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ABSTRACT
Burn injuries can result in a significant inflammatory response, often leading to hypertrophic scarring 
(HTS). Local drug therapies e.g. corticoid injections are advised to treat HTS, although they are invasive, 
operator-dependent, extremely painful and do not permit extended drug release. Polymer-based 
microneedle (MN) arrays can offer a viable alternative to standard care, while allowing for direct, painless 
dermal drug delivery with tailorable drug release profile. In the current study, we synthesized 
photo-crosslinkable, acrylate-endcapped urethane-based poly(ε-caprolactone) (AUP-PCL) toward the 
fabrication of MNs. Physico-chemical characterization (1H-NMR, evaluation of swelling, gel fraction) of 
the developed polymer was performed and confirmed successful acrylation of PCL-diol. Subsequently, 
AUP-PCL, and commercially available PCL-based microneedle arrays were fabricated for comparative 
evaluation of the constructs. Hydrocortisone was chosen as model drug. To enhance the drug release 
efficiency of the MNs, Brij®35, a nonionic surfactant was exploited. The thermal properties of the MNs 
were evaluated via differential scanning calorimetry. Compression testing of the arrays confirmed that 
the MNs stay intact upon applying a load of 7 N, which correlates to the standard dermal insertion force 
of MNs. The drug release profile of the arrays was evaluated, suggesting that the developed PCL arrays 
can offer efficient drug delivery for up to two days, while the AUP-PCL arrays can provide a release up 
to three weeks. Finally, the insertion of MN arrays into skin samples was performed, followed by 
histological analysis demonstrating the AUP-PCL MNs outperforming the PCL arrays upon providing 
pyramidical-shaped perforations through the epidermal layer of the skin.

GRAPHICAL ABSTRACT

HIGHLIGHTS
•	 AUP-PCL MN arrays provide long-term transdermal drug delivery of hydrocortisone
•	 AUP-PCL-based MN arrays provide superior drug release profiles compared to PCL MNs
•	 Effective skin penetration AUP-PCL-based MNs on skin was achieved

1.  Introduction

Hypertrophic scarring (HTS) is a common sequela after burns. 
Due to severe physical limitations and cosmetic disfigure-
ments, HTS frequently impedes the patients’ rehabilitation 
and reintegration into society (De Decker et  al., 2023a, 2023b, 
2023d). Both prophylactic and curative scar management 

therapies are available. Conservative scar management has a 
trifold approach: protection from ultraviolet radiation, hydra-
tion and pressure therapy using garments with or without 
inlays or additional paddings. When this does not suffice, 
there can be opted for (minimally) invasive treatments. 
Intracicatrical drug therapy is still considered the most effec-
tive compared to other more invasive treatments. Ever since 
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the 1960s, the intracicatrical administration of corticoids by 
injection, has been the ‘go-to’ when conservative manage-
ment fails (De Decker et  al., 2023d; Gauglitz et  al., 2011). 
However, injections are extremely painful, operator-dependent 
and do not have a uniform drug distribution pattern, which 
can cause undesired side effects including atrophy, angiotel-
ectasis and calcification (De Decker et  al., 2023d; Gauglitz 
et  al., 2011; Lin et  al., 2019).

Microneedle (MN) arrays are minimally invasive medical 
devices with micron-scaled needle-like projections in a size 
range of 150 to 1000 µm in length. They offer direct drug 
delivery to the dermis, therefore, enhancing transdermal 
delivery efficiency of therapeutical drugs, while preventing 
the stimulation of pain receptors (Tan et  al., n.d; Lin et  al., 
2019; Du and Sun, 2020; Bhadale and Londhe, 2021). To date, 
several MN alternatives are available, namely solid, dissolv-
able, hollow, coated and hydrogel microneedles (Nagarkar 
et  al., 2020; Aldawood et  al., 2021; De Decker et  al., 2023c; 
Koyani, 2020; Prausnitz, 2004). They provide various drug 
delivery mechanisms and efficiencies in line with their appli-
cations. The first type of microneedle arrays was the group of 
solid microneedles, which are typically fabricated of biocom-
patible metals or silicone. Solid MN arrays can efficiently pen-
etrate the stratum corneum, while inflicting microchannels in 
the upper dermis to increase the permeability of the dermis 
toward pharmaceuticals (Nagarkar et al., 2020; Prausnitz, 2004).

Over the past decade, polymer-based solid microneedle 
arrays advanced. Biocompatible, biodegradable 
non-hydrophilic polymers, like poly(lactic acid) (PLA), poly(gly-
colic acid) (PGA) and poly(lactide-co-glycolic acid) (PLGA) 
have drawn attention thanks to their sufficient skin penetra-
tion strength and mass processability (Koyani, 2020). 
Moreover, PLA MN arrays have showed efficient transdermal 
insulin delivery, while PGA MNs have already been exploited 
for transdermal vaccination. PLGA-based MN arrays were 
proven to support long-term controlled drug release of 
hydrophobic pharmaceuticals (Park et  al., 2006), although 
their application in the state-of-the-art remains limited 
(Koyani, 2020), as poly(ε-caprolactone)-based (PCL) MN arrays 
can offer similar properties combining thermostability, and 
low melting point, resulting in more efficient processability; 
moreover, its utilization is cost-efficient. Poly(ε-caprolactone)-
based MN arrays (Andersen et  al., 2018) were proven to pro-
vide sufficient transdermal delivery toward cosmetic 
applications (Ko et  al., n.d), skin cancer treatment (Cheng 
et  al., 2017) and pH responsive gene delivery (Li et  al., 2019). 
Ko et  al. developed PCL (Mn = 70–90 kg/mol, Mw = 80 kg/
mol) and PCL/poly(ethylene glycol) (PEG) blend-based MN 
arrays to encapsulate hydrophilic drugs, rhodamine-6G and 
FITC-collagen. The PCL 80 kg/mol-based MN arrays were able 
to withstand the skin insertion force applied on the arrays 
and provided continuous drug release of the encapsulated 
compounds up to 96 hours (Ko et  al., n.d). However, to date, 
hypertrophic scarring was not involved in the applications of 
PCL-based MN arrays.

