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 A B S T R A C T
Topical photodynamic therapy (PDT) is a minimally invasive, clinically approved treatment for non-melanoma 
skin cancer that relies on the conversion of photosensitizer (PS) precursors such as 5-aminolevulinic acid (ALA) 
into protoporphyrin IX (PpIX), followed by light activation. However, the low skin penetration of topically 
applied ALA cream remains a major limitation, restricting effective PpIX accumulation in deeper tumor layers. 
To address this challenge, we produced dissolving microneedles (DMN) as an alternative intradermal delivery 
platform. Two mold types were evaluated for DMN fabrication, one with a slight edge (DMNe) and another 
without edges (DMNf), both maintaining a conical tip geometry. DMN were prepared with a formulation 
containing initially 10% ALA and 20% Gantrez® AN-139 polymer in water, produced in a few steps, and 
characterized. In vitro insertion studies demonstrated consistent penetration depths of approximately 250 μm
with minimal tip deformation. DMNf showed a better penetration efficiency than the DMNe and cream 
groups, and mass spectrometry confirmed uniform ALA distribution. In vitro assays in darkness confirmed the 
formulation’s biocompatibility with tumor cells. In a murine xenograft model of nodular epidermoid carcinoma, 
DMN-mediated ALA delivery generated up to twice the amount of PpIX in deeper tumor regions and also caused 
greater PDT damage compared to cream application. These findings highlight DMN as a promising approach 
to enhance PDT efficacy, especially for thicker or nodular skin lesions, by enabling superior and uniform 
intradermal drug delivery.

1. Introduction

Non-melanoma skin cancer (NMSC) is a prevalent malignant neo-
plasm characterized by uncontrolled cellular proliferation in the epi-
dermis [1]. Although associated with low mortality, NMSC represents 
the most common cancer worldwide, with incidence rates surpassing 
those of all other malignancies combined. The two main subtypes are 
basal cell carcinoma (BCC) and squamous cell carcinoma (SCC) [2–4].

BCC is the most common subtype of skin cancer. It originates from 
the mutation of basal cells, which in healthy tissue form a single layer 
at the base of the epidermis and undergo continuous proliferation 
and differentiation. These mutations, driven primarily by long-term 
UV exposure along with factors like age and genetic predisposition, 
lead to uncontrolled proliferation and subsequent tumor formation [2]. 
Although BCC has the lowest mortality rate, it can cause substantial 
deformities and significantly impact quality of life, particularly in 
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patients with comorbidities [5]. From both clinical and histopatho-
logical perspectives, BCC is predominantly classified into three major 
subtypes: superficial, nodular, and infiltrative (including morpheaform 
and sclerosing variants)(Fig.  1a). Clinical management is customized 
according to the tumor subtype, size, anatomical location, depth of 
invasion, and individual factors of the patient [6,7]. The standard 
treatment for BCC is surgical excision, which may be combined with 
radiation therapy [7,8], chemotherapy, cryotherapy, immunotherapy, 
and Mohs micrographic surgery for high-risk BCC [9]. However, these 
conventional techniques require specialized infrastructure and person-
nel, which may not be widely available. As a result, patients in many 
regions, particularly in less developed countries, face long waiting 
times that can worsen their conditions [10]. In this context, topical PDT 
stands out as a promising alternative.
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Topical PDT is an outpatient technique that requires minimal infras-
tructure investment, making it more economically accessible [5,11]. It 
is a patient-friendly option with a few side effects, excellent aesthetic 
outcomes, and high patient acceptance. PDT can also be a viable 
option for unsuitable patients for surgery [10]. The treatment relies 
on a photosensitizer (PS), a light source with a specific wavelength, 
and molecular oxygen in the targeted tissue. Their interaction gener-
ates reactive oxygen species (ROS), which induce the death of tumor 
cells [12]. Currently, the clinical PDT protocol for skin cancer relies 
on the topical application of protoporphyrin IX (PpIX) precursors. The 
PpIX precursors approved by the regulatory agencies of the United 
States (Food and Drug Administration, FDA) and Europe (European 
Medicines Agency, EMA) for clinical use in the treatment of certain pre-
cancerous lesions, such as actinic keratosis, as well as non-melanoma 
skin cancers, are 5-aminolevulinic acid (ALA, Levulan®) and its methyl 
ester derivative, methyl aminolevulinate (MAL, Metvix®) [13–18].

In Brazil, numerous fundamental and clinical studies on topical 
PDT for the treatment of superficial BCC have been conducted. In 
our research group, the clinical trials for non-melanoma skin cancer 
demonstrated high cure rates, with more than 95% cure rate for tumors 
of 2 mm thickness and around 85% for tumors up to 9 mm [5,19]. 
Currently, the treatment, prodrugs, and light irradiation devices are 
incorporated into the Brazilian public healthcare system. However, the 
approved clinical protocols for topical ALA or MAL-PDT are limited to 
superficial lesions, due to the limited skin penetration of the light and 
the cream (Fig.  1b). ALA also presents important limitations related 
to its physicochemical characteristics. Its pronounced hydrophilicity 
and zwitterionic nature reduce membrane permeability, which in turn 
restricts its ability to penetrate intradermal tissues [20]. To overcome 
these limitations, various intradermal drug delivery strategies have 
been investigated to enhance skin permeation and drug penetration, 
including sonophoresis [21], iontophoresis [22], and microneedling 
technology [23,24].

Microneedles (MNs) have gained significant attention as an intra-
dermal PS delivery method in recent years [25–29]. MNs can penetrate 
the skin’s protective barrier by creating microchannels during insertion, 
facilitating drug permeation and enabling delivery to the intradermal 
layers (Fig.  1c). Their shallow insertion depth typically minimizes 
pain and bleeding [30,31]. Different materials and designs have been 
employed in the MNs fabrication, including silicon, stainless steel, 
and biodegradable polymers. Metallic and silicon MNs provide rigidity 
and mechanical strength [23], enhancing topical drug permeability 
through a two-step procedure. The first MNs developed for PDT were 
developed with these solid MNs through complex processes and coated 
with ALA or PS. However, these materials may present biocompatibility 
issues, potentially causing adverse skin reactions [32]. In contrast, 
dissolving microneedles (DMNs), composed of biocompatible polymers, 
penetrate the skin and gradually release drugs into the intradermal 
layers, thereby minimizing skin reactions. Among the most commonly 
employed polymers are polylactic acid (PLA) [33], polyvinylpyrroli-
done (PVP) [34], poly(lactic-co-glycolic acid) (PLGA) [35], polyglycolic 
acid (PGA) [36], carboxymethyl cellulose (CMC) [37], hyaluronic acid 
(HA) [26–28,38] and methyl vinyl ether/maleic anhydride copoly-
mers (PVM/MA) [24,39]. These materials are selected based on their 
mechanical strength, solubility, biocompatibility, and degradation ki-
netics, which collectively allow precise control over the PS release 
profile. For ALA application, the use of DMN would enhance drug 
penetration into deeper tumor layers. This improved delivery would 
increase the precursor availability to a greater number of cells, thereby 
potentiating the production of PpIX more rapidly compared to the 
current standard cream application used in clinical practice, which 
effectively is reduced for nodular BCC compared to superficial [40].

