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ABSTRACT

Delivery of cancer cell membranes (CM) is a new approach for the activation of the immune system and the
induction of immunotherapy of cancer. Local delivery of melanoma CM into skin can induce efficient immune
stimulation of antigen presenting cells (APCs), such as dendritic cells. In the current study, fast dissolving
microneedles (MNs) were developed for the delivery of melanoma B16F10 CM. Two polymers were tested for the
fabrication of MNs: poly(methyl vinyl ether-co-maleic acid) (PMVE-MA) and hyaluronic acid (HA). The incor-
poration of CM in MNs was achieved through coating of the MNs using a multi-step layering procedure or the
micromolding technique. The CM loading and its stabilization were improved by adding sugars (sucrose and
trehalose) and a surfactant (Poloxamer 188), respectively. In an ex vivo experiment, both PMVE-MA and HA
showed fast dissolutions (<30 s) after insertion into porcine skin. However, HA-MN showed better mechanical
properties, namely improved resistance to fracture when submitted to a compression force. Overall, a BI6F10
melanoma CM-dissolving MN system was efficiently developed as a promising device suggesting further studies

in immunotherapy and melanoma applications.

1. Introduction

Transdermal drug delivery is an attractive route of administration,
considering drugs do not go through enzymatic degradation. Moreover,
transdermal delivery is appealing to the patients due to the painless
delivery of a variety of cargos (Prausnitz, 2004). However, the stratum
corneum (SC)’s characteristics, such as lipophilic structure with low
permeability, hinders the delivery of hydrophilic drugs, peptides, and
macromolecules (Aich et al., 2022).

Microneedles (MNs) represent a micron-sized array of needles with a
length up to 1500 um, attached to a flat support, capable of penetrating,
with minimal invasion of the outer layer of the skin, i.e., the SC (Amani
et al., 2021; D’Amico et al., 2023). It allows the delivery of a high di-
versity compounds throughout the formation of microscopic pores in the
skin (Zhang et al., 2020). Polymers have been widely used due to their

diverse physicochemical and mechanical properties (Sabbagh and Kim,
2022; Zhu et al., 2022). Ideally, polymeric MNs should be biocompatible
and non-immunogenic, hard enough to pierce the SC, controlling the
release of cargos, requiring mild conditions when fabricated to protect
sensitive biologicals, such as proteins and peptides with therapeutic
value (Gera and Burra, 2022; Sadeqi et al., 2022). Three groups of
polymers are primarily used to fabricate polymeric MNs: swellable,
biodegradable and dissolving polymers (Singh et al., 2019).

Dissolving microneedles (DMNs) are distinctive systems consisting of
a fast-dissolving polymer after contact with skin fluids, allowing the
delivery of therapeutic agents (Bauleth-Ramos et al., 2023; Leone et al.,
2019). It is essential to consider the properties of the dissolvable poly-
mers to manufacture MNs with efficient drug delivery, optimized me-
chanical strength to pierce the SC, preservation of the bioactivity, and
stability of biological cargos (Ali et al., 2022). Examples of such
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polymers include dextran, hydroxypropylmethylcellulose (HPMC),
carboxymethylcellulose (CMC), hyaluronic acid (HA), and poly(meth-
ylvinylether/maleic anhydride) (PMVE-MA, Gantrez®). PMVE-MA is a
synthetic copolymer of methylvinyl and maleic anhydride (Huang et al.,
2020; Mbituyimana et al., 2022). It is suitable for different pharma-
ceutical applications, as it can be used as film former, emulsion stabi-
lizer, thickening agent, dispersing agent, and denture adhesive (Demir
et al,, 2017). HA is a water-soluble linear anionic polysaccharide,
comprised of two alternating saccharide units of glucuronic acid linked
to N-acetylglucosamine (Cheng et al., 2022). Hyaluronic acid is known
for its biodegradability, biocompatibility, and high viscoelasticity
(Wang et al., 2022). It is a non-toxic and non-inflammatory poly-
saccharide (Kim et al., 2022). It exists in three molecular weights: high
molecular weight (HMW ~ 107 Da), the most considered for skin ap-
plications (Schmidt et al., 2021), medium molecular weight (MMW ~
20000 Da), and low molecular weight (LMW ~ 800-3200 Da). The
molecular weight of the polymer has different impact on the immune
system. For instance, the HA-LMW can stimulate the IS, activating im-
mune cells, such as macrophages and DCs, and thus, it can be used as a
potential component for immunotherapy (Baeva et al., 2014).