To further improve the skin penetration efficacy of PCL, 
photo-crosslinkable PCL-based polymers can offer a viable 
alternative. The introduction of chemical crosslinking points 
thereby forming a polymer network significantly increases 

the stiffness of the material, whilst maintaining its biocom-
patibility (Arslan et  al., 2021). Thijssen et  al. reported a 
PCL-based (Mn = 2000 g/mol) acrylate-endcapped 
urethane-based polymer with a Young’s modulus of 
38.7 ± 4.1 MPa (Thijssen et  al., 2022), which corresponds to an 
approximate 5-fold modulus increase compared to unmodi-
fied PCL Mn = 2000 g/mol (6.3 ± 0.3 MPa; Arslan et  al., 2021) 
upon crosslinking of two acrylate end group functionalities 
on each PCL chain. Upon introducing multifunctional 
end-capping agents (ethoxylated and propoxylated pen-
taerythritol triacrylate, EPPETA, 6 acrylates per chain) on PCL, 
the Young’s modulus further increases up to 57.8 ± 2.9 MPa, 
which implies, that the stiffness can be fine-tuned through 
the crosslink density (Arslan et  al., 2021). Moreover, AUP 
materials have shown solid-state photo-crosslinkability in the 
presence of photoinitiators (Arslan et  al., 2021; Houben et  al., 
2014), allowing for the fabrication of low molar mass 
AUP-PCLs (Mn = 530 g/mol) toward microneedle fabrication 
exploiting solvent-free conditions, while offering shape fidel-
ity to the structures.

Thus far, hypertrophic burn wound treatment involved 
the application of electrospun PCL-based wound dressings 
(Lorden et  al., 2015), in combination with gelatin for the 
delivery of TGF-β-1 inhibitor (Wang et  al., 2017) or palmi-
tine (Jiang et  al., 2021). Another attempt was reported by 
Lin et  al., which involved the application of 5-fluorouracil- 
and triamcinolone-loaded hydroxypropyl-β-cyclodextrin 
enriched hyaluronic acid (HA) microneedles to heal HTS, 
modeled on rabbit ear ex vivo (Lin et  al., 2019). De Decker 
et  al. reported the first clinical pilot study of 
corticosteroid-loaded hyaluronic acid-based dissolving 
microneedle arrays. They successfully maintained a faster 
and improved healing profile on HTS during 4 months of 
therapy, involving 4 MN-insertion treatments. The applied 
HA-based MN arrays were correlating with a drug load of 
0.89 mg/cm2, and the active compound was intradermally 
delivered within 30 minutes following insertion of the arrays 
(De Decker et  al., 2023c).

The current study aims to develop a solid, PCL-based MN 
array for corticosteroid-based intradermal HTS treatment 
toward a long-term drug release profile up to 21 days. To this 
end, a commercially available, FDA-approved PCL with an 
average molar mass of 80 kg/mol was exploited for MN fabri-
cation and was compared with an in-house developed, mul-
tifunctional PCL-based acrylate-endcapped urethane-based 
polymer (AUP-PCL) with a PCL backbone having a molar 
mass of 530 g/mol. The aim was to enable comparison of the 
two PCL-based polymers for their potential toward micronee-
dle fabrication, mechanical strength, and extended drug 
release. Hydrocortisone was applied in the microneedle arrays 
as model drug to treat hypertrophic scarring. Drug release of 
the active compound was investigated for 3 weeks exploiting 
different drug loadings (varying between 1 and 3 mg/MN 
array). Moreover, Brij®35 was exploited as additive, since non-
ionic surfactants can improve the drug release profile with 
regards to efficacy and elongation from MN arrays (Yavuz 
et  al., 2020). Finally, the penetration of the developed MN 
arrays on ex vivo skin samples was evaluated, followed by 
histological evaluation.
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2.  Materials and methods

1.1.  Materials

Poly(ε-caprolactone) (PCL, Mn = 80 kg/mol), poly(ε-caprolactone) 
diol (Mn = 530 g/mol), isophorone diisocyanate (IPDI), triphen-
ylphosphine (TPP), phenothiazine (PTZ), dimethylterephthalate 
(DMT), Brij®35 and phosphate buffered saline (PBS) were pur-
chased from Merck (Belgium). 2,6-di-tert-butyl-4-methylphenol 
(BHT) was obtained from Innochem (Belux). Deuterated chloro-
form was purchased from EurIsotop (Belgium). Ethoxylated and 
propoxylated pentaerythritol triacrylate (EPPETA) and bismuth 
neodecanoate catalyst were kindly provided by Allnex 
(Belgium). Diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide 
(TPO-L) was provided by Lambson (UK). Chloroform and ace-
tone were purchased from ChemLab (Belgium). Hydrocortisone 
was purchased from the Apothecary of the Ghent University 
Hospital, (UZ Ghent, Ghent, Belgium). The skin samples were 
obtained from residual waste from a subcutaneous mastec-
tomy. Small containers with 10% formol were purchased from 
VWR Chemicals (Fontenay-Sous-Bois, France) and automatic 
hematoxylin and eosin (HE) staining of the paraffin slices was 
used (T181 Tissue- Tek Prisma Plus, Sakura Finetek, Antwerp, 
Belgium).