Donnelly et al. (2008) proposed for the first time a model of silicon 
MN coated with ALA and compared it with adhesive biopatches tested 
and validated previously [23,41]. Recent studies have demonstrated the 
potential of DMNs in PS delivery within tumor tissue, particularly with 

formulations combining ALA and hyaluronic acid, which have shown 
superior PpIX production compared to topical application in an oral 
epidermoid carcinoma (KB) tumor and in rat skin models [38,42] and 
higher tumor inhibition rates compared to injection delivery [26]. Zhao 
et al. (2018) developed a model of tip-loaded DMNs made of hyaluronic 
acid, delivering 0.61 mg ALA and achieving 97% tumor inhibition in 
a subcutaneous model. Zhu et al. (2019) related the development of 
a stable hyaluronic acid DMN loaded with ALA for PDT. This system 
enhanced skin delivery and demonstrated superior efficacy in eradi-
cating superficial tumors in vivo compared to injectable ALA solution, 
with stability maintained for up to 9 months. Gang H. et al. (2022) 
have explored the use of hyaluronic acid-based DMNs loaded with 
nanoparticles with ALA and catalase encapsulated. These strategies are 
designed to enhance intratumoral drug delivery, with the dual goals of 
boosting PpIX accumulation and inhibiting the enzyme ferrochelatase, 
which is responsible for iron incorporation into PpIX to complete 
heme biosynthesis. By preventing this conversion, the approach seeks 
to maximize PpIX levels, subsequently increase ROS generation upon 
irradiation, and ultimately improve PDT efficacy [43]. However, the 
complexity of these formulations, alongside the challenges in their 
clinical translation and manufacturing scalability, makes their adoption 
by public healthcare systems a distant prospect.

Other researchers have investigated the fabrication and application 
of MN based on Gantrez AN-139, a copolymer of methyl vinyl ether 
and maleic anhydride (PVM/MA). This polymer is characterized by 
its biodegradability, high biocompatibility, and bioadhesive proper-
ties. It is listed in the U.S. Food and Drug Administration (FDA) 
database for topical applications and dental products [44–46]. Don-
nelly et al. (2005) developed bioadhesive patches for ALA delivery 
using Gantrez AN-139. These formulations demonstrated promising 
stability and controlled release. Also, they reported that ALA patches 
for onychomycosis exhibited limited skin penetration, highlighting the 
importance of overcoming the penetration barrier for therapeutic ef-
ficacy [47]. In a subsequent 2014 study, the group developed both 
hydrogel-forming and dissolving MN via micromolding. While the nee-
dles, which featured 8-sided pyramid tips, exhibited some distortion 
in the tips’ formation, they maintained their structural integrity and 
performed effectively in porcine skin models, with no significant dif-
ferences observed between the two types [32]. In 2022, Requena et al. 
introduced a pyramidal DMN design containing 5% w/w ALA and 
Gantrez AN-139, fabricated with commercial molds for use in murine 
tumor models. PpIX production was assessed and compared with that 
achieved using a cream formulation. The use of DMNs in combina-
tion with local heating improved PpIX distribution in deeper tumor 
layers [24]. However, a 5% ALA dose may be insufficient to achieve 
a therapeutic effect in clinical studies on BCC, which the standard 
treatment involves 20% ALA [5].

This study introduces a key innovation by increasing the ALA con-
centration two-fold in the initial DMN formulation to enhance the 
transdermal delivery of ALA, employing a scalable and straightforward 
fabrication protocol based on the polymer Gantrez AN-139. Regarding 
DMNs molds, tips geometry are widely explored [48–52], whereas the 
formation of the wall at the base is scarcely discussed. To address this 
gap, we investigated two distinct conical DMN designs, evaluating the 
mold base formation for the first time while maintaining the proven 
conical tip shape [48], considering the differences between the pro-
duction process and revealing critical differences in skin penetration 
and drug delivery performance. This comparative approach not only 
optimizes the potential of ALA-PDT but also provides novel insights 
into how DMN array geometry influences therapeutic outcomes. Our 
work combines in vitro characterization of these high-load DMN with a 
subdose of PDT and histological evaluation in a nodular murine tumor 
model, offering a strategic advancement toward more effective and 
targeted PDT protocols.
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Fig. 1. (a) Representative images for comparison of the main BCC types with normal skin. Comparison of drug penetration and PpIX production (red dots) in 
superficial and nodular BCC according to the drug delivery strategy: (b) cream and (c) DMN application.

2. Materials and methods

2.1. Formulation

Hydrochloride 5-ALA was obtained as a powder from EmiPharma 
(Embrapii program, Brazil). GantrezTM AN-139 was gifted as a powder 
from Ashland (Wilmington, USA). A 30% w/w Gantrez stock formu-
lation was prepared in Milli-Q water and maintained at 95–100 ◦C
in a water bath within an incubator (SSDcr, SolidSteel®, Brazil). The 
Gantrez-ALA formulation containing 10% w/w ALA and 20% w/w 
Gantrez was prepared in Milli-Q water, mixed at room temperature, 
and subsequently centrifuged at 3500 rpm for 15 min to ensure homog-
enization [24]. The polymer concentration used in this work follows 
values described and recommended in the literature for polymeric 
materials such as hydrogels, as it provides the mechanical strength 
and stability required for microneedles [53,54]. For comparison, an oil-
in-water emulsion cream with ethylenediaminetetraacetic acid (EDTA) 
0.15% and ALA 10% w/w, formulation developed for clinical use, was 
obtained from EmiPharma (Embrapii program, Brazil) [55].

2.2. Fabrication and characterization of ALA-DMN patches

The master template was produced via 3D printing (Form 2, Form-
Labs, USA) and used to fabricate polydimethylsiloxane (PDMS) molds 
in collaboration with the National Laboratory of Nanotechnology
(LNNano) at the National Center for Research in Energy and Materials 
(CNPEM - Process No. 20220606). Two molds with conical tips were 
designed based on geometries reported in the literature to achieve 
an optimal balance between effective skin penetration and controlled 
dissolution [48]. Key dimensions, including height, tip geometry, and 

inter-needle spacing, were determined through a comprehensive lit-
erature review to ensure effective skin penetration while minimizing 
pain and bleeding [48,49,52,56]. The first mold design incorporated a 
slight edge to demarcate the formulation deposition area, resulting in 
microneedles with defined edges (DMNe) (Fig.  2a and 2c). In contrast, 
the second mold did not have edges, producing flat DMNs (DMNf) (Fig. 
2b and 2d). Both molds were designed with a 13 × 13 grid of cone-
shaped holes, approximately 450–500 μm in length, 300 μm at the base, 
and 200–250 μm spacing (Fig.  2e).

For the preparation of the ALA-DMNe and ALA-DMNf patches, 
140 mg of the Gantrez-ALA formulation (10% w/w ALA and 20% 
w/w Gantrez) was added to the corresponding mold and placed in a 
pressurized chamber (VCR Equipamentos, Brazil) to minimize bubble 
formation and ensure complete filling. Pressure was increased to 1.5 
kgf/cm2 for 5 min, and the cycle was repeated after gradual depres-
surization. The drying process was optimized to produce stable DMNs 
with maintained mechanical integrity. For this purpose, the filled molds 
were placed in a desiccator within a drying oven at 25 ◦C for 72 h. After 
drying, both ALA-DMN and Gantrez-DMN patches were removed from 
the molds, sealed, and stored in a refrigerator, protected from humidity 
and light. The morphology and array structure of the DMN tips were 
characterized by scanning electron microscopy (SEM).

