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Inflammatory diseases of the skin have a considerable high prevalence worldwide and negatively impact the
patients’ quality of life. First-line standard therapies for these conditions inherently entail important side effects
when used long-term, particularly complicating the management of chronic cases. Therefore, there is a need to
develop novel therapeutic strategies to offer reliable alternative treatments. Abnormally high reactive oxygen
species (ROS) levels are characteristic of this kind of illnesses, and therefore a reasonable therapeutic goal.
Cyanocobalamin, also known as Vitamin By, possesses notable antioxidant and ROS-scavenging properties
which could make it a possible therapeutic alternative. However, its considerable molecular weight restricts
passive diffusion through the skin and forces the use of an advanced transdermal delivery system. Here, we
present several prototypes of Cyanocobalamin-loaded Dissolving Microarray Patches (Bjo@DMAPs) with
adequate mechanical properties to effectively penetrate the stratum corneum barrier, allowing drug deposition
into the skin structure. Ex vivo penetration and permeability studies noted an effective drug presence within the
dermal skin layers; in vitro compatibility studies in representative cell skin cell lines such as L929 fibroblasts and
HacCaT keratinocytes ensured their safe use. The in vivo efficacy of the selected prototype was tested in a delayed-
type hypersensitivity murine model that mimics an inflammatory skin process. Several findings such as a
reduction of MPO-related photon emission in a bioluminescence study, protection against histological damage,
and decrease of inflammatory cytokines levels point out the effectivity of B;2@DMAPs to downregulate the skin
inflammatory environment. Overall, Bjo@DMAPs offer a cost-effective translational alternative for improving
patients’ skin healthcare.

1. Introduction radical (0%*) produced by an exacerbated NADPH oxidase activity in

neutrophils and macrophages may contribute to cytotoxic reactions in

In the biomedical field, oxidative stress can be considered as two
sides of the same coin. On the one hand, it is the cause of multiple pa-
thologies, since it can trigger changes at the molecular level, as a result
of DNA base oxidation, lipid peroxidation and protein carbonylation [1].
On the other hand, it can be used as a therapeutic target, to tackle a wide
plethora of conditions, from cancer to inflammatory diseases, where it
plays a key role in their pathogenesis [2,3]. Thus, as with any other
inflammatory pathology, inflammatory skin diseases are associated with
oxidative stress damage. Recently, it has been reported that superoxide
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the inflammatory microenvironment and modulate the differentiation
and proliferation of epidermal fibroblasts and keratinocytes [4,5]. Be-
sides, nitric oxide radical (NOe) has been identified as a biomarker and
proinflammatory mediator in abnormal situations [6], being typically
increased in conditions such as psoriasis and dermatitis.
Cyanocobalamin, also known as Vitamin By, (B13), is a molecule that
possesses antioxidant properties, which are widely described in the
literature. These studies have been performed in different scenarios,
from in vitro to in vivo, using cells [7], nematodes [8], and human
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subjects [9,10]. Overall, different mechanisms have been suggested for
this antioxidant function, namely: (a) direct scavenging effect on reac-
tive oxygen species (ROS); (b) indirect scavenging effect through
glutathione preservation; (c) modulation of cytokines and growth fac-
tors induced by oxidative stress states; (d) reduction of homocysteine-
induced oxidative stress; and (e) mitigation of oxidative stress related
to advanced glycation end products [11].

The main aim of this study is to effectively deliver B;5 into the skin
structure to treat ROS-related skin conditions, taking advantage of its
antioxidant properties. As a consequence of the inherent barrier function
that the stratum corneum exerts, which is almost inviolable for the vast
majority of molecules and drugs, an advanced drug delivery system that
can overcome the highly keratinised outer skin layers is needed, to allow
drugs to reach the dermal skin structure [12]. Passive diffusion through
the skin is a possible pathway, but it is only available when the molecule
fulfils certain physicochemical properties, mainly a low degree of ion-
isation, intermediate partition coefficient, and reduced size (less than
500 Da) [13]. In this sense, B;; fails spectacularly, with a considerable
molecular weight: 1355 Da [14]. To improve the drug access through
the skin, numerous permeability enhancers have been developed over
the years, which have shown a sort of success. Nevertheless, they all
have certain drawbacks, being far from becoming the ideal solution to
this problem. For instance, although they can increase drug fluxes
through the skin, chemical enhancers (alkanes, azone, alcohols, sur-
factants, etc.) do not allow skin passage of middle-big sized molecules
and localise their effects in the stratum corneum, which limits their
applicability [15,16]. Physical enhancing strategies using advanced
devices (iontophoresis, sonophoresis, electroporation, thermal methods,
etc.) entail logistic hurdles and an overdue cost-effective ratio that re-
stricts their affordability nowadays, when any aspect is subjected to
economic balances [17,18]. Regarding the lipid-based nano-sized sys-
tems (liposomes, transfersomes, ethosomes, solid lipid nanocarriers,
nanostructured lipid carriers, etc.), although they show good results and
are considered as one of the most interesting carriers for transdermal
and cosmetic applications by far, they are also subjected to long-term
stability issues that reduce their translational and commercialisation
potential [12].

Microneedling emerged as an advanced strategy that solves most of
the above-mentioned problems and has already been proposed for
vaccination, local or systemic drug delivery, and sustained release
purposes [19]. Micro-array patches (MAPs) stand out for being non-
invasive, cost-effective, and efficient devices to increase drug delivery
to the skin. MAPs contain micro-sized needle-like projections that me-
chanically bypass the stratum corneum barrier without contacting the
nerve endings, allowing the loaded active ingredients to reach the in-
ternal skin structure in a painless experience for the user [20,21].

Herein, we report a microneedle-based strategy to optimise local By
delivery into the skin. This approach has been explored to treat sys-
temically its deficiency to date [22]; however, to the authors’ knowl-
edge, this is the first time that this combination has been used to treat
skin conditions locally. Several combinations of poly(vinyl alcohol)
(PVA) and poly(vinyl pyrrolidone) (PVP) were used to produce various
prototypes of B;s-loaded dissolving MAPs (B12@DMAPs), which release
the cargo when the polymers are dissolved after becoming in contact
with interstitial skin fluids. The manufactured devices were charac-
terised in terms of morphology, structure, and mechanical properties to
choose the most adequate ones. The efficacy of enhancing drug
permeability and skin deposition of the preselected prototypes was
studied ex vivo, while the cytocompatibility was tested in representative
skin cell lines, such as fibroblasts and keratinocytes. Finally, the efficacy
of Bj2@DMAPs to diminish skin inflammation was assessed in a delayed-
type hypersensitivity in vivo murine model, which has barely been
explored for MAPs research aimed to treat skin diseases. Moreover, this
model allowed us to provide stronger evidence of B;5 therapeutic effi-
ciency, as it offers objective results and measurements of the findings.
This contrasts with previous research, which was supported by PASI
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(Psoriasis Area and Severity Index) and SCORAD (SCORing Atopic
Dermatitis) scores obtained from subjective measurements and percep-
tions [23-25], commonly used as supportive information only. Besides,
we demonstrate the superior benefits of Bj2@DMAPs over semisolid
topical formulations since the obtained data showed that they achieve
results as good as those ones obtained by a corticosteroid treatment,
which was never clearly obtained by common topical formulations re-
ported in literature [23-25].

