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1 | INTRODUCTION for Research on Cancer (IARC), about 1 million new
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on areas of the body exposed to the sun [2]. Even though
BCC commonly is a not life-threatening tumor, is slow-
growing, and rarely causes metastasis [3], it can causes
comorbidity to the patients besides compromising
anatomic regions.

Clinically, BCC is a lesion that can be classified as
pigmented or nonpigmented and divided into histopatho-
logic subtypes, such as nodular BCC, superficial BCC,
morpheaform BCC and infiltrative BCC [4]. Currently, the
standard treatment for BCC is still surgery. However, there
are non-surgical procedures that have also been applied,
such as physical removal methods (curettage, cryosurgery,
or electrodesiccation), topical drugs (e.g., 5-fluorouracil,
imiquimod, or ingenol mebutate), radiotherapy, hedgehog
pathway inhibitors or photodynamic therapy (PDT). The
method chosen is normally related to the experience of the
physician, depends on the tumor size and location, histo-
pathological subtype, whether they are recurrent tumors,
also considering the patient preference, potential adverse
events, and cosmetic outcome [5].

Topical PDT has been widely applied both for NMSC
and premalignant lesions [6-14]. The main advantages
are an ambulatory procedure that in patients with com-
orbidities, promotes excellent clearance rate and cos-
metic results with minimum adverse effects, also allows
performance of multiple sessions without causing tumor
resistance and preserving the normal tissue [15]. The
main photosensitizer (PS) used in topical PDT is the
endogenous protoporphyrin IX (PpIX), which is accu-
mulated by the topical application of a cream containing
one of its precursors, such as aminolevulinic acid (ALA)
or methyl aminolevulinate [16]. In terms of these pre-
cursors’ delivery, there is an important difficulty in
administering consistent dosing of cream to standardize
protocols and the inadequate release due to the poor
drug permeation into the skin layers [17]. Limitations
for topical PDT mostly come from light and drug deliv-
ery. Assuming light delivery can be handled, alterna-
tives that enable more efficient PpIX precursor delivery
may favor the treatment, mainly for nodular lesions
which usually have lower PDT response compared to
superficial lesions [18].

The enhancement of PpIX precursor penetration into
the skin or tumor can be achieved by physical and chemi-
cal methods [19]. In terms of physical approaches as pre-
treatment, intradermal delivery has been evaluated by
the association of microneedles (MNs) rollers [20-23],
high-pressure needle-free injections [24-26], iontophore-
sis [27-30], laser [31, 32], and, ultrasound [33, 34].
Requena et al performed experimental and clinical stud-
ies using a micropigmentation machine (dermograph)
and confirmed that the precursor and consequent forma-
tion of PpIX in-depth were more efficient with the

intradermal delivery compared to the cream applied topi-
cally [35]. Mu et al applied successfully plum-blossom
needles associated with pulsed CO, laser to enhance the
PDT effect in patients with BCC [36]. However, solid
needles are made by a metal matrix which implies using
a cream association to deliver the formulation. These
solid needles also produce hazardous clinical waste.

Donnelly et al [37] developed a water-soluble bio-
adhesive patch formulation containing ALA. To improve
the penetration of this compound, MNs have been devel-
oped. The MNs are a minimally invasive drug delivery
system painlessly and without causing bleeding when
inserted into the skin penetrating the stratum corneum
[38]. With respect to the ability of this approach in PDT,
the administration of silicon MNs puncturing the skin
was able to significantly enhance ALA penetration
released from bioadhesive patches [39]. Importantly, sim-
ilar approaches have been applied, including blank dis-
solving MNs and hydrogel-forming MNs to evaluate the
delivery of ALA, methylene blue, and meso-tetra (N-
methyl-4-pyridyl) porphine tetra tosylate from bio-
adhesive path type drug reservoirs [40-42]. However, to
the best of our knowledge, ALA has not yet been devel-
oped into MNs formulation. Leading on from these prom-
ising results, the incorporation of ALA into MNs could be
an innovative approach that enables direct administra-
tion of this compound to the tumor lesions.

