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Abstract: Microneedle arrays (MNAs) consist of a few dozens of submillimeter needles, which tend
to penetrate through the stratum corneum layer of the skin and deliver hardly penetrating drugs to
the systemic circulation. The application of this smart dosage form shows several advantages, such as
simple use and negligible pain caused by needle punctures compared to conventional subcutaneous
injections. Dissolving MNAs (DMNAs) represent a promising form of cutaneous drug delivery due to
their high drug content, biocompatibility, and ease of use. Although different technologies are suitable
to produce microneedle arrays (e.g., micromilling, chemical etching, laser ablation etc.), many of these
are expensive or hardly accessible. Following the exponential growth of the 3D-printing industry
in the last decade, high-resolution desktop printers became accessible for researchers to easily and
cost-effectively design and produce microstructures, including MNAs. In this work, a low force
stereolithography (LFS) 3D-printer was used to develop the dimensionally correct MNA masters for
the spin-casting method. The present study aimed to develop and characterize drug-loaded DMNAs
using a two-level, full factorial design for three factors focusing on the optimization of DMNA
production and adequate drug content. For the preparation of DMNAs, carboxymethylcellulose
and trehalose were used in certain amounts as matrices for dexamethasone sodium phosphate
(DEX). Investigation of the produced DexDMNAs included mechanical analysis via texture analyzer
and optical microscopy, determination of drug content and distribution with HPLC and Raman
microscopy, dissolution studies via HPLC, and ex vivo qualitative permeation studies by Raman
mapping. It can be concluded that a DEX-containing, mechanically stable, biodegradable DexDMNA
system was successfully developed in two dosage strengths, of which both efficiently delivered the
drug to the lower layers (dermis) of human skin. Moreover, the ex vivo skin penetration results
support that the application of DMNAs for cutaneous drug delivery can be more effective than that
of a conventional dermal gel.

Keywords: microneedle arrays; dexamethasone sodium phosphate; cutaneous drug delivery; ex vivo
skin penetration; Raman mapping

1. Introduction

Microneedle arrays (MNAs) have become a hot topic among researchers in the past
decade as a novel approach in biomedical and healthcare applications [1–3]. These tiny
structures can be utilized through alternative administration routes to obtain systemic
efficacy in cases where conventional drug delivery is hardly or not accessible. However,
MNA-based drug delivery systems have been widely studied through the transdermal
administration route, and other applications, such as transmucosal, corneal, or buccal [4–6].
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The greatest advantage of MNAs is the ability to penetrate the epidermis and cuta-
neously deliver drugs for both local therapy and central circulation. Furthermore, they can
also enhance the effectiveness of topically administered drugs. Dissolving microneedles
(DMNAs) could provide a novel treatment method for skin diseases such as atopic dermati-
tis and psoriasis by local delivery of different types of anti-inflammatory drugs, such as
corticosteroids, to the skin under the stratum corneum [7,8].

By choosing the right needle morphology, the pain caused by these patches can be
drastically decreased or totally ceased [9]. This property makes them attractive for patients
with trypanophobia (fear of needles). In addition to the achievable higher patient adherence,
MNAs can deliver poorly permeable hydrophilic drugs through the skin by physically
penetrating the poorly permeable outer layer, the stratum corneum. The current literature
describes five main types of microneedles: solid, coated, dissolving, hydrogel-forming, and
hollow [2,10]. DMNAs volumetrically contain the drug formulation, which results in the
highest amount of drug quantity per needle [10–15]. Another significant advantage is that
potential breaking of the needles during the application does not cause complications—
their general purpose is to dissolve in the upper dermis. Besides these, challenges also
come with this type of MNA, as they have relatively weaker mechanical properties, more
complex and time-consuming production, and hardly achievable drug content uniformity.

Various manufacturing strategies that involve multiple processing steps have been
used to fabricate DMNAs [16]. The general steps of fabrication are the following:
(1) preparation of DMNA master molds with 3D-printing, (2) casting of DMNA pro-
duction molds, and (3) production of DMNAs loaded with drug. For the production of
DMNAs, often water-soluble polymers are used to achieve successful micro-molding in the
production mold and water-soluble drugs are required. When this was taken into account,
dexamethasone sodium phosphate (DEX) was selected as the model drug to study the
applicability of dermal DMNAs. DEX is a potent corticosteroid that is used topically to
reduce inflammation and suppress immune responses in various skin conditions. Due to
its hydrophilic nature, the penetration of the free form through the topical administration
route is sufficient. DMNAs can enhance the delivery of DEX locally to affected areas of the
skin in effective amounts without the need for substitutional per oral administration [17,18].

The present work focuses on the characterization of a modified spin-casting method
to produce DEX-containing DMNAs based on carboxymethylcellulose/trehalose. This new
method enables a faster production of DMNAs with better mechanical properties than were
produced by the methods described by the previous works of different authors [14,15,19–21].