1.2.  Synthesis of acrylate-endcapped urethane-based 
poly(ε-caprolactone)

AUP-PCL (Figure 2) was developed based on a previously 
reported protocol from our group (Vermoesen et  al., 2023). In 
brief, one-pot synthesis was performed in bulk. PCL diol with 
a molar mass of 530 g/mol was chosen as polymer backbone. 
0.4 mol PCL diol (200 g) was reacted with two molar equiva-
lents (0.8 mol, 168 g) of IPDI at 75 °C under inert atmosphere 
for 2 hours, in the presence of bismuth neo-decanoate as 

catalyst (600 ppm) to introduce urethane groups on the -OH 
functionalities of the backbone. Next, two molar equivalents 
of EPPETA functioning as endcapping agent (0.8 mol, 432 g) 
were added dropwise under vigorous stirring, in the presence 
of bismuth neodecanoate catalyst (additional 600 ppm) to 
form another urethane functionality with the free -NCO moi-
ety of the IPDI units. Subsequently, TPP and PTZ were added 
as post-stabilizers (1000 ppm each). The nomenclature of the 
product will be AUP-PCL530-HA throughout the manuscript.

1.3.  Physico-chemical characterization of AUP-PCL

1.3.1.  Structural analysis and molar mass determination 
via proton nuclear magnetic resonance (1H-NMR) 
spectroscopy
The chemical structure of the AUP-PCL530-HA was deter-
mined via 1H-NMR spectroscopy (Bruker Avance 300 MHz 
Spectrometer) in the presence of DMT as internal standard 
(10 mg/ml concentration for both components) in deuterated 
chloroform as solvent. The characteristic peaks in the spec-
trum were allocated to the different parts of the molecular 
structure (Figure 2). The spectrum was analyzed with the 
help of MestReNova software. The acrylate content (Macry., 
mmol acrylate/g AUP) was determined based on the integrals 
of the characteristic DMT and acrylate peaks and using the 
following equation (Eq. (1)):
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where Iδ = 5.83 ppm + Iδ = 6.12 ppm + Iδ = 6.40 ppm refers to 
the sum of the signal integrals of the protons present in the 

Figure 2.  Physico-chemical characterization of the developed AUP-PCL530-HA polymer. (A) shows the 1H-NMR spectrum of the product (the representative peaks 
are highlighted in yellow for the PCL backbone and in orange for the acrylate moieties) and of dimethyl terephthalate (DMT, internal standard, the representative 
peak is highlighted in blue). The acrylate content (2.17 mmol/g AUP-PCL530-HA) and molar mass (Mw = 2600 g/mol) of the product were evaluated based on the 
highlighted integrals and of Eqs. (1)–(2) and are in line with previous reports (O’Neil, 2001). (B) represents the swelling degree and gel fraction of the final prod-
uct. The swelling degree implied limited swelling in chloroform, while the gel fraction suggested efficient photo-crosslinking.
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acrylates (δ = 5.83, 6.12 and 6.40 ppm), Iδ = 8 ppm refers to 
the signal integral of the protons from the aromatic ring in 
DMT (δ = 8 ppm), Nδ = 5.83 ppm + Nδ = 6.12 ppm + Nδ = 
6.40 ppm equals the number of protons present in the acry-
late end groups, NH, δ = 8 ppm is the number of protons in 
the benzene ring of DMT, WDMT is the mass of DMT (g), WAUP 
is the mass of AUP (g) and MWDMT is the molar mass of DMT 
(194.186 g/mol).

Subsequently, the molar mass of the AUP-PCL530-HA 
product was determined using Eq. (2):
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where Iδ = 5.83 ppm + Iδ = 6.12 ppm + Iδ = 6.40 ppm refers 
to the sum of the signal integrals of the protons present in 
the acrylates (δ = 5.83, 6.12 and 6.40 ppm), Iδ = 1.40 ppm 
refers to the signal integral of the protons from the methy-
lene group in the ε-caprolactone units (δ = 1.40 ppm), Nδ = 
5.83 ppm + Nδ = 6.12 ppm + Nδ = 6.40 ppm equals the number 
of protons present in the acrylate end groups, NH, δ =1.40 ppm is 
the number of protons in the methylene group in the 
ε-caprolactone units (δ = 1.40 ppm), Wmonomer is the molar 
mass of the PCL-diol unit (in g/mol), WIPDI and WEPPETA are the 
molar mass of isophorone diisocyanate and the acrylate end-
cap, respectively (in g/mol). The endcap was built in on both 
sides of the PCL diol backbone. Therefore, the WEPPETA was 
multiplied by 2. X depicts the repeating backbone unit of the 
PCL-diol-IPDI units, and 103.43 g. mol−1 is the molar mass of 
the PCL-diol initiator molecule.

1.3.2.  Swelling and gel fraction experiments
To determine the swelling capacity and gel fraction of the 
photo-crosslinked AUP-PCL530-HA in the presence of chloro-
form as solvent, first 1 mm-thick sheets of AUP-PCL-HA were 
film-casted. In brief, 1 g AUP-PCL530-HA was dissolved in 5 ml 
chloroform and supplemented with TPO-L as photoinitiator in 
a 2 mol% concentration with respect to the double bonds 
present in the material (2.17 mmol/g). Chloroform was evapo-
rated from the sample and afterwards, the AUP-PCL530-HA 
was transferred between 2 parallel glass plates covered with 
Teflon foil, separated with a 1 mm silicone spacer. 
AUP-PCL530-HA was UV-A irradiated for 30 min (λ = 365 nm, 
I = 7.5 mW/cm2). Subsequently, disks of 7 mm diameter were 
punched out and dried under vacuum. Dry AUP-PCL530-HA 
disks were weighed (wd1) and afterwards incubated in chloro-
form for 24 hours. The mass of the swollen samples was deter-
mined (ws) and finally, the swollen samples were vacuum dried 
and weighed (wd2). The swelling degree and gel fraction were 
determined with the following equations (Eq. (3)–(4)):

	 Swelling degree
w

wd

−[ ] =
2

	 (3)

	 Gel fraction
w

w

d

d

% %[ ] = ⋅,

,

2

1

100 	 (4)

1.4.  Fabrication and characterization of PCL-based MN 
arrays

For the development and fabrication of the MN arrays, two 
starting materials were applied, including AUP-PCL530-HA 
and PCL 80 kg/mol. In the following section, the fabrication 
and characterization of the two types of MN arrays will be 
described.