2.3. In vitro experiments

2.3.1. DMN insertion capability
To simulate MN insertion into the skin, we used the Parafilm 

polymeric membrane model (Parafilm M®, Bemis Company, Inc., USA) 
together with a test method employing a Texture Analyzer System (Sta-
ble Micro Systems, Surrey, US). This methodology was characterized 
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Fig. 2. (a) Mold with a slight edge designed to delimit formulation deposition. (b) Mold for the flat model without edge constraints. (c-d) Schematic representation 
and a cross-sectional view of the DMNs: (c) with slight edges (DMNe), and (d) the flat one (DMNf). (e) Schematic representation and dimensions of the conical 
tip array in both DMN.

and validated by Larraneta et al. for in vitro insertion studies [57]. 
The experiment consisted of pressing the DMN array into nine stacked 
parafilm layers using the Texture Analyzer System with a force of 32 
 for 30 s, replicating the pressure typically applied by a human finger 
during MN application [57,58]. The number of perforations per layer 
was determined using an optical stereomicroscope (Zeiss Stemi DV4, 
Carl Zeiss, Germany). The insertion efficiency was calculated as the 
percentage of holes formed at each depth, based on the thickness of 
the parafilm layers (125 μm) and the number of perforations observed.

2.3.2. MALDI-TOF mass spectrometry analysis
Thin circular films (3 mm diameter, 1 mm thickness approximately) 

were fabricated using 100 mg of formulation containing 10% of ALA 
(10 mg) and 20% of Gantrez (20 mg) diluted in water. These films 
were analyzed by matrix-assisted laser desorption/ionization time-of-
flight (MALDI-TOF) mass spectrometry to evaluate possible chemical 
interactions between the polymer and ALA that could compromise its 
biological activity.

MALDI mass measurements were performed in positive-ion reflec-
tion mode using a Bruker AutoFlex-Max TOF/TOF instrument (Bruker, 
Bremen, Germany) equipped with a 355 nm, 2 kHz Nd:YAG laser. The 
mass spectra were processed by Flex Analysis software (Bruker Dalton-
ics, Bremen, Germany), where external calibration was performed using 
MBT STAR-ACS (Bruker, Bremen, Germany), an antibiotic standard 
mixture. ALA sample solutions were mixed at a 1:1 (v/v) ratio with 
a 10 mg/mL HCCA solution (-cyano-4-hydroxycinnamic acid, Bruker) 
to obtain final ALA concentrations of 5, 10, 25, 30, and 40 mg/mL, 
which were used to construct a calibration curve for determining the 
ALA concentration in the films. An acetaminophen solution (20 μg/mL) 
was employed as an internal standard, whose intensity peak was used 
to normalize the ALA signal [59].

Mass spectrometry imaging (MSI) was performed in positive-ion 
mode with a spatial resolution of 50 μm, accumulating 200 laser shots 
per pixel. The films were mounted on indium tin oxide (ITO)-coated 
glass slides to provide a conductive surface and marked for MALDI 
imaging. Imaging data were acquired and processed using FlexImaging 
3.0 software (Bruker Daltonics). The method and parameters followed 
Requena et al. [59].

2.3.3. Cytotoxicity assessment in A-431 cells
Gantrez AN-139 is widely recognized as biocompatible and safe for 

use in drug delivery systems and cosmetic formulations. Nevertheless, a 
pilot assay was performed to verify the safety of the ALA-DMN patches. 
For this purpose, the epidermoid carcinoma cell line (ATCC®, A-431, 
CRL-1555) was used. Cells were cultured in Dulbecco’s Modified Eagle’s 
Medium (DMEM, Thermo Fisher Scientific, USA), supplemented with 
10% (v/v) fetal bovine serum, and maintained at 37 ◦C in a humidified 
atmosphere containing 5% CO2. A total of 2 × 104 cells were seeded 
into 96-well plates and cultured for 24 h. The circular films were 
dissolved in 1 mL of culture medium to prepare a stock solution. From 
this stock, final solutions were prepared at concentrations of 10, 5, 
2.5, 1, and 0.1 mg/mL. Similarly, a Gantrez film was dissolved in 
1 mL of culture medium, and final solutions were prepared at the 
same concentrations. Cells were incubated with the final solutions for 
24 h. After medium removal, cell viability was assessed using the 
Alamar Blue assay (Thermo Fisher Scientific, USA) by adding one-tenth 
of the culture medium volume of the indicator. Following a 4-hour 
incubation, absorbance was measured at 570/600 nm using a Thermo 
Scientific Multiskan microplate reader (Waltham, USA).

2.4. In vivo experiments

2.4.1. Animal model and tumor induction
Forty-five female BALB/c athymic nude mice (6–9 weeks old, 25–

30 g) were obtained from the Central Bioterium Facility of the Fac-
ulty of Medicine, University of Sao Paulo. The A-431 Squamous Cell 
Carcinoma (SCC) cell line was used to induce tumors characterized 
by a nodular and non-cystic morphology. This growth pattern, which 
contrasts with that of BCC models, providing a established model 
for this form of non-melanoma skin cancer [60,61]. Inoculation was 
performed by intradermal injection of 106 cells re-suspended in 50 L 
phosphate-buffered saline (PBS) into the right flank of each animal. The 
experiments were conducted once tumors reached volumes between 
15 and 25 mm3. Tumor volume was estimated using the ellipsoidal 
formula  = (∕6)ℎ, where  and  correspond to perpendicular 
diameters and ℎ to tumor thickness, measured with a vernier caliper. 
All procedures were approved by the Animal Use Ethics Committee of 
the Sao Carlos Institute of Physics, University of Sao Paulo (Protocol 
No. 3928020922).
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2.4.2. PDT irradiation parameters and histological evaluation
PDT was performed using the LINCE® system (MMOptics, Sao Car-

los, Brazil), equipped with a treatment probe emitting at 630 nm with 
an irradiation area of 9 cm2. When tumors reached the target volume, 
intradermal PpIX delivery was achieved via ALA-DMNe, ALA-DMNf, 
or cream application, followed by a 60-minute incubation period, in 
accordance with previously reported protocols [62,63]. Subsequently, 
light irradiation was applied at an irradiance of 40 mW/cm2 and a 
fluence of 30 J/cm2, corresponding to a sub-therapeutic dose intended 
to induce photodynamic damage while avoiding complete tumor eradi-
cation [24,64]. Photodynamic damage in the tumor and overlying skin 
was assessed 72 h post-treatment by hematoxylin and eosin (H&E) his-
tological analysis. Slides were scanned and digitized using a Grundium 
Ocus®20 scanner (Tampere, Finland) to enable comparative evaluation 
of tissue alterations. Each protocol was performed in quadruplicate. 
Throughout all procedures, animals were anesthetized with inhaled 
isoflurane (BioChimico®, Itatiaia, Rio de Janeiro, Brazil).