2. Materials and Methods
2.1. Chemicals

High-Temp V2 resin (Formlabs, Somerville, MA, USA) was obtained from Dental
Plus kft. (Sopron, Hungary). Sylgard 184 polydimethylsiloxane (PDMS) was purchased
from Farnell (Leeds, UK). Isopropyl alcohol (IPA) was acquired from Molar Chemicals Ltd.
(Halásztelek, Hungary). Carboxymethylcellulose sodium (CMC), low viscosity (44.0 mPas
at 25 ◦C, 2% w/w in H2O) was obtained from EMD Millipore Corp. (Burlington, MA, USA).
D-(+)-Trehalose dihydrate (TRE) as well as dexamethasone sodium phosphate (DEX) were
obtained from Merck Life Sciences Ltd. (Budapest, Hungary).

2.2. 3D-Printing of MNA Masters for Mold Production

Initially, the 3D designs of the MNA masters were obtained using Shapr3D (Shapr3D,
Budapest, Hungary) CAD software version 5.37. The designs were then imported to
PreForm (Formlabs, Somerville, MA, USA) slicer software version 3.29.1, followed by
the necessary steps of the preparation of 3D-printing (orientation, support generation,
setting the layer height). The models were printed on a Formlabs Form 3 printer (Formlabs,
Somerville, MA, USA). The finished prints were washed in IPA for 6 min; supports were
removed in this stage, followed by post-curing in a UV chamber for 2 h at 80 ◦C. The
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bottom of the final parts was ground with rough polishing paper to achieve better adhesion
in the mold production step.

2.3. PDMS Mold Production for the Spin-Casting Method

Four of the printed masters were adhered to a glass surface with a drop of cyanoacry-
late superglue. A PLA FDM 3D-printed ring was also adhered to the glass surface around
the four masters to achieve the final shape of the master mold. Subsequently, the A and B
components of the Sylgard 184 PDMS were mixed in a 10:1 ratio in the required amount for
10 min at room temperature, followed by degassing in a vacuum chamber. The crystal-clear,
degassed mixture was then poured onto the 3D-printed masters. The curing of the PDMS
was performed in an oven at 50 ◦C overnight. Four of the same molds were produced to
fill all four of the centrifuge arms (Hermle Z323K, Hermle AG, Gosheim, Germany).

2.4. Spin-Casting of DMNAs

As an initial step, the base gels were produced from CMC:TRE in a weight ratio of
70:30 [13]. A DEX-containing gel was made for the needle tips containing drugs in which
the CMC:TRE mixture was used in 15% w/w and a DEX-less, indifferent CMC:TRE-only
gel was made as the base of the DMNAs, which was 30% w/w. After mixing, the gels were
degassed by centrifugation (Figure 1).
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Figure 1. Graphical explanation of the spin-casting method: (A) 3D-printed masters, (B) PDMS
elastomer poured on the masters during polymerization, (C) fully polymerized master mold with the
DMNA negatives, (D) DEX spin-casted in the needle cavities of the mold, (E) spin-casted indifferent
base gel for the baseplate, (F) final DMNA samples: DEX-containing needles (dark blue) with a
DEX-less base plate (light blue).

For the DMNA spin-casting method, the DEX-containing gel was poured into the
molds in excess amounts and centrifuged (Hermle Z323K, Hermle AG, Gosheim, Germany)
for 5 min at 20 ◦C at 3170 RCF to pull the gel into the needle cavities. Subsequently, the
remaining excess gel was gently removed from the surface and a spin-drying process was
obtained in the centrifuge for 15 or 45 min at 35 ◦C, 3170 RCF, according to the design of
the experiment (DoE). The indifferent gel was then poured into the mold as the base of the
DMNA and centrifuged for 2.5 or 3.5 h at 35 ◦C, 3170 RCF again, according to the design of
the experiment. The finished DMNAs were gently removed from the molds, transferred to
Eppendorf tubes, and stored in a desiccator until further use.

2.5. Design of Experiment

A two-level full factorial design for three factors was established to effectively investi-
gate and filter the correlations between the independent variables (different production
circumstances) and the properties of the product. The factorial design was developed with
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TIBCO Statistica® 13.4 software (Statsoft Hungary, Budapest, Hungary) and was performed
at three levels by manipulating the influencing parameters. The levels established on the
basis of the experimental design are shown in Table 1.

Table 1. Levels and variables of factorial design.

Independent Variables Code
Levels

−1 +1

Needle tip centrifugation time (min) X1 15 45
Final DMNA centrifugation time (h) X2 2.5 3.5

Nominal drug content (µg) X3 50 100

2.6. Morphological Assessment of Needles

The morphology and dimensions of the samples were measured with a DSX510
optical 3D microscope (Olympus Corporation, Shinjuku, Tokyo, Japan) using a 10× optical
magnification with fine acquisition settings. Top-view measurements and 3D reconstruction
were made by the Olympus microscope based on the image stacking technique. Side-view
images were also created using the same method.

2.7. Texture Analysis of DMNA Samples

An indirect mechanical stability test was performed on the basis of the work of
Vora et al. [14], in which the height of 4 needles per sample was measured with the optical
microscope. Subsequently, the needles were compressed with a force of 360 mN/needle
parallel to the needle’s axes for 30 s with a TA XT Plus texture analyzer (Stable Micro
Systems Ltd., Godalming, UK). Finally, the needle heights were measured again, followed
by calculating the percentages of needle height reduction.