The final goal of the developed MAP-device is to offer an alternative
for treating inflammatory skin conditions. On one hand, psoriasis and
dermatitis are skin conditions with a marked immunoinflammatory
nature, chronically affecting around 3 % and 8 % of the world popula-
tion respectively [26-28], which means millions of patients worldwide.
On the other hand, standard therapies based on immunosuppressive
drugs, corticosteroids and calcineurin inhibitors entail several problems
and limitations, especially when used in long-term treatments. Partic-
ularly, when administered systemically, they can lead to important side
effects, e.g., liver dysfunction [29], lymphoma risk [30], suppression of
the hypothalamic-pituitary-adrenal axis [31], etc., whereas their topical
administration might cause skin atrophy, ecchymosis and delayed
wound healing, among others [32]. Hence, dermatitis and psoriasis can
seem trivial conditions, though lived experience and epidemiological
data show that there is a clear need for new treatments to support or
even replace the current ones.

2. Materials and methods
2.1. Materials and general reagents

Poly-(vinyl alcohol) (PVA) (MW = 9-10 and 38-50 kDa), poly-(vinyl
pyrrolidone) (PVP) (MW = 40 kDa), and oxazolone (purity >99 %) were
purchased from Sigma Aldrich (St. Louis, USA). Cyanocobalamin (purity
>95 %) was purchased from Acofarma (Madrid, Spain). NaCl, KCl,
KH,PO4 and NaHPO4 salts were obtained from Scharlab (Santmenat,
Spain). HPLC grade methanol (MeOH) and ethanol (EtOH) were ob-
tained from Sigma Aldrich (St. Louis, USA). Ultrapure water (UPW) was
obtained by Milli-Q purification system with resistance >18 MQ cm, and
TOC <10 ppb. Acetone (purity 99.9 %) was purchased from ACROS
Organics (Geel, Belgium). TNF-a, IL-4, IL-1p and IL-6 ELISA kits were
acquired from ThermoFisher Scientific (Waltham, USA).

2.2. Methods

2.2.1. Analytical determination and quantification of B;2 by high
performance liquid chromatography

B2 concentrations were determined and quantified by high perfor-
mance liquid chromatography (HPLC) (PerkinElmer Series 200® HPLC;
PerkinElmer, Waltham, MA, USA) using an analytical method described
previously [14]. The mobile phase consisted of a mixture of MeOH:UPW
(30:70) delivered at a flow rate of 0.7 mL/min. As a stationary phase, a
reverse-phase Kromasil® C18 column —5 pm particle size, pore size 100
A, L x I.D. 150 mm x 4.6 mm- (Dr. Maisch GmbH; Ammerbuch, Ger-
many) was used. To carry out the analytical determinations an injection
volume of 50 pL was used, and the UV-detector was set at 360 nm. All
analyses were performed at room temperature. The run time for each
sample was 5.5 min, and B, retention time was 3.5 min. The analytical
method was validated intraday and interday within the concentration
range 10-0.04 pg/mL in terms of linearity, precision, accuracy,
robustness, and specificity following the recommendations stated in ICH
guidelines for validation of a bioanalytical method [33].

2.2.2. Bj2@DMAPs preparation

Several prototypes of By>-loaded DMAPs were prepared in a one-step
manufacturing process by the solvent casting method, using poly (vinyl
alcohol) (PVA) and poly (vinyl pyrrolidone) (PVP) as described previ-
ously [34-36]. Their quantitative composition is shown in Table 1.
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Table 1
Quantitative composition of the different Bjs-loaded DMAP prototypes
developed.

Composition (% w/w)

Prototype PVA 9-10 kDA PVA 38-50 kDa PVP 40 kDa Bz
P1 15 - 5 1
P2 15 - 12.5 1
P3 15 - 20 1
P4 30 - - 1
PS5 - 15 5 1
P6 - 15 12.5 1
P7 - 15 20 1
P8 - 30 - 1
P9 - - 30 1

Polymers were firstly dissolved in water to prepare stock blends, which
were used to prepare the gels at the desired polymer concentration. The
gels were mixed with Bjy until homogeneous. Then, the blends were
centrifuged (3500 rpm, 15 min) to remove air bubbles and 0.25 g was
poured onto 600 pm height and 200 pm base width poly-
dimethylsiloxane =~ (PDMS) moulds (Micropoint Technologies,
Singapore). Following this, the moulds were placed in a positive pres-
sure chamber (Protima® pressure tank, TUV Rheinland; Cologne, Ger-
many), and a pressure of 3—4 bar was applied for 45 min to fill the cavity
of the moulds with the gels. Finally, after drying at room temperature for
24-48 h, DMAPs were carefully demoulded and stored in a dry-seal
desiccator for 1 week at least.

2.2.3. B12@DMAPs characterisation

The mechanical properties of the different prototypes were studied in
terms of morphology, mechanical strength, compression, insertion
properties, drug release, and residual water content.

2.2.3.1. B;2@DMAPs morphology: SEM imaging. The morphology of
DMAPs was observed by scanning electron microscopy (SEM) -EHT 5
kV; WD 10.82 mm-. For this, DMAPs were coated with a conductive gold
layer (Q150 RS sputter coater, Quorum Technologies, Lewes, UK) [37].
The length of microneedle projections was measured using ImageJ
software (NIH, Wisconsin, USA).

2.2.3.2. Mechanical strength and preliminary insertion properties of
Bi12@DMAPs. Mechanical strength of DMAPs was evaluated using a TA-
TX plus Texture Analyser (Stable Micro Systems; Haslemere, UK).
DMAPs were visualised before testing using a light microscope (Leica
ICC50 HD, Leica Microsystems; Wetzlar, Germany) and then carefully
attached to the flat plate of the equipment with the needles pointing
downwards. The compression mode was applied with a force of 32 N/
array for 30 s to compress the DMAPs against the stainless-steel surface.
Finally, DMAPs were again observed under a light microscope to
compare the decrease in needle length [38], which was measured using
ImageJ software (NIH, Wisconsin, USA). Compression percentage was
calculated using Eq. (1):

Compression (%) = w-l 00 (@D)]

0

Where, ho stands for microneedle projections length before
compression, and hy stands for the microneedle projections length after
compression. The reported results were obtained as an average of three
different batches (n = 3).