2.4.3. In vivo fluorescence measurements
To monitor PpIX generation and distribution in the superficial re-

gions of the tumor and adjacent tissue during PDT, PpIX fluorescence 
was collected at three time points: (i) before DMNe, DMNf, or cream 
application (endogenous fluorescence), (ii) after a 60-minute incuba-
tion period, and (iii) after PDT [65]. Additionally, PpIX accumulation 
over time was evaluated in the tumor and adjacent tissue by PpIX 
fluorescence measurements collected before and after DMNf or cream 
application, at incubation times of 30, 60, and 120 min. PpIX flu-
orescence was collected using three methods: widefield fluorescence 
imaging in (i) visible range and (ii) near-infrared (NIR) range, and (iii) 
steady-state fluorescence spectroscopy (SSFS).

The first method, widefield visible fluorescence imaging, comprised 
the use of the fluorescence probe of the LINCE® system, coupled to 
an RGB digital camera (Canon EOS Rebel T7, Brazil) for fluorescence 
image acquisition in the red range. The fluorescence probe is an opti-
cal setup comprising a light-emitting diode (LED) with an excitation 
wavelength of 400 ± 10 nm, with a maximum output power of 50 ±
10 mW/cm2 [66].

The second method, widefield NIR fluorescence imaging, was per-
formed with a prototype designed to acquire near-infrared fluorescence 
images of PpIX, comprehensively described and characterized in previ-
ous works [62,67]. Briefly, the excitation system was composed of a 
diode laser emitting at 633 nm, coupled to an FD1-1646 optical fiber 
with a 600 μm core and a microlens for homogeneous irradiation. A 
650 nm short-pass filter was used to suppress residual excitation light. 
Fluorescence was detected around 700 nm using a Thorlabs CMOS 
camera (model DCC-1545M, with ∼46% efficiency at 700 ± 10 nm), 
through a band-pass filter with a full width at half maximum (FWHM) 
of 20 nm, centered at 700 nm, and an objective lens for image focus-
ing [62]. Laser intensity and detection parameters of the camera were 
kept constant across all experiments.

The images from both previous methods provided spatial infor-
mation on PpIX distribution across the tumor surface and adjacent 
tissue. Image analysis was performed using the Python programming 
language with the open-source library ImFun (Image Functions), which 
was developed by our group and is available at https://github.com/
MarlonGarcia/imfun. The function roi_stats from this library was 
applied to select a region of interest within the images and compute 
statistical metrics from pixel intensities in the tumor region. The red 
channel of the widefield visible fluorescence images was used to quan-
tify the PpIX fluorescence [24,62]. Since the widefield NIR fluorescence 
images had only one channel, the statistical analysis was performed on 
that channel, and PpIX fluorescence was quantified by the mean pixel 
intensity within the tumor region [62,67].

The third method, SSFS, employed a system consisting of a diode 
laser (408 nm), with an average power of 10 mW, coupled to a 600 μm
Y-type optical fiber probe (BIF600-UV–VIS, Ocean Optics Inc., Dunedin, 

FL, USA) for simultaneous light delivery and fluorescence collection. 
For the excitation in 408 nm, long-pass filters at 420 nm (GG550, 
Schott North America Inc., Duryea, PA, USA) were used to eliminate 
backscattered excitation light. Fluorescence emission spectra were then 
acquired in the range of 400–800 nm using a spectrophotometer (USB 
2000-FL, Ocean Optics Inc., USA) connected to a computer running 
OOIBase software (Ocean Optics, USA) for data acquisition [68,69]. 
For each animal, fluorescence spectra were collected from five distinct 
positions within the tumor region at each acquisition time point. The 
spectra were plotted and processed using Origin® software (OriginLab, 
USA). To minimize variations in fluorescence intensity caused by dif-
ferences in fiber positioning or by skin heterogeneity among animals, 
the PpIX fluorescence peak at 630 nm was normalized against the 
endogenous skin fluorescence peak at 450 nm.

2.4.4. Ex vivo Confocal microscopy measurements
To assess the in-depth production and distribution of PpIX, confocal 

microscopy measurements were performed on tumor samples. Tumors 
were collected after 30, 60, and 120 min of DMNf or cream incuba-
tion, frozen, and stored at –80 ◦C before longitudinal sectioning into 
30 μm-thick slices using a cryostat (Leica Biosystems, CM1850, UK).

Fluorescence images were acquired using a confocal microscope 
(Zeiss LSM780, Germany). A 405 nm diode laser was used for ex-
citation, and fluorescence signals were collected in the 430–580 nm 
channel for endogenous skin fluorescence and in the 630–670 nm 
channel for PpIX fluorescence. Laser intensity, gain, and detection con-
trast parameters were standardized and maintained constant through-
out acquisition. Data processing was performed in Python using the
roi_stats_in_depth function from the ImFun library. Only the 
red channel (630–670 nm) corresponding to PpIX emission was ana-
lyzed. The algorithm enables manual delineation of the outermost skin 
surface and the deepest tumor boundary, then partitions the interven-
ing region into equally spaced subregions (for our case, 30 regions 
were chosen). For each subregion, roi_stats_in_depth returns 
summary statistics, including mean fluorescence intensity, providing a 
depth-resolved measure of PpIX distribution and enabling correlation 
of surface and subsurface signals.

2.5. Statistical analysis

All values were expressed as mean±standard deviation, and statisti-
cal significance between groups was assessed using Tukey tests, with 
≤ 0.05 considered significant. Statistical calculations and visualizations 
were performed using the Paired Comparison Plot app from OriginLab 
(OriginLab Corporation, USA) software to compare paired datasets.

3. Results

3.1. Characterization of ALA-DMN

3.1.1. ALA-DMN structure and ALA concentration
Fig.  3a presents a SEM image of the tip array, which is the same for 

both DMN types, DMNe and DMNf, and highlights the tip uniformity 
and well-defined morphology, with dimensions consistent with those of 
the original molds (Fig.  3b). The final dried DMNe and DMNf patches, 
each containing a 1 cm tip array, are shown in Fig.  3c and 3–d, 
respectively.

An important consideration is that although the initial ALA con-
centration in the Gantrez-ALA formulation was 10% (w/w), the drying 
process of the DMN increased the concentration to 33%. This increase 
resulted from the reduction in DMN total mass from 140 mg to 42 mg, 
mainly due to the loss of water. For clinical protocols, the ALA concen-
tration in cream formulations is typically 20% [10,13,14]. In previous 
work, Requena et al. (2022) reported an ALA concentration of 17% 
in dried DMN with a pyramidal design, fabricated from a formulation 
containing 5% ALA in an aqueous solution using the same polymer 
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Fig. 3. (a) SEM image showing the top view of the tip array of both DMN types. (b) Microscopic image of a single tip with a well-defined conical profile. 
Complete array of (c) DMNe, and (d) DMNf.

employed in this study. The higher ALA concentration achieved in 
the present DMN (33%) could enhance the transdermal delivery of 
ALA to target cells (i.e., increased drug bioavailability), potentially 
reducing the required incubation times and thereby improving the 
overall efficiency of PDT treatment.