There are several fabrication methods to produce polymeric MNs
(Liu et al.,, 2020). Micromolding is the most common method for
manufacturing MNs due to its reproducibility, ease of scaling up, and
low cost (Guillot et al., 2020; Tran et al., 2021). This method can be
summarized in the following steps: (1) preparing a MN template to
assemble the negative molds from a positive master mold; (2) casting
polymers into the molds by centrifugation; (3) elimination of bubbles
using vacuuming or ultrasounds; (4) solidification by drying or photo-
crosslinking; and (5) removing the MNs from the molds (Ita, 2017; Park
et al., 2005). There are three main parameters to be considered to
manufacture MNs with the appropriate mechanical properties: polymer
MW, concentration in solutions for preparation, and balance between
viscoelasticity and brittleness of the MN (Hong et al., 2013; Park et al.,
2007).

The materials used for DMNs fabrication are widely available, cost-
effective, and do not need special conditions of processing, such as
high temperatures (Sabri et al., 2020). In addition, DMNs do not leave
behind biohazardous sharp tips, because they completely dissolve after
penetration into the skin. Furthermore, DMNs have higher capacity for
drug loading, when compared with other types of MNs (Dalvi et al.,
2021).

The skin is responsible for critical functions in the body. It is divided
into three main layers: the SC, the epidermis, and the dermis (Rawlings
and Harding, 2004). The SC, made of dead keratinized cells, with a
thickness between 10 and 20 pm, is selectively permeable. Beneath the
SC is the epidermis, comprising keratinocytes, melanocytes and rich in
immune cells, such as primary APCs, specific dendritic cells (DCs), and
Langerhans cells (El-Sayed et al., 2020). The dermis with a thickness
between 3 and 5 mm contains immune cells, in a lower density when
compared with the epidermis, nerve terminations, blood vessels,
lymphatic vessels, and sweat and hair glands (Guillot et al., 2023).

Melanoma is one of the most aggressive forms of skin cancer
(Imlimthan et al., 2021).Its incidence continues to rise worldwide, ac-
counting for more than 70 % of skin cancer(Liu et al., 2022). Traditional
treatments include surgical removal, chemotherapy, radiotherapy,
photodynamic therapy, and the use of tyrosine kinase inhibitors inter-
fering with the intracellular signalling pathways limiting the tumoral
expansion (Davis et al., 2019). However, these approaches fail in the
presence of metastasis and in later-stage melanoma, requiring new ap-
proaches (Naing and Hajjar, 2018), namely immunotherapy, which has
proved useful to overcome the limitations of the traditional treatments
(Fusciello et al., 2019). It is a biological based therapy where the im-
mune system (IS) is stimulated to fight against cellular diseases (Les-
terhuis et al., 2011).

DMNs have been widely applied in immunotherapy, particularly in
antigens delivery to DCs, presenting them to T cells to stimulate the
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immune system response (Yenkoidiok-Douti et al., 2021) (Matsuo et al.,
2012). For example, Park et al. developed DMNs loaded with nano-
particles coated with the cancer cell membrane (CM), using the CM as an
antigen to activate the immune system, through APCs, to fight cancer
(Park et al., 2021). Zeng et al. developed a polyelectrolyte multilayer as a
platform for the cancer vaccine components on MN patches for intra-
dermal delivery (Zeng et al., 2017). However, these new systems needed
to be combined with other therapies to become effective. To overcome
these limitations, the immune system should be potentiated enough to
destroy the cancer cells.

In order to understand the positive impact of creating an innovative
transdermal delivery system to stimulate immunotherapy against mel-
anoma, the present study focuses on the development and optimization
of DMNs loaded with a cancer CM derived from a melanoma cell line,
B16F10. The hypothesis relies on the possibility to deliver CM into the
epidermis, which is rich in immune cells, using DMNs, with the ultimate
purpose of promoting the immune system activation, through DCs,
against cancer. In this study, to support the hypothesis, DMNs were
fabricated by micromolding, once several formulation and processing
parameters were considered, in combination with extracts of isolated
CM from cancer cells, used to coat the DMNs.

2. Materials and methods
2.1. Materials

Hyaluronic acid (HA MW 20 kDa, Creative PEGWorks, China), poly
(methyl vinyl ether-alt-maleic acid) (PMVE-MA, Sigma, Germany),
poloxamer 188 (Kolliphor P 188 micro, BASF, Germany), trehalose
dihydrate (Sigma, USA), carboxymethylcellulose sodium salt (CMC,
Sigma, USA), sucrose (Sigma, Switzerland), ammonium acetate
(LiChropur, Supelco, Germany), melanoma cell line B16F10 (ATCC, US),
growth cell medium solution mixture of Dulbecco’s Modified Eagle’s
Medium (DMEM, Cytiva, USA) and fetal bovine serum (FBS, Cytiva,
USA), ethylenediaminetetraacetic acid (EDTA; Life Technologies, USA),
phosphate buffered saline (PBS, Cytiva, USA).

