 12 measurements for each MNA design. No significant difference between the
penetration force measured in the center and at the edge of the skin sample was observed (Figure S3B,
Sl).

For the penetration force measurements in the skin-simulating hydrogels, a penetration force could be
extracted for all the MNA using differentiation of the force-displacement curves. However, for the rat
abdominal skin samples detection of skin penetration with the same method was clearly more challenging
and not possible for all MNA designs. Figure 3C shows force-displacement curves recorded for triangular
microneedles with different dimensions representative for the three main categories of penetration
measurements observed in rat abdominal skin: 1) The presence of a penetration peak with a low force <
1 N for (L1000, W200), 2) the presence of a penetration peak with a high force > 1 N for (L1000, W400)
and 3) the absence of a penetration force peak for (L500, W200). To ensure that the extracted penetration
force in fact was the one of the microneedles and not the one of MNA base, the first peak in the force-
displacement curves was only analyzed if a second peak was present. If only one peak was identified, it
was impossible to determine with certainty whether it corresponded to penetration of the microneedles
or the base, and such measurements were therefore not considered.

2.4.2. Influence of microneedle dimensions on rat skin penetration

Figure 3D reports the percentage of force-displacement measurements with successful detection of a
penetration peak for the investigated MNA. For all microneedles with a length of 500 um and for MNA
with a flat tip less than 25% of the measurements allowed to extract a penetration force. In comparison,
the success rate for the triangular microneedles with a length of 1000 um and the pencil-shaped MNA
with (L1000, W200) was close to 100%. The results indicate that a microneedle length of 500 um was
insufficient for reliable detection of skin penetration, while it was facilitated for the longer microneedles



with a pointed shape. For the shorter MNA, the base (Figure 1A) probably encountered the skin sample
well before penetration of the microneedles, which impacted the force measurement. The longer MNA
travelled a longer distance before the base encountered the skin sample, which allowed for easier
penetration and distinction of the force peaks.

In Figure 3E the penetration forces successfully extracted from the measurements in excised rat skin are
summarized for the different MNA. These results show that in the few successful measurements with
MNA having a length of 500 um and for flat microneedles, penetration forces were high (category 2
above). In comparison, the penetration force for triangular and pencil-shaped microneedles with a length
of 1000 um was below 1 N in almost all measurements (category 1 above). Nevertheless, the penetration
force for all microneedles was more than 10 times lower than the fracture force (Figure S1A, Sl) and no
damage of the MNA was observed after penetration of rat abdominal skin. Considering the width of the
microneedles, no influence on the penetration force was observed. Figure 3F presents the distance to
penetration for the same measurements. The black dotted line marks the distance equivalent to the
respective microneedle lengths. Essentially, these measurements indicate that after first detectable
contact with the skin all the MNA were travelling longer than their respective microneedle lengths before
penetration occurred. The fact that the penetration distance was longer than the length of the
microneedles showcases the high degree of elasticity of the rat abdominal skin. In summary, only the MNA
with a length of 1000 um and triangular or pencil-shaped microneedles provided sufficient data for further
statistical analysis of skin penetration.

2.4.3. Microneedle penetration in skin from male and female rats

First, individual rats of the same sex were compared to obtain an indication of the reproducibility of the
microneedle testing and the eventual influence of animal-to-animal variations. For this analysis, the
inclusion criterium was at least duplicate measurements for two different rats, and only three MNA
fulfilled this criterion (triangular, L1000, W200; triangular, L1000, W400; pencil-shaped, L1000, W200).
Figure 3G shows the statistical comparison between the individual males and females. No significant
differences between individual rats within the same sex were identified using a one-way ANOVA with
Tukey’s multiple comparisons test except for the triangular MNA with (L1000, W400) in male rats. This
indicates that the excised rat skin from different animals within the same sex is likely similar.

Secondly, penetration force measurements in male and female rats were compared to evaluate potential
influence of rat abdominal skin properties depending on the sex. Figure 3H is a comparison between the
same MNA designs tested in male and female rat skin samples. It appears that the female rat skins tend
to require less penetration force than the male rat skins considering the mean values obtained with
triangular microneedles. For the statistical analysis, the inclusion criterium was at least three force
measurements for male and female rats, respectively. An unpaired T-test with Bonferroni correction
(a=0.016) demonstrated that significantly higher forces were required for penetration of the skin of male
rats compared to female rats considering the triangular MNA with (L1000, W200). This suggests that there
are differences between microneedle penetration in male and female skin samples, probably due to a
higher skin thickness for male rats (Figure 3C, SI). On a more qualitative level, the skin samples from
females were generally easier to handle as they appeared to be more elastic. This means that the sex of
the rats had to be considered when comparing dermal tissue penetration with microneedles.

2.4.4. Influence of microneedle shape on rat skin penetration



Based on the findings above, the penetration forces measured in the female rat skin were pooled for each
of the two different microneedle shapes and compared with the SPT needle. Figure 31 shows a comparison
of the triangular and pencil-shaped MNA (L1000, W200) with the SPT needle. The mean penetration force
is lower for the triangular microneedles than for the pencil-shaped microneedles and the SPT needles.
The difference between the triangular and pencil-shaped MNA was statistically significant considering a
one-way ANOVA with Tukey’s multiple comparisons test. These findings on the microneedle shape are in
line with the results obtained with the skin-simulating hydrogels where the triangular shape in general
displayed the lowest measured penetration force.

2.4.5. Comparison of penetration forces in skin simulating hydrogel and excised rat abdominal skin

Comparing the penetration forces measured in the hydrogels (Figure 2) and rat skin samples (Figure 3), it
is evident that the rat skin samples required more than ten times higher force for penetration by the
microneedles. This may be attributed to the fact that the hydrogel skin model is not able to simulate the
presence of the epidermis and the stratum corneum [51], which are the most robust dermal tissue layers
to be penetrated. Furthermore, the distance to penetration is considerably higher for excised rat skin
samples compared to hydrogel skin-simulants probably because they are more elastic than agarose
hydrogels when mounted above the supporting layer in the tissue fixture.
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Figure 3: Ex vivo penetration of rat abdominal skin. A) Schematic cross-sectional view of a pinned down
excised rat abdominal skin sample with the 1.5% w/v skin-simulating hydrogel placed beneath as support
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mimicking the flesh. B) Image of the experimental setup with the pinned down excised rat abdominal skin
sample on the 3D printed mold. C) Force-displacement curve recorded for three triangular MNA with
different dimensions. The arrows indicate the penetration force peak position identified by differentiation
of the curve. Red — successful measurement with a low penetration force, green — successful measurement
with a high penetration force, and orange — no detectable penetration force; D) Percentage of successful
penetration force peak detection for a total of 12 measurements with each MNA design (6 rats, 2
measurements). The black dotted line indicates at least three measurements with peak detection; E)
Penetration force and F) distance to penetration (mean * SD) extracted from successful measurements in
D) for MNA with different shapes and dimensions. The black dotted lines in F) indicate the distance
corresponding to the microneedle length; G) Individual penetration forces for abdominal skin samples from
3 male and 3 female rats (one-way ANOVA with Tukey’s multiple comparisons test, a=0.05); H) Comparison
of penetration force (mean * SD) for skin from males and females (Unpaired T-test using Bonferroni
correction, a=0.016); 1) Penetration force (mean * SD) for triangular and pencil-shaped MNA (L1000,
W200) compared with the SPT needle in female rats (two-way ANOVA with Tukey’s multiple comparisons
test, a=0.05). For all statistical analyses the significant differences are marked as: * p < 0.05.

2.5. Penetration hole depth and tissue damage in rat abdominal skin
2.5.1. Tissue staining for visualization of penetration holes in rat abdominal skin

For a visual investigation of dermal tissue penetration by the in-plane Si microneedles, the same MNA
designs as the ones used for the ex vivo penetration experiments in excised rat skin were manually applied
to the abdominal skin of six euthanized rats (three male and three female). Skin samples with penetration
holes were collected for paraffin histology to visually evaluate skin penetration and tissue damage. For
histology, the skin samples were cut into 5 um thick slices and stained with Mayer’s hematoxylin and eosin
for visualization of the skin layers and penetration holes. Figure 4A-D shows examples of scanned images
of histology slices containing a microneedle penetration hole. The thickness of the stratum corneum and
the epidermis for abdominal rat skin prepared in paraffin has been reported as 5 um and 12 um,
respectively[52]. In all images, the microneedles penetrated through the stratum corneum and the
epidermis (dark layer), and into the dermis.

Visual identification of penetration holes in the rat abdominal skin tissue slices was challenging and more
difficult for some MNA designs than for others. There was a clear tendency that it was easier to identify
penetration holes caused by pencil-shaped microneedles compared to the other shapes (Figure S4A, Sl).
However, it should be noted that for all investigated MNA designs at least six penetration holes could be
found using histology, demonstrating that the microneedles were able to penetrate the skin. This was the
case even though it was impossible to identify penetration force peaks in TA measurements on excised
rat abdominal skin for some of the MNA designs (Figure 3D). This might indicate that skin penetration
with the microneedles was more difficult with a gradual slow approach in excised skin compared to
manual application on the rat skin before it was excised. Another explanation could be that the TA method
was not sensitive enough to measure penetration forces for some of the MNA.

2.5.2. Influence of microneedle design on penetration hole depth in rat skin

The tissue staining and histological identification of the penetration holes allowed for analysis of the
penetration hole depth and width, and the estimation of the overall tissue damage caused by the MNA
with different dimensions and shapes. For statistical comparisons six microneedle penetration holes were
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considered for each MNA design, which had to originate from at least three different animals, and where
both female and male animals had to be represented.

Figure 4E summarizes the maximum depth of the penetration holes identified for different MNA. All MNA
including the SPT needle penetrated through the stratum corneum and the epidermis, and into the
dermis. However, the measured hole depth was considerably lower than the actual microneedles. This
means that either the microneedles were incompletely inserted into the skin tissue (Figure S4B, SI) or that
the penetration hole depth visible in the stained tissue slices was smaller than the actual penetration
depth of the microneedles due to partial closure of the skin tissue after retracting the MNA. For the
penetration hole depth, no statistically significant differences were found between microneedles with
different shapes and dimensions, and when comparing the in-plane Si MNA with the SPT needle. However,
the mean values in Figure 4E indicate that the penetration depth for pencil-shaped > triangular > flat MNA.
This is also observed when comparing Figure 4A representing a hole caused by a pencil-shaped
microneedle with Figure 4B representing a hole caused by a flat microneedle with the same dimensions
(L1000, W400). There, the hole for the pencil-shaped microneedle was deeper than for the flat
microneedle. Most surprisingly, the penetration hole depth in Figure 4E seemed to be independent of the
length for flat and triangular microneedles. Only for pencil-shaped microneedles the mean values indicate
that longer needles penetrated deeper into the skin as it would be expected.

2.5.3. Influence of microneedle design on tissue damage in rat skin

For a first assessment of tissue damage, the width of the penetration holes at the stratum corneum (top
of the dark layer in Figure 4A-D) was measured and the results are summarized in Figure 4F. For all MNA
including the SPT needle, the measured hole width was lower than the actual width of the microneedles.
This supports the hypothesis of partial recovery of the skin tissue after removal of the microneedles
discussed above for the penetration depth. Similar to the penetration hole depth, no significant
differences for the penetration hole width between the MNA designs could be identified. However, the
mean values for the hole width for pencil-shaped and triangular microneedles with a width of 400 pm
were higher than for the microneedles with a width of 200 um. This follows the expectation that wider
microneedles should cause wider holes upon penetration of the skin than more narrow ones.

For a more generic comparative analysis of tissue damage, the volume of the penetration holes was
estimated using the hole width and the hole depth (S5 — SI). Figure 4G shows the hole volume for the
different MNA designs. As a general observation on the microneedle shape, pencil-shaped microneedles
seemed to cause larger tissue damage than flat and triangular ones. Figure 4B and Figure 4D represent a
penetration hole caused by a flat and a triangular microneedle, respectively, displaying less tissue damage
compared to Figure 4A showing the rat skin with a penetration hole caused by a pencil-shaped
microneedle with the same dimensions. Interestingly, skin penetration with the flat MNA resulted in
relatively low mean hole volumes (Figure 4G), while it was expected that this design would cause most
tissue damage.

When analyzing the influence of microneedle dimensions on the penetration hole volume, less tissue
damage was observed for pencil-shaped microneedles with shorter length and smaller width compared
to longer and wider ones. Figure 4C represents a penetration hole caused by a pencil-shaped microneedle
with (L500, W200) having less volume than the one for the microneedle with (L1000, W400) shown in
Figure 4A. The pencil-shaped microneedles with (L1000, W400) had the largest mean value for the hole
volume with large standard deviations, indicating a large variation in tissue damage with this MNA design.
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The mean values in Figure 4G suggest that the hole volume for the triangular, flat, and most pencil-shaped
microneedles was smaller compared to the one for the SPT needle, which means that the in-plane Si
microneedles are not causing more tissue damage than the SPT needle applied for allergy testing in the
clinic.

2.5.4. Penetration hole depth and tissue damage in skin from male and female rats

Finally, eventual differences in the penetration hole depth and tissue damage between male and female
rats were investigated. The inclusion criterium for the different MNA designs was the identification of at
least three holes for male and female rats each. Figure 4H is a comparison of the penetration hole depth
for male and female rats. Using unpaired T-tests with Bonferroni correction (a=0.01) no significant
differences were found between male and female rats, meaning that the tissue damage caused by the
MNA was similar for both sexes. However, it is worth noting that penetration holes were more easily
identified in female skin samples during histological analysis. In total, 41% more holes in skin samples from
females than in tissue from males. This indicates that even if the individual microneedles did not cause
significantly different tissue damage there was still very likely a difference between the properties of male
and female skin. This is in line with the observations during penetration force measurements, where male
rat skin proved to be more difficult to penetrate than female rat skin.
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Figure 4: Histological analysis of penetration depth and tissue damage in rat abdominal skin. A-D) Scanned
images of histology slices (scale bar = 100 um) containing a penetration hole caused by A) pencil-shaped
(L1000, W400), B) flat (L1000, W400), C) pencil-shaped (L500, W200) and D) triangular (L1000, W400)
microneedles; E-G) Analysis of skin slices with penetration holes for different MNA dimensions and shapes
(n=6): E) Hole depth, F) hole width and G) estimated hole volume; H) Comparison of the microneedle hole
depth in the skin of male and female rats for different MNA designs and dimensions (n=4-13). All values
are mean * SD. For the statistical analyses in E)-G) a three-way ANOVA with Tukey’s multiple comparisons
test was used and in H) unpaired T-tests with Bonferroni correction (a=0.01); the significant differences
are marked as: * p < 0.05.

2.6. Ex vivo penetration of porcine ear skin
2.6.1. Penetration force measurements in porcine ear skin

In previous studies, the skin of the porcine ear was reported to closely ressemble the skin on a human
forearm [37], [38]. Therefore, for easier translation to human skin, a porcine ear was excised and the
penetration force measurements conducted on the rat abdominal skin samples were repeated on the
porcine ear skin using the TA (Figure 5A). The penetration forces were evaluated for flat, triangular, and
pencil-shaped MNA with the same dimensions as for the rat abdominal skin experiments and with at least
three replicate measurements for each MNA design. The value of the penetration force was extracted
using differentiation as mentioned previously for rat abdominal skin and hydrogel skin models.

The force-displacement curves recorded in porcine ear skin largely ressembled the ones for rat abdominal
skin (Figure 3C) and the same three categories of measurements were observed as exemplified in Figure
5B: 1) The presence of a penetration peak with a low force < 2 N (triangular, L1000, W200) clearly
identifiable in the differentiated curve (Figure S6A, Sl), 2) the presence of a penetration peak with a high
force > 2 N (flat, LLO00, W200) that was difficult to identify and 3) the absence of a penetration force peak
(flat, L1000, W400). It should be noted that all MNA were perfectly intact after the penetration
measurements.

2.6.2. Influence of microneedle design on porcine skin penetration

Similar to the study with rat skin samples, detection of penetration force peaks was challenging for many
of the MNA designs (Figure S6B, Sl). Particularly for the shorter microneedles with a length of 500 um,
penetration force peaks could only be identified in a few measurements and the penetration force was >
2 N (Figure S6C, Sl). In comparison, peak detection was clearly facilitated for the microneedles with a
length of 1000 um with up to 100% successful measurements for the pencil-shaped microneedles (L1000,
W400) and flat (L1000, W200) (Figure S6B, Sl). These results are in line with the findings for rat abdominal
skin, confirming that a microneedle length of 500 um was not enough for reliable measurements of skin
penetration.

Therefore, only the long microneedles were considered for further statistical analysis and discussion.
Figure 5C presents the penetration forces measured in porcine ear skin for MNA with a length of 1000
pum. The microneedles with triangular shape required the lowest force for skin penetration followed by
pencil-shaped MNA and the flat control. Furthermore, penetration force was lower for the microneedles
with a width of 200 um compared to the ones with a width of 400 um. These findings are in good
agreement with the measurements in skin-simulating hydrogels, while the measurements in rat
abdominal skin were less conclusive. Noteably, the penetration forces for the triangular MNA measured
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in porcine ear skin were considerably lower than for the SPT needle, despite the fact that the MNA
consisted of three microneedles.

Furthermore, considering the distance to penetration (Figure S6D, Sl), it was evident that the vertical
movement of the TA probe between first skin contact and microneedle penetration was larger than the
microneedle length for almost all MNA designs. This is in line with the obervations for the rat abdominal
skin and probably implies that the MNA base encountered the skin sample prior to penetration. The only
exception was the triangular MNA with (L1000, W200) where the distance to penetration was equal to
the microneedle length. This confirms that this MNA was most optimal for penetration of porcine ear skin.