The insertion depth of DMAPs was preliminarily determined using an
artificial skin model. A similar mechanical test set-up was used, but
DMAPs were pressed against 8 bound layers of Parafilm® M [39]. The
holes created in each layer were counted using a light microscope. The
reported results were obtained as an average of three different batches
(n=3).
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2.2.3.3. In vitro drug release and kinetic release model fitting. In vitro
release studies were carried out using a method adapted from the
literature [40,41]. For that purpose, B;s-loaded DMAPs were immersed
into 5 mL of PBS pH 7.4 (temperature of 37 °C) in a 12-well plate. To
guarantee that sink conditions were maintained throughout the exper-
iment, By, solubility in the receptor media was previously measured by
HPLC (12.5 x 10* ppm). At pre-established timepoints (5, 10, 15, 20, 30,
40, 50, 60, 90, 120, 180, and 240 min), 200 pL samples were collected
and after every sampling time the subtracted volume was replaced with
pre-warmed PBS pH 7.4 to guarantee sink conditions and avoid external
auto-concentration, due to the sampling process. The released Bjs
amounts were quantified by HPLC and the cumulative amounts of By
versus time were calculated. The reported results were obtained as an
average of three replicates (n = 3). The total drug amount released was
calculated according to the previous determination of drug content and
was plotted versus time. The release profiles were fitted to the
Korsmeyer-Peppas model since it considers the possibility of passive
diffusion and polymer erosion phenomena coexisting, as possible drug
release mechanisms [42-44]. The possible existence of a burst effect was
taken into consideration using the modification proposed in Kim’s Eq.
[45]. Both kinetic models are described in the Egs. (2) and (3),
respectively:

Mt
Moo~ KE @
Mt
Moo ket +b ®

Where, Mt is the amount released at time t, Moo is the maximum
amount of drug released, Mt/Moo is the fraction of the amount of drug
released at time t, k is the constant that governs the process and explains
the characteristics of the system, n is the diffusion release exponent, and
b corresponds to the burst effect parameter. In both models, values of n
below 0.5 are indicative that the release process is governed by passive
diffusion/dissolution; values between 0.85 and 1 show that the process
is governed mainly by relaxation/swelling, and intermediate values
between 0.5 and 0.85 indicate the existence of both phenomena
(anomalous transport) [42,43,45,46].

2.2.3.4. Differential scanning calorimetry. Differential scanning calo-
rimetry (DSC) was carried out using a DSC 214 Polyma (Netzsch;
Waldkraiburg, Germany). Temperature scans were performed from 25
to 275 °C at a rate of 10 °C/min [47]. Netzsch Proteus Thermal Analysis
8.0 software (Netzsch; Waldkraiburg, Germany) was used to create
baselines and thermograms.

2.2.3.5. Thermogravimetric analysis. Thermogravimetric analysis (TGA)
was performed to determine the residual water content of DMAPs after
removal from PDMS moulds and one week drying in a dry-seal desic-
cator. Temperature scans were performed from 25 to 200 °C at a scan
rate of 10 °C/min (TG 209 F3 Tarsus; Netzsch, Waldkraiburg, Germany)
[48]. Netzsch Proteus Thermal Analysis 8.0 software was used to create
baselines and thermograms (Netzsch, Waldkraiburg, Germany). The
content of water was quantified by measuring the weight loss from the
DMAPs from 0 to 100 °C.

2.2.4. Ex vivo drug permeation

Ex vivo drug permeation was tested ex vivo using a Franz-diffusion
Cell (FDC) setup using 600 pm-dermatomed porcine skin (Micro-line
Wagnerd dermatome, Aesculap/Braun; Tuttlingen, Germany) [49].
Briefly, the skin was placed horizontally with the stratum corneum facing
upwards in-between donor and receptor chambers (effective diffusion
area of 1.76 cm?). To ensure proper insertion of Bjo@DMAPs, the
excised skin was placed onto a foam surface covered with aluminium foil
and the donor chamber was strongly attached to the skin using a suitable
amount of cyanoacrylate glue (Loctite®, Henkel; Diisseldorf, Germany).
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One B;s@DMAP was inserted into the skin using a syringe plunger to
apply firm pressure for 30 s. To secure the insertion of the DMAPs, they
were affixed with Steri-Strip® adhesive bands (3 M-Spain; Madrid,
Spain), and finally transferred and correctly placed in the FDC setup.
The receptor chamber was filled with 12 mL of receptor media (PBS pH
7.4) and maintained at 32 + 1 °C under stirring throughout the whole
experiment. To guarantee that sink conditions were maintained, Byy
solubility in the receptor media had been previously measured by HPLC
(12.5 x 10* ppm). The donor compartment and the sampling port were
covered with Parafilm® M to avoid leakage and solvent evaporation. At
pre-established timepoints (0.5, 1, 1.5, 2, 2.5, 3.5, 4.5, 5.5, 6.5, 7.5, 8.5
h), 200 pL samples were collected and after every sampling time, the
subtracted volume was replaced with pre-warmed PBS pH 7.4 to guar-
antee sink conditions. The permeated Bj, amounts were quantified by
HPLC and the cumulative amounts of By, versus time were calculated.
The reported results were obtained as an average of four replicates (n =
4). Maximum flow (Jmax, pg/cmz/h) and Jmax/dose (cm/h) perme-
ability parameters were calculated by linear regression of the steady
state [50].

2.2.5. Ex vivo B;2@DMAPs insertion performance in mice skin and
dissolution time

B12@DMAPs were observed by optical microscopy and then inserted
in full-thickness mice skin with thumb-force for 30 s. Then, they were
removed after 2, 4, 8 and 12 h post-insertion and imaged to appreciate
the dissolution of microneedle projections [47]. In addition, the cargo
deposition within the skin structure 2, 4, 8, and 12 h post-insertion was
visually evaluated based on the red colour intensity of B;5 (Juision 2 K
camera).

2.2.6. In vitro compatibility in fibroblasts and keratinocytes cell lines

Cytotoxicity was evaluated using L929 fibroblasts (passages 50-60)
and HaCaT keratinocytes (passages 51-54) [51]. Cells were cultured in
separated flasks (75 cm?) in Modified Eagle’s medium (MEM) supple-
mented with 1 % (v/v) GlutaMax™ (Gibco, Invitrogen, USA) and Dul-
becco’s modified Eagle’s medium high glucose (4.5 g/L) (HyClone,
Logan, UT) respectively, containing both 10 % of foetal bovine serum
(Gibco, Invitrogen, USA), 1 % (v/v) of r-glutamine, 1 % (v/v) of
nonessential amino acids, 100 IU/mL of penicillin, and 100 mg/mL of
streptomycin (HyClone, Logan, UT). Both cell lines were cultured at
37 °C, 5 % CO3 and 95 % relative humidity. The medium was changed
every other day and cells were subcultured before reaching confluence
(60-70 %).