2.8. Qualitative Determination of Drug Content of DMNAs

Raman mapping was conducted to visually determine the relative content of the drug
and its location within the samples [15]. Two measurement points were made within
each sample: a single needle row was cut from the side part and a similar one from the
middle section of the sample. The 1–1 needle was measured with its base to confirm the
needle-selective drug localization. For the measurement, a ThermoFisher XRD Dispersive
Raman microscope (Thermo Fisher Scientific Inc., Waltham, MA, USA) equipped with a
CCD camera and a diode laser operating at a wavelength of 780 nm was used. A 1000 µm
× 500 µm surface was analyzed with a step size of 50 µm. The exposure time was set at 4 s
with an acquisition time of 4 s, for a total of 16 scans per spectrum in the spectral range of
3500 to 200 cm−1. Cosmic-ray and fluorescence corrections were performed. The Raman
spectra were normalized to eliminate the intensity deviation between the measured areas.
The OMNIC for Dispersive Raman 8.2 software (Thermo Fisher Scientific) was used for
chemical evaluation. The individual spectrum of the unformulated DEX was used as a
reference when profiling the chemical map.

2.9. Quantitative Determination of Drug Content of DMNAs

During qualitative studies of drug content, all needles (64) were removed from the
indifferent base with a sharp blade from each sample and dissolved in 0.5–0.5 mL of
purified water. Aliquots were measured with HPLC. The stationary phase was a Gemini
NX C18 column (5 µm, 150 × 4.6 mm (Phenomenex, Torrance, CA, USA). The injection
volume was 10 µL. The temperature was set at 40 ◦C. As mobile phases, a phosphate
buffer (pH 6.8) (A) and acetonitrile (B) were used. For DEX determination, a 5 min isocratic
elution in a 70:30 A-B ratio was applied. The eluent flow rate was 0.5 mL/min, and
chromatogram detection was carried out at 254 ± 4 nm using a UV-Vis diode array detector.
Data were evaluated using ChemStation B.04.03 software (Agilent Technologies, Santa
Clara, CA, USA).
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2.10. In Vitro Dissolution Studies

A special dissolution study method was applied to ensure that the dissolution medium
contacted the needles only. The needles were pierced through a layer of Parafilm M.
Subsequently, a pocket was formed by folding the parafilm back and hermetically closed
by heat welding according to the method described by Larraeta et al. [18]. This pocket
was fixed to a magnetic stirrer and the dissolution was conducted in 5 mL of 7.4 PBS with
a 32 ◦C initial tempering at 100 rpm. Aliquots were withdrawn at 1, 3, 5, 10, 15, 30, and
60 min from the release medium and measured with HPLC.

2.11. Ex Vivo Permeability Studies

Permeation studies were conducted on ex vivo excised human skin acquired from
a Caucasian female patient who underwent an abdominal plastic surgery procedure at
the University of Szeged, Department of Dermatology and Allergology. Investigations
were carried out with the approval of the Hungarian Medical Research Council (ETT-
TUKEB, registration number: BMEÜ/2339-3/2022/EKU). A special 3D-printed applicator
was developed and applied to the skin with a maximum force of 3270 ± 182 mN (n = 3).
A constant force of 32 n was applied immediately for 30 s with the texture analyzer.
Subsequently, the DMNA was left on the skin for 0.5 and 1 h. The treated skin samples were
then frozen and divided into cross-sections (15 µm thick) with a Leica CM1950 cryostat
(Leica Biosystems GmbH, Wetzlar, Germany). The cross-sections of the treated skins were
measured with Raman mapping using the settings described above. The skin mapping was
captured of an area of 150 × 1000 µm2, with a step size of 50 µm vertically and horizontally.
The OMNIC for Dispersive Raman 8.2 software (Thermo Fisher Scientific) was used for
chemical evaluation. As a reference, 200 mg hydrogels of 1% HPMC were used with the
same amount of drug. The individual spectrum of the unformulated DEX was used as a
reference when profiling the chemical map.

3. Results
3.1. Influence of Optimization Parameters on Height Reduction (Factorial Design)

The influence of selected optimization variables on the reduction in height of DMNAs
was investigated using a factorial design response surface methodology. The individ-
ual main effects of the independent variables, X1—needle tip centrifugation time (min),
X2—final centrifugation time of DMNA (h), and X3—nominal drug content (µg), on the
reduction in needle height of DMNA (Y) were investigated (Table 2).

Table 2. The values considered of the influence parameters for 8 different preparations used to
perform the factorial design.

Sample No. Sample Name
Needle Tip

Centrifugation
Time (min)

Final DMNA
Centrifugation

Time (h)

Nominal Drug
Content (µg)

Height Reduction
(%)

1. DexDMNA_1 15 2.5 50 1.97
2. DexDMNA_2 45 2.5 50 6.84
3. DexDMNA_3 15 3.5 50 1.84
4. DexDMNA_4 45 3.5 50 5.33
5. DexDMNA_5 15 2.5 100 15.79
6. DexDMNA_6 45 2.5 100 17.4
7. DexDMNA_7 15 3.5 100 9.93
8. DexDMNA_8 45 3.5 100 7.84

For easier interpretation of the significant impact of variables, the surface plot of
independent variables versus needle height reduction may provide more information
(Figure 2).
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Figure 2. Fitted surfaces for the three independent variables that influence the needle height reduction
value from different points of view: the effect of the centrifugation time (h) (X2) and the nominal drug
content (µg) (X3) (A); the effect of the nominal drug content (µg) (X3) and the centrifugation time of
the needle tip (min) (X1) (B); the effect of the centrifugation time (h) (X2) and the centrifugation time
of the needle tip (min) (X1) (C) on the reduction in the needle height of DexDMNA (Y).