To characterize the drug release profile from the micronee-
dle arrays, a corticosteroid i.e., hydrocortisone (HC), was cho-
sen as model drug. In order to further tune the drug release 
profile of the hydrocortisone, Brij®35, a nonionic surfactant 
was applied as solubility enhancer (Yavuz et  al., 2020). Table 
1 summarizes the developed PCL-based MN precursor formu-
lations with respect to their drug and solubility enhancer 
content, as well as to the applied solvents. The listed solu-
tions were exploited for MN array fabrication throughout the 
manuscript.

1.4.1.  Preparation of MN array precursor solutions
500 mg AUP-PCL530-HA or PCL 80 kg/mol was incorporated 
in the formulations indicated in Table 1. When preparing 
AUP-PCL530-HA solutions, TPO-L as photoinitiator was also 
added in 2 mol% concentration with respect to the double 
bonds present in the material (2.17 mmol/g). The amount of 
solvent applied was calculated based on the solubility of HC 
(O’Neil, 2001) (1.6 mg/ml in chloroform and 9.3 mg/ml in 
acetone).

1.4.2.  Vacuum molding of PCL-based compositions
PDMS molds, kindly provided by Smicna Pte. Ltd (Singapore), 
were exploited with an array surface area of 10 × 10 mm2, 6 
on 6 MN array, with MN cavities of 1000 µm height and 
500 µm pillar base width with 300 µm interpillar distance. In 
order to fabricate solid microneedle arrays with an active 
compound cargo only in the needles, fractional molding was 
performed in a BINDER Vacuum drying chamber (Figure 1). 
Prior to molding, different solutions of PCL-based samples 
were prepared (as indicated in Table 1).

In case of the PCL 80 kg/mol-based samples, a 30 wt% 
solution was applied for molding (note that the samples 
were dissolved in a larger amount of chloroform 3–15 wt%, 
see Table 1; therefore, the excess solvent was evaporated 
from the samples) to fill the needle cavities. Subsequently, 
the solutions were transferred onto the molds and placed in 
the vacuum oven at 60 °C. In order to achieve efficient pene-
tration of the PCL 80 kg/mol into the microneedle cavities, 
the above-mentioned step was repeated 2 times. Afterwards, 
the excess of the molding solution was removed from the 
molds, and the base of the microneedle arrays was filled with 
blank PCL 80 kg/mol solutions (30 wt%). The samples were 
air-dried overnight and removed from the molds the fol-
lowing day.
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In case of the AUP-PCL530-HA samples, a 55 wt% solution 
was applied for molding (in the presence of 2 mol% TPO-L as 
PI, with regard to the acrylate content of the polymer; note 
that the samples were dissolved in a larger amount of chlo-
roform 1.4–8 wt%, see Table 1, therefore, excessive solvent 
was evaporated from the samples, vide supra). The vacuum 
molding was performed at 50 °C. Afterwards, excessive mold-
ing solution was removed from the molds, while the base of 
the microneedle arrays was filled with blank AUP-PCL530-HA 
solutions (55 wt%) and UV-A irradiated (I = 7.5 mW/cm2) for 
10 minutes to gain shape fidelity. Subsequently, the samples 
were removed from the molds and air-dried prior to 
application.

1.4.3.  Casting of AUP-PCL and PCL based polymer films
The general film-casting procedure of AUP-PCL530-HA sam-
ples was described under Swelling, gel fraction experiments 
(vide supra) section. Hereby, the different compositions listed 
in Table 1 were crosslinked for the thermal evaluation of the 
compositions. To perform film casting of PCL 80 kg/mol sam-
ples, different PCL 80 kg/mol-based solutions (Table 1) were 
prepared and transferred between two glass plates separated 
with a 1 mm silicone spacer. Prior to film casting, the exces-
sive solvent (5–25 ml) was evaporated from the plates. Upon 
achieving shape fidelity of the different PCL-based composi-
tions, the samples were vacuum dried at 50 °C.

1.4.4.  Determination of thermal properties via differential 
scanning calorimetry (DSC) and thermogravimetric 
analysis (TGA)
Thermogravimetric analysis was performed on a TGA Q50 (TA 
Instruments) at a heating rate of 10 °C/min from 35 °C up to 
750 °C on 10 mg sample amounts. The degradation tempera-
ture was determined as the value measured at 5% weight 
loss. Samples were weighed in a platinum pan under a nitro-
gen flow (60 ml/min) and the balance was stabilized at a 
nitrogen flow of 40 ml/min.

To determine the thermal transitions in the polymer com-
positions (glass transition, Tg, crystallization, Tc and melting 
temperature, Tm), differential scanning calorimetry (DSC, 
Q2000, TA Instruments, RSC90 cooler, Zellik, Belgium) mea-
surements were performed on 5 mg sample amounts. The 
samples were measured in Tzero pans, while an empty pan 
was used as reference, and all the measurements were per-
formed under nitrogen flow (50 ml/min). Two heating cycles 
were executed, with a cooling cycle in between. The first 
cycle was to erase the thermal history of the samples, accord-
ing to the following method: (1) Equilibrate at 0 °C. (2) First 
heating cycle at a heating rate of 10 °C/min up to 100 °C. (3) 
Isothermal for 5 min at 100 °C. (4) Cooling cycle at a cooling 
rate of 10 °C/min to −90 °C. (5) Isothermal for 5 min at −90 °C. 
(6) Second heating cycle at a heating rate of 10 °C/min up to 
250 °C. Isothermal for 5 min at 250 °C. The gained data both 

Table 1. L ist of the developed PCL-based MN precursor formulations utilized during molding.