2.2. Methods

2.2.1. Dissolving MN fabrication

The MNs were prepared by a micromolding procedure. Briefly, 20 uL
of the aqueous solution of 20 % (w/v) PMVE-MA, was pipetted on the
top of the negative mold (MNs: 800 um (height) and 200 pm (Base) and
pitch: 500 pm; MICROPOINT, Singapore), followed by centrifugation for
10 min at 2000 rcf (relative centrifugal force) using a swing bucket
centrifuge (centrifuge 5415D, Eppendorf, Germany) (Leone et al., 2019;
Park et al., 2005). Afterwards, another 20 uL of PMVE-MA solution were
placed on the top of the mold prior to centrifugation at 180 rcf. To form
the base layer of MNs, an additional 130 pL of the 20 % polymer solution
was laid on the top of the molds followed by drying in a desiccator at

Table 1
MNs prepared using 20 % PMVE-MA using the common protocol.

Drying Process Centrifugation speed  Fabrication method
(ref)
MNg  Desiccator fortwo 2,000 Common protocol
days
MN1 Desiccator for two 1,000
days
MN2  Desiccator fortwo 500
days
MN3  Vacuum during 2,000
45h
Desiccator
overnight
MN4 - 2,000 MNs and patches produced

separately
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room temperature for 2 days (El-Sayed et al., 2020).

Modifications to the fabrication process are described in Table 1. To
evaluate the influence of centrifugation speed on the formation of MNs,
two different speeds were tested using the general protocol: 1,000 rcf
(MN1) and 500 rcf (MN2). Furthermore, the drying process was altered
in MN3 (for the first 4.5 h, the MNs were placed in the vacuum oven,
followed by completing the drying process in the desiccator, at room
temperature. In MN4, the patch, i.e., the baking layer, and the MNs were
fabricated individually. The patch base was formed by adding 150 pL of
PMVE-MA solution into the mold followed by drying in the desiccator
for 2 days. The MNs were prepared according to the standard procedure
using another separate mold. The base layer was detached from the mold
and moved to the top of the other mold containing the MNs that were not
solidified yet. With the force of a fingertip, compression was applied to
bind the MNs and the base together. After the drying process, in the
desiccator for 2 days, all MNs were removed from the molds and
observed in a light microscope (EVOS™ XL, Thermo Fisher Scientific,
USA).

2.2.2. Extraction of the cell membrane from cancer cells

B16F10 melanoma cell line was cultured in 12 mL of DMEM con-
taining 10 % of FBS at 5 % of CO3 and 37 °C. The cells were harvested
after observation under the microscope and the confluence confirmed
(80 %). 10 mL of cold PBS — EDTA was added to the flasks and placed in
the incubator for 5-10 min, 5 % CO,, 37 °C, followed by collection of
cells into Falcon® tubes. In order to collect the cell pellet, the Falcon®
tubes were placed in the centrifuge for 5 min at 250 rcf. The pellet was
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resuspended in 10 mL of PBS, the supernatant was discarded, and 400 uL
of the suspension was collected for cell counting. The cell suspension
was centrifuged, a volume equivalent to a final concentration of 3 x 10°
cells/mL was considered, and the pellet was resuspended in lysis buffer.
Homogenization was accomplished by placing the samples in a bath
sonicator (Transsonic T700, Germany) for 2 min, followed by centrifu-
gation in 1 mL Eppendorf tubes for 5 min at 3,200 rcf. The supernatant
was saved in ultracentrifuge tubes, and the pellet was resuspended in 1
mL of lysis buffer, with the sonication step and centrifugation process
repeated for 6 min at 3,200 rcf, to maximize the collection of CM. The
supernatant was collected in the same ultracentrifuge tubes. Ultracen-
trifugation was performed (Optima L-80 XP, Beckman Coulter, USA) for
30 min, 4 °C, at 21,000 rcf. New ultracentrifuge tubes were used to
collect the supernatant and moved to the ultracentrifuge to start the
process for 15 min at 45,000 rcf, 4 °C. Then, the CM was obtained in the
pellet and was further redispersed in suitable dispersant for loading the
MNs.