In this study, we propose a dissolving MNs formula-
tion containing ALA. Several ALA concentrations were
attempted to optimize the formulations. Afterward, the
mechanical and insertion properties were investigated
using a standardized method. Finally, to evaluate the
efficacy of this novel approach, the efficiency of the
intradermal administration of ALA-MNs was carried
out in a skin tumor model in mice, compared with the
topical application of the cream. The outcomes of this
study could potentially open new alternative therapies
for BCC.

2 | EXPERIMENTAL

2.1 | Chemicals and materials

ALA in hydrochloride form and cream with 5% wt/wt
ALA were acquired from PDT Pharma (Cravinhos, Sao
Paulo, Brazil). The cream components were previously
established and applied in clinical trials [43-45]. The
polymer used was the Gantrez® AN-139, a copolymer of
methyl vinyl ether and maleic anhydride (PMVE/MAH)
(Ashland, Kidderminster, UK). Tissue-Tek® Optimal Cut-
ting-Temperature media was acquired from Sakura
Finetek (Torrance, Canada).
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2.2 | Preparation of MNs

The dissolving MNs were prepared from aqueous blends
containing ALA at 5, 10, and 20% w/w concentration.
Gantrez® AN-139 was used as 20% w/w aqueous blends,
prepared as previously described [46, 47]. ALA was dis-
solved in the polymer gel. After homogenization in the
centrifuge (Eppendorf Centrifuge 5804, Eppendorf, Ham-
burg, Germany) for 15 minutes at 3500 rpm, the formula-
tion was poured into the silicone molds. Each mold was
composed of a dense pyramidal array with 19 x 19 pyra-
midal holes with arrays ranging about 6.6 X 6.6 mm. The
pyramids were 500 pm long and 300 pm wide at the base
each, spaced by 50 pm gaps. Blank MNs were prepared
using only Gantrez® AN-139 at 20% wt/wt concentration.
The mold with the formulation was placed in a gallon
pressure tank (Airprowu®, Airpro Industry Corp., New
Taipei, Taiwan) for 5 minutes at 4 bar pressure. This
pressurization process was repeated twice. The samples
were dried for 48 hours at room temperature. After
removal from the molds, the MNs were kept sealed in
aluminum pack in the fridge at 5°C to 8°C.

2.3 | Calculation of ALA concentration
after dry

The theoretical drug content of the MNs can be calcu-
lated based on previous studies [48, 49]. Our MNs were
prepared from 5% wt/wt of ALA and 20% wt/wt of poly-
mer. Therefore, the water content of our formulation was
75% wt/wt. In the MNs preparation, each MNs array con-
tained about 100 mg (containing approximately 5 mg of
ALA) of the formulation to the mold. After drying, we
determined the water loss by weighing the dry MNs
obtained. The average mass of dry formulation was
around 30 mg. Assuming that the mass of ALA was
5 mg, the concentration of ALA in the final formulation
was found to be around 17% (5/30 x 100%).

2.4 | Insertion ability, mechanical
properties, and dissolution time of MNs

The Texture Analyzer System (Stable Micro Systems, Sur-
rey, UK) was used to compress the MNs with a force of
32 N for 30 seconds [50]. The membrane model proposed
by Larrafieta et al was explored [51] where the MNs were
pressed into a commercial polymeric film (Parafilm M)
folded to get an eight-layer film (Figure 2A). The percent-
age of holes created in each layer was also estimated fol-
lowing Larrafieta et al. study which the images of the
layers were collected by light microscopy (Leica EZ4D,
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Leica Microsystems, Milton Keynes, UK) and the number
the holes counted, considering 361 holes as maximum
[51]. An in vitro test using excised skin from stillborn pig-
lets was performed with full-thickness skin samples
obtained less than 24 hours postmortem. The samples
were kept in sealed petri dishes at —20°C. Before the
experiments, the hair was removed by a disposable
razor and the skin was equilibrated for 30 minutes in
phosphate-buffered saline (PBS) at pH 7.4. An optical
coherence tomography (OCT) microscope (Michelson
Diagnostics Ltd., Kent, UK) was used to evaluate the
insertion of the MNs in both models according to the
previous studies [48, 52]. The image processing soft-
ware ImageJ (National Institutes of Health, Bethesda,
USA) was used to determine the length of MNs
inserted. To evaluate the mechanical properties of the
MNs, five random measurements of the MNs lengths in
each side of the array were considered to estimate the
mean length before and after the compression. The
measurements were performed using the light micros-
copy considering the MNs pressed in the Parafilm® M.
To investigate the dissolution of the MNs, the MNs
were inserted into the skin section using manual pres-
sure [52, 53]. A cylindrical stainless steel mass of 5.0 g
was placed on top to assure the array remained in place.
MNs were removed at defined time points and directly
observed under the microscope. The experiment was
carried out at room temperature.