2.6.3. Comparison of penetration forces in excised rat abdominal skin and porcine ear skin

The results for the ex vivo penetration studies conducted in rat abdominal skin and porcine ear skin were
comparable. In both skin models analysis of the penetration force based on force-distance measurements
with the TA was not very successful for microneedles with a length of 500 um. For the longer
microneedles, in both tissue models triangular MNA with a width of 200 um required the lowest force for
skin penetration of all investigated MNA designs, with 194 mN and 254 mN in female rat and porcine skin,
respectively. For most of the other MNA designs and the SPT needles, penetration forces measured in
porcine skin were slightly higher than in rat skin. This might be explained by a higher thickness of porcine
ear skin compared to rat skin [51]. Furthermore, hard tissue layers such as cartilage were present below
the porcine skin while the excised rat abdominal skin was mounted above soft hydrogels during the
measurements. Similarly, the distance to penetration for all MNA designs was higher in porcine ear skin
(Figure S6D, SI) compared to the values for the rat abdominal skin samples (Figure 3F). This indicates that
more tissue compression was required to penetrate the slighly thicker porcine ear skin compared to the
rat skin.
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Figure 5: Ex vivo penetration of rat abdominal skin. A) Image showing the setup for performing penetration
force measurements on porcine ear skin. B) Force-displacement curves recorded for flat (L1000, W200),
triangular (L1000, W200) and flat (L1000, W400) MINA. The penetration force peak positions identified by
differentiation of the force-displacement curve are indicated by arrows. C) Penetration force (mean + SD)
for microneedles with a length of 1000 um compared to the SPT needle.

2.7. Penetration hole depth and tissue damage in porcine ear skin
2.7.1. Tissue staining for visualization of penetration holes in porcine ear skin

A histological analysis in porcine ear skin was conducted to complement the force measurements, visually
confirm skin penetration and analyze tissue damage. In an identical procedure as for the rat abdominal
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skin samples, MNA with different designs were manually applied to porcine skin, dermal tissue samples
were collected and stained, and histology was performed. For these experiments, flat, triangular and
pencil-shaped MNA with dimensions (L1000, W400, T180) were selected because these microneedles
caused most tissue damage in rat abdominal skin (Figure 41). Figure 6A-D shows representative images of
scanned histology slices with penetration holes caused by four different MNA designs. The thickness of
porcine ear skin prepared in paraffin has been reported as 10 um and 51 um for stratum corneum and
epidermis, respectively [52]. The images demonstrate that the microneedles were able to successfully
penetrate the skin layers of stratum corneum and epidermis, and reach down into the upper dermis.

For additional confirmation of MNA penetration, the porcine ear was stained with methylene blue. This is
a hydrophilic, low molecular weight molecule, which usually cannot be absorbed through the hydrophobic
stratum corneum unless the tissue has been damaged [39]. The blue dots in Figure 6E show that the MNA
penetrated through the stratum corneum. With an optical microscope blue-stained penetration holes
could be observed for all the MNA designs confirming that all the microneedles penetrated the skin.

2.7.2. Influence of microneedle design on hole depth and tissue damage

As previously for the rat abdominal skin, the stained skin slices allowed to characterize penetration hole
depth, hole width and tissue damage. Figure 6F-G shows the maximum penetration hole depths and
widths for different microneedle shapes and the SPT measured in the histology slices. The depth of the
penetration holes was significantly lower than the actual microneedle length of 1000 um, which is in line
with the results observed for rat skin samples (Figure 4E). Either the microneedles were not completely
inserted into the porcine skin, or the skin tissue partially recovered after physical removal of the MNA.

Figure 6H presents the penetration hole volume estimated using the hole depth and width for different
microneedle shapes and the SPT as a measure for tissue damage (S5 — Sl). Using a one-way ANOVA with
Tukey’s multiple comparisons test no significant differences were found in Figure 6F-H. However, the
results indicate that the triangular microneedles caused deeper penetration holes with a lower width
compared to the flat microneedles generating wider holes and penetrating less deep into the tissue, while
the pencil-shaped microneedles were in between. This is also visible in Figure 6A-C showing images of
penetration holes caused by triangular, flat and pencil-shaped microneedles, respectively. The lower
mean values for the penetration hole volume of triangular and pencil-shaped microneedles (Figure 6H)
compared to flat microneedles and SPT needles indicate that these MNA cause least tissue damage. The
histological analysis of penetration holes confirmed the results from the penetration force measurements
where the triangular microneedles were identified as most suitable for penetration of porcine ear skin.

2.7.3. Comparison of penetration depth and tissue damage in rat abdominal skin and porcine ear skin

A comparison of the histological analysis of rat abdominal skin (Figure 4E-G) with the one for porcine skin
(Figure 6F-H) shows that the penetration hole depth and the tissue damage for identical MNA designs was
very similar in both skin models. In both cases, the measured penetration hole depth was significantly
lower than what was expected based on the microneedle length. In general, the width of the penetration
holes seemed to be slightly lower in porcine ear skin compared to rat skin, which might be attributed to
higher recovery of the porcine skin after removal of the MNA.
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Figure 6: Histological analysis of penetration depth and tissue damage in porcine ear skin; A-D) Scanned
images of histology slices (scale bar = 100 um) containing a penetration hole caused by A) triangular, B)
flat, C) pencil-shaped microneedles with (L1000, W400, T180) and D) a SPT needle; E) Image of porcine ear
skin stained with methylene blue. The blue dots indicate microneedle penetration holes. The SPT needle
and a 30G hypodermic needle were included for comparison; F-H) Analysis of porcine skin slices with
penetration holes for microneedle with (L1000, W400, T180) and different shapes: F) Hole depth, G) hole
width and H) estimated hole volume; all values are (mean + SD) (n=3).

3. Discussion

In-plane Si microneedles with different shapes and dimensions were fabricated for the systematic
investigation of skin tissue penetration as a first step towards the vision of microneedle-based sensing in
the dermis. More specifically, flat, hypodermic, pencil-shaped, lancet-shaped, and triangular
microneedles with variable lengths, widths and thicknesses were compared. The penetration ability of the
MNA was assessed in 1.5% w/v agarose-based skin-simulating hydrogel, excised abdominal rat skin and
porcine ear skin serving as three distinct skin models.

The method implemented for microfabrication of in-plane Si microneedles provides high flexibility with
respect to the MNA design. The length, width, shape and number of the Si microneedles in the array are
fully defined by the mask design in the photolithography steps, and the microneedle thickness is solely
determined by the duration of the etching process from the backside. Furthermore, the microfabrication
method readily allows future integration of sensing modalities required for detection of biomarkers in the
skin. For example, electrodes and optical components have been integrated on Si-based neural probes
prepared with a similar method [53]. These are advantages compared to typical strategies for
microfabrication out-of-plane microneedles such as micromoulding [54], metal micromachining [55] or
additive manufacturing [56].

The most important requirement for safe intradermal sensing with microneedles is sufficient mechanical
stability to prevent fracture during skin penetration. For this purpose, the force resulting in fracture of the
microneedles must be compared with the force required for penetration of the target tissue. In this study,
the measured penetration forces for all MNA designs were at least five times lower than the lowest
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fracture force and no physical damage of the microneedles was observed after testing. In all three skin
models, penetration forces for triangular microneedles were lowest compared to the other shapes. In
porcine ear skin, microneedles with triangular shape, a width of 200 um, a thickness of 180 um and a
length of 1000 um displayed penetration forces approximately 100 times lower than the fracture force.
The thickness and properties of porcine ear skin are similar to human skin, which should leave a
reasonable margin for safe application of the in-plane Si microneedles in human skin. Furthermore, the
penetration forces for these MNA were lower than for the SPT needle applied for intradermal allergy
testing in the clinic.

Following the expectations, the cross-sectional area of the microneedles was the main geometric
parameter influencing the penetration force in skin-simulating hydrogels. This means that both reducing
thickness and decreasing the width can be considered to reduce the penetration force if needed. There,
the preferred strategy might depend on the final application of the MNA. For microneedle-based sensing,
a larger width might be preferred compared to a higher thickness because this facilitates integration of
sensing modalities on the top surface of the microneedles. The length had no apparent effect on
penetration force in skin-simulating hydrogels. However, reliable penetration force measurements in rat
abdominal skin were only possible with microneedles having a length of 1000 um, which was attributed
to the high elasticity of real skin samples.

The histological analysis of penetration holes in rat abdominal skin and porcine ear skin, and methylene
blue staining, demonstrated successful penetration of the epidermis and into the dermis with all
investigated in-plane Si microneedles. However, the measured depth of the penetration holes was
between 100-300 um, which was significantly less than the actual length of the microneedles. This was
attributed to incomplete insertion of the microneedles due to the high elasticity of the skin combined
with partial recovery of the tissue after physical removal of the MNA from the skin. Nevertheless, the
MNA reached the dermis and potentially could be used for microneedle-based sensing in the ISF.
Furthermore, tissue damage was assessed through estimation of the penetration hole volume. The results
indicated that triangular microneedles caused less damage compared to flat and pencil-shaped
microneedles, and the SPT needle in both rat abdominal skin and porcine ear skin.

As an additional outcome, the three skin models employed in this study can be compared. Hydrogel skin-
simulant, rat abdominal skin and porcine ear skin are all viable options for systematic evaluation of
microneedles and certainly can complement each other. Penetration forces were one order of magnitude
lower than in real skin tissue samples. Nevertheless, the fact that the trends for the penetration force
were similar for all three tissue models confirms that skin-simulating hydrogels are an excellent non
biological model for initial comparative testing of microneedles due to a simple preparation method and
higher reproducibility of the measurements. The results for the ex vivo penetration studies conducted in
rat abdominal skin and porcine ear skin were comparable. While it seems that both skin tissue models are
suitable for systematic evaluation of microneedle penetration, other aspects could be relevant if only one
of them should be selected. For example, measurements on porcine ear skin might be advantageous due
to the availability of porcine ears as byproduct from pig slaughter while experiments with excised rat skin
require access to dedicated animal facilities. The differences in penetration forces measured in rat
abdominal skin from males and females emphasize the importance of parameters such as sex, age, tissue
location and species on results from ex vivo and in vivo testing of microneedles. Therefore, comparison
with values reported in literature is often challenging.
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4. Conclusions

The in-plane Si microneedles fabricated in this study were able to penetrate the stratum corneum and the
epidermis of rat abdominal skin and porcine ear skin. The microneedles were inserted a few 100 um into
the dermis, which should allow for future microneedle-based detection of biomarkers in the interstitial
fluid. The results demonstrate that the microneedle shape matters both with respect to the force required
for penetration of different skin models and tissue damage. Triangular microneedles seemed to be
optimal for dermal tissue penetration. The Si microneedles demonstrated high mechanical stability, no
fracture or physical damage was observed after skin penetration.

5. Experimental section

5.1. Microfabrication of in-plane Si microneedles

For 500 um thick microneedles, a 17 um thick film of SU-8 2035 (Kayaku Advanced Materials,
Westborough, MA, USA) was deposited on 500 um thick double side polished (DSP) 4-inch Si wafers
(Siegert Wafers, Aachen, Germany) using a RCD8 T spin coater from Siiss MicroTec (Garching, Germany)
and soft-baked on a hotplate for 30 min at 50°C. The pattern of the microneedles was designed in CleWin
5 layout editor (WeWin software, Hengelo, The Netherlands). UV exposure of the resist was performed at
a wavelength of 375 nm on a maskless aligner MLA150 from Heidelberg Instruments (Heidelberg,
Germany) with a dose of 200 mJ cm™ and a defocus value DF=0. A post exposure bake was conducted for
2 h at 50 °C followed by development in mr-Dev 600 (Microresist Technologies, Berlin, Germany) for 2x5
min. The Si wafers were mounted on another Si carrier substrate with Crystalbond 555 (SPI Supplies, West
Chester, PA, USA) using a hotplate at 90°C for 60 s. The photoresist pattern was transferred into the Si by
deep reactive ion etching (DRIE) in an STS ICP Advanced Silicon Etcher (SPTS Technologies, Newport, UK)
for 500 cycles using the BOSCH process. The etch process was divided in subsets of approximately 50
cycles with waiting periods of 5 min in between to reduce heating of the Crystalbond and prevent
delamination of the etched Si wafer from the underlying Si carrier substrate. This process resulted in
complete etching through the Si wafer and definition of the outline of the microneedles. Finally, the
photoresist was removed during 30 min in a Plasma Asher 300 from PVA TePla (Wettenberg, Germany)
with 400 sccm O3, 70 sccm Nz and a power of 1000 W. The microneedle chips were collected from the
underlying carrier substrate by heating the Crystalbond to 90°C on a hotplate.

For 350 um thick microneedles, a 20 um thick layer of AZ4562 photoresist (Merck KgaA, Darmstadt,
Germany) was spin coated on 350 um DSP Si wafers with a Gamma 4M spin coater from Siiss MicroTec
and soft-baked at 110°C for 10 min. UV exposure on the MLA was performed with a dose of 1100 mJ cm”
2 and DF=-2. Robot puddle development in TMAH was performed using 10 steps with AZ726 MIF
Developer (Merck KgaA, Darmstadt, Germany) for 60 s each. DRIE etching was performed as described
above using 300 etch cycles. For fabrication of 180 um thick Si microneedles, two iterations of
photolithography with AZ4562 and DRIE were implemented. First, the 350 um thick DSP 4-inch Si wafers
were etched from the backside with 150 cycles to thin down the needles and then the outline of the Si
microneedles was etched from the topside with 175 cycles.

5.2. Mechanical stability of in-plane Si microneedles
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For testing of the mechanical stability of the microneedles a texture analyser (TA) (Stable Microsystems,
Godalming, UK) was used. First, compression tests were performed with the microneedle chip mounted
in a vertical position. For this purpose, custom-made microneedle holders were prepared using fused
filament fabrication (FFF) with poly(lactic acid) (PLA) on a Felix Pro Series printer (FELIX Printers, ljsselstein,
The Netherlands) (Figure S21, Sl). The TA probe was moved down onto the TA platform with a speed of 2
mm/s and the force required for microneedle fracture was determined. Only flat MNA (L1000, W200,
T180) were tested. The mechanical stability towards shear stress was evaluated using a 3D-printed shear
stress holder where the MNA were attached horizontally (Figure S1B-C). The skin-simulating hydrogel was
mounted vertically while still in its mold and the microneedles were inserted into the hydrogel. Then, the
MNA were dragged downwards through the hydrogel using the TA and subsequently inspected to identify
structural damage. MNA with (T180, W200 and W400) and three different lengths of L500, L750 and L1000
were tested.

5.3. Preparation of skin-simulating hydrogels

Agarose powder type | (low electroendosmosis (EEO)), CAS: 9012-36-6, Sigma-Aldrich, St. Louis, MO, USA),
(1, 1.5 and 2 % w/v) was mixed with de-ionized water in a beaker and placed on a hot plate with a magnetic
stirrer (Figure S2A, Sl). The hydrogel solution was heated to 80 °C while being slowly stirred until it became
transparent. 3D-printed molds were designed using Fusion 360 (Autodesk, CA, USA, V2.0.14793) and
sliced using Simplify3D (Simplify3D, OH, USA, version 4.1.2). These were printed using FFF. The hydrogel
solution was then poured into the 3D-printed molds and placed in a desiccator for around 20-30 min to
slowly remove the air bubbles (Figure S2A, Sl). The 3D-printed mold comprised two parts (Figure S2B-C,
Sl). The top part of the mold was removed once the air bubbles had escaped, and the solution had gelated.
The protruding part of the hydrogel was cut to provide a smooth surface for the microneedle testing
(Figure S2D, Sl). The degassing step was very important for obtaining reproducible measurements of
penetration forces. The compressive Young’s modulus of the skin-simulating hydrogels was measured
using the TA fitted with a large disc-probe vertically compressing the entire hydrogel at once. The
compressive Young’'s modulus value was then calculated using the Exponent Connect software (version
8.0.3.0, Stable Microsystems, Godalming, UK) based on the initial, linear increase in force upon
compressing the hydrogel. All skin-simulating hydrogels were used immediately after preparation because
storage for >24 h resulted in high variability of the hydrogel properties (Figure S2F, Sl).

5.4. Penetration force measurements in agarose hydrogels

The penetration force was measured using the TA where the MNA was mounted vertically using the same
custom-made 3D-printed microneedle holder as described above for compression testing. The skin-
simulating hydrogel was placed horizontally on the TA platform beneath the MNA. The MNA was moved
down into the hydrogel at a test speed of 2 mm s and the force was measured simultaneously. Initial
measurements of the penetration force at various insertion speeds were conducted with the TA and an
insertion speed of 2 mm s was found to provide the most reproducible penetration force results (Figure
2SJ).

In the recorded force-displacement curves F(x), the noise level of baseline was determined by measuring
the average force recorded by the TA at a distance of 0.5 mm prior to initial contact of the MNA with the
gel. The first point of contact between the hydrogel and the MNA was defined as the distance at which
the recorded force exceeded the average value of the baseline + 3 x SD ensuring that the recorded force
was above the noise level of the baseline measurement. The penetration force was determined
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graphically by plotting the differential of the measured force vs. the vertically moved distance of the
microneedles, i.e., plotting dF/dx(x). The x-value from the first data point for which dF/dx was closest to
zero (20) was used to determine the penetration force in the F(x) plot. To ensure that the data point was
not background noise, the drop should be higher than the mean value of baseline + 3 x SD. A parameter
called “distance to penetration” was defined as the distance between the initial contact between gel and
MNA and actual penetration. All statistical analyses were made using GraphPad Prism V9.5.0 (San Diego,
CA, USA).