On the basis of the surface plots, it is clearly visible that reducing the nominal drug
content, as well as the needle tip centrifugation time, the needle hight reduction can be
reduced; however, decreasing the final centrifugation time increases the height reduction
percentages. A linear equation can describe the individual main effects of the independent
variables (X1, X2, and X3) on (Y), which was generated as follows:

Y = 8.37 + 0.99X1 − 2.13X2 + 4.37X3 − 0.64X1X2 − 1.11X1X3 − 1.72X2X3 (1)

The regression coefficient (R2) and the adjusted R2 of the surface plot were obtained
as 0.99713 and 0.97992, respectively. Negative coefficients before the independent variables
of the linear model indicate the favorable effect on Y. The significance of the effect of the
investigated optimization variables (X1, X2, and X3) on Y is presented in Table 3.
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Table 3. Effect of the optimization parameters on the height reduction of DexDMNAs produced by
the spin-casting method. Statistical analysis: One-way ANOVA, α = 0.05. (* p < 0.05 significant, while
n.s. means a non-significant effect).

Variable Code Significance Effect of Variable on
Height Reduction

Needle tip centrifugation time (min) X1 n.s. +

Final DMNA centrifugation time (h) X2 n.s. −
Nominal drug content (µg) X3 * p < 0.05 +

Based on the ANOVA analysis, it can be concluded that the nominal drug content has a
significant linear effect on height reduction. Increasing the DEX content, a more significant
needle height reduction was observed, which indicates that increased drug content can
reduce the consistency of the DMNA matrix.

3.2. Morphological Assessment of the 3D-Printed Masters and Final DMNA Products

Our criterion was to achieve conical needles with a needle height of 1000 µm and a
base diameter of 400 µm. For this purpose, a calibration series with different needle heights
(Figure 3A) and base diameters (Figure 3B) was prepared and the correlation between
the nominal and measured morphological parameters was investigated. DMNAs were
designed in a nominal needle height range of 1100 to 1500 µm with 100 µm steps, as well
as the nominal base diameters being set in the range of 100 to 400 µm with 100 µm steps
also. The measured dimensions were compared with the nominal values.
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Based on the regression equation, the nominal values of needle hight (1317 µm) and
base diameter (351 µm) were calculated that would result in the desired dimensions. To
investigate the dimensional deviations between the printed masters and the spin-casted
DMNAs, in addition to the previously mentioned parameters, the diameter of the apex and
the volume of the needle were also determined for each DMNA. When comparing these
parameters with the printed master, lower values were obtained in the case of spin-casted
DMNAs; therefore, silicone molds were used to recast the MNAs from the original printer
resin (Figure 4). These recast printer High Temp V2 resin-based MNAs were more similar in
dimensions to the printed master than the DMNAs. The measured values for the different
samples are shown in Table 4.
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Figure 4. Optical microscopy images of the spin-casted DexDMNA samples: Preformulation samples
for visualization of needle-selective drug content—needles stained by methylene blue (A); colored
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Table 4. Measured morphological parameters of DexDMNAs.

Diameter [µm]
Mean ± SD (n = 2)

Height [µm]
Mean ± SD (n = 2)

Apex Diameter [µm]
Mean ± SD (n = 2)

Calculated Sum Needle
Volume/Sample [mm3]

Printed master 410.5 ± 9.2 948 ± 43.8 31 ± 7.1 2.60
DexDMNA_1 391 ± 8.5 878.5 ± 30.4 20.5 ± 10.6 1.57
DexDMNA_5 396 ± 18.4 908 ± 38.2 33.5 ± 3.5 1.60

Spin-casted High Temp V2 resin 421.5 ± 3.5 992 ± 8.5 12 ± 5.7 2.76

3.3. Texture Analysis of the DMNA Samples

Texture analysis was performed with 360 mN/needle load to investigate the mechani-
cal properties of DMNA (Figure 5). Texture analysis showed that all samples in which the
needle drying time was 15 min were mechanically more stable compared to the samples
with 45 min drying times (Table 5). The increased DEX content was also observed to
significantly reduce the mechanical properties of the needles. The calculated statistics also
support this state, which can be seen in the effect estimates table (Table 3) and the fitted
surface graph (Figure 2). The same amount of force caused higher needle reductions in sam-
ples with higher DEX content, and it was also observed that the needles in the samples with
increased DEX content broke very easily during the sample preparation process. Speaking
of which, this was the cause of the failed measurements of DexDMNA_7—neither of the
cutting attempts was successful in producing intact needles for the measurements. The
samples made with the introduced modified spin-casting technique were compared to the
methods already described by other authors using the same compositions. In order to com-
pare the modified spin-casting method to those described in the literature, DexDMNA_1
and DexDMNA_5 were recast with a minor modification in the final drying process. The
initial steps were the same as in the design of the experiment, but the final drying process,
where the samples were spin-dried in the centrifuge, was modified to 15 min of room
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temperature, 3170 RCF, followed by 48 h of room temperature drying or 48 h of chamber
drying at 35 ◦C. It was found that all the samples that were dried in RT or tempered to
35 ◦C for 48 h behaved worse mechanically than the equivalent samples made with the
modified method.
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Figure 5. Three-dimensional reconstruction of the 4 needles measured in Olympus software version
3.1.7.1 (A); side microscopic view of DexDMNA samples before compression (B); and side microscopic
view of DexDMNA samples after compression (C).