2.2.3. MN loading with CM

2.2.3.1. Coating technique. In this three-step procedure (Fig. 1A), the
CM was labelled with CellMask™ orange and dispersed in a stabilizing
solution (5 % trehalose, 5 % sucrose, 0.5 % poloxamer 188 (P188)) to
give rise to a concentration of CM extracted from 7.6 x 10° cells/mL.
Firstly, 20 pL of the solution was added to the top of the negative mold,
followed by centrifugation for 10 min at 500 rcf. The molds were placed
in the vacuum oven for 30 min at 400 mbar. This first step was repeated

A 3 Step Procedure
@ CM Centrifugation Drying in @ Polymer | Centrifugation Drying in @ Pouring the
3x solution cycle Vacuum ) > solution cycle Vacuum Oven base
Oven 2
B 2 Step Procedure
@ Polymer solution | Centrifugation | Drying in the @ Pouring
2% +CM cycle desiccator the base
C Multilayering of polymer + CM Procedure
@ Polymer solution | Centrifugation | Drying in the @ Pouring
3x +CM cycle desiccator the base

Fig. 1. Schematic illustration of CM-MNs fabrication using the coating technique (A), the encapsulation technique (B) and the multilayering protocol for the CM-

loaded MNs preparation (C).

Table 2
Modifications applied to the CM-coated MNs formulation.

Stabilizing Solution

Polymer CM Molds

Water (uL) Sucrose (%) Trehalose (%) P188 (%) PMVE-MA (%) HA (%) [CM] Pre-treatment O,
MNg1 - 5 5 0.5 20 - 1CM -
MN5 200 - - - 20 - 1CM -
MN6 - 5 5 - 20 - 1CM -
MN7 - 5 5 0.5 - 20 1CM -
MNS8 - 5 5 0.5 - 20 1CM Plasma surface treatment
MN9 - 10 10 1 - 20 1CM -
MN10 - 10 10 1 - 20 3CM -

* 1 CM is equivalent to the cell membrane extracted from 7.6 x 10° cells/mL.
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two more times to increase the amount of CM present in the walls of the
MN mold. Secondly, 20 pL of PMVE-MA 20 % (w/v) was poured into the
molds and placed in the centrifuge for 10 min at 1,000 rcf to be stored
under vacuum at 400 mbar for 30 min. The second step was repeated
one more time. In the final step, 30 pL of the polymer solution was laid
on top of the molds and the molds were centrifuged for 10 min at 180 rcf.
The base layer was formed by adding 130 pL of PMVE-MA 20 % on the
top of the molds followed by drying in desiccator for 3 days at room
temperature. The MNs were removed from the molds and visualized
under a confocal laser scanning microscope (CLSM, SP8 upright, Leica,
Germany) using HC PL APO 10x/0.4 CS2 objective lens, an excitation
laser of 552 nm and an emission filter of 560-700 nm. All examinations
were carried out at room temperature.

In Table 2 are denoted all the variations applied to the protocol for
coated MNs. PMVE-MA 20 % was the selected polymer to fabricate the
MNgl, MN5, and MN6. For MN7, MN8, MN9, and MN10, the chosen
polymer for MNs production was HA 20 %. As described in Table 2, the
MNg1 represents the general protocol. The CM was dispersed in water as
a control (MN5), the CM solution was combined with sucrose and
trehalose (MN6), a surfactant, P188, was added to the sugar solution
containing CM (MN?7). The same stabilizing solution used in MN7 was
selected to fabricate HA MNs (MN8), using HA 20 %. In order to increase
MNS8 hydrophilicity, a pre-treatment with O plasma was applied to the
molds. To improve the uniformity of CM distribution, the concentrations
of the additives (sugar and surfactant) were duplicated in MN9 and
MN10, respectively. In MN10, to evaluate the possibility of loading a
higher amount of CM, the concentration of CM was triplicated.

2.2.3.2. Encapsulation technique. The MNs were produced by a two-step
procedure (Fig. 1B). The CM was dispersed in a stabilizing/polymeric

Table 3
Modifications in the protocol of CM-MNs using the encapsulation technique.
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solution made of sucrose (2.5 %), trehalose (2.5 %), P188 (0.25 %), and
PMVE-MA (15 %). Initially, 20 uL of cell membrane suspension labeled
with a CellMask™ orange was added to the top of the molds and
centrifuged twice at 1,000 rcf for 10 min. Subsequently, the MNs were
dried in a desiccator, at room temperature, overnight. The base layer
was formed by adding 130 uL of PMVE-MA (20 %, w/V) to the top of
each mold, followed by drying in a desiccator for 5 days. Afterwards, all
the MNs were peeled off the molds and observed under the confocal
microscope, as before.