2.5 | Murine tumor model

This study had approval from the Animal Use Ethics
Committee of the Sao Carlos Institute of Physics at the
University of Sao Paulo (protocol number 9599080918). A
total of 36 female balb/c athymic nude mice were used.
The animals were kept with water and food (regular
rodent chow) ad libitum. During the experiments, the
animals were maintained acclimatized ambient at 25°C
and under inhalation anesthesia. The xenographic tumor
induction was performed with a squamous cell carci-
noma (SCC) of the human cell line A431, ATCC CRL-
1555™ (Manassas, Virginia, USA). Although being an
SCC cell line, these cells provide a model for obtaining a
nodular, non-cystic non-melanoma skin cancer which is
already well established in the literature, in contrast to
BCC induced tumor models [54, 55]. For tumor model
induction, the inoculation was performed once in the
animals' right flanks using intradermal injection (50 pL
of suspended cells in PBS at 10° cells concentration).
Growth monitoring was standardized as a function of
the volume in order to perform the experiments on
tumors with similar characteristics. A sphere volume
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was estimated for each tumor with measurements
using a vernier caliper. The average radius was
obtained from two diameter measurements collected
on the surface and a third one considering the diameter
in depth.

2.6 | Invivo experiment

An in vivo pilot study was performed to evaluate the disso-
lution of the MNs. For two animals, the MNs were applied
with 1 hour incubation and for the other two, after the
MNs insertion, superficial heating at 40 °C was performed
during the first 15 minutes of the 1 hour incubation using
a skin heating commercial device (Derme Cool, Dermius,
Sao Paulo, Brazil). Based on the results from the pilot
study, the heating protocol was used for MNs application
only. The confocal fluorescence microscopy assessments
were performed with 16 mice (control, cream, ALA-MN,
and blank MN), for which the tumor biopsies were snap-
frozen in an optimal cutting-temperature compound, kept
at —80°C and sectioned at 30 pm using a cryostat (Leica
Biosystems, CM1850, UK). Fluorescence widefield images
and fluorescence spectroscopy measurements were col-
lected for all animals prior to euthanasia. Table 1 summa-
rizes the mice distribution used in the study according to
the protocols evaluated.

2.6.1 | Fluorescence widefield imaging

A widefield fluorescence imaging system was used to moni-
tor the superficial PpIX distribution. The system for image
acquisition was composed of a LED-based device (A = 400-

TABLE 1 Protocol description and number of mice used
PROTOCOL MICE
PILOT
MN No heating 2

40°C for 30 min 2
GROUPS W S C
Control Only tumor 8 8 8 4
Cream ALA 8 8 8 4
MN 40°C for 30 min Blank 8 8 8 4
ALA 8 8 8 4
TOTAL 36

Note: The letters correspond to the fluorescence techniques:
W = widefield images, S = spectroscopy, and C = confocal
microscopy.

Abbreviations: ALA, aminolevulinic acid; MN, microneedles.

450 nm, LINCE®, MM Optics, Sao Carlos, Brazil) coupled
to a digital color camera (Sony DSC H50, Sony Corporation
of America, New York, USA) [56]. In our experiments, the
images were registered by a digital color camera which
uses a Bayer filter in front of its sensor. The Bayer filter
allows the acquisition of an RGB image in “jpeg” exten-
sion, which means that the camera memory stores three
arrays of image data, each containing the information of
one specific color (red, green, or blue). The pixel depth for
our device is 8 bits, which means that we can describe a
pixel in 28 different values (256) for each color, since three
arrays are recorded (red, green, and blue), each with a pixel
depth of 8 bits, we can have (28) different colors for each
pixel (more than 16 million colors). When we worked with
the red channel, we used only the red array of data, this is
why the used that terminology. The fluorescence widefield
images were processed using an algorithm developed on
Python (Python Software Foundation) using open-source
libraries (OpenCV and NumPy) considering the mean
intensity of pixels from the RGB red component after split-
ting the RGB image. This definition was made based on
the previous study by Andrade et al., in which the red