Prior to each test, cells were harvested and diluted at a density of 1 x
10° cells/mL. The cells were then seeded in separated 96-well plates for
24 h (0.2 mL per well). After the cell attachment to the wells, the me-
dium was discarded, and cells were washed with 200 pL of PBS pH 7.4.
Cells were exposed to different concentrations —150, 75 and 30 mg/mL-
of PVA (MW 9-10 kDa), PVA (MW 38-50 kDa) and PVP (MW 40 kDa)
with 1 % w/w of By, for 24 h. Afterwards, cells were washed twice with
PBS pH 7.4 and the number of viable cells were quantified using the
CellTiter-Glo® assay according to the protocol specified by the manu-
facturer [52]. For that, 10 pL of CellTiter-Glo® reagent and 10 pL of PBS
pH 7.4 were added to each well for 15 min. Luminescence was measured
using a Synergy H1 microplate reader (Biotek, Vermont, USA). Un-
treated cells and SDS 1 % (w/v) were used as negative and positive
controls, respectively. The reported results were obtained as an average
of three independent assays (n = 3).

2.2.7. Invivo delayed-type hypersensitivity murine model

Swiss-CD1 female mice (4-6 weeks old) were acquired from Harlan
Interfauna Iberica (Barcelona, Spain) and stabled in SCSIE facilities
(University of Valencia). The housing conditions and the in vivo pro-
cedures were approved by the Institutional Ethics Committee of the
University of Valencia and regional government in accordance with the
guidelines established by the European Union on Animal Care and the
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principles of Helsinki declaration (2023-VSC-PEA-0064). Fig. 1 illus-
trates the delayed-type hypersensitivity (DTH) in vivo murine model
timeline carried out.

2.2.7.1. Induction of the delayed-type hypersensitivity. Briefly, abdominal
areas were shaved and sensitised with a single topical application of 150
pL oxazolone (OXA) (3 % w/v) dissolved in acetone (day 0). Afterwards,
mice backs were shaved and challenged with a second administration of
150 pL of OXA (1 % w/v) [53]. Straightaway, the treatments were
applied (day 6). Mice were randomly assigned to five different groups
prior to the experiments as compiled in Table 2 (n = 6). In case of DMAPs
treatment, prior to the insertion of DMAPs devices, the skin was hy-
drated with PBS pH 7.4 and then DMAPs were secured to the skin as
described previously [34].

2.2.7.2. Bioluminescence imaging. Using a IVIS Lumina X5 biolumines-
cence imaging system (PerkinElmer, Waltham, USA), bioluminescence
imaging (BLI) was performed 24 h after OXA challenge (day 7). For this,
an intraperitoneal injection of luminol sodium salt (200 mg/kg, 0.2 mL)
was administered to mice. Animals were then anaesthetised 20 min after
luminol injection by isoflurane inhalation and imaging was performed
[53]. Regions of interest (ROI) were precisely selected on the DMAPs
insertion sites, and the total photon emission was subsequently
measured. After BLI study, mice were killed by cervical dislocation
under appropriate anaesthesia and analgesia conditions.

2.2.7.3. Histological study. Skin biopsies were obtained using a biopsy
punch and carefully divided for further studies. For the histological
study they were prior fixed in paraformaldehyde 4 % (w/v). Then,
samples were washed, dehydrated, paraffin-embedded and cut in 10 pm-
thickness sections. Haematoxylin-eosin (H&E) and Masson trichrome
(MT) collagen stains were used to visualise the anatomical and
morphological changes [54,55]. Epidermal and collagen deposition
thickness were measured using ImageJ software (NIH, Wisconsin, USA)
in 20x magnification images [56]. A total of 3 samples from 3 different
mice from each group were initially analysed by a blinded investigator.

2.2.7.4. Inflammatory cytokines detection and myeloperoxidase activity
quantification. Skin biopsies were homogenised by freezing with liquid
nitrogen followed by pulverisation. Then, they were embedded in a lysis
buffer as described previously. Enzyme-linked immunosorbent assays
(ELISA) commercial kits were used to quantify IL-1p, IL-6, TNF-a and IL-
4 as inflammatory cytokines. Quantification was performed according to
the instructions provided by the manufacturer (ThermoFisher Scientific,
Waltham, USA) [57]. Specifically, for myeloperoxidase (MPO) activity
quantification, 5 pL of tissue homogenates were mixed with 195 pL of
PBS pH 7.4, 20 pL of Phosphate buffer pH 5.4, 20 pL of hydrogen
peroxide 0.052 % (w/v) and 20 pL of tetramethylbenzidine (TMB) 15
mM in dimethylformamide (DMF) 8 % (w/v) and incubated at 37 °C.
The reaction was stopped after 10 min with 100 pL of sulfuric acid 2 N.
Finally, absorbance was measured at 450 nm with a plate reader
(VICTOR® Multilabel Plate Reader; PerkinElmer, Waltham, USA). The
reported results were obtained as an average of three different mice (n =
3).

2.3. Statistical analysis

Data processing was performed using Microsoft Excel 2016® (Red-
mond, WA, USA) and SPSS version 22.0® (IBM Corp., NY, USA). Data
are expressed as the mean + standard deviation (SD) unless otherwise
stated. Assumptions of normality and homogeneity of variances were
considered in all analyses. Statistical analysis was carried out using
Student’s t-test for simple comparisons, and one-way ANOVA followed
by Tukey post-hoc test.
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Fig. 1. Illustration of the delayed-type hypersensitivity (DTH) murine in vivo model. Briefly, animals are sensitised with a single topical application of oxazolone
(OXA) 3 % (w/v) in the abdominal area. Six days after mice are challenged with a second topical administration of oxazolone 1 % (w/v) in the back area to develop a
cutaneous inflammation. Afterwards, B;2@DMAPs devices are applied for 24 h. Them, MPO-related activity is measured by bioluminescence-photon emission and
animals are sacrificed according to the standard protocols of animal care. Finally, skin biopsies are obtained to determine levels of inflammatory cytokines and

histological changes.