5.5. Penetration force measurements in excised rat abdominal skin

Sample preparation for ex vivo penetration measurements in rat abdominal skin was carried out at the
animal facility of the Technical University of Denmark (DTU). Ethical approval was given by the Danish
Animal Experiments Inspectorate with the authorization number (2020-15-0201-00732-C1). Brown
Norway (BN) rats were from in-house breeding colony of the National Food Institute, DTU. Rats were
housed in macrolon cages with aspen bedding at 22°C + 1°C with a relative humidity of 55 + 5%. The air
was changed 50-55 times/h and electric lights were on from 9.00 a.m. to 9.00 p.m. Before skin excision,
the rats were sacrificed by decapitation using carbon dioxide as anesthesia.

From six rats (three male and three female) with an age of 8-9 weeks old, an abdominal skin sample of 30
mm x 30 mm was excised and placed between two tissue papers wetted with PBS preventing drying of
the skin. For penetration measurements, the skin samples were stretched to their original size and
mounted on a custom-built 3D-printed tissue fixture using pins (Figure 3A). A 1.5% w/v agarose type |
powder skin-simulating hydrogel was used as a supporting layer beneath the skin samples during the
penetration force measurements (Figure 3A-B). The force measurements were conducted using a TA with
a custom-built 3D-printed probe with an identical procedure as for the skin-simulating hydrogels (Figure
S3A, Sl).

5.6. Tissue staining for visualization of penetration holes in rat abdominal skin

After sacrificing six of the BN rats (three male and three female), the abdominal skin of each rat was
pierced manually with three MNA of each design before the skin was excised for histological analysis. For
histology, the skin samples were embedded in paraffin blocks and cut into 5 um thick tissue slices. In each
histology session, 111 slices were cut. Every 4™ slice was stained with Mayer’s hematoxylin and eosin
(H&E) for visualization of the skin layers and microneedle penetration holes. All stained tissue slices were
scanned using the Panoramic MIDI 3DHISTECH (3DHISTECH Ltd., Budapest, Hungary), CaseViewer
software where data was generated though accessing research infrastructure at DTU National Food
Institute, including FOODHAY (Food and Health Open Innovation Laboratory, Danish Roadmap for
Research Infrastructure). MN penetration holes were identified based on the following criteria: 1) Clear
visual disruption of the stratum corneum, 2) the penetration hole appeared on more than one tissue slice,
and 3) the tissue slices included initial appearance of a penetration hole and final disappearance ensuring
that the complete hole was included. Multiple histology sessions were conducted until at least 6
penetration holes were identified for each MNA design. Using the scanned images, the depth of the holes
and the hole-width at stratum corneum was measured using the CaseViewer software (version
2.4.0.119028 provided by 3DHISTECH, Budapest, Hungary). Based on these measurements and the total
number of tissue slices where the same hole appeared, the hole volume was calculated (S5, Sl).
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5.7. Penetration force measurements in porcine ear skin

Porcine ears were collected from a pork at The Panum Institute, University of Copenhagen immediately
after sacrifice. Thereafter, they were placed in re-sealable plastic bags containing PBS (pH = 7.1-7.5,
p15425, Sigma Aldrich, St. Louis, MO, USA) and transported in a polystyrene box containing cooling
elements. The porcine ears were used as-is and the MNA penetration force was measured using the TA
as described for the rat skin samples. However, the porcine ear skin was not excised to maintain the
original stretchability and the penetration force measurements were performed directly on the ear.

5.8. Tissue staining for visualization of penetration holes in porcine ear skin

Porcine ears were manually pierced with the MNA and histological analysis of the excised porcine ear skin
was performed as described above for rat abdominal skin. Additionally, the porcine ear was manually
penetrated with the MNA in known locations and afterwards placed for 1 h in 1% methylene blue (CAS:
122965-43-9, Sigma-Aldrich, St. Louis, MO, USA) diluted in de-ionized water. The skin sample was wiped
with a tissue to remove excess methylene blue. The stained penetration holes were observed with an
optical microscope (Leica INM100, Leica Microsystems, Wetzlar, Germany).
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S1 — Mechanical testing of in-plane Si microneedles
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Figure S1: Mechanical testing of microneedles: A) Fracture force (mean * SD) measured for flat
microneedles (L1000, W200, T180) upon compression onto a hard substrate using the texture analyzer
indicating good mechanical stability; B) Image showing the attachment of the custom-made 3D printed
TA probe with a MINA for shear stress testing. The black arrow indicates where the MINA is attached, C)
Close-up image showing how the attached MNA is inserted into the skin simulating hydrogel for shear
stress testing as indicated with black arrow.



S2 - Penetration force measurements in skin-simulating hydrogel
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Figure S2: Preparation of skin simulating hydrogel and preliminary validation experiments. A) Schematic
overview of preparation method for the skin simulating hydrogel: 1. Weighing of agarose powder, 2.
Addition of de-ionized water, 3. Heating of solution to 80°C while stirring with a magnetic stirrer, 4. Casting
of agarose solution into 3D printed mold, 5. Removal of bubbles from solution in mold using a desiccator,
6. Cool down of the solution. Created with BioRender.com; B-D) Images showing a custom-made 3D-
printed mold for preparation of the skin simulating agarose hydrogels: B) Lid and bottom of the mold; C)
assembled mold ready for casting of hydrogel solution, degassing and solidification; D) After degassing
and solidification, the lid was removed and the top layers of the skin-simulating hydrogel were cut off to
achieve a smooth hydrogel surface without bubbles; E) Compressive Young’s modulus measurements
(mean * SD) performed with the texture analyzer (TA) on a human arm at three different locations:
Forearm, wrist and elbow; F) Compressive Young’s modulus measurements (mean + SD) for 1.5 % w/v and
2.0 % w/v agarose hydrogels after storage for 0, 24 and 48 h at 4°C; G) Image of the TA used for penetration
force measurements; H) Image of the custom-made 3D-printed MNA probe holder attached to the TA; I)
Close-up view of attached MINA; J) Penetration force measurements (mean * SD) for flat MINA (L500, W200,
T500) measured at different test speeds of 1, 2, 5, 10 and 20 mm/s.



S3 — Ex vivo penetration of rat abdominal skin
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Figure S3: A) Picture showing a close-up of the custom-made 3D-printed holder mounted on the TA probe
with a MNA being inserted into an excised rat abdominal skin sample. B) Penetration force (mean + SD)
for triangular and pencil-shaped MNA measured at the edge and in the center of a pinned down excised
rat skin sample. A paired T-test was performed, and no significant differences were found. C) Skin thickness
measurements (mean * SD) conducted by excising six male and six female rat skin samples and measuring
the thickness with a caliper. An unpaired T-test identified significant differences between the thickness of
male and female rats.

S4 — Analysis of penetration holes in rat abdominal skin

The total number of manually applied MNA for each design was 18 (6 rats, 3 MNA in each). Each MNA had
3 microneedles, which potentially would result in 54 penetration holes. In each histology session, 111
tissue slices were cut. Every 4™ slice was stained and analyzed to identify penetration holes. Additional
histology sessions were conducted until at least 6 penetration holes were identified for each MNA design.
Figure S4A presents the average number of penetration holes identified per histology session for each
MNA design. Low values are indicative for challenges in finding holes for a specific design. As a tendency,
holes caused by pencil-shaped microneedles could more easily be found compared to the other shapes.
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Figure S4: A) Average number of penetration holes identified in each session of histological analysis of the
rat abdominal skin samples after manual application of MNA with different designs; B) Estimated
percentage of microneedle length inserted into the rat abdominal skin calculated as the ratio of the
penetration hole depth and the actual microneedle length.



S5 — Analysis of tissue damage in ex vivo penetration studies

For the analysis of the permanent damage caused by the microneedles in rat abdominal skin and porcine
ear skin, the excised tissue was prepared for histological analysis as described in the methods section. Skin
samples from the rats and the pig were embedded in paraffin blocks and cut into 5 um thick slices. Every
4% slice was stained and analyzed as illustrated in Figure S6 (slice 1, slice 5, slice 9, ...). If a penetration
hole was identified, the penetration hole volume was estimated assuming that every slice was 5 um thick.
First, the penetration hole in the histology slice was categorized as either having a rectangular or a
triangular shape. This categorization was done blinded without knowing which type of MNA had caused
the hole. Secondly, it was assumed that the penetration holes in the slices which were not collected had
the same shape and dimensions as the previous collected slice. In the example illustrated in Figure S5, this
would be assuming that the holes in slice 2-4 had the same shape and dimensions as the holes in slice 1,
and the holes in slice 6-8 have same shape and dimensions as the hole in slice 5 and so forth. Finally, the

. 1 .
penetration hole volume V was calculated as V' = Edwt for triangular holes and V = dwt for rectangular

holes, where d is the maximum measured depth of the penetration hole, w is the maximum width of the
hole and t is the thickness of the hole, calculated as t = 4NT where N is the number of histology slices
the hole appears on, T=5 um is the thickness of each histology slice, and 4 is included because only every
fourth slice was collected for Mayer’s hematoxylin and eosin staining.
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Figure S5: Schematic illustration of skin tissue slice selection for histology staining. Each slice has a
thickness of 5 um. Every fourth slice is selected for staining and subsequent histological analysis as
indicated by the black arrow.



S6 — Ex vivo penetration of porcine skin
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Figure S6: A) Differentiated force-displacement curve for a triangular MNA (L1000, W200, T180) recorded
in porcine ear skin (corresponding to figure 5B in the main paper). The circle indicates the position of the
penetration force peak; B) Percentage of successful penetration force peak detection for a total of n=3-9
measurements with each MNA design; C) Penetration force and D) distance to penetration (mean + SD)
extracted from successful measurements in A) for MNA with different shapes and dimensions. The black
dotted lines in D) indicate the distance corresponding to the microneedle length.
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Abstract

Microneedles (MNs) are being explored for various purposes. We envision using MNs for developing an
improved allergy diagnostics method based on a patch of MNs which will both deliver the allergen
intradermally and measure the allergic reaction. The first aim was to test the mechanical stability and
penetration ability of in-plane silicon MNs optimized in a previous study. Furthermore, the penetration
efficiency of the in-plane MNs was tested when the MNs were configured in 2D-arrays to investigate the
penetration ability of a patch. The second aim was to test delivery of compound 48/80 (48/80) using
coated MNs. The mechanical stability and penetration of the MNs was tested using excised porcine and
human breast skin samples with insertion forces of 5, 10, and 15 N. In-plane MNs arranged in 2D-arrays
were tested using excised porcine skin samples and methylene blue staining for visualization of
penetration holes. Delivery of compound 48/80 was investigated using excised fresh human breast skin
to test for mast cell (MC) degranulation. For this purpose, immunohistochemistry staining for the CD63
surface marker was used. The MNs were found to be mechanically stable during insertion at 5 N and the
penetration depth depended on the insertion force. It was found that not all the MNs penetrated when
the MNs were arranged in a 2D-array with more than one row of MNs. IHC staining of fresh human breast
skin samples with delivery of 48/80 did not reveal any MC activation and degranulation. In conclusion, the
developed MNs are sufficiently stable to penetrate the skin, however, further optimization is needed if
the MNs are to be arranged in a patch format. The delivered 48/80 amount was either too small to cause
MC degranulation or the induced degranulation was insufficient to be detected using the IHC staining.

1. Introduction

The Welsh School of Pharmacy at Cardiff University provided the possibility of conducting experiments
with human skin samples for a more realistic evaluation of the penetration ability of optimized MNs. The



optimization of the microneedles (MNs) were presented in manuscript | [1] and investigation of allergen
delivery using the MNs is presented in manuscript Il [2].

The first aim of the study presented here was to further investigate the mechanical stability and
penetration of the optimized MNs. For this purpose, the impact of applied force upon insertion into
porcine skin was investigated along with the impact of having the MNs configured in a 2D-array, as the
final configuration of the improved diagnostic device is intended as a patch of MNs.

The second aim of the study was to test the coating delivery of compound 48/80-coated MNs in excised
fresh human breast skin samples. Compound 48/80 is a molecule which initiates mast cell (MC)
degranulation [3] and is used as a positive control for the in vivo animal experiments presented in
manuscript Il [2] and study report Il [4]. Upon activation and degranulation of MCs surface bound markers
become upregulated and available for detection, among these is CD63 [5], [6], which in theory can be
stained for using immunohistochemistry (IHC).

2. Materials and methods
2.1 Fabrication of in-plane silicon microneedles
Cleanroom fabrication of in-plane silicon MNs is described in manuscript | [1]. In brief, the MNs were

fabricated using photolithography and dry etching to define the MN shape and dimensions. The MN shape
was a pencil shape with 1000 um length, 400 um width, and 180 um thickness as illustrated in Figure 1.

1mm
«—
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Base 3 mm
3 mm

A

Chip 15 mm
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v

Figure 1: Shape and dimensions of the optimized in-plane silicon microneedles. Three microneedles (MNs) extrude
at the end of the base which is extruding from the chip used for handling. The final MIN shape was a pencil shape
with 1000 um length, 400 um width, and 180 um thickness. Adopted from manuscript Il [2].



2.2 Skin sample preparation

Human skin explants were collected from surgical procedures under informed patient consent and local
ethical committee approval (South East Wales Research Ethics Committee Ref: 08/WSE03/55).

The preparation of porcine and human breast skin samples is described in detail in manuscript Il [2]. In
brief, the skin samples were allowed to thaw at room temperature for 30 min before processing. All skin
samples were prepared inside a sterile fume hood where fat and muscle tissue were removed on the
dermis side of the sample. To keep the skin sample hydrated it was dapped with phosphate buffered
saline (PBS) every 5-10 min.

2.3 Cryosectioning of skin samples

The procedure for cryosectioning skin samples was as described in manuscript Il [2]. In short, biopsy
samples were frozen using optimal cutting temperature embedding matrix (OCTEM, Carl Roth, Karlsruhe,
Germany) at -20 °C and stored at -80 °C until cryosectioning. The frozen samples were cryosectioned using
a Cryotome FSE cryostat (Thermo Scientific, Waltham, Massachusetts, USA). The cryosectioned slices
were 10 pm thick and collected on Thermo Scientific™ SuperFrost™ Microscope Slides, Cut (Fischer
Scientific, Waltham, MA, USA).

All biopsy skin samples were fixed using formaldehyde prior to freezing, except for the fresh human skin
that was used for compound 48/80 (48/80, Sigma-Aldrich, St. Louis, MO, USA) coating delivery and IHC as
it was unknown how fixing of the skin would affect the IHC.

2.4 Microneedle insertion force in porcine skin sample

MNs were inserted into a porcine shoulder skin sample for 60 s at forces of 5, 10, and 15 N using a Sauter
force gauge (model FH 100, Sauter, Basel, Schweiz). Immediately after removing the MNs, the location of
insertion was scanned by optical coherence tomography (OCT) using VivoSight (Michelson Diagnostics
Ltd., Kent, UK). The OCT files were analyzed using ImagelJ 1.52a (Wayne Rasband, National Institutes of
Health, USA). For visualizing skin penetration, 1% methylene blue (Sigma-Aldrich) in PBS was added to the
skin surface for 3 min, whereafter it was gently wiped off. Biopsies were afterwards collected from each
insertion site, fixed using formaldehyde, frozen in OCTEM at -20 °C and stored at -80 °C for later
cryosectioning.

2.5 Insertion of microneedle array in porcine skin sample

In-plane MN chips with 3 MNs per chip were stacked on top of each other, using 350 um thick silicon chips
as spacers, to create a 2 x 3 and a 3 x 3 array of MNs as illustrated in Figure 2. The MN arrays were inserted
into a porcine neck skin sample with an applied force of 5 N using a Sauter force gauge. Afterwards the
sample was stained with 1% methylene blue in PBS for 3 min to make the penetration holes visible. Based
on this, the penetration yield was calculated as the ratio between the number of observable penetration
holes and the number of MNs in the array.



i

Figure 2: lllustration of in-plane silicon microneedle array. In-plane silicon microneedles (MNs, light gray) were
placed together in rows with spacers (dark gray) in between to form 2 x 3 and 3 x 3 MN arrays. Created with
BioRender.com.

2.6 Coating solution

The formulation of the coating solution was as described in manuscript Il [2]. In brief, 48/80 and
carboxymethyl cellulose (CMC) sodium salt (low viscosity) (Sigma-Aldrich) were added to de-ionized
water. CMC was added to an end concentration of 1% w/v and 48/80 to an end concentration of 1000
ug/mL. The amount of 48/80 on the MNs after coating is unknown.

2.7 Dip-coating

Dip-coating was done as described in manuscript Il [2]. In a few words, the MN chip was mounted vertically
on a Texture Analyser (TA, Stable Microsystems, Godalming, UK) using a 3D printed probe. The probe was
moved downwards with a speed of 0.50 mm/s into the coating solution and remained there for 10 s. The
MN chip was then retracted from the coating solution with a speed of 0.50 mm/s and left to dry for a few
minutes.

2.8 Immunohistochemistry on human breast skin samples

IHC was performed on cryosectioned samples of fresh human breast skin. MNs coated with 1000 pg/mL
48/80, as well as MNs without coating, were pricked into the skin sample manually for 60 s. Biopsies were
collected at the MN insertion locations, as well as at pristine locations where MNs had not been inserted
as controls. Biopsy samples were not fixed in formaldehyde, but frozen in OCTEM at -20 °C and stored at
-80 °C until use. Samples were cryosectioned as described in section 2.3 (see also manuscript Il [2] for
further details).