FIGURE 1
blend containing 5% wt/wt aminolevulinic acid (ALA) and 20% wt/
wt Gantrez AN-139 concentration: A, representative scanning

Microneedles (MNs) prepared from an aqueous

electron micrographs of the MNs and B, illustrative digital image of
the array. The scale bars represent 500 pm
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component has been used as referring to the red fluores-
cence of PpIX [57]. The region of interest (ROI) was
defined manually in the endogenous fluorescence image
for each animal. The algorithm automatically positioned
images before and after incubation for each animal based
on its ROI for quantification.

2.6.2 | Fluorescence spectroscopy

Fluorescence spectra were collected in animal tests using a
system assembled with a spectrophotometer (USB2000,
OceanOptics Inc., Dunedin, FL, USA) coupled to a laptop
and a diode laser for excitation at 408 nm. A “Y-type” opti-
cal fiber was used in order to simultaneously deliver excita-
tion light onto the tumor and collect fluorescence from the

(F) 0
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tumor surface to be delivered to the spectrometer after
passing by a high-pass filter. The optical fiber probe was
gently positioned perpendicularly to the tumor surface and
five spectra per animal were collected at random spots.
The data obtained from the normalized spectra were pres-
ented as boxplots using the software Origin (OriginLab
Corporation, Northampton, Massachusetts, USA).

2.6.3 | Confocal fluorescence microscopy
The slides from frozen sections were evaluated by a
confocal fluorescence microscope (Zeiss - LSM780, Jena,
Germany) using a diode laser (405 nm) for excitation and
the fluorescence signal collected in the red channel (630-
670 nm). Data processing was based on an algorithm

e o 3 i

Parafilm Layer
2 3 4 5 6 7 8

FIGURE 2 A, Parafilm M layers
mounted for the insertion test.

o]
o
]

Representative microscopy images of
each perforated Parafilm M layer after
insertion of the microneedles (MNs)
array showing B, first; C, second; D,
third; and E, fourth layers. The scale
bars represent 2 mm. F, Percentage of
holes created for blank and
aminolevulinic acid (ALA)-MNs

Hole created (%)
S o
o o

considering each layer and applying 20+
32 N for 30 seconds. The MNs are

approximately 500 pm long each and 0
the array has 19 x 19 MNs. The data 0

and the error bars represented the
means + SD, n =4 MNs
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developed in the Python platform. The analysis consid-
ered the mean intensity fluorescence emission associated
with the PpIX distribution as a function of depth (Fig-
ure 8A). Figure 8B shows a false-color image (colormap
range from 0 to 75) for easy viewing and manual delimi-
tation of the tumor. The statistical analysis performed for
the confocal fluorescence microscopy data was One-Way
ANOVA (Tukey test).

Autofluorescence confocal images of MNs arrays were
collected (at 408-694 nm) in different focal planes and
positions (3D images) to observe the dissolution pattern
of MNs, using a laser (800 nm) for excitation.

3 | RESULTS AND DISCUSSION

The MNs were produced with different concentrations of
ALA. Using 20% w/w concentration in casting blends, it
was not possible to remove the MNs from the mold, even
after 10 days of drying. After 4 days, the arrays could be
removed when we used 10% wt/wt concentration. How-
ever, they were flexible and soft. With 5% w/w concentra-
tion of ALA in the casting blends was possible to produce
strong MNs after 2 days of drying.

The stability of the ALA molecule in aqueous solution
is described as sensitive to pH, concentration, tempera-
ture, and oxygenation [58]. The pH value of the aqueous
blend of 20% wt/wt Gantrez AN-139 was measured as
approximately 1.85. Novo et al. reported that ALA at
0.3 M in distilled water (about 3.9% wt/wt) is stable at
pH 2 under many storage conditions [59]. Therefore, the
higher concentrations (10 and 20% wt/wt) of ALA tested
in this formulation are probably plasticizing the matrix,
making the MNs soft. The ALA may also be hygroscopic,
absorbing water from the air, softening the MNs. There-
fore, MNs containing 5% ALA were selected for this
study. The water reduction obtained was about 70% and
the final concentration of the MNs formulation was esti-
mated at 17%. Figure 1 presents the appearance of the
MNs by scanning electron microscopy and digital
microscopy.