PCL type

Hydrocortisone (HC) 
content (mg/mg 

polymer)

Hydrocortisone (HC) 
content (mmol/mmol 

polymer)
Brij®35 content

(µl/mg polymer)

Brij®35 content
(mmol/mmol 

polymer_ Solvent
Amount of 

solvent (ml)

PCL 80 kg/mol – – – – Chloroform 5
50/500 0.14/0.01 – – 25

– – 50/500 0.04/0.01 5
50/500 0.14/0.01 50/500 0.04/0.01 25

AUP-PCL530-HA – – – – Acetone 5
50/500 0.14/0.19 – – 6

– – 50/500 0.04/0.19 5
50/500 0.14/0.19 50/500 0.04/0.19 6

125/500 0.34/0.19 – – 14
125/500 0.34/0.19 50/500 0.04/0.19 14
250/500 0.69/0.19 – – 28
250/500 0.69/0.19 50/500 0.04/0.19 28

Figure 1.  Scheme representing the molding procedure. (a) represents the vacuum molding of the PCL 80 kg/mol-based MN arrays, while (b) shows the vacuum 
molding procedure for the AUP-PCL530-HA-based MN arrays. The illustration was prepared with Biorender.
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from the TGA and DSC measurements were analyzed in the 
TA Universal Analysis software.

1.4.5.  Compression testing of MN arrays
To determine the mechanical properties, compression testing 
was performed on a universal testing machine (Tinius Olsen) 
equipped with a 25  N load cell at room temperature (De 
Decker et  al., 2023c). The preload was set at 0.1 N, and the 
speed of the compression was set at 0.5 mm/min until 20 N 
load was reached. The load as a function of displacement 
was evaluated. Wei-Ze et  al showed that 7 N is considered as 
thumb insertion force on skin samples upon applying 
microneedle arrays. Therefore, the goal was to identify, if the 
fabricated MN arrays can withstand 7 N compression force 
(Wei-Ze et  al., 2010).

1.4.6.  Swelling and gel fraction of the MN array 
formulations
To determine the swelling capacity and gel fraction of 
photo-crosslinked AUP-PCL530-HA and PCL 80 kg/mol in dis-
tilled water, prior to the drug release studies, first, a 1 mm 
thick sheet of AUP-PCL-HA was film-casted, as described in 
the section Swelling and gel fraction experiments (vide supra). 
Subsequently, disks of 7 mm diameter were punched out 
from the crosslinked AUP-PCL530-HA sheet. The 
AUP-PCL530-HA disks and untreated PCL 80 kg/mol samples 
were dried under vacuum. The dry PCL-based samples were 
weighed (wd1) and afterwards incubated in distilled water for 
72 hours at 37 °C and weighed (ws). Finally, the swollen sam-
ples were vacuum dried and weighed (wd2). The swelling 
degree and gel fraction were determined with Eqs. (3)–(4).

1.4.7.  Drug release studies
Prior to the UV–VIS measurements (Shimadzu UV1900I) 
during the drug release study, the UV–VIS spectrum of 
hydrocortisone was evaluated to assess the λmax of the 
compound. The absorbance spectrum of HC as a function 
of wavenumber (nm) was recorded. The λmax value was 
used for further measurements. In addition, the UV–VIS 
spectrum of Brij®35 was recorded, in order to confirm that 
the additive did not exhibit an interfering UV–VIS signal 
with the HC.

To evaluate the drug release profile of the fabricated MN 
arrays, four samples of each sample type were evaluated 
(n = 4). The samples were incubated in 1 ml PBS at 37 °C. 
Upon sampling, the full volume (1 ml) of PBS was removed 
and refreshed to gain information on the cumulative release 
profiles. Sampling was performed after 0, 1, 2, 4, 6, 24 hours 
and after 2, 3, 5, 7, 10, 14, 17, 21 days. Table 2 gives informa-
tion on the sample contents and the amount of HC and/or 
Brij®35 encapsulated. The collected samples were analyzed via 
UV–VIS spectroscopy (Shimadzu UV1900I), in photometric 
mode investigating the absorbance at λ = 251 nm.

1.4.8.  Morphological evaluation of MN arrays
To study the effect of the drug release testing, compression 
testing and skin insertion on the morphology of the molded 

MN arrays, scanning electron microscopy (SEM, JEOL 
JCM-7000) was exploited. Prior to visualization, the samples 
were vacuum dried at 50 °C to remove all solvent residues 
and gold coated (Automatic Sputter Coater K550X with a RV3 
two stage rotary vane pump) to maintain conductivity of the 
samples. The visualization was performed in secondary elec-
tron (SEC) mode.

1.5.  Histological evaluation of skin insertion efficiency

Skin for ex vivo penetration experiments were procured as 
residuary material after surgery, i.e., subcutaneous mastec-
tomy in a transmale patient concerning gender affirming 
surgery. Oral and written informed consent were obtained 
from the patient prior to tissue procurement. AUP-PCL530-HA 
and PCL 80 kg/mol MN arrays were tested, both empty and 
drug-embedded. The skin sample was carefully dissected 
after procurement, and both glandular and fatty tissue 
were removed up to the dermal layer. The ex vivo skin 
sample was then stretched using surgical instruments and 
subsequently pierced thrice with the same sample using 
thumb force. The array was then removed and stored for 
integrity evaluation. The tissue was fixated in a 10% formol 
solution. Automatic Hematoxylin and Eosin staining of the 
paraffin slices was used (T181 Tissue-Tek Prisma Plus, 
Sakura Finetek, Antwerp, Belgium). Skin penetration capac-
ity was assessed by evaluating the skins’ epidermal layer 
using optical microscopy (Axio Lab A1, Zeiss, Jena, 
Germany) on the 3 µm thick histological slices. The analysis 
of transdermal penetration characteristics for the formed 
microneedle cavities was conducted using analytical histo-
logical software NDP View 2. This evaluation focused on 
measuring both the depth of microneedle penetration, the 
width of epidermal separation at the microneedle cavity’s 
base and the distance between two microneedle cavities 
on average.