3.1.2. In vitro insertion test of DMN
By evaluating both the number of parafilm layers penetrated and 

the number of holes generated in each layer by the DMN, we observed 
that the results were independent of the formulation used in DMN 
preparation, namely Gantrez-DMN or ALA-DMN. This finding indicates 
that the addition of ALA to the formulation did not affect either the 
drying process or the mechanical resistance of the DMN. However, the 
results did differ when the DMNs were compared according to their 
structural design, i.e., DMNf versus DMNe. As shown in Fig.  4a and 4b, 
the number of holes at different depths created by DMNf and DMNe 
differed. DMNf produced a higher percentage of holes in the first two 
layers, with tip insertion occurring mainly in the center. In contrast, 
DMNe achieved deeper penetration (up to ∼625 μm), with tip insertion 
occurring primarily at the edges.

Although DMNe penetrated more layers, the percentage of holes 
decreased from 95% in the first layer (125 μm) to 65% in the second 
layer (250 μm), whereas DMNf achieved 100% penetration in the first 
layer and 96% in the second layer (Fig.  4c). In a previous study, DMNs 
prepared with a similar Gantrez-ALA formulation containing 5% ALA 
but featuring pyramidal tips showed only 80% tip penetration at a 
depth of 250 μm [24]. The DMNf patches fabricated in the present 
study demonstrated superior penetration performance compared to that 
previously reported. These results highlight tip geometry as a critical 
structural factor for effective DMN insertion. This finding is consistent 
with Li et al. (2020), who reported that conical tip geometries possess 
superior mechanical properties compared to pyramidal designs [48].

Notably, our study revealed a critical insight that despite both 
DMN designs sharing identical tip formats and achieving sufficient 
penetration depth (250 μm) to reach the dermis (human epidermis: 
180–200 μm) [70], the presence or absence of an outer wall structure 
significantly altered the penetration pattern. This suggests that MN ar-
ray design, beyond tip geometry alone, can influence drug distribution 
mechanics, even when targeting the same tissue layer.

3.1.3. Assessment of Gantrez–ALA interaction by MALDI-TOF
ALA is a molecule that can be combined with other polymers; 

however, ALA-polymer interaction could result in differences in drug 
stability, biocompatibility, and controlled release kinetics [20,71]. The 
mass spectra of films containing Gantrez and ALA (Fig.  4d) were evalu-
ated, revealing the characteristic ALA (m/z = 132.028), acetaminophen 
(m/z=152.118), and Gantrez (m/z=172.137) peaks. This indicates that 
ALA did not aggregate with Gantrez and remained detectable using 
this technique. Maintaining a drug in a non-aggregated state within 
a polymeric matrix ensures uniform distribution, as illustrated in the 
inset of Fig.  4d, enables more precise control over drug release, and 
preserves its chemical integrity. The ALA calibration curve used to 
quantify ALA concentration was linear across the tested range, with a 
mean correlation coefficient of 2 = 0.99697. Based on this curve, the 
ALA mass calculated in the thin film was 8.8±1.4 mg, which corresponds 
closely to the initial amount of ALA used in the formulation for thin-
film preparation (10 mg). These results indicate that the ALA content 
was largely preserved, with minimal mass loss, and that the molecules 
remained stable, showing no signs of aggregation and a homogeneous 
distribution within the films.

3.2. ALA-DMN biocompatibility in A431 cells

The cell viability assays confirmed that the solution obtained by 
diluting the Gantrez-DMN did not reduce cell viability at any con-
centration (10, 5, 2.5, 1, and 0.1 mg/mL) (Fig.  4e). The enhanced 
cell viability at the lower concentrations of 1 and 0.1 mg/mL can 
be explained by the biomimetic properties of some polymers. These 
properties emulate the native extracellular matrix by offering mechan-
ical support and essential biochemical cues, which collectively create a 
conducive microenvironment for cell adhesion and proliferation [72]. 
In contrast, the solution obtained by diluting the ALA-DMN did not 
produce statistically significant differences among the groups (Fig.  4f). 
These findings suggest that while lower concentrations of the Gantrez 
films may support cell proliferation, the incorporation of 10% ALA does 
not exert a statistically significant effect on cell viability.

Previous studies have also evaluated the biocompatibility of Gantrez 
AN-139 as a polymeric material for drug delivery. Donnelly et al. 
(2012) investigated its cytotoxicity using 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) viability assays in fibrob-
lasts (Balb/3T3), keratinocytes (NTERT-1), and a 3D keratinocyte skin 
model. These studies were complemented by skin irritancy tests, which 
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Fig. 4. Images of parafilm layers showing holes created by (a) DMNf and (b) DMNe. (c) Percentage of holes created after insertion tests performed by the DMNs. 
Each parafilm layer corresponds to a depth of 125 μm. (d) MALDI-TOF mass spectra from the films containing ALA (m/z=132) and Gantrez AN-139 (m/z=172). 
The inset in this figure shows the MALDI imaging of ALA distribution within a thin circular film (3 mm in diameter, 1 mm in thickness). The color bar represents 
the intensity of ALA distributed in the delimitated area, with 0% shown in black and 100% in white. (e–f) Cell viability percentage of A431 cell line after 
incubation for 24 h with solutions obtained by diluting the (e) Gantrez-DMN and (f) ALA-DMN patches in culture medium at a dose of 10, 5, 2.5, 1, 0.1 mg/mL. 
Group comparisons were performed using the Tukey test ( ≤ 0.05 was considered statistically significant).

demonstrated no cytotoxic effects and no irritant response, thereby con-
firming the safety and biocompatibility of Gantrez with skin tissue [73]. 
De Lima et al. (2024) further assessed the cytotoxicity of the polymer 
using MTT assays in human lung epithelial cells (A549) and lung fibrob-
lasts (MRC-9) cultured in DMEM, with Gantrez tested at 0.2% (w/v) or 
2 mg/mL. Their results demonstrated that this concentration did not 
induce cytotoxicity in the studied cell lines [74]. Collectively, these 
findings reinforce the potential of DMN formulations for biomedical 
applications, highlighting their safety and favorable interactions with 
cells even when loaded with ALA.

3.3. In vivo PDT effects

3.3.1. DMN insertion and dissolution
When the tumors reached the desired volume (Fig.  5a), PDT was 

applied. Prior to illumination, qualitative observations were performed 
to verify MN tip perforation and to compare the insertion performance 
of both DMNe and DMNf patches with that of the cream treatment (Fig. 
5b–d). Visible microholes on the tumor surface confirmed successful 
microneedle penetration into the tissue for both DMN types. The tip 
dissolution after 60 min demonstrated ALA release directly into the 

tumor. The combination of sufficient penetration depth and progressive 
dissolution ensures ALA delivery to deeper tumor layers, which is es-
sential for enhancing PpIX production. However, the DMN array did not 
achieve complete tip dissolution within the incubation period, a factor 
that may limit drug delivery efficiency. This finding highlights the need 
for further formulation optimization to improve dissolution kinetics 
and maximize therapeutic outcomes. Importantly, no external agents 
were employed to accelerate dissolution, ensuring that the assessment 
reflects the intrinsic performance of the MN formulation under standard 
conditions.