Modifications were applied to the procedure, as indicated in Table 3.
MNg2 symbolizes the general loading protocol as explained. In MN12,
the polymer, sugars and surfactant concentrations were duplicated. HA
was the selected polymer in MN13 and MN14. For MN14 the protocol
was changed to a multilayering procedure of the CM/polymer mixture
(Fig. 1C).

2.2.4. Mechanical properties
In order to compare the mechanical properties of PMVE-MA, and HA
MNs, the following studies were performed.

2.2.4.1. Load at break. Both PMVE-MA MN, and HA MNs were pre-
pared using 20 % (w/v) polymer solution. The patches were fixed in the
probe of the Texture Analyser (CT3, Brookfield, USA) by a double-sided
tape, and compression was applied against the metal surface for 30 s at a
speed of 0.5 mm/s, for a maximum force of 20 N, which is the average
force for pressing the thumb, according to Larraneta et al. (Larraneta
et al., 2014). All the MNs were observed under the microscope before
and after the force application (Fig. 2A).

Stabilizing Solution Base Polymer CM Procedure Steps

Sucrose (%) Trehalose (%) P188 (%) PMVE-MA (%) HA (%) PMVE-MA (%) HA (%) [CM] Multilayering of polymer + CM procedure
MNg2 2.5 2.5 0.25 15 - 20 - 1CM -
MN12 5 5 0.5 30 - 20 - 1cM -
MN13 5 5 0.5 - 20 - 20 1CM -
MN14 5 5 0.5 - 20 - 20 1CM Adjustment of steps

* 1 CM is equivalent to cell membrane extracted from 7.6 x 10° cells/mL.
TF3 TEXTURE ANALYZER
A Mechanical Properties - Fracture Evaluation
Stick the MN in the tip of ‘ Apply 20N, 30s, ‘ Visualize the MN
the Texture Analyser Force 0.5 mm/s under the Microscope

Apply

Place the MN in the top
Force

i i i i of the 8 Layer Parafilm
Skin Insertion - Dissolution

Apply

Place the MN in the top
Force

of Porcine Skin

Mechanical Properties - Parafilm Penetration

Visualize the parafilm layers and

20N, 30s,
MN under the Microscope

0.5 mm/s

Visualize the MN Under the

Microscope after 20 and 60s

20N, 30s,
0.5 mm/s

Fig. 2. Illustration presenting the relevant steps in the study of MNs properties. (A) Fracture evaluation; (A.1) Texture Analyser as the selected equipment; (B)
Parafilm penetration; (B.1) Insertion in the 8-layer Parafilm by the MN patch using Texture Analyser; (C) MNs dissolution after skin insertion; (C.1) MN patch

insertion in porcine skin using Texture Analyser.
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400pum

Fig. 3. Light microscopy images of the MN patches made of PMVE-MA (20 % w/v). (A) MNg - MNs obtained according to the general procedure, with centrifugation
speed of 2,000 rcf and drying in desiccator; (B) MN1 - centrifugation speed 1,000 rcf; (C) MN2 - centrifugation speed of 500 rcf; (D) MN3 — vacuum oven used for
drying the MNs; and (E) MN4 — MNs produced separately from the base. * Magnification of A1, B1, C1, D1, E1, E2 (10 x ) and A2, B2, C2, D2, and E3 (4 x ).
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2.2.4.2. Pardfilm penetration. The insertion capacity of plain MNs,
PMVE-MA 20 % and HA 20 %, were tested using an 8-layered Parafilm®,
as an elastic barrier that mimic the human skin (Fig. 2B). The MNs were
placed on the top of the Parafilm® and the insertion was induced by
Texture Analyser (TA CT3, AMETEK Brookfield, USA) using the same
conditions as for the load at break test: 20 N, 0.5 mm/s, and 30 s. Then,
the layers and the MNs-arrays were observed by light microscopy (EVOS
x1, ThermoFisher, USA).

2.2.5. Microneedle penetration into porcine skin ex vivo

2.2.5.1. Dissolution studies. Ex vivo studies were performed using
PMVE-MA (20 % w/v) and HA (20 % w/v) MNs to evaluate the disso-
lution capacity of each patch in contact with skin fluids. The MNs were
placed on the top of the porcine skin (3 x 3 cm). The MNs were inserted
in skin by Texture Analyser (20 N, 0.5 mm/s, and 30 s), (Fig. 2C). The
MNs were removed from the skin after 20 and 60 s post-insertion and
were examined by light microscopy.