The primary antibody Recombinant Anti-CD63 antibody [ERP5702] — Late Endosome Marker (ab134045)
(Abcam, Cambridge, UK) and IHC kit Rabbit specific HRP/DAP (ABC) Detection IHC Kit (ab64261) (Abcam,
Cambridge, UK) were used for IHC staining according to the manufacturer’s instructions.



2.9 Statistics

All statistical analyses were conducted using one-way ANOVA with Tukey’s multiple comparisons test at
a significance level of a=0.05.

3. Results and discussion

3.1 The impact of applied force on microneedle insertion in porcine skin

MNs were inserted in porcine shoulder skin samples at different forces (5, 10, and 15 N) to evaluate
penetration of the skin and determine the optimal insertion force. It was found that 5 N force was
sufficient for skin penetration, while also having the lower risk of accidentally breaking the MNs (Figure
3A-C). To visualize the penetration holes, the skin sample was scanned using OCT immediately after
penetration. This provided a 3D scan of the sample with the MN holes, giving both a cross-sectional and
a top-view (Figure 3D-E).

Based on the OCT scans it was possible to measure the hole depth and hole width and calculate the surface
damage using Imagel (Figure 3F-H). There was found one significant difference (one-way ANOVA with
Tukey’s multiple comparisons test) for the hole depth between 5 N and 15 N applied force. This illustrates
that the applied force had an impact on the hole depth, which follows the expectations (Figure 3F). Based
on the mean values obtained for the MN penetration depths the insertion percentages of the MNs were
22% for 5 N, 28% for 10 N, and 34% for 15 N meaning that the full length (1000 um) of the MNs did not
penetrate. This was expected based on the outcome of manuscript | [1] where the same partial insertion
of the MNs was observed in Brown Norway rat skin samples and porcine ear skin samples. For hole width
and surface damage no statistically, significant differences were identified between the various tested
insertion forces (Figure 3G-H).

The mean values of penetration hole widths were compared with the calculated width of the MN at the
mean penetration depth for each applied force of 5, 10, and 15 N, respectively. The mean penetration
hole widths (152, 164, and 185 um) were similar to the calculated MN widths (140, 177, 213 um) at the
respective mean insertion depths (140, 177, and 213 um). This confirms that the penetration holes had
not begun to close before conducting the OCT measurement, and hence the reported mean depths are
likely a true indicator of how deep the MNs went at each force.
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Figure 3: The impact of applied force on microneedile insertion in porcine shoulder skin samples. A-C) Histology
slices representing microneedle (MN) holes in porcine shoulder skin sample stained with 1% methylene blue in PBS
for 3 min at A) 5 N insertion force, B) 10 N insertion force, C) 15 N insertion force. D) OCT image of porcine shoulder
skin sample representing three MIN holes in a row (cross-sectional view). E) OCT image of porcine shoulder skin sample
representing three MIN holes in a row (top-view). F-H) Dimensions of MIN penetration holes measured using OCT and
Imagel. F) Hole depth (mean * SD). G) Hole width (mean * SD). H) Surface damage (mean + SD). Statistically
significant difference is marked as ** = p < 0.01.

3.2 Inserting arrays of microneedles in porcine skin

The MNs used in this study have an in-plane configuration, comprised of three MNs in a single row.
However, for the final application it would be ideal with an array containing more than just one row. Thus,
it was investigated how the MNs would behave if arranged in a 2 x 3 or 3 x 3 matrix. Insertion of in-plane
MNs in a 2D-array format was tested using porcine neck skin. For one row (three MNs) the yield was 100%
+ 0%, for two rows (six MNs) the yield was 61% + 19%, and for three rows (nine MNs) the yield was 85%
+ 6% (Figure 4A). This indicated that if the MNs of the improved diagnostic device are to be in an array
format, the placement of the individual MNs should be optimized to minimize the bed-of-nails-effect and
ensure a 100% successful penetration.



3.2.1 Manual insertion of microneedles in human breast skin

Manual insertion of MNs for 60 s in human breast skin was investigated using OCT and it was observed
that the MN holes closed quickly. This is shown in Figure 4B, where the hole was almost closed 2 min after
retraction of the MN from the skin. Based on the OCT images and Image) the hole width (Figure 4C), depth
(Figure 4D), and surface damage (Figure 4E) at different times after retraction of the MN from the tissue
were determined. No statistically significant differences (one-way ANOVA with Tukey’s multiple
comparisons test) were found. This is interesting, since the holes, during visual assessment, seemed to be
closing rapidly, cf. Figure 4B. The measurements from manual insertion appear to have a larger variance
compared to the data recorded for the MN insertions using a force gauge (Figure 3F-H), thus illustrating
that manual insertion is less reproducible.
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Figure 4: Applying arrays of microneedles and investigating manual insertion. A) Porcine neck skin sample stained
with 1% methylene blue in PBS for 3 min after microneedle (MN) insertions with one, two or three rows of MN chips
assembled in an array (corresponding to 1 x 3, 2 x 3, and 3 x 3 arrays of MNs). B) OCT images of human breast skin
sample at different times (0, 1, and 2 min) after manual insertion of MNs for 60 s. C-E) MIN hole dimensions measured
using OCT and ImageJ in human breast skin samples at different times after manual insertion. C) Hole width (mean
+SD). D) Hole depth (mean + SD). E) Surface damage (mean #+ SD).

3.3 Delivery of compound 48/80 for mast cell degranulation and immunohistochemistry
on human breast skin

Compound 48/80 was used as a positive control in the animal studies in manuscript Il [2] as it stimulates
MCs to degranulate. In theory, it should be possible to confirm MC activation by releasing 48/80 from the
MN coating and staining the human breast skin sample with IHC for CD63 detection. CD63 is a receptor

that is upregulated upon MC degranulation and can therefore be used as a surface marker for MC
activation [7].



For this purpose, plain intact human breast skin samples without MN insertion (Figure 5A-B) were stained
together with skin where un-coated (Figure 5C-D) and 48/80-coated MNs (Figure 5E-F) had been inserted.
Initially, the results seemed promising as some darker areas appeared in the staining of histology slices
from 48/80-coated MNs as seen in Figure 5E-F. These dark areas did not appear in the histology slices
from un-coated MNs. To verify the preliminary results, samples from 48/80-coated MNs were stained
again, but this time without using the primary antibody of the kit. The identified darkened areas should
not appear on these histology slices without the presence of the primary antibody. Nonetheless, the
darkened areas appeared again indicating that it was likely an unspecific binding that caused the local
change of color (Figure 5G-H).
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Figure 5: Coating delivery of compound 48/80 using microneedles and immunohistochemistry staining for CD63 in
fresh human breast skin samples. A-B) Plain skin sample without microneedle (MN) insertion. C-D) Skin sample with
60 s insertion of un-coated MNs. E-F) Skin sample with 60 s insertion of 48/80-coated MNs. The black dotted circles
indicate darkened stained areas. G-H) Skin sample with 60 s insertion of 48/80-coated MNSs, but without using the
primary antibody in the IHC staining process. The black dotted circles indicate darkened stained areas.

4. Conclusion

In the experimental studies conducted at Cardiff University, it was confirmed that the MNs could
penetrate porcine shoulder skin using forces of 5, 10, and 15 N. However, it was determined that 5 N was
sufficient for penetrating the upper skin layer and that there was less risk of accidently breaking the MNs
when using this lower force. Based on OCT scans the hole depth, width, and surface damage of the skin
were determined, and it was found that the hole depth was dependent on the applied force.

In an additional experiment where one, two, and three rows of MNs were inserted into a porcine neck
skin sample it was found that the successful penetration yield (%) decreased with more rows of MNs. If
the intention of the improved diagnostic device is to have the MNs aligned in a 2D-array, optimization is
needed to ensure 100% successful penetration of all MNs.

As a final test, MNs coated with 48/80 were inserted into fresh human breast skin samples to investigate
if activated MCs could be detected via their CD63 surface marker using IHC. This was not possible as the



initially observed response was confirmed to likely be due to unspecific binding. For future studies, it
would be ideal if the activation of MCs could be confirmed either by optimizing the IHC process or
potentially using flow cytometry, perhaps with a different biomarker. The 48/80 coating should also be
optimized, as results presented in manuscript Il [2] suggest that only a small amount of coating is
delivered.
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Abstract

Today, allergies are usually first screened using the well-established skin prick test (SPT) method.
However, the SPT outcome is qualitative and not quantitative. To improve on the SPT, microneedles (MNs)
were tested for allergen delivery by coating the MNs with allergens. First, MNs were coated with
fluorescent-labeled molecules by dip-coating to test delivery in Brown Norway (BN) rat abdominal, pig
neck, and human breast skin samples. The delivery was visualized by cryostat histology and evaluated by
measuring remaining, fluorescent-labeled coating on the MNs after insertion. Second, MNs coated with
varying concentrations of peanut protein Ara h 2 allergen were tested in vivo using BN rats sensitized with
peanut protein extract. Immune responses were confirmed using IgG: and IgE enzyme-linked
immunosorbent assays (ELISA) and ear swelling tests. MNs coated with compound 48/80 (48/80) and
phosphate buffered saline (PBS) were included as respectively positive and negative control for mast cell
degranulation. As a further control, intradermal (i.d.) injections were also performed with the same Ara h
2 solution concentrations, as well as 48/80 and PBS. Prior to inserting the MNs or performing the i.d.
injections, the rats were intravenously injected with Evans blue for visualization of the blood
accumulations, to indicate a local allergic response. The MNs were inserted into the abdominal skin of
sedated rats for 60 s whereafter the rats were sacrificed. After sacrificing the rats, the abdominal skin was
excised, fixed to its original size, and photographed with the dermis layer facing upwards. Biopsy samples
were collected, snap-frozen in liquid nitrogen, and stored at -80 °C until use. The collected biopsy samples
were homogenized, and Ara h 2 delivery quantified using both fluorescent-labeled Ara h 2 and Ara h 2
ELISA. Delivery of fluorescent-labeled molecules using MNs was confirmed by histology, but the delivered
amount was found to be very small and difficult to accurately quantify. Visualization of the allergic
reaction using Evans blue provided clear dose-response curves for some sensitized rats receiving i.d.
injections. However, for the coated MNs a reaction different from the negative controls could not be
observed using the Evans blue method. Finally, recovery of the delivered Ara h 2 was attempted by
performing an Ara h 2 specific ELISA on homogenized biopsy samples and Ara h 2 could be recovered for
the highest i.d. injection (18.75 pg Ara h 2). For MN delivery of both fluorescent-labeled Ara h 2 and



pristine Ara h 2 no measurable amount was recovered in the homogenized skin samples. In conclusion,
the amount of coating (allergen or positive control) delivered from MNs were insufficient to either elicit
a local allergic response or elicit a measurable allergic response using the Evans blue method.

1. Introduction

Food allergy is an abnormal reaction caused by the immune system in response to food proteins which
are in principle harmless [1]. Even exposure to very small amounts of an allergen can cause an allergic
reaction ranging from oral allergy syndrome [2] to anaphylaxis [3]. The term “the big nine” refers to the
nine main food allergies caused by cow’s milk, hen’s egg, fish, shellfish, tree nuts, peanut, wheat, soybean,
and sesame. Sesame was added to this list officially as of January 1%, 2023 [4]. Cow’s milk and hen’s egg
allergies are often outgrown by children [5], [6] while others such as peanut, tree nuts, shellfish, and seeds
are more persistent food allergies [7]. Peanut allergy is one of the more severe allergies [8] and persist
throughout life [9]-[11]. A total of 18 potential allergens in peanut have been registered by the World
Health Organization and International Union of Immunological Societies [12] with the major peanut
allergens being Arah 1, 2, 3, and 6 [13], [14].

Diagnosing food allergies is first based on medical history and physical examination [15], and if IgE-
mediated food allergy is suspected a blood sample can be collected to test for allergen-specific IgE in the
serum [16]. For a definite confirmation of food allergy the current golden standard is the double-blind
placebo-controlled food challenge where neither the patient nor the healthcare professional knows if the
ingested sample is the suspected food allergen or not [17], [18]. An oral challenge is associated with risk
of adverse effects and should always be conducted under medical supervision [19].

Other diagnostic tests include component-resolved diagnosis (CRD) where allergen-specific antibodies are
measured and cross-reactive molecules can be identified [20], [21]. Alternatively, the basophil activation
test (BAT) may be used where basophils from a blood sample is stimulated with the allergen. As a result
of allergen stimulation upregulated surface-bound markers on the basophils such as CD63 or CD203c can
be detected using flow cytometry [22].

The skin prick test (SPT) is a well-established method for screening allergies in the clinic and is performed
by placing a droplet of allergen extract on the skin of the forearm. The droplet is then pricked through the
skin using a SPT needle and this will initiate a local allergic response within the skin, which should become
visible within 15-20 min. A healthcare professional will then do a manual readout and evaluate the
response based on the diameter (23 mm) of the wheal [23], [24]. Some food-based allergen extracts are
not potent enough to elicit a visible reaction and in these cases the prick-to-prick method may be used.
In this case the SPT needle is first pricked into the food and afterwards applied to the skin as in a normal
SPT [25], [26].

For determination of allergic responses in controlled animal experiments intravenously injected Evans
blue dye has previously been used to stain for the blood accumulation associated with an allergic response
[27]-[30]. The method of using dyes to stain for blood accumulations has been used for several years [31],
[32].



As an adaptation to the SPT microneedles (MNs) are believed to be able to replace the SPT by making the
test less invasive and having a low risk of adverse effects [33], [34]. One study replaced the SPT needle
with bare silicon MNs and showed transdermal delivery of allergen extracts and a resulting visual allergic
response similar to the SPT [34]. A second study presented allergen delivery to the epidermis of rats using
dissolvable MNs and recorded the increase in scratch rate as a measure of successful delivery [33]. MNs
have also been used in research for development of cutaneous immunotherapy where peanut extract was
coated on solid MNs and delivered into peanut-sensitized mice [35], [36].

The aim of this study was first to investigate the delivery potential of coated MNs using fluorescent-
labeled molecules. Secondly, MNs coated with peanut allergen Ara h 2 were pricked into peanut protein
extract (PPE)-sensitized Brown Norway (BN) rats to elicit a local allergic response. This allergic response
was visualized using Evans blue.

2. Materials and methods
2.1Arah2

Raw peanuts were obtained from Morrisons market (Leeds, UK), de-skinned and then ground using a
Waring blender. The meal was defatted with hexane (1:5, w/v) for 3 h at room temperature (RT) with
constant stirring and recovered by filtration on Whatman filter paper number 3 (Merck KGaA, Darmstadt,
Germany). The defatting process was repeated, and the meal was allowed to air-dry overnight. Defatted
peanut meal proteins were extracted in 20 mM Tris/HCI buffer, pH 8.0 (1:30, w/v) for 2 h at 4 °C. The
suspension was centrifuged (12,000 g, 30 min, 4 °C) and the supernatant collected. Ammonium sulphate
was added to 40% saturation and the solution stirred for 30 min at 4 °C. After centrifugation at 10,000
g for 20 min at 4 °C, the supernatant was collected, and further addition of ammonium sulphate followed
to bring the concentration up to 75% (w/v). The mixture was centrifuged at 10,000 g for 20 min at 4 °C
and the pellet was dissolved in 20 mM Tris/HCI buffer, pH 8.0. The solution was dialyzed against 20 mM
Tris/HCI buffer, pH 7.2 containing 0.15 M NaCl, overnight at 4 °C using 3.5 kDa MWCO dialysis tubing
(Fisher Scientific, Goteborg, Sweden). After filtration with a 0.2 um syringe filter (Merck), the solution was
applied to a HiLoad 16/600 Superdex 75 pg column (Cytiva, Brendby, Denmark) attached to an AKTA Pure
25 M1 (Cytiva), equilibrated with the same buffer using a flow rate of 0.75 mL/min. Absorbance was
monitored at 280 nm and 215 nm and fractions were analyzed by SDS-PAGE. Column fractions containing
Ara h 2 were collected, pooled, and dialyzed overnight at 4 °C against 20 mM Tris/HCl buffer, pH 7.2 using
3.5 kDa MWCO dialysis tubing (Fisher Scientific). After the ammonium sulfate concentration was adjusted
to 1.5 M, the sample was filtered (0.22 um syringe filter) and loaded onto a HiTrap phenyl HP column (7 x
25 mm, Cytiva) equilibrated with 20 mM Tris/HCI buffer, pH 7.2 containing 1.5 M ammonium sulphate.
The column was run at 1 mL/min and eluted with a linear gradient from 1.5 to 0.0 M ammonium sulphate.
Column fractions containing Ara h 2 were collected, pooled, dialyzed overnight at 4 °C against PBS (137
mM NaCl, 3 mM KCl, 8 mM Na;HPO4;, 1 mM KH,PO,, pH 7.2) (3.5 kDa MWCO dialysis tubing) and
concentrated by ultrafiltration (3 kDa MWCO Amicon Ultra-15 filter) (Millipore). The purified Ara h 2 was
aliguoted and stored at -20 °C for further analysis.



2.2 Peanut protein extract

The purification procedure for PPE was almost identical to the procedure for Ara h 2 (section 2.1). The
only differences were that the pH of the buffer was 8.5 instead of 8.0, the Tris/HCI buffer ratio was 1:10
instead of 1:30, and the incubation time was 1 h instead of 2 h. The PPE was furthermore dialyzed
against PBS instead of 20 mM Tris/HCI buffer, pH 7.2.