Table 5. Height reduction values of the DexDMNAs prepared by the modified and previously
described spin-casting methods.

Factor No. Sample Name
Height Reduction Averages after

360 mN/Needle (Means ± SD;
n = 12)) [µm]

Height Reduction Averages after
360 mN/Needle [%] (Means ± SD;

n = 12)

1. DexDMNA_1 16.83 ± 12.74 1.97 ± 1.51
2. DexDMNA_2 45.83 ± 25.14 5.01 ± 0.73
3. DexDMNA_3 15.88 ± 10.08 1.84 ± 1.12
4. DexDMNA_4 48.36 ± 3.44 5.33 ± 0.28
5. DexDMNA_5 139.25 ± 70.97 * 15.79 ± 7.95
6. DexDMNA_6 164.17 ± 2.96 * 17.40 ± 0.26
7. DexDMNA_7 Failed Failed
8. DexDMNA_8 * 71.67 ± 11.00 * 7.84 ± 1.23
9. DexDMNA_RT_50 99.17 ± 37.70 * 9.26 ± 4.00
10. DexDMNA_35C_50 184.33 ± 98.08 * 19.62 ± 10.18
11. DexDMNA_RT_100 80.92 ± 23.00 * 8.98 ± 2.83
12. DexDMNA_35C_100 196.28 ± 124.53 * 21.62 ± 12.97

* Significant differences are indicated with asterisks (* p < 0.05).

3.4. Qualitative Determination of Drug Distribution of DMNAs

High-resolution Raman mapping of the DMNAs was performed, selecting 1–1 needle
from each, from two locations, the edge and the middle region of DMNAs, to investigate
the homogeneity of drug distribution (Figure 6). Chemical maps showed that the drug
was concentrated at the needle tips, supporting the efficiency of the spin-casting method.
The red color in the chemical maps indicates the stronger existence of DEX, the green area
shows the presence of DEX in lower concentration, whereas the blue color marks those
regions of the map whose spectral resolution contains different spectra, characteristic of the
DMNA base. Higher intensities in the DexDMNA_5–8 samples showed an increased drug
content compared to DexDMNA_1–4. It was also observed that the drug concentration
gradually decreased from the tip of the needle toward the base of the DMNA.
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3.5. Quantitative Determination of Drug Content

HPLC analysis of the DMNAs revealed that some fraction of the drug was also
localized in the base. DMNAs with 50 µg nominal DEX content of 50 g (DexDMNA_1–4)
indicated ~39–60% of drug content in the needle tips; however, DMNAs with 100 µg of
nominal drug content showed a more concentrated (~64–79%) drug distribution in the
needle tips (Table 6). These findings also support the increased drug content and reduced
the consistency of DMNA; therefore, in the case of DexDMNA_5–8, a higher amount of
drug could concentrate in the cavity of the master during spin-casting. Thus, the higher
drug content DMNAs are more suitable for therapeutic applications.

Table 6. Drug content of the different DMNAs with two different methods: needles cut from the base
only dissolved and full DMNA dissolved.

Factor No. Sample Name Actual Drug Content (Needles Cut) [µg]
(Means ± SD; n = 3)

Actual Drug Content (Full DMNA
Dissolved) [µg]

(Means ± SD; n = 3)

1. DexDMNA_1 25.34 ± 4.66 46.14 ± 1.00
2. DexDMNA_2 29.19 ± 6.72 47.78 ± 1.00
3. DexDMNA_3 30.45 ± 2.74 48.11 ± 0.83
4. DexDMNA_4 19.47 ± 0.93 47.71 ± 2.40
5. DexDMNA_5 79.06 ± 3.12 104.51 ± 1.38
6. DexDMNA_6 77.08 ± 8.90 103.91 ± 1.43
7. DexDMNA_7 64.53 ± 5.98 100.79 ± 2.01
8. DexDMNA_8 70.67 ± 7.47 105.38 ± 4.84
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3.6. In Vitro Drug Release Studies

In the drug release studies, the needles of DMNAs were pierced through a layer
of Parafilm representing the human skin; therefore, the drug release medium was in
contact only with the needle tips. The release study revealed burst release of the drug
within the first three minutes, which can be attributed to the hydrophilic character of the
DMNA matrix (CMC and TRE). In this short time period, 40–70% of the drug was released
from DexDMNA_1–4 and more than 60% from DexDMNA_5–8. The dissolution rate was
probably driven by the concentration gradient. The results are shown in Figure 7. The
developed DMNAs represented fast dissolution properties, which can be advantageous for
achieving rapid pharmacological effects through cutaneous administration.
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3.7. Qualitative Ex Vivo Permeation Studies