3. Results and discussion
3.1. Dissolving MNs fabrication

Two different water-soluble polymers, PMVE-MA and HA were
selected to fabricate the MN-arrays. In order to optimize the micro-
molding protocol for DMNs fabrication, PMVE-MA was chosen to pro-
duce the MNs due to its easy handling and low cost. The DMNs
fabricated with 20 % (w/v) PMVE-MA showed remarkably uniformity
(Fig. 3A.1 and 3A.2), namely a translucent base, confirming the
reproducibility and ease of fabrication of this method.

A range of different centrifugation speeds was tested to accomplish a
complete filling of the molds. A proper filling of the MNs molds was
obtained with centrifugation speed down to 1000 rcf (Table 1; MN1), as
shown in Fig. 3B. However, when decreasing the centrifugation speed to
500 rcf (Table 1; MN2), the filling of the molds was incomplete, and
imperfections were observed in the MN array (Fig. 3C). The force pro-
vided with 500 rcf is not enough to deposit the viscous polymer solution
into the mold holes. Furthermore, two drying setups at room tempera-
ture were tested: air-drying in desiccator and in vacuum oven. Drying of
the MNs under vacuum (Table 1; MN3) resulted in an uniform shape of
the MNs, as observed after demolding (Fig. 3D.1 and 3D.2). However,
the base was not uniform and presenting a large number of bubbles
(Fig. 3D.4) since the vacuum created a fast drying when compared to the
conventional air drying (Table 1; MNg, MN1 and MN2). In MN4, pro-
ducing the base separately from the MNs resulted in fragile broken MN-
patches, as can be observed in Fig. 3E.1 and 3E.3. This may have
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occurred because of the reduced amount of polymer used to glue the
MNs to the base layer. As it is observable in in MN4 (Fig. 3E.2) cavities
are formed inside the MNs due to the air entrapment when gluing the
base and the MNs together. According to Wang et al. forming cavities
inside the MNs can be advantageous by improving drug delivery and
providing faster release of a higher amount of drug, than compared with
the traditional MNs. On the other hand, the cavities formation and
bubbles accumulation inside the microneedles can negatively influence
its mechanical properties, leading to a lower mechanical strength,
therefore decreasing its penetration capability (Wang et al., 2016).

3.2. CM-coated MNs

Coating the MNs with CM was designed to provide a fast release after
insertion into the skin. Furthermore, the accumulation of CM in the tips
is crucial to ensure that it will reach the dendritic cells in the epidermis
and dermis upon insertion into skin. HA with lower molecular weight
can promote the immune system response, however, a very low mo-
lecular weight will negatively influence the mechanical strength of the
MNs (Leone et al., 2020). Thus, a medium molecular weight of HA was
chosen to provide a compromise between having enough mechanical
strength of the MNs and adjuvant immune stimulation effect (Chi et al.,
2022; Leone et al., 2019).

Coating of MNs started with the deposition of the CM in the mold,
followed by polymer deposition. Different formulations (Table 2) were
tested to achieve uniform distribution of CM in the coat to achieve an
uniform tissue diffusion of CM after the insertion of MNs into the skin.
When the CM was dispersed in water (Table 2; MN5) its distribution was
not uniform, showing the presence of clusters (Fig. 4A). Two different
sugars, sucrose and trehalose, were added to the CM solution (Table 2;
MNG6) to improve the stabilization of CM, by acting as protein stabilizers
(Mistilis et al., 2017) during the drying process. Furthermore, P188 was
added (Table 2; MNgl) to decrease the surface tension of the CM
dispersion improving its distribution in the mold making the coat more
uniform. The addition of the sugars (combination of sucrose and
trehalose (5 % or 10 %)) enabled a better distribution of the CM coating
on the MNs (Fig. 4B). Moreover, the distribution can be improved with
the addition of P188 (0.5 or 1 %) resulting in a continuous and uniform
layer of CM alongside the MN surface, due to its capability of reducing
the surface tension and lowering the contact angle, as reported else-
where (Gill and Prausnitz, 2007).

Once the MNs formulation with PMVE-MA (Table 2; MNg1, MN5,
MN6) was optimized, new MNs were made using HA (Table 2; MN7).
However, the HA MNs required further optimization because the CM
was not uniformly distributed (Fig. 5A) as in the case of PMVE-MA
(Fig. 4C). This can be attributed to different physical characteristics of