2.3 Microneedle fabrication

Fabrication of chips with MNs is described in manuscript 1 [37]. In brief, MNs were fabricated using double-
side polished silicon wafers. The MN pattern was designed using CleWin 5 layout editor (WeWin software,
Hengelo, The Netherlands). The wafer back and front sides were exposed to spin coating, photo
lithography, and dry etch after which the photoresist was removed. The etching step on the back side
defined the MN thickness and the photo lithography and etching step on the front side defined the MN
shape. The MN shape and dimensions were a pencil shape with a 1000 um length, 400 um width, and 180
pum thickness. The chip with MNs is illustrated in Figure 1. It consists of a 15 x 9 mm chip with a 3 x 3 mm
extruding part called the base, from which three MNs extrude.

1mm
>

Microneedles {

Base 3 mm

3 mm

Chip 15 mm

9 mm

Figure 1: Schematic illustration of microneedles. Three pencil-shaped MNs with dimensions of 1000 um length, 400
um width, and 180 um thickness extrude from a base (3 x 3 mm), which itself is extruding from a chip (15 x 9 mm).

2.4 Microneedle coating and release
2.4.1 Coating solution

Delivery molecules were added to de-ionized water (DI water) in the desired concentration after which
carboxymethyl cellulose (CMC) sodium salt (low viscosity) (Sigma-Aldrich, St. Louis, Missouri, USA) was



added to an end concentration of 1% (w/v). PBS was used instead of DI water for all experiments
conducted in rats. Coated MNs were stored at 4 °C until use. The maximum storage time was seven days.

Ara h 2 and Rhodamine B-conjugated Ara h 2 were used for coating in addition to the following
fluorescent-labeled molecules: Fluorescein isothiocyanate-dextran (FITC-dextran, Sigma-Aldrich),
Albumin-fluorescein isothiocyanate conjugate (FITC-BSA, Sigma-Aldrich), and Rhodamine B
isothiocyanate-Dextran (Rhodamine B-dextran, Sigma-Aldrich).

2.4.2 Ara h 2 Rhodamine B conjugation

Rhodamine B was conjugated to Ara h 2 using the Rhodamine B conjugated kit (Fast, Lightning Link,
ab188286, abcam, Cambridge, UK) according to manufacturer’s instructions.

2.4.3 Dip-coating

A 3D printed probe for mounting of MNs to a Texture Analyser (TA, Stable Microsystems, Godalming, UK)
and wells for coating solutions were prepared using Fusion 360 (Autodesk, CA, USA, V2.0.14793) and sliced
using Simplify3D (Simplify3D, OH, USA, version 4.1.2). The probe and wells were printed using fused
filament fabrication with Poly(lactic acid) on a Felix Pro Series printer (FELIX Printers, lJsselstein, The
Netherlands), as previously described in manuscript | [37].

For optimization experiments the MNs were cleaned by plasma treatment (Diener Electronic Zepto,
Diener Electronic GmbH & Co. KG, Ebhausen, Germany) prior to dip-coating. MNs were treated with air-
plasma at 40% power (where 10% power = 30 watt) for 75 s using compressed dry air. The MNs were
plasma treated on either the front side, back side or both sides.

Using a dip-coating method, the MNs were mounted vertically on the TA using the custom-made probe
and moved downwards into the coating solution with a speed of 0.50 mm/s and held in the solution for
10 s. Subsequently, the MNs were removed with a retraction speed of 0.50 mm/s. The MNs were left to
dry in an upright position for a few minutes. If the coating contained fluorescence, they were left to dry
in darkness.

2.4.4 Coating release

To determine the proportion of coating released, the remaining, fluorescent-labeled coating on the MNs
was measured after insertion. This was done by placing the MNs in the wells of a ProxiPlate-96 Black,
Black Opaque 96-shallow well Microplate (PerkinElmer, Waltham, MA, USA) with 90 uL PBS for 5 min to
ensure that all remaining coating was released. To confirm that all the remaining coating had been
released the MNs were imaged afterwards by fluorescence microscopy (Olympus BX53, Olympus,
Shinjuku, TYO, Japan).

The released FITC fluorescence was measured using a Victor X Multilabel Plate Reader (PerkinElmer), after
shaking for 1 s, at a measurement height of 13 mm. The Rhodamine B fluorescence was measured using
a Multimode Plate Reader EnSpire (PerkinElmer) at an excitation wavelength of 550 nm and an emission
wavelength of 570 nm. A standard curve with the relevant fluorescence and PBS as background was
included for each plate.



2.5 Coating delivery in ex vivo pig and human skin samples

2.5.1 Ex vivo pig and human skin sample preparation

Human skin explants were collected from surgical procedures under informed patient consent and local
ethical committee approval (South East Wales Research Ethics Committee Ref: 08/WSE03/55).

Excised pig neck and human breast skin samples were frozen at -20 °C until use. Subsequently, the skin
samples were thawed at RT for approx. 30 min. Skin samples were prepared under sterile conditions inside
a fume hood. Two layers of cork were wrapped in two layers of tin foil and skin samples were placed with
the dermis skin layer facing up on the tin foil to remove fat and muscle tissue. After removal, the first tin
foil layer was removed to collect the excess fat and muscle tissue, and the skin samples were placed with
the epidermis facing up on the tin foiled cork and fixed. The skin surface was gently wiped with ethanol
and for pig neck skin samples, the surface was shaved. To prevent the skin from drying they were dapped
with PBS every 5-10 min.

2.5.2 Cryostat histology with fluorescence delivery in ex vivo pig and human skin samples

MNs were coated as described in section 2.4.3 with 10 mg/mL Rhodamine B-dextran in DI water. The MNs
were inserted in pig neck and human breast skin samples for 2, 30 and 60 s at 5 N, measured using a
Sauter force gauge (model FH 100, Sauter, Basel, Schweiz). An 8 mm diameter biopsy was taken from the
insertion spot of MNs using a biopsy pen (pfm medical ag, Cologne, Germany). The biopsy samples were
fixed using formaldehyde and frozen using optimal cutting temperature (OCT) embedding matrix (Carl
Roth, Karlsruhe, Germany) at -20 °C and stored at -80 °C until cryosectioning. The frozen biopsy samples
were mounted and cryosectioned using a Cryotome FSE cryostat (Thermo Scientific, Waltham,
Massachusetts, USA). The cryosectioned slices were 10 um thick and collected on Thermo Scientific™
SuperFrost™ Microscope Slides, Cut (Fischer Scientific, Waltham, MA, USA). Fluorescence was imaged
using an Olympus IX50 microscope with Olympus U-RFL-T burner (Olympus, Shinjuku, TYO, Japan). First,
a brightfield microscope picture was taken and subsequently a fluorescence image was taken at the same
location and magnification and these pictures were overlaid using ImageJ 1.52a (Wayne Rasband, National
Institutes of Health, USA).

2.6 Brown Norway rats

Rat experiments were carried out in the animal facility at the Technical University of Denmark. Ethical
approval was given by the Danish Animal Experiments Inspectorate with the authorization number (2020-
15-0201-00732-C1). The experiments were overseen by the University’s in-house Animal Welfare
Committee for animal care and use.

BN rats from the in-house breeding colony at the National Food Institute, Technical University of Denmark
with an age of 9-15 weeks were used. Rats were given an in-house produced diet based on potato, fish,
and rice proteins, free from legume proteins, for more than 14 generations [38], [39]. Water was provided
ad libitum. Rats were housed in macrolon cages (n=4/cage) at 22 °C + 1 °C with a relative humidity of 55
+ 5%. Electric lights were on from 9.00 a.m. to 9.00 p.m. The rats were inspected once a day and body
weight noted once a week.



2.7 Brown Norway rat experiments

2.7.1 Coating delivery in Brown Norway rat skin (experiment 1)

To investigate fluorescent-labeled coating delivery, BN rats (n=3, males) were used. Rats were sacrificed
by decapitation using hypnorm-midazolam as anesthesia. Subsequently the abdominal skin was shaved,
and MNs coated with 10 mg/mL FITC-dextran were tested. MNs were manually inserted into the
abdominal skin for 2, 30, 60, and 120 s. The coating delivery was subsequently calculated by subtracting
the mean value of remaining, fluorescent-labeled coating on inserted MNs from the mean value of
fluorescent-labeled coating on MNs that were not inserted in the skin. The fluorescent-labeled coating on
the MNs was measured as described in section 2.4.4.

2.7.2 Coating delivery in Brown Norway rat skin (experiment 2)

To assess FITC-BSA and Rhodamine B-conjugated Ara h 2 coating release, BN rats (n=8, 4/gender) were
used. Rats were sedated using hypnorm-midazolam, shaved on the abdomen skin and subsequently 50
ug/mL Rhodamine B-conjugated Ara h 2-coated MNs were inserted in the skin for 2, 30, and 60 s. The rats
were then sacrificed by decapitation, and MNs coated with 10 mg/mL FITC-BSA were inserted for 2, 30,
and 60 s. The abdominal skin samples were excised and fixed to their original size and samples were taken
using an 8 mm biopsy pen, snap-frozen in liquid nitrogen, and stored at -80 °C until use.

2.7.3 Coating delivery of low dosage range of compound 48/80 in Brown Norway rats
(experiment 3)

To evaluate compound 48/80 (Sigma-aldrich) coating delivery and confirm subsequent visualization of the
mast cell degranulation response, BN rats (n=8, 4/gender) were used. Rats were sedated using hypnorm-
midazolam and 1% Evans blue (Sigma-Aldrich) in PBS was injected into the tail vein at a volume of 2 uL/rat
weight (g) (Figure 2A). Evans blue binds to serum albumin in the blood and consequently stains the blood
blue, making blood accumulations visible [40]. The rat abdominal skin was shaved and MNs coated as
described in section 2.4.3 with either 0 (control), 5, 10, 20, 30 or 40 pg/mL of 48/80 mixed in PBS, were
inserted manually into the skin for 60 s. In addition, 30 pL of PBS (negative control) and 30 pL of 20 pg/mL
48/80 (positive control) corresponding to 0.6 ug were i.d. injected for comparison with MN delivery
(Figure 2B). After 15 min from the initial Evans blue tail injection, the rats were sacrificed by decapitation.
Next, abdominal skin samples were excised and fixed to their original size with the dermis skin layer facing
up for visualization of the Evans blue colored blood accumulation. The fixed skin samples were
photographed together with a visible ruler for later analysis and comparison (Figure 2C).

2.7.4 Coating delivery of high dose range of compound 48/80 in Brown Norway rats
(experiment 4)

A rat experiment similar to experiment 3 (section 2.7.3) was conducted but with a broader range of MN
48/80 coating concentrations (0.1, 1, 10, 100, or 1000 pug/mL 48/80), still using PBS as negative control.
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Figure 2: lllustration of compound 48/80 coating delivery in Brown Norway rats. A) Rats were sedated using
hypnorm-midazolam, 1% Evans blue in PBS was injected into the tail vein and the abdominal skin was shaved. B)
Microneedles (MNs) coated with 48/80 were manually inserted for 60 s and 30 uL of 20 ug/mL 48/80 (0.6 ug) and 30
uL of PBS were intradermally injected in the rat abdominal skin. C) After 15 min the rats were sacrificed by
decapitation, the abdominal skin samples were excised and fixed to their original size with the dermis skin layer facing
up and photographed for later analysis. Created with BioRender.com.

2.7.5 Delivery of Ara h 2 in naive or peanut-sensitized Brown Norway rats (experiment 5)

To investigate Ara h 2 coating delivery and mast cell degranulation responses, rats were allocated into six
groups (n=8/group, 4/gender) where Group 1, 3, and 5 were intraperitoneally (i.p.) injected with 0.5 mL
of PBS as control and Group 2, 4, and 6 were i.p. injected with 0.5 mL of PBS containing 50 pg PPE on Day
0, 7,14, and 21. At Day 26 (Group 3 and 4) and Day 27 (Group 1, 2, 5, and 6) an ear swelling test (EST) was
performed as described later in section 2.7.5.1. At Day 28 (Group 1, 2, 4, and 6) and Day 29 (Group 3 and
5) rats were sacrificed by decapitation using hypnorm-midazolam as anesthesia and blood was collected,
converted to sera, and stored at -20 °C until analyses (Figure 3).
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Figure 3: Rat experimental design. Rats were immunized with 0.5 mL of phosphate buffered saline (PBS) alone
(control groups) or with 0.5 mL PBS containing 50 ug peanut protein extract (PPE) (sensitized groups) on Day 0, 7, 14,
and 21. An ear swelling test was performed on Day 26 and 27 and rats were sacrificed on Day 28 and 29 where the
blood was collected. Group 1, 3, and 5 were control groups that received PBS while Group 2, 4, and 6 were sensitized
groups receiving PPE. Group 1-2 were rats that received an intradermal injection as a control to the microneedle
(MN) insertion and Group 3-6 were rats that were pricked with coated MNs. Created with BioRender.com.

Group 1 and 2 were i.d. injected with 30 pL of Ara h 2 in PBS (625, 125, 25, 5, and 1 ug/mL Ara h 2)
corresponding to 0.03, 0.15, 0.75, 3.75, and 18.75 pg. As a positive control 30 pL of 20 pug/mL 48/80
corresponding to 0.6 pug was i.d. injected and as a negative control 30 uL of PBS was i.d. injected. Group
1-2 acted as controls for Group 3-6.

Group 3-6 were used for Ara h 2 delivery via MN insertion using the same concentrations of Ara h 2 in the
coating solution as for the i.d. injection solutions. Also included were MNs coated with 1000 pug/mL 48/80
as positive MN control and PBS as negative MN control as well as non-coated MNs as a second negative
control. The actual amount of allergen or positive control delivered using coated MNs was unknown.

The rats were sedated using hypnorm-midazolam and injected with Evans blue as described in section
2.7.3 and their abdominal skin was shaved (Figure 4A). |.d. injections or manual MN insertions were done
for eight randomly assigned locations (A-H) on the abdominal skin 2 min after the Evans blue injection. As
a measure for the skin damage posed by the MN insertions, the trans-epidermal water loss (TEWL) was
measured for 20 s before and immediately after each MN insertion. When halfway through either the i.d.
injections or MN insertions a timer was set for 15 min (Figure 4B) after which the animals were sacrificed.
The rats were sacrificed by decapitation. Afterwards, abdominal skin samples were excised, fixed to their
original size, and photographed as described in section 2.7.3. Using 8 mm biopsy pens skin samples from
the injection/insertion sites were collected, weighed and snap-frozen in liquid nitrogen, and subsequently
stored at -80 °C until use (Figure 4C).
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Figure 4: Delivery of Ara h 2 by intradermal injection and microneedle insertion. A) Rats were sedated using
hypnorm-midazolam and 2 ul/rat weight (g) of 1% Evans blue in phosphate buffered saline was injected into the tail
vein. B) Intradermal (i.d.) injections or microneedle (MN) insertions were done after 2 min at eight randomly assigned
locations (A-H). Trans-epidermal water loss (TEWL) was measured before and after MN insertion. When halfway
through i.d. injections or MIN insertions, a timer was set for 15 min whereafter the rats were sacrificed. C) Rats were
sacrificed by decapitation. Skin samples were excised, fixed to their original size with the dermis layer facing upwards,
and photographed for later Evans blue analysis. Biopsy samples were taken from the eight locations and snap-frozen
in liquid nitrogen for -80 °C storage. Created with BioRender.com.

2.7.5.1 Ear swelling test

An EST was performed to evaluate the clinical relevance of the PPE sensitization, as previously described
[41]. In brief, the rats were anesthetized by injection of hypnorm-midazolam and the initial ear thickness
was measured twice using a caliper. The left ear was i.d. injected with 10 pug PPE in 20 uL PBS while 3 ug
Ara h 2 in 20 pL PBS was i.d. injected into the right ear. The ear thickness was measured again once after
30 min and the ear swelling, i.e., change in ear thickness (AThickness) was determined as a measure of
the clinical relevance of the PPE sensitization. The PPE sensitization would be considered clinically relevant
if AThickness was significantly higher for the sensitized animals compared to the control animals.

2.8 ImagelJ analysis of Evans blue data

For Evans Blue quantification image analysis was conducted using ImageJ 1.52a (National Institutes of
Health, USA). The criterium set for performing an Evans blue quantification analysis was that the positive
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control of 48/80 was clearly visible in the skin, thus, if the positive control was not clearly visible the rat
was excluded from analysis.

The Evans blue area was measured by setting the length scale according to a ruler in the image. The area
was then marked and measured using the freehand selection tool. “Histogram” was used for gray value
analysis (color saturation) where the Evans blue area was selected using the rectangle selection tool and
a mean value for the gray value was extracted. “Color Profiler” was used for area under the curve (AUC)
analysis where the Evans blue area with part of the skin background was selected as illustrated in Figure
5A using the rectangle selection tool and the RGB (red, green, and blue) graph (mean gray value for each
column of pixels within the selected area) was extracted (Figure 5B). The red channel was found to give
the best color contrast and thus this channel was used henceforth. Upon extraction to Excel (Version 2301,
Microsoft 365) a mean value for the background data representing the coloration of the pristine skin was
calculated based on the first and last ten data points to establish a baseline. The area of the shaded regions
on the gray value by distance graph on Figure 5B were calculated and used as a measure of the Evans blue
response AUC.
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Figure 5: Evans blue data extraction for the area under the curve analysis method. An example of excised skin and
illustration of how area under the curve (AUC) data was obtained using ImagelJ and analyzed using GraphPad Prism.
A) The Evans blue area was selected as illustrated using a rectangle selection tool in ImageJ and the B) “color profiler”
tool was used to measure and extract a RGB (red, green, and blue) graph. The red channel was found to be the most
sensitive for blue color detection and was therefore used. The areas of the shaded regions were calculated and used
as a measure of the Evans blue response.