Table 2. L ist of the developed PCL-based MN precursor formulations utilized 
during characterization of the MN arrays, drug release studies and skin pene-
tration evaluation. As not all types of arrays were evaluated in all studies, each 
subsection defines the utilized sample types throughout the manuscript utiliz-
ing the samples codes. The effectively encapsulated HC amounts were deter-
mined after the molding procedure.

PCL type

Hydrocortisone 
(HC) content 

(mg/mg 
polymer)

Effectively 
encapsulated 
HC (mg/MN 

array)

Brij®35 
content
(µl/mg 

polymer)
Code name
PCL-type +

PCL 80 kg/mol – – – Control
50/500 2.98 ± 0.66 – HC

– – 50/500 Brij®35
50/500 1.64 ± 0.39 50/500 HC + Brij®35

AUP-PCL530-HA – – – Control
50/500 1.15 ± 0.21 – HC

– – 50/500 Brij®35
50/500 0.95 ± 0.10 50/500 HC + Brij®35

125/500 1.02 ± 0.35 – 2.5×, HC
125/500 1.13 ± 0.14 50/500 2.5 section, 

HC + Brij®35
250/500 2.78 ± 0.43 – 5 section, HC
250/500 1.98 ± 0.30 50/500 5 section, 

HC + Brij®35
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1.6.  Statistical analysis

At least n = 3 replicates were applied in all experiments, pre-
sented as mean ± standard deviation. GraphPad Prism 8.0.2. 
was used to perform one-way ANOVA and student’s t-tests, 
unless otherwise stated. Results were statistically significant 
in case P < .05.

2.  Results and discussion

2.1.  Synthesis of acrylate-endcapped urethane-based 
poly(ε-caprolactone)

2.1.1.  Physico-chemical characterization of the photo-
crosslinkable PCL
Physico-chemical characterization of the acrylate-endcapped 
urethane-based precursor was performed to verify successful 
synthesis. The 1H-NMR spectrum of AUP-PCL530-HA con-
firmed that the acrylation of the PCL-diol was sufficient, with 
a final acrylate concentration of 2.17 mmol/g AUP-PCL530-HA 
(based on Eq. (1), see Figure 2 (A)). The molar mass was 
determined based on the NMR spectrum and Eq. (2) and was 
found to be 2600 g/mol, which was in line with previous 
reports (Vermoesen et  al., 2023). Subsequent to the synthesis, 
the swelling degree of the product was evaluated in chloro-
form, based on Eq. (3), which showed a swelling capacity of 
2.21 ± 0.06. The gel fraction was 94.55 ± 2.11%, based on Eq. 
(4), which implies efficient crosslinking (Figure 2 (B)).

2.2.  Evaluation of PCL-based MN arrays

2.2.1.  Physical evaluation of the MN arrays
2.2.1.1.  Swelling and gel fraction determination of PCL-
based polymers in aqueous media.  As the drug release 
takes place in aqueous conditions in the skin, the swelling 
behavior and gel fraction values of crosslinked AUP-PCL530-
HA and solid PCL 80 kg/mol were determined in distilled 
water at body temperature (37 °C). AUP-PCL530-HA showed a 

swelling degree of 1.07 ± 0.03, while PCL 80 kg/mol showed a 
swelling degree of 1.01 ± 0.00 (Figure 3(A)). This implied that 
neither of these PCL-based materials showed a significant 
swelling in aqueous conditions.

The gel fraction values suggested, that in case of 
AUP-PCL530-HA, the obtained values were not significantly 
different from the ones measured in chloroform (94.18 ± 0.53% 
in distilled water, Figure 3(B), vs 94.55 ± 2.11% in chloroform, 
Figure 2(B)), whereas for PCL 80 kg/mol, a value of 
99.69 ± 0.26% was found (Figure 3(B)). The results implied 
that the additives incorporated during the synthesis of 
AUP-PCL530-HA (Vermoesen et  al., 2023) (catalysts, unreacted 
endcapping agent, radical scavengers, such as BHT (Buthylated 
hydroxytoluene, Safety data sheet - Buthylated hydroxytolu-
ene., n.d), TPP (Triphenylphosphine., n.d), PTZ (Phenotiazine, 
Safety data sheet - Phenotiazine, Safety Data Sheet., n.d), 
etc.) leached out upon swelling the AUP polymer in aqueous 
media, which caused a reduction in the gel fraction values 
(compared to 100%).

2.2.1.2.  Thermal properties of PCL-based polymers.  The 
thermal properties of the PCL-based polymer formulations, as 
well the model drug (hydrocortisone) and the additive 
(Brij®35) individually were evaluated via thermogravimetric 
analysis (TGA) and differential scanning calorimetry (DSC). In 
case of the AUP-PCL530-HA samples, crosslinked blends were 
used for the following tests. The extensive list of the blends 
can be found in Table 2, while Tables 3–4 show the 
compositions utilized in each measurement along with the 
gained results.