Table 2
Animal groups in the delayed-type hypersensitivity murine model (n = 6).
Group Condition Information
Negative
OXA Non-treated after OXA challenge
control
Healthy Naive Unchallenged
DEXA Positive Dexamethasone treatment: 1.25 pg/pL; 150 pL;
control DEXA dissolved in EtOH:UPW (7:3)
Bis-loaded
B12@DMAPs DMAPs Prototype P9
Unloaded
Blank DMAPs Prototype P9

3. Results and discussion
3.1. B;2@DMAPs characterisation

DMAPs are the most representative exponent of an attractive group
of technologies that bypass biological barriers and deliver drugs to
target tissues or close to blood supply. They standout for facilitating
transdermal drug delivery particularly for BCS class III and IV molecules
[58]. Cyanocobalamin (B3), which falls into class III group due to its
high solubility but low permeability [59], is an excellent candidate for
DMAP-based delivery because of its easy incorporation in a water-based
matrix. In fact, several DMAP-based systems have been developed for
local, intradermal and transdermal delivery of highly soluble drugs such
as lidocaine [60], insulin [61], and siRNA [62].

Aqueous By, dispersions with different biocompatible polymers were
used either alone or in combination to prepare Bjj-loaded DMAP pro-
totypes through the solvent casting, as detailed in previous works
[34-36]. For this purpose, PVA (9-10 and 38-50 kDa) and PVP (40 kDa)
were selected due to their good biocompatibility previously shown in
polymer-based biomedical devices [63]. Moreover, several prototypes
based on different polymer compositions (polymers proportion and
concentration) within the usual range to prepare polymeric-based
DMAPs were developed since it can influence key properties that
determine their success like mechanical strength, insertion capacity and
cargo release, as previously reported. However, one of the formulations
(P8) did not produce optimal DMAPs, since it consisted in an excessively
viscous polymer blend (30 % w/w of high-molecular weight PVA),
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which did not allow a successful gel pouring into the needle moulds after
the application of a positive pressure of 3-4 bar. The rest of the for-
mulations produced homogeneous polymer mixtures and the resultant
DMAPs exhibited sharp needle tips upon visual examination under light
microscope and SEM imaging (Fig. 2A). The pyramidal needle shape is a
result of the PDMS mould type used in this experiment. This mould
design was specifically chosen for its ability to improve drug loading.
Moreover, pyramidal-shaped needles can maintain their shape after
insertion and increase the drug release rate by increasing the contact
surface with skin [64,65]. The mechanical strength and preliminary
insertion were subsequently tested.

The ability of DMAPs to effectively pierce the skin is crucial to their
efficacy because they must completely penetrate the stratum corneum to
deliver their cargo. Mechanical strength evaluation was carried out to
determine the capability of B;2@DMAPs to resist the applied compres-
sion force when inserted into the skin. The percentage of length reduc-
tion of the needles on the arrays after the application of a force similar to
manual compression force (32 N/array) was determined to estimate the
mechanical strength of the different prototypes [39]. The compression
of DMAPs produced significant needle bending height reduction in all
cases (p < 0.05) (Fig. 2B). However, the specific percentage of needle
compression strongly depended on polymer combination and concen-
tration (Fig. 2C).

DMAPs prepared using only PVP as a polymer (P9) exhibited one of
the maximum needle height reductions (>30 %) and needle deforma-
tion, as previously reported [35]. In the same way, the PVA (9-10 kDa)-
based prototype (P4) showed considerable needle height reduction
(>40 %). In contrast, prototypes formulated with a combination of PVA
and PVP (P1-P3 and P5-P7) exhibited less compressive behaviour. PVA
9-10 kDa-based DMAPs did not show any difference among the different
polymer proportions. Moreover, PVA 38-50 kDa-based prototypes were
more resistant to compression, especially when the PVP concentration
increased (P7). Specifically, the compression percentage of the P7 pro-
totype was significantly lower than the other DMAPs prototypes (p <
0.05), except for the polymer combinations (P5 and P6) (Fig. 2D). This
finding agrees with previously reported results where the combination
of PVP and PVA improved the mechanical properties of the formulation,
which was attributed to the hydrogen-bond interactions between hy-
droxyl groups of PVA and carbonyl groups of PVP [35,63,66]. Never-
theless, the crucial feature microneedle-based systems must satisfy is the
insertion performance. For that, Parafilm® M was used as a validated
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artificial skin surrogate for insertion studies of microneedle-based de-
vices, as previously described [39]. Although it is less structurally
complex than excised skin and bioengineered artificial tissues, Paraf-
ilm® M provides sufficient hydrophobic stratum corneum-like properties,
serving as a rapid quality control test [67]. The results of the insertion
studies were in solid agreement with the mechanical strength studies
(Fig. 2E). P7 prototype, which showed superior mechanical strength,
penetrated until the third Parafilm® M layer in a higher significant
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proportion (p < 0.05) than the other prototypes. However, the other
DMAPs reached the same penetration depth (>80 % needle length),
since the mean thickness of a Parafilm® M layer is 126 + 7 pm, indi-
cating that microneedles were inserted up to 378 pm of the total height.
These values were similar to previous studies that focused on the
insertion of other polymeric DMAPs into human skin [68], and indicate
that, even though the P7 prototype possesses higher mechanical resis-
tance against compression, all of them have sufficient mechanical
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strength for being inserted and successfully overcome the outer skin
layers responsible for skin barrier function.

The other key aspect of the present study is the drug release pattern
that the different prototypes exhibit. Specifically, the selected DMAPs
prototype for in vivo testing must be able the release B in the shortest
time, to avoid removal of the device by mice motion after application.
The use of different polymers to produce DMAPs led to different me-
chanical strength properties as showed, but also physicochemical
behaviour that influence the drug release process as a consequence of
the different solubility of the polymers (Fig. 2F). PVP-based formulation
(P9) showed the fastest drug release, at least 2.5-fold faster than PVA
9-10 kDa-based DMAPs (P1-P4) and around 8-fold faster than PVA
38-50 kDa-based prototypes (P5-P7), based on Kd values from the
Korsmeyer-Peppas kinetic model (Table 3; Tables S1-S16 Supple-
mentary material) [42,43]. The most probable reason for this could be
that PVP is much more soluble in water than PVA [69], which facilitates
polymer diffusion into the release media and, therefore, DMAP disin-
tegration. In the same trend, PVA 38-50-based DMAPs (P6-P8) showed a
slower release than PVA 9-10 kDa-based ones (P1-P4), since the in-
crease of molecular weight limits polymer dispersibility [70]. In addi-
tion, from the Kd results it can be corroborated that PVP/PVA
combination increases the mechanical features of the resulting DMAPs,
as Kd values from PVP/PVA-based DMAPs are significantly superior to
those of the single polymer-based prototype (P1-P3 vs P4, and P5-P7 vs
P9). At the end of the release studies, PVA 38-50 kDa-based prototypes
were the only ones that preserved the polymeric matrix (Fig. 2G),
denoting a polymer swelling alternative release mechanism to diffusion/
dissolution. The “n” parameter of this kinetic model has been evaluated
in depth, to better understand the underlying release mechanism
(Table 3). As expected, only P5-P7 prototypes showed an “n” value >0.5,
confirming the non-fickian combined release mechanism [71], while the
others followed a fickian release mechanism (n < 0.5). Finally, the ex-
istence of a burst effect [72], particularly in the P9 formulation, was
discarded fitting the release data to the Kim model and obtaining an
absolute zero value for the “b” parameter.