Previous studies have reported variable dissolution times for DMN, 
ranging from minutes to hours, depending on polymer composition 
and DMNs solubility in water. For instance, McCrudden et al. (2014) 
developed DMN with 30% Gantrez for controlled ibuprofen release, 
achieving a dissolution time of 5 min in a rat skin model, with effective 
release extending from 4 to 24 h [75]. Similarly, Iyer et al. (2021) 
emphasized the importance of skin hydration in DMN insertion tests 
using hyaluronic acid (HA) as a hydrophilic polymer base [76]. Their 
findings demonstrated significant differences in DMN dissolution across 
untreated, dehydrated, and tape-stripped skin models, with enhanced 
hydration improving dissolution and tip performance.
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Fig. 5. Representative images of murine nodular tumors with an initial volume of 15–25 mm3 in (a) the control group, and after ALA application in (b) the 
cream, (c) DMNe, and (d) DMNf groups. Representative images of (e) control tumor 3 days after the starting point, and treated tumors 3 days post-PDT in (f) 
the cream, (g) DMNe, and (h) DMNf groups. H&E-stained histological sections of (i) control tumor 3 days after the starting point, showing mitotic foci (green 
squares); and treated tumors 3 days post-PDT in (j) the cream group (showing intratumoral infiltration in green and metaplasia foci in yellow), (k) the DMNe 
group (showing diffuse intratumoral infiltrations in green circles, necrosis and hemorrhage in yellow squares, and additional metaplasia foci in yellow circles), 
and (l) the DMNf group (showing intratumoral infiltration in green and metaplasia foci in yellow).

3.3.2. Tumor damage generated by PDT sub-dose
Tumor damage was assessed 72 h after sub-dose PDT through both 

macroscopic and histological analyses and compared with the control 
group (Fig.  5e).

Macroscopically, the cream-treated group exhibited smaller lesion 
areas and shallower damage (Fig.  5f), whereas the DMN groups showed 
larger affected regions, indicating greater damage. Among them, DMNf 
(Fig.  5h) induced more extensive and deeper tumor damage than both 
the cream and DMNe groups (Fig.  5g), suggesting enhanced PpIX 
production, thereby resulting in a stronger PDT effect.

Histological analysis revealed no signs of damage in the control 
group (Fig.  5i), which displayed only mitotic activity consistent with 
tumor progression. In contrast, treatment groups presented inflam-
matory infiltrates (green circles), necrosis and hemorrhage (yellow 
squares), and foci of squamous metaplasia (yellow circles) as markers 
of tumor damage. Inflammatory infiltrates were observed in all PDT-
treated groups, with the DMNf group showing the most pronounced 
response (Fig.  5l). Squamous metaplasia was detected across all treated 
tumors, with DMNf displaying more foci together with hemorrhage and 
extensive tissue damage, further supporting its superior PDT efficacy.

3.3.3. Superficial PpIX production and photobleaching post-PDT
Visible fluorescence imaging. As shown in Fig.  6a, before ALA applica-
tion (0 min), this method revealed endogenous fluorescence in green 
tones originating from both the tumor-overlying skin and the sur-
rounding tissue in all three experimental groups (cream, DMNe, and 
DMNf). After 60 min of ALA application via cream, DMNe, or DMNf, 
PpIX accumulation in the tumor region became evident in red tones, 
corresponding to PpIX fluorescence at 635 nm upon excitation with 
400 ± 10 nm light. Since the cream application was carefully positioned 
directly on the tumor, minimizing contact with the surrounding skin, 
the fluorescence detected around the tumor was likely due to cream 
diffusion into the skin, which is facilitated by the thinner tissue layers 
of murine skin. The DMNe group exhibited more selective PpIX de-
position, whereas a broader fluorescence distribution was particularly 
noticeable in the DMNf group, potentially due to better indentation. 
The intensity in the red channel of the fluorescence images was nor-
malized and correlated with the PpIX fluorescence intensity. These 
normalized data were grouped and presented as a box plot in Fig.  6b, 
showing considerable fluctuations, likely due to variations in superficial 
PpIX synthesis and differences in individual animal metabolism. After 
60 min of ALA incubation, the DMNf group displayed the highest mean 
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Fig. 6. Visible PpIX fluorescence method: (a) Representative widefield fluorescence images (shown in true colors) of tumors for each experimental group, 
collected in the visible range before ALA administration (0 min), after 60 min of incubation (60 min), and following PDT (pPDT). (b) Box plot graph of normalized 
PpIX fluorescence intensity for the DMN and cream groups at the same time points. NIR PpIX fluorescence method: (c) Representative widefield fluorescence 
images (false-color image) of tumors for each experimental group, acquired in the NIR range at three time points (0 min, 60 min, and pPDT). Green indicates low 
fluorescence intensity and red indicates high intensity, as shown in the color bar. (d) Box plot of mean normalized PpIX fluorescence intensity for the DMN and 
cream groups at the same time points. SSFS method: (e) Mean PpIX fluorescence spectra for each experimental group at two time points (0 min and 60 min). 
(f) Box plot of mean normalized PpIX fluorescence intensity for the DMN and cream groups at three time points (0 min, 60 min, and pPDT). Group comparisons 
were performed using the Tukey test ( ≤ 0.05 was considered statistically significant).

fluorescence signal, followed by the cream group and, lastly, the DMNe 
group. This indicates that the DMNe array indentation was not optimal 
during insertion, directly affecting tumor contact and ALA release. 
After PDT, the normalized PpIX fluorescence intensity decreased in all 
groups, confirming PpIX consumption following light application.
NIR fluorescence imaging. The images are shown in Fig.  6c, with a color 
map applied for improved visualization. Before ALA application, en-
dogenous fluorescence was shown in both the skin and tumor in green 
tones. After 60 min of ALA incubation, PpIX accumulation was evident 
represented in red tones, with the high NIR fluorescence intensities in 
the tumor region, excited with 635 nm light. The DMNf group exhibited 
greater PpIX deposition in the tumor region compared to the cream and 
DMNe groups. The pixel intensity in the NIR fluorescence images was 
normalized and correlated with the PpIX fluorescence intensity (Fig. 
6d). Unlike the DMN groups, the data showed considerable fluctuations 
in the cream group. After 60 min of ALA incubation, the DMNf group 
exhibited significantly higher mean fluorescence signal than the DMNe 
and cream groups, suggesting that the DMNf patch achieved better tip 
insertion and, consequently, enhanced ALA delivery and PpIX synthesis. 
Compared to the previous method, the NIR spectral region exhibited 
a substantial reduction in skin absorption and scattering coefficients, 
allowing for deeper light penetration into the tissue and enhancing the 