Representative images of the Parafilm M layers with
the holes produced by the ALA-MNs after their insertion
are in Figure 2. The percentage of holes created compar-
ing blank MNs and ALA-MNs are presented in Figure 2
(F). The response of the MNs with ALA was better com-
pared to the blank MNs, where about 80% of ALA-MNs
have penetrated up to 250 pm depth and about 55% of
the blank MNs achieved the same depth.

In the microscope, the MNs length was measured
before and after compression and these results are pres-
ented in Figure 3. The blank MNs presented about 2%
deformation compared with 0.5% of the ALA-MNs.

According to the insertion and compression tests, the
MNs prepared from aqueous blends containing ALA at
5% wt/wt concentration presented excellent mechanics
resistance with a negligible length decrease, besides
about 80% of the MNs with up to 250 pm penetration
depth. Oltulu et al [60] considered different human body
regions to estimate the mean epidermis thickness by a
histometric technique and reported the intervals of 76.9
to 267.4 pm for women and 112.4 to 244.8 pm for men.
Such a comparison shows there is potential for ALA-MNs
to be able to perform intradermal delivery in
human skin.

The penetration properties and dissolution time of
MNs were also observed using OCT. This technique has
been successfully applied to evaluate the penetration
depth of MNs [48, 61]. Figure 4 shows the penetration
depth of MNs into Parafilm M and full-thickness neona-
tal porcine skin observed using OCT.

The results revealed that the 380 + 10 and 370
+ 20 pm of the MNs length when inserted into Parafilm®
M and full-thickness neonatal porcine skin, respectively.
Figure 4F shows that the MNs completely dissolved in
the full-thickness neonatal porcine skin after 20 minutes.

The mean tumor volume in the experiments was
about 26 + 2 mm?>. In a pilot study to evaluate the MNs
dissolution in the tumor model, the MNs had not pres-
ented significant length reduction 1 hour after insertion.
Therefore, the superficial heating protocol was applied to
stimulate dissolution after the MNs insertion.

Figure 5 shows representative images of the endoge-
nous fluorescence of the tumor and the fluorescence
1 hour after incubation. For all the animals, the values of

1 before [ |after

|
[}

Blank ALA

S

~

31
1

Lenght of MNs (um)
o &
421 (=)
1 Q|

Ul
o
1

[\
(928
1

FIGURE 3 Microneedles (MNs) length before and after
compression for formulations only 20% Gantrez AN-139 (blank)
and 20% Gantrez AN-139 with 5% aminolevulinic acid (ALA). The
data and the error bars represented the means + SD, n = 4 MNs
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FIGURE 4 Representative optical
coherence tomography (OCT) images of
microneedles (MNs) containing
aminolevulinic acid (ALA) following
insertion into A, full-thickness neonatal
porcine skin and B, Parafilm M layers (blue
scale bar represents a length of 1 mm). The
traced lines (in red) show the interface of
the MNs array with the skin (indicated by
the yellow arrow) or the Parafilm M layers
(indicated by the white arrows). Illustrative
digital micrographs of the dissolution of
MNs formulations containing ALA at C,

0; D, 5; E, 10; and F, 20 minutes, following
insertion into, and removal from, excised
full-thickness neonatal porcine skin (scale
bars represent 0.5 mm)

0.5 mm

(C)

intensity for the red channel before incubation were neg-
ligible compared to the values observed after incubation.
The blank MNs did not present red fluorescence (related
to the PpIX) in the tumor after incubation, as expected.
The mean intensity in the red channel of the fluorescence
widefield images had not presented a significant difference
between the ALA protocols (Figure 5C).