3.2. Differential scanning calorimetry and thermogravimetric analyses of
B 1 Z@DIVIAPS

B12@DMAPs were characterised by DSC to study the interactions
between polymers and ensure that polymers did not form a heteroge-
neous blend that could be responsible for the different release profiles
observed. As it can be seen in Fig. 3A, depending on the main component
present in the formulation, the thermograms showed a particular profile.
The PVP-based prototype (P9) showed a characteristic signal in the
50-150 °C range [73], caused by the amorphous nature of PVP [74]. The
integration of this wave in the PVA/PVP-based formulations confirmed
the integration of both polymers in a homogeneous mixture, suitable for
biomedical and bioengineering applications [74]. Additionally, PVA
38-50 kDa-based formulations (P5-P7) exhibited a characteristic peak at
210-220 °C, attributed to the melting of crystalline PVA [75]. Overall,

Table 3

B, release parameters from the different DMAPs prototypes fitted to Korsmeyer-
Peppas and Kim kinetic models of drug release. All results are expressed as mean
+ SD (n = 3).

Korsmeyer-Peppas Kim

Kd n Kd n b
P1 28.05 + 8.92 0.27 + 0.06 28.05 + 8.92 0.27 + 0.06 0+0
P2 24.09 + 7.05 0.29 + 0.03 24.09 + 7.05 0.29 + 0.03 0+0
P3 25.87 + 3.64 0.28 + 0.01 25.87 + 3.64 0.28 + 0.01 0+0
P4 12.79 + 2.61 0.40 + 0.03 12.79 + 2.61 0.40 + 0.03 0+0
P5 7.31 + 0.65 0.50 + 0.02 7.22 £ 0.72 0.50 + 0.02 0+0
P6 7.07 + 1.05 0.50 + 0.02 7.07 +1.05 0.50 + 0.02 0+0
P7 3.45 +1.57 0.62 + 0.06 3.45 +1.57 0.62 + 0.06 0+0
P9 59.22 + 1.43 0.11 +0.01 59.22 + 1.43 0.11 +0.01 0+0
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the most promising prototypes from the previous studies were P3, P7
and P9. Specifically, the fast Bjy release provided by P9, the high
insertion and strong mechanical properties of P7, and the intermediate
behaviour of P3 explain this selection.

Following removal from the PDMS moulds (after 48 h drying), the
arrays exhibited a discrete flexible behaviour. However, one week later,
they were completely resistant to deformation and achieved their full
strength and insertion properties. Therefore, all further studies were
performed after storing the arrays in the desiccator for 7 days. The most
probable reason for this behaviour is that after 48 h the drying process
was still incomplete, conferring a certain degree of flexibility to the
arrays, as final polymer chain interactions were not completely estab-
lished, and polymers were more sensitive to heat degradation. This was
monitored by TGA analysis of the selected prototypes (P3, P7 and P9) up
to 1-week post-manufacturing, while DMAPs were stored in a dry-seal
desiccator to eliminate any residual water content (Fig. 3B). Results
showed that B;o,@DMAPs lost a higher percentage of weight 48 h after
production, compared to 7-day dried devices. Particularly, a tempera-
ture of 200 °C produced a weight loss of around 12-14 % and 7-9 %,
respectively. Moreover, the partial weight lost at 110 °C corresponding
to residual moisture content differed according to the drying time,
decreasing from 4 % to 2 %, which was the maximum water content
observed experimentally [48].

3.3. Bj2@DMAPs ex vivo permeability/insertion and in vitro
compatibility

According to the previous results, P3, P7 and P9 prototypes were
considered as representative formulations of slow, intermediate, and
fast drug release, respectively. Therefore, their ex vivo permeability was
determined to establish a possible release/permeability corelation. For
that purpose, 600-pum thickness skin was used to measure the specific By
permeation into the dermal layers. Although B;2@DMAPs provided an
effective diffusion of By, through the skin in comparison to an aqueous
Bj2 solution, which provided negligible drug absorption, no differences
between prototypes were observed in terms of cumulative drug amount
permeated and permeability parameters, surprisingly (Fig. 4A and
Table 4). Several factors like insertion depth, drug release rate or stratum
corneum barrier nullification could motivate these results. First, the in
vitro release and FDC experimental setups differ considerably, since
aqueous volume is considerably lower in FDC experiments. Second,
insertion depth differences can play a crucial role and, for instance, even
though P9 showed a faster B;; release in the in vitro test, the deeper
insertion of P3 prototype could compensate the release delay. Third, the
surpass of the stratum corneum structure, which is the limiting step for
transdermal absorption of molecules, tends to equalise the results ob-
tained from different prototypes. Nonetheless, the most likely reason for
these findings could be the limited experimental time in the FDC setup
(0-8 h), which makes it difficult to detect actual differences. This
timeframe was chosen in order to avoid an artificial permeability
enhancement due to skin integrity loss, linked to the usual over-
hydration that can also affect the Bjo@DMAPs [76].

In addition, B;5 biodistribution at a 600-pm depth from P9 prototype
is displayed in Fig. 4B. As a complementary study for a better under-
standing of the B;o,@DMAPs dissolution process after insertion into the
skin structure, ex vivo insertion studies were conducted. This experiment
can be considered more accurate than the FDC permeability one, since
the interstitial fluid is obviously more representative and the absence of
skin overhydration allows the extension of the experiment in time. In
general, the obtained results correlated better with the release studies,
although certain timing differences can be observed, probably because
of the above-mentioned differences in aqueous volumes between the in
vitro release and ex vivo setups. A clear post-insertion time and polymer
composition-dependent B;2@DMAPs disintegration and B2 skin depo-
sition was observed (Fig. 4C). As expected, microneedles in prototype P9
disintegrated earlier and were almost completely dissolved after 4-8 h,



A.J. Guillot et al.