visualization and assessment of fluorescence signals within the tumor. 
Similar to the previous method, PDT led to a decrease in normalized 
PpIX fluorescence intensity across all groups.
Steady-state fluorescence spectroscopy. As shown in Fig.  6e, before ALA 
administration, the tumor exhibited higher fluorescence intensity
within the 400–600 nm range, attributable to the endogenous fluores-
cence of the animal skin, while the signal at 635 nm was minimal. 
After 60 min of ALA administration, via cream (red line), DMNf (blue 
line), or DMNe (green line), mean fluorescence intensity within the 
400–600 nm range showed minimal variation, with a marked increase 
around 635 nm, corresponding to the characteristic PpIX fluorescence 
band. When comparing the PpIX fluorescence intensity (points in Fig. 
6f) collected after ALA incubation for each application method, consid-
erable fluctuations were observed, likely due to the specific region of 
fluorescence collection and individual animal metabolism. Comparing 
the normalized PpIX fluorescence intensity at 635 nm, the DMNf 
group produced a higher signal than the cream and DMNe groups. 
After PDT, no significant differences in fluorescence signals were ob-
served between the protocols, all of which showed low-intensity values 
comparable to the tumor’s endogenous fluorescence. These findings 
suggest that the selected light parameters were effective in reducing 
the detectable PpIX fluorescence under violet-light excitation, which 
has limited tissue penetration.
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Fig. 7. Visible PpIX fluorescence method: (a) Representative widefield fluorescence images (true colors) of tumors from each experimental group, collected in 
the visible range at three time points (30, 60, and 120 min). (b) Box plot showing PpIX fluorescence intensity differences between DMNf and cream groups at 
the same time points. NIR PpIX fluorescence method: (c) Representative widefield fluorescence images (false-color) of tumors from each experimental group, 
acquired in the NIR range at three time points (30, 60, and 120 min). Green indicates low fluorescence intensity and red indicates high intensity, as shown in the 
color bar. (d) Box plot showing PpIX fluorescence intensity differences between DMNf and cream groups at the same time points. SSFS method: (e) Mean PpIX 
fluorescence spectra comparing ALA application by cream (red lines) and DMNf (blue lines) at three time points (30, 60, and 120 min). (f) Box plot comparing 
normalized PpIX fluorescence intensity at the 635 nm peak for cream and DMNf groups at the same time points. Group comparisons were performed using the 
Tukey test ( ≤ 0.05 was considered statistically significant).

The ALA delivery protocols (i.e., Cream, DMNf, DMNe) used in 
this PDT study employed a 60-minute incubation period, consistent 
with previous work where cream [24,77] and DMNs [24,78] were 
applied for ALA administration. In the present investigation, however, 
additional incubation times (30, 60, and 120 min) were evaluated to 
determine the optimal PpIX production using cream or DMNf, which 
demonstrated superior performance.

3.3.4. Superficial PpIX production at different ALA incubation periods
Visible fluorescence imaging. Fig.  7a presents the data obtained from 
visible PpIX fluorescence measurements, where images were collected 
over time using the LINCE system. The fluorescence values were nor-
malized and grouped for presentation as a box plot in Fig.  7b. After 
30 min of incubation, no significant difference was observed between 
the cream and DMNf groups, likely due to the limited dissolution 
time of the microneedles. At 60 min, the DMNf group exhibited a 
more localized PpIX accumulation around the tumor area, although the 
difference was not statistically significant. By 120 min, no variation 
in superficial fluorescence intensity was detected between the groups. 
Overall, these results represent the superficial PpIX fluorescence signal.
NIR fluorescence imaging. Fig.  7c shows wide-field images with ex-
citation at 630 nm and collection in the near-infrared. At 60 and 

120 min, the images obtained using DMNf displayed higher fluores-
cence intensity than those obtained with the cream, as well as a more 
homogeneous distribution within the tumor region. The data obtained 
with the near-infrared system (Fig.  7d) show an increase in PpIX 
production as the incubation time increases for both applications. A 
higher fluorescence signal was observed for the DMNf group at 60 and 
120 min compared to the cream under the same incubation conditions. 
As this technique detects fluorescence signals originating from deeper 
tissue layers, these results indicate that the precursor was delivered 
to greater depths with the DMNf, enabling enhanced PpIX production 
and distribution compared to the topical cream application. These 
spatial findings on PpIX fluorescence distribution and intensity further 
support and complement the results obtained from the visible widefield 
fluorescence imaging.
Steady-state fluorescence spectroscopy. Fig.  7e shows an increase in 
mean PpIX fluorescence intensity with longer incubation times; how-
ever, the signal increase from 60 to 120 min was greater for the 
DMNf group than for the cream group. This may be related to the 
minimum time required for ALA release, subsequent PpIX formation, 
and accumulation. Moreover, the diffusion of molecules through DMNs 
differs from that of cream, owing to the dissolution process and the 
degree of molecular bonding within the polymer matrix. Fig.  7f presents 
the normalized PpIX fluorescence intensity at the 635 nm emission 
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Fig. 8. Red PpIX fluorescence images overlaid on brightfield images obtained from the (a–c) DMNf and (d–f) cream groups, after 30 min, 60, and 120 min, 
respectively. (g) Mean red-channel fluorescence intensity as a function of tumor depth, comparing ALA delivery via cream and DMNf at different time points 
(30, 60, and 120 min). Each curve was constructed from multiple points representing the mean value for n = 5 per group, with the shaded area indicating data 
dispersion.

peak across the different time points. At 30 min, the fluorescence signal 
remained weak, suggesting limited PpIX formation on the tumor sur-
face. After 60 min, an increase in fluorescence intensity was observed 
relative to the earlier time point. By 120 min, this trend was further 
accentuated, particularly in the DMNf group, where the fluorescence 
increase was statistically significant compared to the cream, despite 
exhibiting more variability as reflected by a larger standard deviation.

3.3.5. In-depth PpIX production and distribution
Confocal fluorescence microscopy images were analyzed to assess 

the in-depth production and distribution of PpIX. Fluorescence images 
overlaid on transmission light microscopy of representative tumors 
are shown in Fig.  8a–c for the DMNf group and Fig.  8d–f for the 
cream group at three different incubation times (30, 60, and 120 min). 
These images reveal a more intense signal in the deeper tumor layers 
for the DMNf group compared with cream by the time, indicating 
that intradermal delivery improved PS penetration and distribution 
compared with topical application. After 120 min of ALA incubation, 
the PpIX fluorescence intensity throughout the tumor became more 
pronounced, indicating that DMNf achieved superior in-depth delivery 
compared to the cream (Fig.  8c).

The mean fluorescence intensity shown in Fig.  8g was measured 
at depths ranging from 0.2 mm to 1 mm. At all depths evaluated, 
PpIX fluorescence intensity was higher when ALA was delivered via 
DMNf, indicating superior effectiveness at greater depths and consis-
tent release over time. For both cream and DMNf, the increase in 
PpIX fluorescence between 30 and 60 min was modest; however, a 
significant rise was observed at 120 min. At this time point, the DMNf 
group exhibited significantly higher PpIX fluorescence compared with 
the cream application.

In summary, the data demonstrate that cream-based ALA delivery 
results in optimal PpIX formation after 60 min of incubation; however, 
its diffusion into deeper tumor layers becomes less effective over longer 
periods. In contrast, the DMNf group exhibited superior efficacy at 
greater depths (up to 1 mm), with significantly higher PpIX fluores-
cence intensity after 120 min. This enhanced intratumoral distribution, 
compared with topical cream application, suggests that DMNf not only 
overcomes the limitations of conventional PDT approaches but also 
holds strong potential to improve therapeutic outcomes in thicker and 
more treatment-resistant skin lesions.

4. Discussion

The approved clinical PDT protocols for the treatment of superficial 
non-melanoma skin cancer involve the topical application of ALA or 
MAL. Some clinical protocols include applying ALA or MAL cream 
after a debulking procedure, in which crusts and superficial material 
are removed to enhance cream permeation and improve treatment 
effectiveness [79,80]. This debulking step may also positively influence 
microneedle application, as the presence of residual fluid within the 
lesion—even after excess blood is removed—could facilitate DMN dis-
solution and potentially reduce the incubation time required in clinical 
protocols. Consequently, ALA delivery via cream or DMNs in an intact 
tumor may differ from that in a debulked lesion. In our experiments, 
the amount of cream applied was standardized to form a thick layer 
over the tumor surface, ensuring consistent and uniform availability; 
however, no debulking procedure was performed in the animals to 
avoid introducing additional variables that could interfere with the 
permeation analysis.