Table 3 presents the 5% mass loss temperature and onset 
temperature of the degradation of the different compounds 
and their blends. The results suggested that the hydrocorti-
sone and Brij®35 exhibited a lower degradation temperature 
compared to pure PCL 80 kg/mol and AUP-PCL530-HA poly-
mers. The presence of the additives in the PCL-based formu-
lations substantially lowered the degradation temperature of 
the polymer–additive blends (Mondal et  al., 2016), as the 
degradation temperatures of the additives were lower than 

Figure 3.  Swelling degree and gel fraction values of AUP-PCL530-HA and PCL 80 kg/mol in aqueous media. (a) suggests that no significant swelling of the 
PCL-based polymers could be observed in distilled water, which is in line with the hydrophobic nature of PCL. (B) shows a high (>90%) gel fraction for the 
PCL-based polymers in aqueous media. However, in case of the AUP-PCL530-HA, the leaching out of additives applied during production (O’Neil, 2001) could be 
observed through the gel fraction decrease.
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those of the polymer matrices, especially when considering 
the 5% weight loss temperatures. Nonetheless, since the deg-
radation temperatures were exceeding the intended applica-
tion temperature, being body temperature (37 °C), the MNs 
would not exhibit any signs of degradation during use.

To investigate the thermal properties of the MN blends, 
DSC measurements were performed. PCL with a molar mass 
of 80 kg/mol is a semi-crystalline polymer, although it is 
amorphous when it has a molar mass of 530 g/mol due to 
the short chains not capable of forming crystalline associa-
tions (Mondal et  al., 2016).

In case of the PCL 80 kg/mol blends, the goal was to eval-
uate whether the hydrocortisone or Brij®35 would have a sig-
nificant effect on the crystallinity and hence, on the drug 
release profile of the formulations. Upon incorporation of HC 
into the PCL 80 kg/mol blends, the Tc (from 26 °C to 31 °C) 
showed a substantial increase, implying that HC crystals 
within the polymer could act as nucleation sites, increasing 
the crystallization temperature of the polymer (Van 
Renterghem et  al., 2018). The Tm did not show a substantial 
difference (increase from 51 °C to 52 °C), although the melting 
enthalpy (Hm) decreased from 65.7 J/g to 44.6 J/g which sug-
gested a lower degree of crystallinity of PCL, upon incorpo-
rating the drug. As the Tm values were situated around 50 °C, 
hence exceeding body temperature, the PCL 80 kg/mol-based 

MN arrays were in semi-crystalline state at application tem-
perature. This also applies for the MN arrays supplemented 
with Brij®35 versus HC + Brij®35.

A second crystallization and melting peak could be 
observed on the DSC thermogram in case of the blends 
containing Brij®35 only, which are lower than the Tc and Tm 
of the PCL 80 kg/mol and Brij®35 (Table 4). This could be the 
result of the formation of surfactant aggregates or 
surfactant-polymer aggregates during sample preparation in 
the precursor solution, and in the dry MN arrays as well. 
The melting enthalpy of this second peak was significantly 
lower than the one of the pure PCL, as the Brij®35 content 
of the samples was only 50 µl/500 mg (corresponding to 
0.04 mmol/0.01 mmol) polymer; therefore, the amount of 
aggregates compared to the full sample mass was limited 
(Rask et  al., 2018). Interestingly, in case of HC + Brij®35 con-
taining formulations, the crystallization and melting peaks 
in the region of Brij®35 melting were not detectable, 
although a melting peak at Tm = 167 °C was present, along 
with a substantially lower melting enthalpy compared to 
that of pure PCL. The decrease of melting enthalpy, which 
can be rendered to HC/polymer aggregates was in agree-
ment with the observations in case of the Brij®35 incorpo-
rated samples (Brij®35/polymer aggregates). As the Tm was 
observed at relatively high temperatures in case of the 
HC + Brij®35 incorporating PCL 80 kg/mol samples, closer to 
the melting temperature of pure HC (Tm = 225 °C (Khan 
et  al., 2017), it was hypothesized that in a PCL 80 kg/mol/
HC/Brij®35 ternary system, the coordination of the Brij®35 to 
the HC molecules was predominant over its association with 
PCL 80 kg/mol, resulting in the formation of Brij®35-HC 
aggregates in the MN systems (Rask et  al., 2018; Solaiman 
et al., 2015; Kapourani et al., 2021). Within the surfactant-drug 
aggregates, the Brij®35 had a plasticizer effect on the crys-
talline HC, which resulted in a Tm decrease compared to 
that of the pure compound (Kapourani et  al., 2021).

In case of the AUP-PCL530-HA-based compositions, no 
crystallization or melting were detectable in the control sam-
ples nor in the Brij®35-containing compositions, suggesting 
that the additive had an excellent miscibility in AUP-PCL530-HA 

Table 3.  TGA data of the PCL-based polymer compositions applied for the 
development of the MN arrays.

PCL type

Hydrocortisone 
(HC) content* 

(mg/mg 
polymer)

Brij®35 
content*

(µl/mg 
polymer)

5% mass 
loss 

temperature
(°C)

Onset 
temperature

(°C)
- 50/0 – 256 315
- – 50/0 236 347
PCL 80 kg/mol – – 360 375

50/500 – 307 373
– 50/500 301 362

50/500 50/500 302 371
AUP-PCL530-HA – – 297 334

50/500 – 274 357
– 50/500 290 336

50/500 50/500 296 337

*The molar ratios of the HC and Brij®35 are listed in Table 1.

Table 4.  Thermal properties of the PCL-based polymer compositions and additives applied for the development of the MN arrays determined via DSC.