Ex vivo permeation studies on human skin were performed to investigate the appli-
cability of DMNAs as an innovative cutaneous drug delivery system (Figure 8). Raman
mapping of skin specimens after 30 and 60 min of treatment revealed that DEX diffusion
from reference gels (50 µg DEX/200 mg gel and 100 µg DEX/200 mg gel) was severely
hindered by the stratum corneum, while the chemical maps showed a high penetration
of drug in the lower layers of the skin (epidermis, dermis) treated with DMNA. DMNAs
had high concentration peaks below the stratum corneum in the first 30 min, followed
by a retained diffusion towards the dermis at 60 min. The reference gels also showed
drug diffusion but with lower penetration intensities. Thus, the ex vivo results support
that the application of DMNAs for cutaneous drug delivery can be more effective than a
conventional dermal gel.
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4. Discussion

Producing microneedle arrays is never a simple task, irrespective of whether we use
any of the capable technologies due to their size and complexity. Although microneedling
has been a hot topic in the past few years, there are no standard test methods or official
regulations relating to them. This fact makes publishing and research even more difficult
due to the different measurement methods.

As the morphological studies showed, a good MNA design and preformulation
studies, along with CAD-to-print compensations, can result in the desired dimensions, or at
least very close to them. It can be concluded that during the DMNA production, the water
loss from the drying process causes an isotropic decrease in the sample dimensions (this
was proved by recasting the samples from the printer resin from the same mold, where
the final dimensions were close to the printed master’s dimensions), which should also
be considered when designing the final geometry. However, this does not affect the drug
loading efficiency because of the initial dimensions of the mold, which are exact negative
copies of the printed master MNAs.

From the texture analysis of the DMNAs, it was concluded that the initial needle drying
times and the DEX content affect the mechanical strength the most. However, the results of
the DoE statistical analysis showed significance in the case of the DEX content (p < 0.05).
The calculated coefficients indicate that modifying the first two factors (the needle and the
final centrifugation times) may have a limited impact on the mechanical stability of the
needles. Conversely, the composition itself shows significant potential for optimizing the
product. It can be concluded that varying the centrifugation times to a relatively wide range
did not result in a significant improvement or deterioration in the mechanical behavior to
the extent that further research in this area would be warranted. This condition indicates
that further investigations should prioritize factors related to the composition (polymer:
sugar ratio, matrix gel concentration, drug content, etc.) over time-based centrifugation
circumstances. It should be noted that this observation does not contradict the assertion
that this spin-casting method produces samples with superior mechanical stability over
conventional techniques. However, the increase in needle brittleness caused by DEX
may be attributed to the plasticizing effect of DEX itself, which has yet to be proven
in future work. The modified spin-casting method introduced in this work resulted in
better performance DexDMNAs compared to the products made by conventional methods
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described previously according to texture analysis of the samples. Although the causal
basis of this phenomenon has not yet been described, it is hypothesized that the constant
centrifugal force during drying may change the structure of the sample—an investigation
will be conducted in the future.

Localized needle-selective drug content was observed by high-resolution Raman
mapping of the DexDMNAs, which is favorable for precise drug administration. The
visualized drug content also helps to prove that the desired amount of drug is in the needles
only, supported by a fully indifferent, drugless, cellulose-based platform. Qualitative
measurements also highlighted the drawbacks of the needle-cutting sample preparation
method; although, theoretically, this offers the most selective solution to determine the drug
content in the needles, the brittleness and the size of the submillimeter needles cause them
to bounce away. When these amounts are considered, even a single missing needle can
cause high losses and deviations. By dissolving the full DexDMNAs, the measured content
was near the desired level, with much lower deviations. However, needle separation
methods would give the most precise results; simply cutting them without any bounce
protection can result in false values—which happened in the initial measurements in
this work.

Dissolution studies suggest that drug release is concentration-driven. Formulations
with identical factors A and B behaved as pairs during dissolution studies, where the
increased drug content resulted in higher dissolution rates, while the same sequence was
retained within the two drug content groups.

Ex vivo studies prove the superiority of the DexDMNA system over the same drug-
containing hydrogels, which supports the relevance of this administration in the future
of medicine. Faster and more efficient delivery of drugs to lower skin levels can improve
the efficacy of treatment and can contribute to a higher recovery rate of patients suffering
from inflammatory dermal diseases compared to conventional dermal and transdermal
formulations.

5. Conclusions

In this work a modified spin-casting method was introduced to produce DEX-loaded
DMNAs that behave similarly mechanically, or better, compared to the other spin-casting
methods. The study highlighted that this spin-casting method not only resulted in mechan-
ically more stable DexDMNAs, but also reduced production times to 4–5 h, which is also a
crucial aspect of personalized medicine.

Author Contributions: Conceptualization, M.C., G.K., and I.C; methodology, M.C., M.B.-S., S.B., and
G.K.; software, M.C. and G.K.; validation, G.K. and I.C.; formal analysis, G.K. and I.C.; investigation,
M.C., M.B.-S., S.B., and G.K.; resources, I.C.; data curation, M.C. and G.K.; writing—original draft
preparation, M.C.; writing—review and editing, G.K. and I.C.; visualization, M.C. and G.K.; supervi-
sion, G.K. and I.C.; project administration, M.B.-S. and I.C.; funding acquisition, M.B.-S. and I.C. All
authors have read and agreed to the published version of the manuscript.