7 of 14
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0.5 mm

(F)

Figure 6 shows representative images of the MNs
array after dissolution in the in vivo experiment collected
in the confocal fluorescence microscopy. These images
were obtained in order to observe the dissolution of MNs
through the array. Figure 2 and Figure 6 show visually
similar patterns, although different information is pres-
ented. MNs arrays are not perfectly flat, but the texture
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FIGURE 5 A, Representative
widefield fluorescence images collected
before cream or MNS application; B,

1 hour after incubation for
aminolevulinic acid (ALA) cream,
dissolving microneedles (MNs)
containing ALA and blank MNs (only
polymer). C, Boxplot graph displaying
the values of the mean intensity of the
red channel in the tumor 1 hour after
ALA-incubation via cream or MNS.
Each symbol '#' represents the mean
intensity value estimated for the image
collected for each animal (n = 8 mice)

Blank MN
Q) = 250 T =2506~75%
= T Range within 1.5I1QR
% — Median Line
"S 2001 = Mean
E + Data
; 5 * v *
150 * *
é - 3 - . ) <
o _ 1
2100 ——
%)
=
[H]
=
- p— 50 -
=
3]
()
=
0 T T
Cream MN
ALA

analyzer probe is, thus producing different pressure onto
the array when performing the in vitro perforation test.
This unevenness is irrelevant for in vivo perforation since
pressure is manually applied, ensuring more homoge-
neous pressure onto the arrays. For Figure 6 the pattern
is related to the uneven dissolution within the array. On
the edges of the array, dissolution is not observed and
whole MNs can be found after application since these
MNs do not reach the skin tissue around the tumor.

The maximum emission of endogenous fluores-
cence of the skin and the tumor is located around
500 nm (Figure 7A) [62]. The 450 nm wavelength pre-
sents minimum fluorescence intensity variation [62]

and it was chosen for the normalization of each spec-
trum. The fluorescence emission at 635 nm is associ-
ated with PpIX concentration [63]. Therefore, the
values of the normalized fluorescence intensity at this
wavelength were used to compare the PpIX accumula-
tion after cream or MNs incubation (Figure 7B). An
increase of 200% in the mean fluorescence intensity
was observed for the ALA-MNs compared to the ALA
cream protocol.

Figure 8 represents confocal fluorescence data
obtained from frozen tumor sections. Figure 8A-C
describe the image processing steps. Figure 8D-F are rep-
resentative images from the red channel for a control
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FIGURE 6 Representative confocal ( A)
fluorescence microscopy image of the
microneedles (MNs) array after remaining

inserted for 1 hour onto the tumor for dissolution = ‘ =
when associated with the heating protocol ~
in vivo. Image collected in a A, more .
superficial; B, intermediate; and C, deep planes of
the array. The scale bar represents 2 mm. 3D
images from the MNs were collected in the D,
edge; E, middle; and F, center of the array

observed in the image, C

tumor, and tumors collected 1 hour after ALA was
applied via cream or dissolving MNs, respectively. Fig-
ure 8G presents the fluorescence intensity quantification
as a function of depth for all conditions. In Figure 8C, the
letter 'A’ identifies the region of interest demarcated to
minimize edge effects (yellow dashed lines), and the let-
ter 'Z' indicates the depth direction of PpIX formation.
The algorithm considered 30 areas (delimited by white

‘ffcomsoppean
sl el £ s .

>
b 2 VOGN

RS e OO0

sece0030
Jao0me0¢

cecg

lines) along the tumor depth to estimate the mean fluo-
rescence intensity in each region.

According to Figure 8E,F, it was not possible to
observe significant differences in fluorescence intensity
on the epidermis layer after ALA incubation which can
be associated with its below selectivity. However, by the
MNs protocol, there is a greater fluorescence signal in
deeper layers of the tumor that means the ALA was
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FIGURE 7 A, Representative normalized fluorescence
intensity spectra of tumor and skin endogenous autofluorescence
and 1 hour after aminolevulinic acid (ALA) incubation in the tumor.
B, Boxplot graph displaying normalized fluorescence intensity values
in the tumor 1 hour after ALA-incubation via cream or microneedles
(MN's). For each animal (n = 8 mice), five spectra were collected and
each symbol '#' represents the normalized fluorescence intensity
value at 635 nm obtained from each spectrum

delivered at greater depths allowing the higher produc-
tion and distribution of the PpIX compared to the cream
topical application. After image processing, it is possible
to observe from Figure 8G that, up to 0.2 mm, no signifi-
cant difference in fluorescence intensity were observed
between ALA applications (P > .05). For depths greater
than 0.2 mm, however, the ALA-MNs protocol always
presented higher fluorescence intensity compared with
ALA cream (about five times higher on average at
0.5 mm, being 10 + 5 a. u. for MNs and 2.4 + 0.8 a. u. for
cream), with a statistically significant difference until
approximately 0.8 mm (P < .05).