2.9 Enzyme-Linked Immunosorbent Assay
2.9.1 Detection of Specific IgG1 by Indirect ELISA

For detection of the development of a specific immune response, 96-well Maxisorp plates (NUNC,
Roskilde, Denmark) were coated with 100 uL/well of 0.1 pg/mL PPE or 0.5 pg/mL Ara h 2 in carbonate
buffer (15 mM Na>COs x 10 H,0, 35 mM NaHCOs, pH 9.6) for measurement of PPE-specific IgG;1 and Ara h
2-specific 1gG1, respectively. Between each step, the plates were washed five times in PBS with 0.01%
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(w/v) Tween-20 (Sigma-Aldrich) (PBS-T). After incubation overnight at 4 °C, the plates were incubated for
1 h with 50 pL/well of serial 2-fold diluted blood samples in PBS-T starting at a dilution of 1:8. Next, plates
were incubated with 100 puL/well of the secondary antibody, mouse anti-rat IgG;, labeled with horseradish
peroxidase (HRP, 3060-05, Southern Biotech, Birmingham, AL, USA) diluted 1:20,000 in PBS-T. Afterwards,
the plates were washed in tap water and incubated at RT for 12 min with 100 pL/well 3,3',5,5'-
tetramethylbenzidine (TMB)-one (4380A, Kementec Diagnostics, Taastrup, Denmark). The reaction was
stopped by adding 100 pL/well 0.2 M H,SO,. The results are expressed as log, titer values with a cut-off
optical density (OD) of 0.025. Titers are defined as the interpolated dilution of the sample down to the
mean absorbance for the negative control +3 x the standard deviation (SD).

2.9.2 Detection of Specific IgE by Antibody-Capture ELISA

For the detection of PPE- or Ara h 2-specific IgE, 96-well Maxisorp plates (NUNC) were coated with 100
uL/well of 0.5 pg/mL mouse anti-rat IgE (HDMAB-123 HydriDomus, Nottingham, UK) in carbonate buffer
and incubated overnight at 4 °C. Between each step, the plates were washed five times in PBS-T.
Subsequently, plates were blocked for 1 h at 37 °C with 200 uL/well of 3% (w/v) skimmed milk powder
(SMP, 70166, Sigma-Aldrich) in PBS-T. Next, serum samples were added in 2-fold serial dilutions starting
at 1:8 in PBS-T. Plates were incubated with 50 pL/well of 10:1 digoxigenin (DIG)-coupled PPE diluted to
0.2 ug/mL or Ara h 2 diluted to 0.5 pg/mL in 3% SMP blocking solution. Plates were then incubated with
100 pL/well HRP-labeled sheep-anti-DIG-POD (11633716001, Roche Diagnostics GmbH, Mannheim,
Germany) diluted 1:1,000 in PBS-T. Between each step, the plates were washed five times in PBS-T.
Afterwards, the plates were washed under tap water and incubated at RT for 12 min with 100 pL/well
TMB-one. The reaction was stopped by adding 100 pL/well 0.2 M H,SO4. The results are expressed as log,
titer values with a cut-off OD of 0.025. Titers are defined as the interpolated dilution of the sample down
to the mean absorbance for the negative control +3 x SD.

2.10 Tissue Homogenization

To investigate molecules in skin samples, tissue homogenization was performed. For homogenization, the
frozen skin samples were pulverized using a mortar with a pestle and liquid nitrogen, and 20 uL/mg tissue
homogenization lysis buffer (150 mM sodium chloride (Merck, Darmstadt, Germany), 20 mM
tris(hydroxymethyl)aminomethane tris(us) (Sigma-Aldrich), 1 mM Ethylene glycol-bis(2-amino-
ethylether)-N,N,N’,N’,-tetra acetic acid (EGTA) (Sigma-Aldrich), 1 mM Ethylenediaminetetraacetic acid
solution (EDTA (0.5 M)) (Sigma-Aldrich), MilliQ water, 1% w/v IGEPAL (Sigma-Aldrich) with 2% Halt™
Protease Inhibitor Cocktail (100x) (Thermo Fischer Scientific, Waltham, MA, USA)) was added to the
mortar and mixed. The samples were collected from the mortar in an Eppendorf tube and one stainless
freezer-cold bead (@ 5 mm) was added. The samples were run in TissuelLyser Il (QIAGEN, Hilden, Germany)
with 30 oscillations/min for 2 min for final homogenization. Afterwards, the samples were incubated on
ice for 20 min while being vortexed every 5 min. The samples were centrifuged at 15,000 g for 20 min at
4 °C and the supernatant was harvested and stored at -80 °C until use.
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2.10.1 Detection of Ara h 2 by Indirect ELISA

For measurements of Ara h 2 content in the rat skin tissue homogenates (diluted 1:4), an ELISA kit (ARA H
2 ELISA 2.0 KIT — FIVE PLATE (EPC-AH2-5), Indoor Biotechnologies, VA, USA) was performed according to
the manufacturer’s protocol.

2.11 Statistical analysis

Graphs and statistical analyses were made using Prism V9.5.0 (GraphPad, San Diego, CA, USA). Results
regarding coating development and optimization were analyzed using parametric test analyses as this
data was deemed to be normally distributed as assessed by D’Agostino-Pearson normality test. For these
analyses one-way ANOVA with Tukey’s multiple comparisons test and unpaired T-tests with Bonferroni
correction were used. A significance level of a = 0.05 was used in all cases.

Results obtained from in vivo rat experiments were found not to be normally distributed as assessed by
D’Agostino-Pearson normality test and was therefore analyzed by non-parametric analyses. For these
analyses Kruskal-Wallis test with Dunn’s multiple comparisons test and Mann-Whitney test were used. A
significance level of a = 0.05 was used in all cases.

3. Results

3.1 Microneedle coating and release

Plasma treatment on the surface of the MNs was investigated as a method for cleaning and increasing
hydrophilicity [42] to enhance coating adhesion. No statistically significant differences (one-way ANOVA
with Tukey’s multiple comparisons test) were revealed when comparing the different plasma treatment
strategies of either no, front-side, back-side or both sides plasma treatment of MNs (Figure 6A). Thus,
plasma treatment did not aid the coating and was therefore omitted henceforth.

From the initial coating release studies, it was found that by increasing the concentration of FITC-dextran
in the coating solution, an increased amount of FITC-dextran was released (Figure 6B). A statistically
significant difference (unpaired T-tests with Bonferroni correction, dgonferroni = 0.01) was found between
each tenfold increase in FITC-dextran concentration. It should be noted that to ensure that the MNs were
fully coated, the chip was submerged in the FITC-dextran coating solution, and this covered the MNs as
well as the base (Figure 6C). Hence, the released amount in this case is a measure of release from both
the MNs and the base.
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Figure 6: Optimizing dip-coating of microneedles. A) Amount of FITC-dextran released (mean + SD, n=5) from
microneedles (MNs) subjected to plasma surface treatment on either the front, back or both sides. B) Amount of FITC-
dextran released (mean * SD, n=10) from MNs coated with various FITC-dextran coating solution concentrations. C)
Example of an optical microscope image illustrating how the coating is distributed on the MNs and base. For all
statistical analyses the statistically significant differences are marked as *** p < 0.001 and **** p < 0.0001.

3.2 Coating delivery in Brown Norway rat skin

For optimization of insertion time to ensure coating release, sacrificed rats were pricked with FITC-
dextran, FITC-BSA, and Rhodamine B-conjugated Ara h 2-coated MNs for different time durations. The
fluorescence from the remaining coating on the front as well as back of the MNs was visualized and
measured using a fluorescence microscope (Figure 7A-J). Comparing the control MNs (Figure 7A-B), which
were not inserted into the rat skin (0 s) with MNs inserted for 2 s (Figure 7C-D), 30 s (Figure 7E-F), 60 s
(Figure 7G-H) or 120 s (Figure 71-J), showed that the coating was released from the MNs when in contact
with the skin.

The relative amount of remaining FITC-dextran was compared between the MNs that were not inserted
into the rat skin and the MNs inserted for 2, 30, 60, and 120 s respectively. The comparison showed
statistically significant differences (one way ANOVA with Tukey’s multiple comparisons test) between 0 s
(control), and 60 s, and 120 s, respectively, as well as between 2 s and 60 s and 120 s, respectively (Figure
7K). Likewise, the released FITC-dextran was calculated by subtracting the mean fluorescence values of
the inserted MNs from the control MNs. From this it was estimated that 2 s insertion caused no (0 ng)
release, 30 s insertion caused a release of approx. 27% (90 ng + 99 ng release); 60 s insertion caused a
release of approx. 49% (166 ng + 85 ng release); and 120 s insertion caused a release of approx. 49% (165
ng + 116 ng release). It should be noted that these calculations are rough estimates.

To confirm coating release after 60 s of MN insertion, an identical experiment was conducted using FITC-
BSA (Figure 7L) and Rhodamine B-conjugated Ara h 2 (Figure 7M). The remaining fluorescence was
measured and generally either 30 s and/or 60 s insertion gave a lower mean value of remaining coating
(Figure 7L-M) than 0 s (control). For FITC-BSA, 2 s insertion caused approx. 13% (63 ng + 97 ng), 30 s
insertion caused approx. 8% (39 ng £ 103 ng), and 60 s insertion caused approx. 15% (74 ng + 115 ng)
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release while for Rhodamine B-conjugated Ara h 2, 2 s and 30 s insertion both caused approx. 21% (17 ng
1 28 ng) release while 60 s insertion caused approx. 41% (33 ng + 28 ng) release. Based on these results,
it appears that the FITC-dextran had the highest release relative to the control after 60 s insertion time
with approx. 49% coating release whereas FITC-BSA had a maximum release of approx. 15% and
Rhodamine B-conjugated Ara h 2 had approx. 41% release after 60 s. We hypothesize that the difference
in release is due to the delivery molecules having a distinct effect on the release of the coating (Figure 7K-
M).

To re-find the delivered Rhodamine B-conjugated Ara h 2 in the skin, the Rhodamine B fluorescence
intensity was measured in skin homogenates (Figure S1, Sl). This revealed that the amount of delivered
Ara h 2 was below the limit of detection.
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Figure 7: FITC-dextran, FITC-BSA, and Rhodamine B-conjugated Ara h 2 coating delivery in Brown Norway rat skin.
A-J) Front and back fluorescence microscope images of 450 ug/mL FITC-dextran-coated microneedles (MNs) after
insertion. A-B) 0 s control MNs with no insertion. C-D) 2 s insertion. E-F) 30 s insertion. G-H) 60 s insertion. I-J) 120 s
insertion. K) Remaining FITC-dextran after 0, 2, 30, 60, and 120 s insertion (mean * SD, n=5). L) Remaining FITC-BSA
after 0, 2, 30, and 60 s insertion (mean + SD, n>5). M) Remaining Rhodamine B-conjugated Ara h 2 after 0, 2, 30, and
60 s insertion (mean + SD, n25). For all statistical analyses the statistically significant differences are marked as * = p
<0.05.
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3.3 Coating delivery in ex vivo pig and human skin samples

Coating delivery was tested in pig neck skin and human breast skin ex vivo samples as these have a closer
resemblance to the skin of patients than rat skin samples. The released fluorescent-labeled coating was
visualized by cryosectioning ex vivo skin samples. For this purpose, Rhodamine B-dextran rather than FITC-
dextran was used to avoid auto-fluorescence from the skin [43].

The front and back sides of control MNs (Figure 8A-B), and MNs which had been inserted for 2 s (Figure
8C-D), 30 s (Figure 8E-F) or 60 s (Figure 8G-H) were imaged using a fluorescence microscope. It could be
observed that inserted MNs had less fluorescent-labeled coating remaining after insertion compared to
the control ones.

The remaining Rhodamine B-dextran on the MNs was quantified (Figure 8I), however, the mean
fluorescence value after 60 s insertion was not much lower than for the control MNs. The released coating
was estimated, and 2 s insertion caused approx. 10% (66 ng + 260 ng), 30 s insertion caused approx. 11%
(72 ng £ 266 ng), and 60 s insertion caused approx. 11% (75 ng + 315 ng) release. There were no statistically
significant differences (one-way ANOVA with Tukey’s multiple comparisons test) found for the remaining
coating between the different insertion times.

As delivery could not be confirmed statistically by measuring the remaining fluorescence, the pig neck
skin (Figure 8J-L) and human breast skin (Figure 8M-0) samples were cryosectioned. Optical as well as
fluorescence microscope images were taken of the unstained histology slices, and the images were
overlaid. Using this method, delivered Rhodamine B-dextran was visible in the cryosectioned skin samples
for all MN insertion times, 2 s (Figure 8J,M), 30 s (Figure 8K,N), and 60 s (Figure 8L,0). Based on this and
the previous results, it is likely that small amounts of coating were delivered. It furthermore appears that
the insertion time has an impact on the delivery in human breast skin, with increasing delivery times
providing more coating to the skin (Figure 8M-0). Collectively, these results demonstrate that a measure
of the remaining, fluorescent-labeled coating on the MNs is not the best method for estimating coating
delivery. This is likely because the amount of fluorescent-labeled coating delivered from the inserted MNs
is so small compared to the coating still present on the MNs and base of the inserted MNs, that the drop
in fluorescence signal compared to the not-inserted control MNs becomes insignificant.
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Figure 8: Rhodamine B-dextran fluorescent coating delivery. A-H) Front and back fluorescence microscope images
of 10 mg/mL Rhodamine B-dextran-coated microneedles (MNSs) after insertion in pig neck skin samples. A-B) Control
MN (no insertion). C-D) MN inserted for 2 s, E-F) 30 s, G-H) 60 s. |) Remaining Rhodamine B-dextran after 0, 2, 30,
and 60 s insertion (mean + SD, n>6). J-L) Optical and fluorescence microscope images merged to illustrate Rhodamine
B-dextran delivery in pig neck skin. J) Coating delivery for 2 s, K) 30 s, or L) 60 s. M-O) Optical and fluorescence
microscope images merged to illustrate coating delivery in human breast skin. M) Coating delivery for 2's, N) 30's, or
0)60s.

3.4 Coating delivery of compound 48/80 in Brown Norway rats

In the present study, the impact of delivered 48/80 on mast cell degranulation was investigated using
Evans blue for visualization. MNs coated with various 48/80 coating solution concentrations ranging from
5-40 pg/mL (Figure 9A) or from 0.1 to 100 pg/mL (Figure 9B) were used and compared to 0.6 ug of i.d.
delivered 48/80.

Different analysis methods were investigated to quantify the degranulation response using Evans blue
staining, as no standard way for analysis of Evans blue data has previously been defined. Parameters such
as color saturation (gray value) and Evans blue area (pixels) were investigated (Figure S2A-B, SI) using
Imagel. AUC analysis was conducted to get a combined measure of color saturation and Evans blue area.
As evident from Figure S2A-B, Sl as well as Figure 9A all three methods could potentially be used for
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analysis since the i.d. control injections show the positive control 48/80 eliciting a response compared to
the negative control PBS. Nonetheless, as the AUC encompassed both the parameters of color saturation
and Evans blue area, this was deemed the most optimal method of analysis (cf. section 2.8).

In Figure 9A-B it can be observed that the MNs coated with varying concentrations of 48/80 did not elicit
a response different from PBS.
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Figure 9: Dose-response curves for 48/80 delivery in naive rats using area under the curve analysis. A-B) Dose-
response curves of Evans blue response by area under the curve (AUC) (gray value x pixels) analysis for naive rats.
A) Small range of 48/80 coating solution concentrations: 5, 10, 20, 30, and 40 ug/mL (n=6) and intradermal (i.d.)
injection of PBS and 0.6 ug 48/80 (n=6). B) Large range of 48/80 coating solution concentrations: 0.1, 1, 10, 100,
and 1000 ug/ml (n=5) and i.d. injection of PBS and 0.6 ug 48/80 (n=5).

3.5 Delivery of Ara h 2 coating in Brown Norway rats
3.5.1 Sensitization of Brown Norway rats

Until now the research was conducted on naive animals only, however, since the idea is to measure an
allergic response, the animals were sensitized against PPE. To confirm an initial antibody response PPE-
and Ara h 2-specific 1gG; ELISA assays were performed (Figure 10A-B), and to confirm sensitization PPE-
and Ara h 2-specific IgE ELISA assays were performed (Figure 10C-D), along with an EST to confirm a
clinically active response against PPE and Ara h 2 (Figure 10E-F).

The IgG; and IgE ELISA assays (Figure 10A-D) showed that the PPE-immunized rats developed an immune
response and were sensitized towards PPE in contrast to the naive control rats. Statistically significant
differences (Mann-Whitney test) were found for all ELISA assays. The PPE-specific EST (Figure 10E)
demonstrated statistically significant difference (Mann-Whitney test) between the control groups (PBS)
and sensitized groups (PPE), indicating that the sensitized rats had a clinically active response towards
PPE. Even though PPE-sensitized rats all had statistically significant Ara h 2-specific IgE titer values (Figure
10D), this seems to not cause a statistically significant (P=0.1025) clinical response to this single allergen
in the EST (Figure 10F).
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Figure 10: Immunological response from naive and sensitized Brown Norway rats. A) Peanut protein extract (PPE)-
specific 1gGi titer (mean  SD, n=48). B) Ara h 2-specific IgG: titer (mean + SD, n=48). C) PPE-specific IgE titer (mean
+ SD, n=48). D) Ara h 2-specific IgE titer (mean * SD, n=48). E) Ear swelling test (EST) for PPE (n=48). F) EST for Ara h
2 (n=48). For all statistical analyses the statistically significant differences are marked as **** = p < 0.0001.