Topical creams encounter significant challenges in permeating the 
skin, primarily due to the stratum corneum. Furthermore, their ap-
plication requires a defined period for diffusion through tumor layers 
and subsequent intracellular PpIX synthesis. In comparison, DMN in-
troduces an additional phase before drug release, which is the DMN 
dissolution, after which ALA is liberated and initiates PpIX produc-
tion upon cellular uptake. As a result, the overall time required for 
PpIX formation and accumulation is longer for DMNs than for creams, 
owing to dissolution kinetics influenced by intrinsic factors such as 
skin physiology and hydration, and extrinsic factors such as relative 
humidity. Optimizing these parameters is essential to enhancing DMN 
efficacy. The cream and DMN formulations tested in this study ex-
hibited important differences. Both contained 10% ALA; however, the 
clinically used cream also included EDTA (0.15%), which prevents 
iron binding to PpIX during heme synthesis, thereby enhancing PpIX 
accumulation [55]. This property likely provides an advantage over 
DMNs [81,82]. Incorporating EDTA directly into the DMN formulation 
was not feasible due to molecular interactions between the polymer and 
other additives, which interfered with the drying process and compro-
mised DMN stability [83]. Despite this limitation, the comparable and, 
in some cases, superior outcomes observed with DMNs highlight their
robust performance and considerable potential for further optimization.
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Gantrez AN-139 is a highly water-soluble polymer, but our formu-
lation presented a slow dissolution rate. Previous ex vivo data from 
our group demonstrated that formulations comprising 20% Gantrez and 
5% ALA dissolved completely within approximately 15 min; this rapid 
dissolution profile was not directly translatable to the in vivo environ-
ment [24]. In this study, complete dissolution in vivo was not achieved 
within the first hour, with the most substantial dissolution observed 
at the 120 min time point. This may be explained by the interactions 
between the zwitterionic properties of ALA and the Gantrez AN-139 
polymer, which are likely to enhance the solubility of ALA through 
electrostatic bonding between its amino group and the carboxylate 
groups in the polymer, resulting in a homogeneous distribution within 
the formulation [84,85]. While this interaction improves solubility, it 
also amplifies the hygroscopic nature of the polymer, potentially com-
promising its mechanical stability after drying. Consequently, proper 
storage in a low-humidity environment is essential to preserve the 
microneedle arrays’ structural integrity. Interestingly, this increased 
hygroscopicity could present an advantage during application. The 
enhanced dissolution properties may improve drug release in humid 
environments, such as in hydrated tumors or after curettage. This char-
acteristic suggests a potential dual benefit: optimizing drug distribution 
while adapting to the specific conditions of the treatment site. Further 
studies are needed to balance these properties to ensure stability during 
storage and efficient delivery during application.

Conventional topical PDT is often limited to superficial lesions due 
to the significant barrier imposed by the stratum corneum and the 
hydrophilic physicochemical properties of ALA, which collectively lead 
to inefficient drug delivery [40]. To improve topical PDT outcomes 
in thicker lesions, non-invasive strategies are under investigation, in-
cluding the combination of light with deeper-penetrating excitation 
sources such as low-intensity ultrasound [86], the use of thermogenic 
and vasodilators agents [87] to increase PpIX production, and the use 
of intradermal delivery approaches to enhance drug penetration [65]. 
In this sense, this work prepared two types of DMNs with a formulation 
containing initially 10% ALA and 20% Gantrez® AN-139 polymer 
in water as alternative intradermal delivery platforms. The superior 
PpIX accumulation observed with the DMNf formulation, compared 
to both the cream and DMNe applications, strongly correlates with 
enhanced therapeutic efficacy in deeper tumor regions and within a 
shorter time frame. These in vivo findings are in strong agreement with 
the prior in vitro insertion studies. Another goal in topical PDT is to 
shorten treatment duration by reducing the drug–light interval. So, 
the improvement of drug release efficiency may be implemented by 
additional protocols such as skin hydration or formulation adjustments. 
Requena et al. (2021) applied localized heating at 40 ◦C during the first 
15 min of DMN insertion in a tumor model, which promoted greater 
dissolution compared with non-heated protocols; however, complete 
dissolution was not achieved [24]. Kathuria et al. (2020) investigated 
DMNs formulated with polyvinylpyrrolidone (PVP) and dissolution 
modifiers, reporting dissolution times ranging from 45 min to 48 h. 
They observed an inverse relationship between dissolution rate and 
penetration depth, with optimal penetration achieved using a PVP–
methacrylic acid (MAA) formulation that dissolved in 8 h in a skin 
model [88]. These findings underscore the potential of DMNs as a 
promising alternative to creams, offering advantages in controlled re-
lease and targeted delivery, particularly for deeper tissues. Further opti-
mization of DMN formulations for scalability and application protocols 
could significantly improve their therapeutic efficacy.

Whereas the broader DMN field faces significant challenges in scal-
ability, reproducibility, and sterilization, the approach detailed herein 
provides tangible solutions to these very issues [89,90]. Scalability and 
low cost were central to the design, achieved through the use of inex-
pensive polymers and locally fabricated molds with 3D-printed master 
templates, which are substantially more cost-effective than expensive 
imported commercial options. This work also directly addresses re-
producibility which represents an industry challenge, by validating an 

optimized drying protocol (25 ◦C for 72 h) that ensures homogeneous 
evaporation and critical DMNs rigidity. Furthermore, in response to 
the complex problem of sterility, this study can be complemented with 
a previous study with ozone decontamination, a crucial step that en-
sured the microbial safety of ALA-loaded DMNs without compromising 
polymer properties or drug stability [59]. These advances in low-cost, 
reproducible manufacturing, coupled with validated decontamination 
and the minimally invasive, painless application of DMNs, position 
this technology as a highly promising and cost-effective alternative to 
conventional treatments.

Given that patient variability in skin characteristics remains an 
inherent challenge affecting both DMNs and conventional topical for-
mulations, future research must focus on optimizing treatment for 
individual physiology while extending the scope of the current work. 
Consequently, essential next steps should integrate detailed investi-
gations of microneedle dissolution kinetics, long-term immune and 
toxicity profiles, and patient acceptability with the establishment of 
industrial-scale manufacturing protocols, all of which are necessary 
prerequisites for proceeding to formal clinical trials.

5. Conclusion

This study introduces a novel DMN formulation designed for en-
hanced intradermal drug delivery. Each array contained a 10% ALA, 
demonstrating sufficient mechanical strength to achieve 90% insertion 
efficiency to a depth of approximately 250 μm with no significant 
deformation. Biocompatibility was validated through in vitro assays 
using a tumor cell line. Compared to topical cream, the DMN enables 
more effective ALA delivery, resulting in greater PpIX accumulation in 
deeper tumor regions. These results underscore DMN as a promising 
platform for intradermal delivery due to its scalable fabrication, low 
production cost, and potential for clinical translation. This approach 
may be particularly advantageous for PDT of nodular skin lesions. 
Nonetheless, further studies on MN dissolution dynamics are needed 
to ensure complete drug release and to enable the standardization of 
application protocols.
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