Through the superficial fluorescence quantification
techniques, no significant difference was observed when

comparing the cream with the dissolving MNs, either by
fluorescence spectroscopy or fluorescence widefield imag-
ing. However, after evaluation of the biopsies collected
after 1-hour incubation, it was possible to observe that
the depth distribution of the PpIX occurred more effi-
ciently through the application of dissolving MNs with
statistically significant difference (P < .05).

The debulking or curettage has been described as an
important tool to facilitate cream permeation and
improve the PDT response [64, 65]. However, these pro-
cedures offer some discomfort to the patients in addition
to causing bleeding that can also interfere with cream
penetration efficiency. Even being adopted today as part
of protocols, it is interesting to present alternatives. In
this aspect, the dissolving MNs might be an option for
improving the precursor's delivery to greater depths with-
out causing any pain.

The pain during the PDT irradiation also is a relevant
concern and it is highly related to the patient acceptance
for the treatment [66]. MNs prepared from 30% wt/wt
aqueous solution of PMVE/MA were applied in human
skin as a pretreatment before ALA or MAL cream appli-
cation at 2, 8, and 16% concentrations and non-signifi-
cant increase of erythema or pain during PDT irradiation
were observed. An increase of the PpIX fluorescence was
reported after 4 hours incubation with 2% and 8% w/w
ALA or MAL cream also using MNs as a pre-treat-
ment [67].

The cream formulation containing 20% or 16%
(wt/wt) of PpIX precursors has attracted widespread
use. However, the problem related to the amount of
cream applied and the ensuing cutaneous dose, the
occlusion adds to this problem, giving a non-uniform
distribution of cream which inevitably makes the com-
parison of results from clinical studies difficult [37].
The MNs presented greater potential in deeper PpIX
distribution compared to the cream both prepared with
5% wt/wt concentration. More tests using the cream
with ALA at 20% wt/wt concentration still need to be
performed to compare the efficiency of the dissolving
ALA-MNs. Based on our clinical experience, about
300 mg of the cream containing 20% wt/wt PpIX pre-
cursor is used to perform two sessions of PDT for a
BCC lesion treatment. [68]. In this context, the dis-
solving MNs besides providing a more standardized
delivery may contribute to PDT dissemination due to
potential cost improvements by a lower drug concen-
tration needed.

There are many benefits and challenges of translating
the MNs as drug delivery systems into clinical practice.
However, MNs have been widely studied and had dem-
onstrated flexibility in the application in treating several
dermatological conditions [69].
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FIGURE 8 Scheme of steps of
fluorescence confocal microscopy images
processing from frozen tumor sections: A, the
red channel image; B, a false-color image
(colormap range from O to 75); C, the letter 'a’
represents the region of interest in the analysis
(yellow dashed lines), the letter 'z’ indicates the
depth direction of PpIX formation considering
30 areas (delimited by white lines) along the
tumor depth. Representative confocal
fluorescence microscopy images of the red
channel overlapped with transmission

image: D, tumor without sensitization (control);

E, tumor 1 hour after topical cream application;
F, tumor 1 hour after intradermal microneedles
(MNs) application. The symbol “*” indicates the
epidermis layer. The scale bar represents 1 mm.
G, Fluorescence intensity in the red channel as
a function of tumor depth for control, 1 hour
after aminolevulinic acid (ALA) via cream or
MNs. The data and the error bars represented
the means + SD, n = 4 mice, P = .05 from One
Way ANOVA Tukey post-test
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4 | CONCLUSION

Our results demonstrated that the dissolving MNs have
overcome topical cream application in PpIX distribution,
suggesting that this intradermal delivery approach is
extremely promising, especially for the treatment of
thicker skin lesions using PDT. Following these promising

results, the next step should now be carried out regarding
the effectiveness of this approach in clinical studies.
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