During MN insertion in BN rats TEWL was measured to confirm skin penetration. Statistically significant
differences in TEWL (Kruskal-Wallis test with Dunn’s multiple comparisons test) were observed for the
rats before and after MN insertions (Figure S3A, Sl) at the individual abdominal skin locations (location A-
H, Figure 3B, Sl), thus indicating that the MNs penetrated the skin.

3.5.2 Retrieval of Ara h 2 after delivery

Delivery of Ara h 2 was also evaluated using an ELISA kit on homogenized skin samples. Ara h 2 could be
quantified for one i.d. injection (Figure 11A) and approx. 40 ng corresponding to 0.2% of the initially
delivered Ara h 2 could be rediscovered in the skin sample injected with 18.75 pg Ara h 2. This amount
was found to be statistically significantly (Kruskal-Wallis test with Dunn’s multiple comparisons test)
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higher than the amount of Ara h 2 recovered in the PBS and 0.75 pg i.d. injected Ara h 2 skin samples,
thus showing that the delivered Ara h 2 could only be recovered if high amounts of Ara h 2 was initially
delivered. This indicates that Ara h 2 is either degraded in the skin, taken up by cells or transported away
from site of injection. For skin samples with MN insertion, it was not possible to quantify an amount of
Ara h 2 in the homogenate (Figure 11B).
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Figure 11: Retrieval of Ara h 2 in homogenized skin samples after intradermal injection and microneedle insertion.
A) Recovered Ara h 2 in skin samples from rats receiving intradermal injection (mean  SD, n=4). B) Recovered Ara h
2 in skin samples from rats receiving microneedle insertion (mean t+ SD, n>=4). For all statistical analyses the
statistically significant differences are marked as * = p < 0.05.

3.5.3 Evans blue analysis for detection of an allergic response in sensitized Brown Norway rats

To detect an allergic response after i.d. injection or MN delivery of Ara h 2 in the skin, skin coloration by
Evans blue was investigated in sensitized and non-sensitized (control) rats. The AUC data (raw data, Figure
S4A-D, SI) was analyzed using normalization to the positive control 48/80 (Figure 12A-D) as it was assumed
that 48/80 caused max degranulation of mast cells. Only rats for which the positive control was clearly
visible were included in the analysis; hence the number of rats vary between the groups in Figure 12.

Rats receiving i.d. injections exhibited in general a low response to PBS and a high response to 48/80 as
was expected for both control (Figure 12A) and sensitized rats (Figure 12B), and only sensitized rats
reacted to the Ara h 2 with a clear response. For rats receiving MN insertion, no difference in reaction
could be observed between the Ara h 2 delivery and PBS in both control (Figure 12C) and sensitized rats
(Figure 12D).
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Figure 12: Dose-response curves for intradermal injection and microneedle insertion of Ara h 2 in Brown Norway
rats. A-D) Dose-response curves for Evans blue responses (%) relative to Evans blue response for the positive control
(48/80) which in theory represents maximum mast cell degranulation. A) Intradermal (i.d.) injection in naive control
rats (n=4). B) l.d. injection in sensitized rats (n=5). C) Microneedle (MN) insertion in naive control rats (n=10). D) MN
insertion in sensitized rats (n=10).

4. Discussion

A correct and precise diagnosis of allergy is important in order for the patient to know the potential
severity of the allergy and which precautions should be taken. In this study, coated MNs were investigated
with the aim of delivering allergens into the skin to elicit a local allergic response. In the long-term
perspective this study is part of developing a new diagnostic method using MNs where an allergen is
delivered directly into the skin while measuring in situ a local allergic response. Ideally, it will be possible
to coat with a different allergen on each MN to test several allergens in a smaller space than the SPT.
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First, MNs were coated using dip-coating with a fluorescent-labeled molecule in the coating solution. The
delivery of the molecule was evaluated by measuring the remaining, fluorescent-labeled coating on the
MNs after insertion and compared to the fluorescent-labeled coating from MNs which were not inserted.
It was observed that the coating method, insertion time, and the coating molecule for delivery had an
impact on the outcome. The delivery estimations were accompanied by large standard deviations, and it
is therefore difficult to say something conclusive regarding the delivered amount.

Studies on delivery using coated MNs generally report varying results. Gill et al. developed an optimized
method for coating of MNs devoid of coating on the base. They showed a delivery efficiency of 91.4% for
Vitamin B after 5 min insertion and their estimation was based on measuring the remaining, fluorescent-
labeled coating on the MNs plus the excess amount deposited on top of the skin. Based on these
measurements they assumed that the missing amount was delivered in the skin when comparing to MNs
which had not been inserted into the skin [44]. We hypothesize that the large standard deviations
associated with the delivery estimates in our study could be reduced if the coating was constrained to the
MNs only, instead of also covering the base. This would allow for an easier quantification of the amount
of released coating solely from the MNs, as the noise from the base coating would be omitted. Shakya et
al. coated MNs with peanut extract and reported a delivery efficiency of 72.3% by measuring the
remaining fluorescence on the MNs and the fluorescence found on top of the skin after insertion [35], just
as was done by Gill et al. [44]. Landers et al. also coated MNs with peanut extract and obtained a delivery
efficiency of 65.1% [36] using the same quantification method as Shakya et al. [35]. Several studies have
investigated MN delivery for different molecules such as Jenkins et al. who showed a delivery of just 8%
for vaccine delivery for 5 min insertion time [45], while Chen et al. estimated a delivery of 90% for
sulforhodamine B after 2 min insertion [46], and Kochhar et al. reported a delivery of 30% for Rhodamine
B after 1 h of insertion [47]. This demonstrates that various parameters such as mode of coating, insertion
time, and coating molecules affect the delivery efficacy and hence making a direct comparison between
studies difficult. In our study the estimated delivery at 60 s insertion varied greatly depending on whether
the molecule was FITC-dextran (49%), FITC-BSA (15%), Rhodamine B-conjugated Ara h 2 (41%) or
Rhodamine B-dextran (11%). In short, the coating solution and quantitative measurement methods
appeared to have an impact on the estimated delivery.

Rhodamine B-dextran-coated MNs were inserted into pig neck and human breast skin samples which were
cut for histology to visualize the delivery in the skin. Here it was clear that Rhodamine B-dextran coating
had been delivered into the skin and not only scraped off on the surface.

Having confirmed delivery of Rhodamine B-dextran coating using cryostat histology the allergen of
interest, Ara h 2, was conjugated with Rhodamine B and coated onto MNs for delivery. Rhodamine B-
conjugated Ara h 2 was not able to be re-found in homogenized skin samples after delivery with the MNs,
which is probably due to the delivered amount being below limit of detection of the plate reader. As an
alternative to measuring Rhodamine B fluorescence, Ara h 2 in homogenized skin samples was measured
using an ELISA kit on i.d. injection and MN delivery samples. It was only possible to re-find Ara h 2 for the
highest i.d. injected concentration (625 pug/mL corresponding to 18.75 ug Ara h 2) while none of the MNs
gave a measurable Ara h 2 signal indicating that the delivered amount was below the limit of detection
for the kit (2.0 ng/mL). Likely, the injected Ara h 2 was either degraded within the skin, taken up by cells
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or transported away from the area before the biopsy was taken, as only 0.2% of the initially delivered Ara
h 2 could be recovered.

To measure if the amount of delivered Ara h 2 allergen from the MNs was enough to elicit a local allergic
response, in vivo animal experiments were conducted using PPE-sensitized BN rats. The rats were found
to have developed an immunological response by means of specific IgG; and IgE towards both PPE as a
whole and towards Ara h 2 upon i.p. immunization. Yet, only a statistically significant clinical response was
shown for PPE in contrast to Ara h 2 in the EST.

The Evans blue response in i.d. injected rats generally gave a low PBS response and a higher 48/80
response as expected and only PPE-sensitized rats had a visible reaction against Ara h 2. Using i.d.
injections as controls for MN coating delivery in rats showed that not enough allergen coating was
released from the MNs to either elicit an allergic response or to elicit an allergic response that could be
observed using Evans blue. However, using the i.d. injections as controls turned out to be less optimal
than anticipated since not all sensitized rats appeared to develop a visual Evans blue response. The general
outcome of MNs coated with either 48/80 or Ara h 2 was that no significant measurable reaction could
be observed.

In hindsight, PPE-coated MNs should have been included in the experiment since PPE gave a statistically
significant clinical response whereas Ara h 2 did not. The PPE consists of several allergens, and it is possible
that the main allergen causing an allergic reaction in the rats was not Ara h 2, but one or multiple of the
other allergens present in PPE [13], [14] as Ara h 2 only makes up approx. 10% of the PPE [48]. Ideally,
different peanut allergens should have been purified, coated on MNs, and tested using i.d. injections and
MNs to maximize the chance of a measurable outcome.

The injection of Evans blue into the tail vein proved difficult and required practice. The positive control
was therefore not visible for all rats. As a criterium, the positive control on the rat should always be visible
to the naked eye, and this was not always the case which is why not all rats could be included in the
analysis. This also meant that for some of the analyses only few rats were available which made it even
more difficult to reach a conclusion.

For analysis of the Evans blue data several strategies were investigated. As Evans blue is a visualization of
coloring of the skin due to blood accumulation, which indirectly points to an allergic response, the analysis
tool selected was image analysis. Using ImagelJ, the Evans blue area (corresponding to flare (redness) area
in the SPT) and the gray value (color saturation) were measured. The AUC measurements were an attempt
to combine the Evans blue area and color saturation parameters into a single response parameter. Other
previous studies have tried to establish a valid method for Evans blue analysis beyond the visual
inspection. Evans blue can be measured and quantified using a spectrophotometer [49], [50], which is
done by extracting the Evans blue into formamide and measuring the absorbance at 620 nm using a
spectrophotometer. This could be an alternative way for future analysis to try and quantify the allergic
response and have it complementary to the AUC measurements as done in our study. Naturally, the
fluorescent quantification of the Evans blue dye in this manner would need some optimization to
determine the limit of detection and ensure that the skin samples do not auto-fluoresce at this
wavelength. Alternatively, other biomarkers could be measured in homogenized samples to confirm an
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allergic response such as e.g., tryptase [51], B-hexosaminidase [52] or other molecules that are associated
with an allergic reaction and can be measured in a homogenized skin sample.

In regard to the use of MNs to deliver an allergen and elicit an allergic response, only limited prior work
exists. Ito et al. used dissolvable MNs in rats to deliver the allergen poly-L-arginine. The delivery was
confirmed by observing increased scratching from the rats at the site of delivery [33]. Trautmann et al.
fabricated silicon MNs and tested these in a SPT setting as an alternative to the SPT needle. Using the
positive control of histamine normally used for SPT they confirmed delivery when pricking the droplet into
the forearm of a volunteer using MNs [34]. In both cases enough allergen was delivered to elicit a
response. In the case of Ito et al. 300 MNs containing the allergen were used and dissolved within the skin
thereby ensuring full delivery [33] while Trautmann et al. used a droplet of allergen and thus did not rely
on coating delivery [34]. It is possible in our case that an increase in number of MNs or using dissolvable
MNs would have increased the delivered allergen dose and resulted in a measurable allergic response.

Assuming that the allergen delivery using coated MNs is sufficient to elicit an allergic response, but
insufficient to elicit a measurable response using Evans blue, an alternative measurement method can be
used. We envision that the allergic response will be measured quantitatively using MNs with a pyrolytic
carbon surface for electrochemical measurements [53], which may prove to be a more sensitive method
than Evans blue.

5. Conclusions

A dip-coating method was developed for coating MNs with fluorescent-labeled molecules and Ara h 2
allergen for i.d. delivery. Quantifying the delivered coating was attempted by measuring remaining,
fluorescent-labeled coating on MNs after insertion into skin, but it was found that the delivered amount
was difficult to estimate accurately, probably due to the large background fluorescence from the coating
on the base. However, delivery of coating into the skin was confirmed using fluorescence microscopy
imaging of cryostat histology, though the delivered amount could not be quantified with this method. It
was furthermore observed that the delivery molecule had an impact on the coating solution, and this
should therefore be optimized for each individual allergen or molecule to be delivered.

Using Evans blue as a visualization method for quantification of the allergic reaction worked to some
degree for the rats receiving i.d. injections, however, no response could be observed for the delivery from
MNs. This is likely due to an insufficient delivery of the allergen or positive control. For a future study,
PPE-coated MNs should be included alongside Ara h 2 as it appeared that PPE gave a clinically active
response in the rats based on the EST results whereas Ara h 2 did not. In general, the quantification
method using Evans blue for MN insertion should be further optimized. Nonetheless, this work lays the
foundation for the development of a new diagnostic tool for allergies.
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12. List of abbreviations

Abbreviation
AUC
BAT
BN
cMC
CRD
DI water
DIG
EDTA
EGTA
ELISA
EST
FITC-BSA
FITC-dextran

Meaning
Area under the curve
Basophil activation test
Brown Norway
Carboxymethyl cellulose
Component-resolved diagnosis
De-ionized water
Digoxigenin
Ethylenediaminetetraacetic acid solution
Ethylene glycol-bis(2-amino-ethylether)-N,N,N’,N’,-tetra acetic acid
enzyme-linked immunosorbent assay
Ear swelling test
Albumin-fluorescein isothiocyanate conjugate
Fluorescein isothiocyanate-dextran

HRP
i.d.

i.p.

MN
MWCO
OCT
oD

PBS
PBS-T
PPE
RGB
Rhodamine B-dextran
RT

SD
SMP
SPT

TA
TEWL
TMB-one
w/v
48/80

Horseradish peroxidase
Intradermal

Intraperitoneal

Microneedle

MW cut off

Optimal cutting temperature
Optical density

Phosphate buffered saline

Phosphate buffered saline with 0.01% Tween-20

Peanut protein extract
Red, green, and blue

Rhodamine B isothiocyanate-Dextran

Room temperature

Standard deviation

Skimmed milk powder

Skin prick test

Texture analyser
Trans-epidermal water loss
3,3',5,5'-tetramethylbenzidine
Weight per volume
Compound 48/80
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Figure S1: Rhodamine B-conjugated Ara h 2 delivered in Brown Norway rat abdominal skin samples. Fluorescence of

homogenized skin samples after Rhodamine B-conjugated Ara h 2 release from microneedles (mean t SD, n=8).
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Figure S2: Dose-response curves for analysis methods of Evans blue. A) Dose-response curves for Evans blue area in naive rats
(n=6). B) Dose-response curves for gray value mean (color saturation) in naive rats (n=6). The lower the value the darker the
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Figure S3: Confirming microneedle penetration of skin. A) Trans-epidermal water loss (TEWL) was measured for 20 s before and
after microneedle insertion (60 s) at locations A-H (mean % SD, n=48). B) Schematic illustrating the TEWL measurement locations
A-H. For all statistical analyses the statistically significant differences are marked as * = p < 0.05, **** = p <0.0001. Created with
BioRender.com.
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Figure S4: Dose-response curves of Evans blue response. A-D) Evans blue response calculated using area under the curve (gray
value x pixels) analysis. A) Intradermal (i.d.) injection in naive rats (n=4), B) i.d. injection in sensitized rats (n=5), C) microneedle
(MN) insertion in naive rats (n=10) and D) M insertion in sensitized rats (n=10). Based on raw AUC data the MNs did not appear
to cause more damage than the i.d. injection as the Evans blue response was within the same range.
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Abstract

The skin prick test (SPT) is used in the clinic to screen for allergies but has the disadvantage of being a
qualitative rather than quantitative estimation. The objective of this study was to deliver birch pollen
extract (BPE) and the birch pollen allergen Bet v 1 into the skin using coated microneedles (MNs) to elicit
a local allergic response as a first step to improving the SPT method. MNs were dip-coated in coating
solution containing various concentrations of either BPE or Bet v 1 as well as compound 48/80 as a positive
control and phosphate buffered saline (PBS) as a negative control. Evans blue was injected intravenously
into the tail vein for visualization of blood accumulation indicating a local allergic response. Coated MNs
were tested in vivo in either naive or BPE-sensitized Brown Norway rats. Sensitization to BPE and Bet v 1
was confirmed by IgE ELISAs and the clinical response confirmed by an ear swelling test. For one group of
rats, the coated MNs were inserted in the abdominal skin for 60 s after sedation, whereas another group
of rats were given intradermal (i.d.) injections of the same allergens, as well as the positive control 48/80
and negative control PBS. The rats were sacrificed, and the abdominal skin was excised and fixed to its
original size with the dermis layer facing upwards. The skin samples were photographed for subsequent
Evans blue analysis. Based on the Evans blue analysis, clear dose-response curves were observed for
sensitized rats receiving i.d. injections. However, sensitized rats receiving MN insertion did not provide a
reaction against BPE or Bet v 1 that was significantly different from the reaction of the naive control rats.
As no difference in response could be detected using Evans blue for delivery of BPE or Bet v 1 using coated
MNs it was concluded that the delivered amount of allergen was either too low to elicit an allergic
response or the allergic response was too small to be measured with Evans blue.

1. Introduction

Birch trees are predominantly found in Northern and Central Europe [1] and due to climate changes the
level of birch pollen has increased and the birch pollen season has been extended [2]. Birch pollen can
cause allergic rhinitis and sometimes asthma symptoms [3] and with cross-reactivity to food allergens the
severity of birch pollen allergy increases [4]. Eight allergens from birch pollen are recognized by the
International Allergen Nomenclature Sub-committee [5] with Bet v 1 as the main allergen [6], [7].