Journal of Controlled Release 375 (2024) 537-551

A) PVA 9-10 kDa PVA 38-50 kDa PVP 40 kDa
25 25 2
1 EXO P8 1 EXO P9 L EXO
; 5 21 S 21 1.5 4
S|E E £
; ;1.5 4 ;1.5 1 & = 14
el €4 E,| £
=138 2 3
g | Bos 1 805 - 305 1
L 0 - T T T T 0 - T - - - 0 T T T T T
0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250 300
Temperature (°C) Temperature (°C) Temperature (°C)
— 2 2
S P3 1 EXO P7 1 EXO 25
o S| 515 1.5 - PVA9-10 kDa merged | EXO
> 3| £ g'e 5 21
s
:.Lt. R|E T 1 T T S15
olg o E
E | 8051 20.5 - g 7
=L (] Q0.5 -
— 0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 - - . . v
—_— Temperature (°C) Temperature (°C) 0 50 100 150 200 250 300
E 2 52 TEXO 18 TEXO Temperature (°C)
Q35 " L P1 P2 P3
> el E” E 1-
RN R H 25
- E 1 E o
> il B 2o T PVA 38-50 kDa merged § EXO
> N 205 - @™ 5 27
o v, a E
ol (Y S — % il
Z 0 50 100 150 200 250 300 0 50 100 150 200 250 300 |G 11
Temperature (°C) Temperature (°C) 2 4
— 2 0.5 .
o P1 1EXO 1 EXO 0 —
> 3| 9151 - il 0 50 100 150 200 250 300
9-' o\° 3 1 30.3 1 Temperature (°C)
S (7 X
Swl; G021 T P6 P7 P8
o o] 30s 301 -
4 .
- 0 —— 0 —— 1weekdrying = = = = = = =
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Temperature (°C) Temperature (°C) 48 h drymg -
B) B
200 200 200
105 4 105 4 105 1
: P3 I 180 P7 I 180 P9 L 180
3 ,_100 4 r 160 100 1 r 160 5 100 4 r 160 5
of = F140 @ ¥ r140 5 F 140 3
£ %95' »1201;%95- -1205%95- b 120 2
L P e 7 F100°8 IS e ] 1005 § J------ecbem o= L 100 5
; 2 90 _ l s0 %390' 8o £ =907 L 80 E
¥ g5 J—— === === F60 & g5 B0 el e ST 60 "~
+ 40 + 40 + 40
v 80 - T - T T - T 20 80 - T - T - T - 20 80 2 = = . : 2 . 20
0 25 5 75 10 125 15 0 25 5 75 10 125 15 0 25 5 75 10 125 15
Time (min) Time (min) Time (min)

Fig. 3. a) DSC thermograms obtained from the analysis the different B;;@DMAPs. Pink arrows denote PVP characteristic signal in the 50-150 °C range. Orange
arrows denote PVA (38-50 kDa) characteristic peak at 210-220 °C; b) TGA thermograms obtained from the analysis the different P3, P7 and P9 prototypes after
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with an effective Bjy skin deposition detected visually, whereas P3
needed around 12 h to achieve a major disintegration and increase drug
deposition. This result strongly agrees with the outcome of the drug
release kinetic modelling, since a 2.5-fold drug release rate increase was
observed when comparing P9 and P3. Besides, P7 prototype did not
show a complete dissolution of the polymer matrix as occurred in the
dissolution tests and no B;, deposition was detected by naked eye in the
inner side of the skin explant.

Finally, and before proceeding to the in vivo experimentation,
B12@DMAPs underwent biocompatibility studies to ensure their safety,
although PVA and PVP are polymers commonly used in formulation,
with a safe profile for most cell lines [77,78]. For this purpose, kerati-
nocytes (HaCaT) and fibroblasts (L929) were chosen as representative
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skin cells [79,80]. Cell viability was determined by measuring ATP
content in metabolically active cells using the CellTiter-Glo® assay after
24 h of exposure to different concentrations of polymeric B;o,@DMAPs
constituents, co-dissolved with the previously determined B;; dose
loaded in the DMAPs needles (Fig. 4D-E). The 24 h exposure time was
selected as it was the planned application time for B;2@DMAPs in
subsequent in vivo studies. Cell viability after 24 h was >80 % which is
considered the non-toxic threshold for biomedical devices development
[81]. As expected, no toxic effects were detected even using the highest
polymer concentrations, which much higher than the polymer amounts
expected in a real situation, in the following in vivo studies or in a further
clinical translation of the devices.
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Table 4
Jmax and Kp of By, delivered from the different B;,@DMAPs prototypes through
600-pm dermatomed skin (n = 4).

B,,@DMAPs prototype J max (pg/cm?/h) Kp 107° (cm/s)
P3 0.20 + 0.01 1.09 + 0.08
P7 0.23 + 0.02 1.28 + 0.09
P9 0.23 + 0.07 1.27 + 0.37

3.4. Inflammation relapse in an in vivo delayed-type hypersensitivity
model

In light of the findings reported from the characterisation, in vitro and
ex vivo studies, P9 prototype was selected for the in vivo study to follow

B)
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the 3 Rs principle for animal experimentation and reduce the number of
animals used [82]. The main reason that supported this choice was that
it provided a better By, penetration enhancement compared to the other
prototypes with a significant less dissolution time ex vivo. Therefore, the
impact of potential Bjo@DMAPs undesired removal during the 24 h-
experiment in vivo would affect the B; skin delivery less critically.
The effectiveness of the formulation was evaluated in a delayed-type
hypersensitivity murine model, which has already been proposed as a
mimicking model of inflammatory skin diseases where oxidative stress
plays a key role [83]. First, the successful Bj2@DMAPs insertion was
assessed in vivo by observing the micro-channels created in histological
sections (Fig. 5A). Histological sections showed holes around 200-pm
depth, spaced at regular intervals. This penetration depth is shorter in
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comparison to the preliminary depth obtained using the Parafilm® M
model, probably due to the skin elasticity, which considerably reduces
the penetration capacity of DMAPs [84]. However, this insertion depth
ensures the complete bypass of the stratum corneum, which is 10-20 pm
thick.