Fig. 4. Confocal microscopy images of CM-coated PMVE-MA (20 %) MNs (side view). CM (stained with CellMask™ Orange, in red) dispersed in water (A, MN5); in
sucrose (5 %) and trehalose (5 %) (B, MN6); and in trehalose (5 %), sucrose (5 %) and P188 (0.5 %) (C, MNg1).
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Fig. 5. Confocal microscopy of side and top views of CM-coated MNs. CM (stained with CellMask™ Orange, in red) dispersed in trehalose (5 %), sucrose (5 %) and
P188 (0.5 %) (A, MN7); in trehalose (5 %), sucrose (5 %), and Poloxamer 188 (0.5 %) with a pre-treatment with O, plasma was applied to the molds (B, MN8); in
sucrose (10 %), trehalose (10 %) and Poloxamer 188 (1 %) (C, MN9); and in sucrose (10 %), trehalose (10 %), and Poloxamer 188 (1 %), with the CM concentration
triplicated (D, MN10).*Selected polymer was HA (20 kDa) 20 % (w/v). ** Images in the sequence from 1 to 6 represent the top view of the MNs from the tip to
the base.
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HA, namely a higher viscoelasticity than PMVE-MA requiring the
formulation to be adjusted. A pre-treatment of the negative molds with
O, plasma (Table 2; MN8) was performed to increase their hydrophi-
licity and increase the interfacial area with the hydrophilic polymer
(Nair et al., 2015) resulting in a higher accumulation of CM on the tips of
the MNs (Fig. 5B.1 and 5B.2) in comparison with the non-treated molds
(Fig. 5A). The same result was achieved when the concentration of su-
crose, trehalose and P188 was doubled (MN9, Fig. 5C.1 and 5C.2).
When the CM concentration was triplicated (Table 2; MN10), an effi-
cient CM load was also accomplished (Fig. 5D).

3.3. CM-encapsulated MNs

In the encapsulation technique, the CM was mixed with the polymer
solution and deposited in an one-step into the molds. Even though the
encapsulation was different from the two-step coating; the results were
comparable. Due to the drying pulling effect, the encapsulation resulted
into the CM accumulation around the MNs, instead of being dispersed
inside the polymer matrix (Fig. 6A). As indicated in Table 3, modifying
the concentrations of sucrose, trehalose, P188 and PMVE-MA (doubled
in MN12) led to the preparation of very fragile MNs. Preparing the MNs
using HA (Table 3; MN13) instead of PMVE-MA resulted in similar
accumulation of CM in the outside part of MNs (Fig. 6B). As a general

0 pm 250
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result, the CM-encapsulated polymer formed a layer surrounding the
MNs, even when the procedure was adjusted to provide multiple layers
on the loaded polymer (Fig. 6C).

3.4. Mechanical properties

In order to produce MNs capable of piercing the skin, without
breaking, and efficiently deliver drugs and biocargos, optimized me-
chanical strength and rigidity are required. The mechanical properties
were evaluated by testing the MNs to fracture and insertion of MNs when
submitted to a force mimicking the human thumb (20 N) (Larraneta
et al., 2014).

3.4.1. Fracture test (force at breakage)

To compare the two polymers, plain MNs of PMVE-MA and HA, both
20 % (w/v), were produced to perform the study. All MNs were observed
under the microscope before and after compression (Fig. 7A.1 and 7A.2)
against a solid surface (20 N for 30 s) using the Texture Analyser. Both
MNs showed different behaviours. HA MNs showed tip bending without
breaking (Fig. 7A.3). In contrast, PMVE-MA MNs showed tip and base
breaking (Fig. 7A.4). These results indicate that HA has higher plasticity
than PMVE-MA MNs which were more brittle, confirming the higher HA
viscoelasticity, reported previously (Huang and Huang, 2018).

0 um 250

Fig. 6. Confocal microscopy of side and top view of CM-coated MNs. CM (stained with CellMask™ Orange, in red) dispersed in trehalose (2.5 %), sucrose (2.5 %),
P188 (0.25 %) and PMVE-MA (15 %) (A, MNg2); in trehalose (5 %), sucrose (5 %), and Poloxamer 188 (0.5 %) and PMVE-MA (30 %) (B, MN13); multilayering
procedure where the CM is dispersed in trehalose (5 %), sucrose (5 %), P188 (0.5 %) and HA (20 %) (C, MN14).* The selected polymers were PMVE-MA (20 % w/v)
(A) and HA (20 kDa) (20 % w/v) (B and C). ** Images in the sequence from 1 to 6 represent the top view of the MNs from the tip to the base.
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Fig. 7. (A) Light microscopy images of the MN patches before and after the compression test against 8 layers of Parafilm® using Texture Analyser (20 N for 30 s).
(A.1-A.2): HA and PMVE-MA MNs, before compression, respectively. (A.3 and A.4): HA and PMVE-MA MNs after insertion, respectively. (B) Light microscopy images
of the MNs patches after Parafilm® insertions. (B.1-B.2): HA MNs and PMVE-MA MNs, respectively, after insertion in 8 layers of parafilm using Texture Analyzer (20
N for 30 s). Parafilm layers after insertion with HA-MNs: (B.4) Layer number 1, (B.5) Layer number 2, (B.6) Layer number 3, (B.7) Layer number 4. Parafilm® layers

after PMVE-MA MNs insertions: (B.4') Layer number 1, (B.5") Layer number 2, (B.6") Layer number 3, (B.7') Layer number 4.