Funding: This study was funded by Project No. TKP2021-EGA-32 implemented with the sup-
port provided by the Ministry of Culture and Innovation of Hungary from the National Research,
Development and Innovation Fund, financed under the TKP2021-EGA funding scheme.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and the institutional investigations were carried out with the approval of the Hungarian
Medical Research Council (ETT-TUKEB, registration number: BMEÜ/2339-3/2022/EKU).

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Conflicts of Interest: The authors declare no conflicts of interest.



Pharmaceutics 2024, 16, 1005 14 of 14

References
1. Li, J.; Zeng, M.; Shan, H.; Tong, C. Microneedle Patches as Drug and Vaccine Delivery Platform. Curr. Med. Chem. 2017, 24,

2413–2422. [CrossRef] [PubMed]
2. Rad, Z.F.; Prewett, P.D.; Davies, G.J. An Overview of Microneedle Applications, Materials, and Fabrication Methods. Beilstein J.

Nanotechnol. 2021, 12, 1034–1046. [CrossRef]
3. Aldawood, F.K.; Andar, A.; Desai, S. A Comprehensive Review of Microneedles: Types, Materials, Processes, Characterizations

and Applications. Polymers 2021, 13, 2815. [CrossRef] [PubMed]
4. Guillot, A.J.; Cordeiro, A.S.; Donnelly, R.F.; Montesinos, M.C.; Garrigues, T.M.; Melero, A. Microneedle-based Delivery: An

Overview of Current Applications and Trends. Pharmaceutics 2020, 12, 569. [CrossRef] [PubMed]
5. Panda, A.; Matadh, V.A.; Suresh, S.; Shivakumar, H.N.; Murthy, S.N. Non-Dermal Applications of Microneedle Drug Delivery

Systems. Drug Deliv. Transl. Res. 2022, 12, 67–78. [CrossRef] [PubMed]
6. Li, X.J.; Li, Y.; Meng, Y.; Pu, X.Q.; Qin, J.W.; Xie, R.; Wang, W.; Liu, Z.; Jiang, L.; Ju, X.J.; et al. Composite Dissolvable Microneedle

Patch for Therapy of Oral Mucosal Diseases. Biomater. Adv. 2022, 139, 213001. [CrossRef]
7. Li, M.; Vora, L.K.; Peng, K.; Donnelly, R.F. Trilayer Microneedle Array Assisted Transdermal and Intradermal Delivery of

Dexamethasone. Int. J. Pharm. 2022, 612, 121295. [CrossRef] [PubMed]
8. Wang, H.; Fu, Y.; Liu, P.; Qu, F.; Du, S.; Li, Y.; Du, H.; Zhang, L.; Tao, J.; Zhu, J. Supramolecular Dissolving Microneedle Patch

Loading Hydrophobic Glucocorticoid for Effective Psoriasis Treatment. ACS Appl. Mater. Interfaces 2023, 15, 15162–15171.
[CrossRef] [PubMed]

9. Gill, H.S.; Denson, D.D.; Burris, B.A.; Prausnitz, M.R. Effect of Microneedle Design on Pain in Human Volunteers. Clin. J. Pain.
2008, 24, 585–594. [CrossRef]

10. Sartawi, Z.; Blackshields, C.; Faisal, W. Dissolving Microneedles: Applications and Growing Therapeutic Potential. J. Control.
Release 2022, 348, 186–205. [CrossRef]

11. Lin, S.; Quan, G.; Hou, A.; Yang, P.; Peng, T.; Gu, Y.; Qin, W.; Liu, R.; Ma, X.; Pan, X.; et al. Strategy for Hypertrophic Scar Therapy:
Improved Delivery of Triamcinolone Acetonide Using Mechanically Robust Tip-Concentrated Dissolving Microneedle Array. J.
Control. Release 2019, 306, 69–82. [CrossRef] [PubMed]

12. Bediz, B.; Korkmaz, E.; Khilwani, R.; Donahue, C.; Erdos, G.; Falo, L.D.; Ozdoganlar, O.B. Dissolvable Microneedle Arrays for
Intradermal Delivery of Biologics: Fabrication and Application. Pharm. Res. 2014, 31, 117–135. [CrossRef] [PubMed]

13. Lee, J.W.; Park, J.H.; Prausnitz, M.R. Dissolving Microneedles for Transdermal Drug Delivery. Biomaterials 2008, 29, 2113–2124.
[CrossRef] [PubMed]

14. Vora, L.K.; Courtenay, A.J.; Tekko, I.A.; Larrañeta, E.; Donnelly, R.F. Pullulan-Based Dissolving Microneedle Arrays for Enhanced
Transdermal Delivery of Small and Large Biomolecules. Int. J. Biol. Macromol. 2020, 146, 290–298. [CrossRef]

15. Abdelghany, S.; Tekko, I.A.; Vora, L.; Larrañeta, E.; Permana, A.D.; Donnelly, R.F. Nanosuspension-Based Dissolving Microneedle
Arrays for Intradermal Delivery of Curcumin. Pharmaceutics 2019, 11, 308. [CrossRef] [PubMed]