Bioluminescence imaging was used as an indirect MPO activity
measurement, typically increased in inflammatory skin processes with
white-cells infiltration (Fig. 5B). Briefly, MPO produces HCIO, which
oxidises luminol to 3-aminophthalic acid emitting a photon as a result of
the chemical reaction [85]. MPO positive neutrophils are involved in the
early phases of intense inflammation [86,87], thus BLI can be used for
inflammation tracking. Untreated animals (OXA) and animals treated
with Blank DMAPs showed the maximum levels of photon emission
(Fig. 5C). Moreover, the absence of any photon emission in the DEXA
group, which fulfils the role of positive control, demonstrates that the
pathological process can be completely retrieved in terms of biolumi-
nescence emission, due to the absence of BLI signal from the back areas
where DEXA was topically applied. Mice treated with B;2@DMAPs
could also effectively normalise the bioluminescence emission on the
skin area in which the devices were administered; however, a lack of
radiant effect was observed, since the areas surrounding the point of
DMAP insertion still showed an important bioluminescence signal. This
behaviour was also observed in previous studies carried out with poly-
meric DMAPs in this same model [34]. Nevertheless, the central area
where BLI signal was similar to DEXA and naive (healthy control) groups
is a clear sign of inflammatory amelioration. The success of the different
treatments was concurrently quantified by ROI counts determination
(Fig. 5D), and direct determination of MPO activity in skin biopsies
taken from the specific Bj2@DMAPs insertion area (Fig. 5E). Again,
B12@DMAPs showed significant differences in both parameters in
comparison to OXA and Blank DMAPs groups (p < 0.05), pointing out
that Bjo,@DMAPs effectively reduced the inflammatory reaction. This
finding was specially marked for MPO determination, where no statis-
tical differences were observed for B;o@DMAPs when compared to
DEXA and healthy control groups (p > 0.05). Hence, these findings
suggest once again that B;2@DMAPs treatment could reduce the pro-
inflammatory response of neutrophils under oxidative stress
environment.

Histopathological analysis was performed to assess the protection
capacity of the formulation against anatomical damage and physio-
pathological changes induced by the inflammatory processes. From
histological sections with H&E stain (Fig. 6A), it could be observed that
following B;2@DMAPs administration, animals showed minimum
inflammatory-associated damage. Particularly, no spongiotic patterns
were observed and the leukocyte infiltration was comparable with the
one observed in animals treated with DEXA as well as in the healthy
group. In contrast, the OXA group showed high rates of leukocyte
presence in the tissue and even spongiotic patterns, indicating a great
damage in the skin structure after 24 h. Dermatitis and psoriasis-related
pathologies are also characterised by an anomalous dermal swelling and
epidermal acanthosis (hyperplasia) [88], which was observed in un-
treated animals (OXA) and normalised after DEXA treatment (p < 0.05)
(Fig. 6A-C). Besides, a thinner epidermal structure was detected in DEXA
group when compared to healthy animals (Fig. 6B), probably because of
the skin atrophy that corticosteroids can induce from the beginning of
the treatments [89]. In the same way, animals treated with blank DMAPs
showed the highest epidermal growth, suggesting that DMAP applica-
tion could induce a discrete skin damage [34]. However, after
B12@DMAPs treatment, epidermal thickness decreased significantly
compared to blank DMAPs (p < 0.05), and no differences were found
when compared either with healthy animals or DEXA group (p > 0.05)
(Fig. 6B). Fibrotic deposition is another sign related to dermal growth in
dermatitis and psoriasis pathologies, however it is a delayed event that
usually appears 72 h after inflammation challenge [90]. This is why no
marked differences were observed when comparing collagen deposition
between the OXA and Bi;2@DMAP groups (Fig. 6C). Nevertheless,
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B12@DMAPs could effectively reverse collagen deposition associated
with microneedle insertion (blank DMAPs group), similarly to what was
observed in BLI and epidermis thickness studies.

It is well-known that oxidative stress in inflammatory skin models
triggers gene overexpression of several pro-inflammatory cytokines,
such as IL-1p, IL-4, IL-6 and TNF-a, contributing to the dermatitis and
psoriasis pathogenesis [85]. On one hand, IL-1p and IL- 4 play a notable
role in atopic dermatitis and the over-expression of these cytokines is
related with the promotion of inflammatory skin lesions [91,92]. On the
other hand, IL-6 and TNF-« induce vascular endothelial growth factor-A
that also correlates with inflammation severity [93]. For all the pro-
inflammatory cytokines studied here, the same trend was observed:
levels were similarly overexpressed in the OXA group and in animals
treated with blank DMAPs, being specially marked for IL-6, which is
particularly involved in the acute inflammation phase (Figs. 6D-G).
These cytokines levels (IL-1p, IL-4 and TNF-a) were normalised after the
administration of B;s@DMAPs treatment, being similar to those ones
found in healthy control and DEXA (p > 0.05), and significantly
different in comparison to OXA and blank DMAPs (p < 0.05). In the case
of IL-6, although no statistical differences were detected between
B12@DMAPs, DEXA and healthy groups (p > 0.05), a less marked
downregulation was observed, probably because of the above-
mentioned role of IL-6 in the acute phase of the inflammatory process,
which causes a higher interleukin secretion. Overall, the results ob-
tained agree that Bjs@DMAPs can effectively relapse inflammation in
vivo, reduce the recruitment response of neutrophils and anatomic
damage, and inhibit the secretion of pro-inflammatory mediators.

4. Conclusion

In summary, B;o@DMAPs were shown to be optimal devices to
facilitate B1y delivery to deep skin layers in an ex vivo FDC setup, as
passive diffusion is negligible when B3 is administered in free form due
to its large molecular weight. PVP and PVA combinations led to devices
with improved mechanical properties, namely high resistance to
compression and high insertion capacity. However, Bj, release was
slower than the one observed with PVP-only DMAPs. In vitro experi-
ments in fibroblasts and keratinocytes pointed out the biocompatibility
of B1o@DMAPs with characteristic skin cell lines. An in vivo inflamma-
tory skin reaction model was used to test Bjo@DMAPs efficacy. The
treatment decreased bioluminescence signals, myeloperoxidase activity
and pro-inflammatory cytokine levels at the insertion site, with results
comparable to those achieved by a topical corticosteroid treatment
which has well-known side-effects usually. Furthermore, histological
observations denoted a normalisation of anatomical damage following
B1,@DMAPs treatments. Altogether, the obtained results suggests that
B1o@DMAPs are an alternative to current therapies for inflammatory
skin conditions, such as dermatitis and psoriasis. In particular, this
approach can overcome the considerable side effects caused by con-
ventional therapies, particularly when used in a long-term chronic
treatment.
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Fig. 6. a) Representative images from the histological sections stained with H&E and MT stains (20x magnifications). Scale bar: 200 pm; b) Epidermal thickness
measured from histological observation (H&E stain) 24 h after the administration of the different treatments (10 x magnification); ¢) Collagen thickness measured
from histological observation (MT stain) 24 h after the administration of the different treatments (10x magnification); d) IL-6 quantification detected by ELISA
immunoassay in skin biopsies; e) IL-1f quantification detected by ELISA immunoassay in skin biopsies; f) IL-4 quantification detected by ELISA immunoassay in skin
biopsies; g) TNF-a quantification detected by ELISA immunoassay in skin biopsies. Cytokine levels are expressed as absorbance/mg of protein. Results are expressed
as mean + SD (n = 3). * denotes statistically significant differences in comparison to OXA group (p < 0.05). # denotes statistically significant differences in
comparison to blank DMAPs group (p < 0.05).
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