Diagnostic tools include examination of the clinical history and radioallergosorbent test (RAST) [8] where
allergen specific IgE antibodies are detected using a secondary radiolabeled antibody [9]. Additional tests
such as histamine release test and inhalation provocation test [10] also exist. For screening of birch pollen
allergy, the skin prick test (SPT) is an established method. It is performed by placing a droplet of allergen
on the skin of the forearm and the allergen is then pricked into the skin using a SPT needle. After 15-20
min a visual response in the form of a wheal and flare will appear and this is then evaluated by a health
care professional [11]. A blood test for birch pollen specific IgE is also an option and it is often more reliable
than the SPT [12], [13].

For visualization of allergic reactions in animal experiments intravenous injection of Evans blue has been
utilized [14]—[17]. This method is well-established and has been used for a long time for visualization of
blood accumulations [18], [19].

Microneedles (MNs) are being investigated as an alternative diagnostic tool to the SPT [20], [21]. They are
also being researched for their potential in vaccination [22] and immunotherapy of airway allergies where
allergen extract is coated on MNs for cutaneous delivery [23].

The aim of this study was to coat MNs with birch pollen extract (BPE) or Bet v 1 allergen and deliver this
intradermally (i.d.) upon manual insertion into naive or BPE-sensitized Brown Norway (BN) rats to elicit a
local allergic reaction. The allergic reaction was visualized using Evans blue.

2. Materials and methods

2.1 Microneedle fabrication

The fabrication, dimensions and shape of MNs are described in manuscript | [24]. Briefly explained silicon
wafers were exposed to spin coating, photo lithography, and dry etching to determine the thickness and
shape of the MNs, whereafter excess photoresist was removed. As illustrated in Figure 1 the MNs were
pencil shaped with a total length of 1000 um, thickness of 180 um, and width of 400 um and each chip
always contained three such MNs extruding from a 3 x 3 mm base which sat on a 9 x 15 mm chip for
handling.
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Figure 1: lllustration of microneedle shape and dimensions. Schematic of the 1000 um long, 400 um wide, and 180
um thick, pencil-shaped microneedles. Three MNs extrude from the base which is attached to the chip. Adopted from
manuscript Il [25].

2.2 Coating solution

The coating solution was described in manuscript Il [25], but in brief it consisted of 1% (w/v)
carboxymethylcellulose (CMC) sodium salt (low viscosity) (Sigma-Aldrich, St. Louis, Missouri, USA) in
phosphate buffered saline (PBS, 137 mM NaCl, 3 mM KCl, 8 mM Na,HPO4, 1 mM KH,PO,4, pH 7.2) with
different concentrations (6, 60, and 600 pg/mL) of either birch pollen extract (BPE, DST, Schwerin,
Germany) or Bet v 1 allergen extract (DST).

2.3 Dip-coating

The dip-coating method was outlined in manuscript Il [25], but in short a Texture Analyser was used to
lower a mounted chip with MNs at the speed of 0.5 mm/s into a coating solution, holding the MNs in the
solution for 10 s, and retracting the MNs again at a speed of 0.5 mm/s. The MNs were left to dry for a few
min afterwards.

2.4 Brown Norway rats

Rat experiments were conducted in the Technical University of Denmark’s animal facility. Ethical approval
was given by The Danish Animal Experiments Inspectorate with the authorization number (2020-15-0201-
00732-C1). The University’s in-house Animal Welfare Committee for animal care and use were in charge
of overseeing the rat experiments.



BN rats 9-12 weeks old were used for the experiments. The rats originated from the in-house breeding
colony at the National Food Institute, Technical University of Denmark. An in-house produced diet based
on potato, fish, and rice proteins was fed to the BN rats for more than 14 generations [26], [27] and water
was available ad libitum. Macrolon cages were used to house the BN rats (n=4/cage) at a temperature of
22 °C £ 1 °C with a humidity of 55 * 5%. Light was on from 9.00 a.m. to 9.00 p.m. The rats were inspected
once daily, and body weight recorded once weekly.

2.4.1 Rat experiment: Delivery of birch pollen extract and Bet v 1 in Brown Norway rats

To assess BPE and Bet v 1 allergen delivery using coated MNs, rats were allocated into four groups
(n=8/group, 4/gender) where Group 1 and 3 were intraperitoneally (i.p.) injected with 0.5 mL PBS as
control and Group 2 and 4 were i.p. injected with 0.5 mL PBS containing 50 ug BPE on Day 0, 7, 14, and
21. On Day 25 (Group 1-2) and Day 27 (Group 3-4) an ear swelling test (EST) was performed as described
later in section 2.4.2. On Day 28 (Groups 1, 2, and 4) and Day 29 (Group 3) the rats were sacrificed by
decapitation using hypnorm-midazolam as anesthesia and blood was collected (Figure 2).
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Figure 2: Rat experiment design. Rats were intraperitoneally injected with 0.5 mL phosphate buffered saline (PBS)
(control groups) or 50 ug birch pollen extract in 0.5 mL PBS (sensitized groups) on Day 0, 7, 14, and 21 to induce
sensitization. An ear swelling test was performed on Day 25 and 27 and rats were sacrificed on Day 28 and 29 where
blood was collected. Group 1-2 were rats receiving intradermal injections and Group 3-4 were rats receiving
microneedle insertions. Created with BioRender.com. Adapted from manuscript Il [25].

Group 1-2 were i.d. injected with 30 pL of BPE or Bet v 1 (6, 60 or 600 pug/mL) in PBS giving a total amount
of 0.18, 1.80, or 18 pg. In addition, 30 L of 20 pug/mL 48/80 (48/80, Sigma-Aldrich) was i.d. injected
corresponding to 0.6 ug as a positive control and an i.d. injection of 30 uL of PBS was used as a negative
control.

Group 3-4 had MNs inserted that were coated with the same concentrations of allergen solution as was
used for the i.d. injections. Yet, the amount coated on the MNs, and the amount of allergen delivered in
the skin is unknown but anticipated to be much below the amount delivered with i.d. injections. As
positive control 1000 pug/mL 48/80-coated MNs were used, and as a negative control PBS-coated MNs
were used.

The rat experiment was conducted as described in manuscript 1l [25]. In brief, the rats were sedated using
hypnorm-midazolam, 2 uL/rat weight (g) of 1% Evans blue in PBS was injected into the tail vein and the
abdominal skin was shaved (Figure 3A). After 2 min the rats were subjected to either i.d. injection or
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manual MN insertion at eight locations (A-H) randomly assigned on the abdominal skin. Trans-epidermal
water loss (TEWL) measurements were performed prior to and after each MN insertion for assessing
tissue damage. When halfway through i.d. injections or MN insertions, a timer was set for 15 min (Figure
3B) whereafter the rats were sacrificed by decapitation. Afterwards, the abdominal skin was excised and
fixed to its original size with the dermis skin layer facing upwards and the Evans blue coloration was
photographed for subsequent analysis. A skin biopsy was collected for each of the locations (A-H) and
weighed. The biopsy samples were snap-frozen in liquid nitrogen and stored at -80 °C (Figure 3C).
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Figure 3: Delivery of birch pollen extract and Bet v 1 by intradermal injection or microneedle insertion. A) The rats
were sedated using hypnorm-midazolam and 2 ulL/rat weight (g) of 1% Evans blue in phosphate buffered saline was
injected into the tail vein. B) After 2 min, either intradermal (i.d.) injection or microneedle (MN) insertion was done
at eight randomly assigned locations (A-H) and trans-epidermal water loss was measured prior to and after MN
insertions to assess tissue damage. When halfway through the i.d. injections or MIN insertions, a timer was set for 15
min and the rats were sacrificed when the timer ran out. C) The skin with i.d. injections or MN insertions were excised,
fixed to its original size, and photographed for subsequent Evans blue analysis. Biopsy samples were taken from the
eight locations (A-H) and snap-frozen in liquid nitrogen for storage at -80 °C. Created with BioRender.com. Adopted
from manuscript Il [25].

2.4.2 Ear swelling test

An EST was done to evaluate the clinical relevance of the BPE sensitization, as previously described [25],
[28]. Briefly, the rats were anesthetized using hypnorm-midazolam and the initial ear thickness was



measured twice. The left ear was i.d. injected with 10 pg BPE in 20 puL PBS and the right ear was i.d. injected
with 3 ug Bet v 1in 20 pL PBS. The thickness was measured again, once, after 30 min.

2.5 ImagelJ analysis of Evans blue data

Image) 1.52a (National Institutes of Health, USA) was used for all image analysis as described in
manuscript Il [25]. In brief, “Color Profiler” was used for area under the curve (AUC) analysis where the
Evans blue area was selected using the rectangle selection tool and the RGB (red, green, and blue) graph
for the Evans blue area and background surrounding it was extracted. Based on the extracted RGB graphs
for the data in the red channel, AUC was calculated for the background and Evans blue area which were
then subtracted from each other. This gave a quantitative value for the parameters of surface area as well
as color saturation with the unit of the AUC being “gray value x pixels”.

2.6 Enzyme-Linked Immunosorbent Assay
2.6.1 Detection of specific IgG1 by indirect ELISA

The procedure for specific IgG; was generally as described in manuscript Il [25], with the exception that
the 96-well Maxisorp plates (NUNC, Roskilde, Denmark) were coated overnight at 4 °C with 100 pL/well
of 10 pg/mL BPE in carbonate buffer (15 mM Na,COs x 10 H,0, 35 mM NaHCOs, pH 9.6). The results are
expressed as log; titer values with a cut-off optical density (OD) of 0.1. The titer values are defined as the
interpolated dilution of the sample down to the mean absorbance for the negative control +3 x the
standard deviation (SD).

2.6.2 Detection of specific IgE by indirect ELISA

The procedure for specific IgE was generally as described in manuscript I [25], with the exception that the
detection of BPE-specific IgE was performed with 50 uL/well of 10:1 digoxigenin (DIG)-coupled BPE diluted
to 1 ug/mL in 3% skimmed milk powder (SMP, 70166, Sigma-Aldrich) blocking solution. The results are
expressed as log, titer values with a cut-off OD of 0.1. The titer values are defined as the interpolated
dilution of the sample down to the mean absorbance for the negative control +3 x SD.

2.7 Statistical analysis

Graphs and statistical analyses were generated using Prism V9.5.0 (GraphPad, San Diego, CA, USA). The
results were analyzed using non-parametric analyses as the data was found to not be normally distributed
as assessed by D’Agostino-Pearson normality tests. The performed tests were therefore Mann-Whitney
tests and Kruskal-Wallis tests with Dunn’s multiple comparisons test using a significance level of a=0.05
in all cases.



3. Results
3.1 Delivery of birch pollen extract and Bet v 1 allergen in Brown Norway rats

3.1.1 Sensitization of Brown Norway rats

BPE-specific 1gG; enzyme-linked immunosorbent assay (ELISA) was performed to confirm an initial
antibody response (Figure 4A) and BPE-specific IgE ELISA assay was done to confirm sensitization towards
BPE (Figure 4B). The 1gG; and IgE ELISAs showed that most of the BPE immunized rats, except from three,
had developed an immune response and were found to be sensitized towards BPE in contrast to the PBS
control rats. The three non-sensitized rats were omitted from the remaining analysis of this study.

An EST was done for BPE (Figure 4C) and Bet v 1 (Figure 4D) where a statistically significant difference
(Mann-Whitney test) between the control group (PBS) and sensitized group (BPE) was found for the Bet v
1 EST indicating that the sensitized rats had a clinically active response towards Bet v 1. No statistically
significant difference was found for BPE (P=0.1001), thus a clinically active response towards BPE was not
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Figure 4: Inmune response in Brown Norway rats. A) Birch pollen extract (BPE)-specific 1gG: titer (n=31). B) BPE-
specific IgE titer (n=31). C) Ear swelling test (EST) for BPE (n=28). D) EST for Bet v 1 (n=28). For all statistical analyses
the significant differences are marked as ** = p < 0.01, **** = p <0.0001.

TEWL (Figure S1A, SI) was measured for 20 s prior to and after MN insertion at the specific locations A-H
(Figure S1B, Sl) to confirm MN penetration of the skin. Although it seemed that MN insertion caused an
increase in TEWL in all cases, only three locations (D, E, and G) showed a statistically significant difference
(Kruskal-Wallis test with Dunn’s multiple comparisons test) between the TEWL before and after
measurements.

3.1.2 Area under the curve analysis

The Evans blue response was measured relative to the positive control of 48/80 assuming this provided
max degranulation of mast cells (for raw AUC data see Figure S2A-D in Sl). Only rats where the positive
control 48/80 was clearly visible were included in the analysis hence the number of rats varied between
the groups.



The rats receiving i.d. injections exhibited a low response to PBS and a high response to 48/80 (Figure 5A-
B). Sensitized rats appeared to respond to both Bet v 1 and BPE (Figure 5B) compared to naive rats (Figure
5A). There was no difference in the measurable reaction towards Bet v 1, BPE, or 48/80 for rats receiving
MN insertions compared to the negative control (PBS-coated MNs), and there was no difference between

the reactions in naive (Figure 5C) and sensitized rats (Figure 5D).
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Figure 5: Dose-response curves for Evans blue response (%) relative to Evans blue response for the positive control
(compound 48/80). A) Intradermal (l.d.) injection in naive rats (n=6). B) I.d. injection in sensitized rats (n=7). C)
Microneedle (MN) insertion naive male rats (n=5). D) MIN insertion in sensitized rats (n=6).

4. Discussion

MNs were investigated for their potential role in allergy diagnostics by testing their ability to deliver
allergens via coating and initiate a local allergic response. This study included MNs coated with the primary
allergen Bet v 1 and MNs coated with BPE.

Using an EST, a statistically significant difference was found for Bet v 1 between the sensitized and naive
rats, however, this was not found for BPE. Ideally, the concentration of Bet v 1 in BPE should be



established. Focke et al. performed an analysis where they found a tenfold variation in the concentration
of Bet v 1 in commercially available BPEs and they found that 1.62 pg/mL — 19.61 pg/mL Bet v 1 was
present in the tested extracts [29]. Assuming that this translates to the BPE used in our study and based
on the outcome of the EST, the estimated concentration of Bet v 1 in BPE appears to not be high enough
to elicit a clinical response towards BPE with Bet v 1 being the main allergen and contributor to an allergic
reaction. It is therefore hypothesized that the rats were sensitized towards the Bet v 1 in the BPE and that
the concentration of Bet v 1 was too small in the BPE to elicit a clinical response whereas the pure Betv 1
extract had a high enough concentration for a clinical response to occur.

The difference in TEWL before and after MN insertion was found to not be statistically significant in all
locations, which could indicate that the MNs did not pierce the skin. It could also be that the MNs did not
completely reach the interstitial fluid or a blood vein, thereby not eliciting as high a water loss. However,
the trend was that the TEWL mean values were higher after the penetration in all cases, so the skin was
likely pierced.

For rats receiving i.d. injections the Evans blue AUC method gave some promising dose response curves
for BPE and Bet v 1. For the rats receiving MN insertions, the Evans blue response for the BPE, Bet v 1 or
48/80-coated MNs was no different from the Evans blue response from PBS-coated MNs. This could be
due to the MNs not piercing the skin sufficiently as indicated by the lack of statistically significant
differences for the TEWL measurements. Yet, it is more likely that the amount of delivered allergen or
48/80 using coated MNs was too small to either elicit a response in the first place or at least to elicit a
measurable reaction using the Evans blue method.

In other studies Evans blue has been quantified by extracting the Evans blue from the biological sample
and measuring the absorbance at 620 nm using a spectrophotometer [30], [31]. Other ways of quantifying
the Evans blue response would be beneficial to complement the image analysis. As a final note, it would
be beneficial if other biomarkers for mast cell activation such as tryptase or histamine [32] could be
measured in skin sample biopsies taken from the site of i.d. injection and MN insertion to confirm a local
allergic response. As an alternative method to using Evans blue we envision using the MNs with a pyrolytic
carbon layer to perform electrochemical measurements of the allergic response [33].

5. Conclusions

In this study BPE and Bet v 1-coated MNs were tested for their ability to deliver allergen within the skin
to elicit a local allergic response. Evans blue quantification using the AUC analysis method was found to
be viable for rats receiving i.d. injections of BPE and Bet v 1. However, for the rats receiving MN insertions
no significant reaction could be obtained. It is likely that the MNs did not deliver enough BPE or Bet v 1 to
either elicit an allergic response in the first place or elicit a response measurable by the Evans blue
method.

For a future study, the dip-coating method for the MNs should be further optimized and the coating
solution should be optimized for the individual allergen. Other ways of Evans blue quantification or other



analyses methods entirely should also be explored to complement image analysis, and finally the amount
of Bet v 1 present in the BPE should be established.
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13. List of abbreviations

Abbreviation
AUC
BN
BPE
ELISA
EST
i.d.
i.p.
MN
oD
PBS
RGB
SD
TEWL
w/v
48/80

Meaning
Area under the curve
Brown Norway
Birch pollen extract
enzyme-linked immunoassay
Ear swelling test
Intradermal
Intraperitoneal
Microneedle
Optical density
Phosphate buffered saline
Red, green and blue
Standard deviation
Trans-epidermal water loss
Weight per volume
Compound 48/80
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Figure S1: Trans-epidermal water loss measurements and the measurement locations. A) Trans-epidermal water loss (TEWL)
was measured for 20 s before and after microneedle insertion (60 s) at locations A-H (mean * SD, n=48). B) Schematic illustrating
the TEWL measurement locations A-H. Created with BioRender.com.



S2 Area under the curve analysis
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Figure S2: Dose-response curves for Evans blue response by AUC (gray value x pixels) analysis. A) Intradermal (1.d.) injection in
naive rats (n=6). B) I.d. injection in sensitized rats (n=7). C) Microneedle (MN) insertion in naive rats (n=5). D) MN insertion in
sensitized rats (n=6).