16. Balmert, S.C.; Carey, C.D.; Falo, G.D.; Sethi, S.K.; Erdos, G.; Korkmaz, E.; Falo, L.D. Dissolving Undercut Microneedle Arrays for
Multicomponent Cutaneous Vaccination. J. Control. Release 2020, 317, 336–346. [CrossRef]

17. Dawud, H.; Abu Ammar, A. Rapidly Dissolving Microneedles for the Delivery of Steroid-Loaded Nanoparticles Intended for the
Treatment of Inflammatory Skin Diseases. Pharmaceutics 2023, 15, 526. [CrossRef]

18. Duarah, S.; Sharma, M.; Chen, S.; Proft, T.K.; Loh, J.; Wen, J. Design, Optimization and Evaluation of Dexamethasone-Loaded
Microneedles for Inflammatory Disorders. Int. J. Pharm. 2023, 635, 122690. [CrossRef]

19. Wu, Y.; Vora, L.K.; Mishra, D.; Adrianto, M.F.; Gade, S.; Paredes, A.J.; Donnelly, R.F.; Singh, T.R.R. Nanosuspension-Loaded
Dissolving Bilayer Microneedles for Hydrophobic Drug Delivery to the Posterior Segment of the Eye. Biomater. Adv. 2022, 137,
212767. [CrossRef] [PubMed]

20. Ando, D.; Miyazaki, T.; Yamamoto, E.; Koide, T.; Izutsu, K.I. Chemical Imaging Analysis of Active Pharmaceutical Ingredient in
Dissolving Microneedle Arrays by Raman Spectroscopy. Drug Deliv. Transl. Res. 2022, 12, 426–434. [CrossRef]

21. Larrañeta, E.; Stewart, S.; Fallows, S.J.; Birkhäuer, L.L.; McCrudden, M.T.C.; Woolfson, A.D.; Donnelly, R.F. A Facile System to
Evaluate in Vitro Drug Release from Dissolving Microneedle Arrays. Int. J. Pharm. 2016, 497, 62–69. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.2174/0929867324666170526124053
https://www.ncbi.nlm.nih.gov/pubmed/28552053
https://doi.org/10.3762/BJNANO.12.77
https://doi.org/10.3390/polym13162815
https://www.ncbi.nlm.nih.gov/pubmed/34451353
https://doi.org/10.3390/pharmaceutics12060569
https://www.ncbi.nlm.nih.gov/pubmed/32575392
https://doi.org/10.1007/s13346-021-00922-9
https://www.ncbi.nlm.nih.gov/pubmed/33629222
https://doi.org/10.1016/j.bioadv.2022.213001
https://doi.org/10.1016/j.ijpharm.2021.121295
https://www.ncbi.nlm.nih.gov/pubmed/34785356
https://doi.org/10.1021/acsami.3c00058
https://www.ncbi.nlm.nih.gov/pubmed/36917653
https://doi.org/10.1097/AJP.0b013e31816778f9
https://doi.org/10.1016/j.jconrel.2022.05.045
https://doi.org/10.1016/j.jconrel.2019.05.038
https://www.ncbi.nlm.nih.gov/pubmed/31145948
https://doi.org/10.1007/s11095-013-1137-x
https://www.ncbi.nlm.nih.gov/pubmed/23904139
https://doi.org/10.1016/j.biomaterials.2007.12.048
https://www.ncbi.nlm.nih.gov/pubmed/18261792
https://doi.org/10.1016/j.ijbiomac.2019.12.184
https://doi.org/10.3390/pharmaceutics11070308
https://www.ncbi.nlm.nih.gov/pubmed/31269648
https://doi.org/10.1016/j.jconrel.2019.11.023
https://doi.org/10.3390/pharmaceutics15020526
https://doi.org/10.1016/j.ijpharm.2023.122690
https://doi.org/10.1016/j.bioadv.2022.212767
https://www.ncbi.nlm.nih.gov/pubmed/35929230
https://doi.org/10.1007/s13346-021-01052-y
https://doi.org/10.1016/j.ijpharm.2015.11.038
https://www.ncbi.nlm.nih.gov/pubmed/26621687

	Introduction 
	Materials and Methods 
	Chemicals 
	3D-Printing of MNA Masters for Mold Production 
	PDMS Mold Production for the Spin-Casting Method 
	Spin-Casting of DMNAs 
	Design of Experiment 
	Morphological Assessment of Needles 
	Texture Analysis of DMNA Samples 
	Qualitative Determination of Drug Content of DMNAs 
	Quantitative Determination of Drug Content of DMNAs 
	In Vitro Dissolution Studies 
	Ex Vivo Permeability Studies 

	Results 
	Influence of Optimization Parameters on Height Reduction (Factorial Design) 
	Morphological Assessment of the 3D-Printed Masters and Final DMNA Products 
	Texture Analysis of the DMNA Samples 
	Qualitative Determination of Drug Distribution of DMNAs 
	Quantitative Determination of Drug Content 
	In Vitro Drug Release Studies 
	Qualitative Ex Vivo Permeation Studies 

	Discussion 
	Conclusions 
	References