Consequently, HA is preferred for the preparation of DMNSs, compared to
PMVE-MA without any additives. However, the mechanical properties
of the PMVE-MA MNs can be improved if a plasticizer is used (Jin et al.,
2022).

3.4.2. Insertion evaluation

To evaluate the insertion capability of PMVE-MA MNs and HA MNs,
they were pressed against an elastic membrane consisting of 8 layers of
folded Parafilm® using the Texture Analyzer (20 N, 30 s). Afterwards,
the MNs were visualized by light microscopy, once removed from the
parafilm. As expected, HA-MMs exhibited slightly bent tips (Fig. 7B.1),

while PMVE-MA-MNs showed broken tips (Fig. 7B.2). Every Parafilm®
layer (in the order of penetration, downwards) was observed under the
microscope (Fig. 7B.4-B.7 and 7B.4'-B.7’) and the holes were counted
(Fig. 7B.3), to test the penetration efficacy. Each layer of Parafilm®
represented 127 um. All MNs patches reached the fourth layer with an
estimated penetration depth of 508 um, which is hypothetically enough
to reach deep in the epidermis layer, after human skin penetration. This
is essential to efficiently deliver the CM and stimulate the APCs in the
epidermis and generate the immune response (Glenn and Kenney, 2006;
Michalak et al., 2021).
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Fig. 8. Light microscopy images of PMVE-MA-MNs and HA-MNs after insertion in porcine skin using the Texture Analyser (30 N for 30 s). (A) The PMVE-MA MNs
stayed in the skin for more 20 s, (B) the HA MNs stayed in the skin for more 20 s, (C) The PMVE-MA MNs stayed in the skin for more 60 s and (D) HA MNs stayed in
the skin for more 60 s. (Al, B1, C1, and D1) top views of the patches. (A2, B2, C2, and D2) side views of the MNs.

3.5. Ex vivo MNs penetration into porcine skin

3.5.1. Dissolution studies

The dissolution of each plain PMVE-MA MNs and HA MNs were
tested by insertion into the pork skin. Texture Analyser was used to
compress the MNs against the skin surface (20 N for 30 s). After releasing
the force, the MNs were left inside the skin for more 20 s and in another
setup for 60 s. Afterwards, the MNs were visualized light microscopy
(Fig. 8). Both types of MNs revealed a fast dissolution due to their water-
soluble characteristics (Garland et al., 2014). Approximately 30 s was
sufficient for the dissolution of both polymers, PMVE-MA (Fig. 8A) and
HA (Fig. 8B), indicating the suitability of both polymers for the devel-
opment of fast dissolving MNs. After 60 s of insertion almost completed
dissolution was achieved, although, when compared to PMVE-MA MNs
(Fig. 8C), HA-MNs have shown a faster dissolution (Fig. 8D).

4. Conclusions

An optimized and detailed protocol, to produce fast dissolving MNs,
was successfully developed and achieved. Fast dissolving MNs were
developed for the delivery of B16F10 melanoma CM. The MNs were
successfully prepared using PMVE-MA and HA. The MNs fabrication by
the micromolding technique was optimized for the processing factors
(centrifugation force and drying method). Preparation of CM-coated
MNs and concentration of the CM in the tip of the MNs was a prefer-
able approach for fast delivery of the CM to APCs in skin. The coating of
CM was optimized to achieve an uniformly distributed coat around the
MNs. Sucrose and trehalose were added to CM solution to enhance the
CM proteins stability during MNs preparation and drying. P188 was also
added to decrease the surface tension of the CM and increase its accu-
mulation inside the mold for efficient loading. Both PMVE-MA and HA
are efficient candidates for the development of fast dissolving MNs, as
proved by their fast dissolution (in about 30 s) after insertion of the MNs
in porcine skin ex vivo. However, HA stays more preferable to PMVE-MA

10

due to its superior mechanical properties and resistance to fracture upon
compression. Overall, the elaborated protocol provides support and
more extensive information on the procedure itself to fulfil the lack of
guidance on how to overcome the initial challenges related to the
development of dissolving MNs loaded with biological materials. The
B16F10 melanoma CM-dissolving MNs were efficiently developed with a
promising structure for further use for immunotherapy and melanoma
applications.
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