PCL type

Hydrocortisone (HC) 
content (mg/mg 

polymer)

Brij®35 
content
(µl/mg 

polymer)
Molding 
solvent

Tc
[°C]

Tcp
[°C]

Hc
[J/G]

Tg
[°C]

Tm
[°C]

Tmp
[°C]

Hm
[J/G]

- 50/0 – - – – – – 224.7 225.1 131.5
- – 50/0 - 19.4 16.2 130.7 – 32.7 42.8 112.3
PCL 80 kg/mol – – Chloroform 25.8 18.5 59.5 −62.5 50.9 55.5 64.7

50/500 – 30.7 26.7 56.2 −61.3 51.5 55.4 44.6
– 50/500 35.5 27.1 48.0 −59.1 51.2 55.6 39.4

7.7* −0.1* 7.3* -* 23.5* 36.5* 9.6*
50/500 50/500 35.0 30.8 51.9 −62.4 52.6 55.1 52.2

– – – – 140.7** 166.9** 4.0**
AUP-PCL530-HA – – Acetone – – – – – – –

50/500 – – – – – – – –
– – – – 166.2** 198.7** 6.6**

– 50/500 – – – – – – –
– – – – – – –

50/500 50/500 – – – – – – –
– – – – 198.3** 211.7** 0.1**

*Second melting/crystallization peak appearance in the region of melting/crystallization of pure Brij®35 compound.
**Second melting/crystallization peak appearance in the region of melting/crystallization of pure hydrocortisone compound.
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showing no specific aggregation profile (Gainanova et  al., 
2006). In case of the AUP-PCL530-HA samples supplemented 
with HC, a melting peak was observed corresponding with a 
Tm = 166 °C—although lower than the melting temperature 
of the pure HC compound (Tm = 225 °C; Khan et  al., 2017)—
along with a considerably lower melting enthalpy (Hm). This 
implied partial crystalline phase separation of the drug mol-
ecule from the AUP-PCL530-HA matrix (Rask et  al., 2018). In 
agreement with the previous observations for the PCL 80 kg/
mol matrix, upon supplementing AUP-PCL530-HA with the 
combination of HC + Brij®35, a minor melting peak close to 
the melting region of the pure Brij®35 (Tm = 33 °C) was 
observable at Tm = 35 °C, with a Hm = 0.14 J/g. Upon supple-
mentation of the HC containing AUP-PCL530-HA samples 
with Brij®35, the surfactant lowered the crystallinity of the 
drug molecules (Claeys et  al., 2015), creating an amorphous 
distribution of the HC in the matrix, while forming Brij®35 
aggregates, which could be observed in the DSC thermo-
gram (Gainanova et  al., 2006; Qi et  al., 2013; Kapourani et  al., 
2021). Therefore, it was hypothesized that the second melting 
peak in the DSC thermograms of AUP-PCL530-HA, supple-
mented with HC + Brij®35 was resulting from the presence of 
Brij®35 aggregates in the blends. On the contrary, the appear-
ance of a second melting peak in the PCL 80 kg/mol samples’ 
thermograms was in the HC region, upon utilizing HC + Brij®35 
in the blend suggesting the partial crystallization of HC. 
Costa et  al have observed a similar phenomenon, namely 
that plasticizers (herein Brij®35) influence the crystallization of 
crystalline drug molecules in polymer matrices, which can act 
as nucleation site for crystallization (Costa et  al., 2016). 

However, these interactions depend on the properties of the 
polymer/surfactant/drug ternary systems.

2.2.2.  Mechanical properties of the micro-molded arrays
Park et  al developed a standard method for evaluating the 
mechanical properties and skin insertion efficiency of PLA, 
PGA and PLGA MN arrays which was extended to all MN 
prototypes ever since (Park et  al., 2005, 2006). The mechan-
ical evaluation of the herein developed PCL-based MN 
arrays was executed with the method mentioned above. 
The load (N) was monitored as a function of displacement 
for the PCL-based MN arrays (n = 4). The data showed that 
the microneedles were still intact at a 7 N load (Figure 4), 
which is corresponding with the hand-pressing load on the 
arrays upon application on the treated area (F N

i
≅ 7 , Figure 

4(A and B) (Wei-Ze et  al., 2010). The presence of HC and/or 
Brij®35) did not show a pronounced effect on the 
macro-mechanical properties of the MN arrays at 7 N inser-
tion force. However, above 15 N load, in case of the 
AUP-PCL530-HA arrays, while above 8–10 N in case of the 
PCL 80 kg/mol samples, the mechanical integrity of the MN 
arrays was compromised. The PCL 80 kg/mol needles 
showed an irreversible bending of the needles upon com-
pression, although the majority of the AUP-PCL530-HA nee-
dles remained intact after compression. Thanks to the 
amorphous state of the PCL530, the structures maintained 
outstanding flexibility.

However, the DSC results suggested (Table 4), that in case 
of the AUP-PCL530-HA HC loaded sample, partial crystalliza-
tion of the HC was observable, yet in HC and Brij®35 loaded 

Figure 4.  Mechanical evaluation of the PCL-based MN arrays exploiting compression testing. Both the AUP-PCL530-HA and PCL 80 kg/mol MN arrays could with-
stand the 7 N compression force limit, which is considered the hand-pressing insertion force. The AUP-PCL530-HA-based MN arrays showed excellent compression 
resistance up to 15-20 N load, whereas the PCL 80 kg/mol-based MN arrays could withstand 8–10 N load at 0.5 mm/min compression speed. The presence of HC 
and/or brij®35 did not show a pronounced effect on the mechanical properties of the MN arrays.
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samples, no crystallization peak of the HC was detectable. 
SEM micrographs showed inhomogeneities across the needle 
structures of both samples (Figure 8 – HC loaded, Figure S2 
HC + Brij®35 loaded). Generally, the presence of crystalline 
additives, which can interface with the polymer matrices, can 
lead to the presence of nucleation sites of fracture (Hardy 
et  al., 2006). While the AUP-PCL530-HA MN arrays encapsulat-
ing HC did not show failure of the needle structures, in case 
of the structures of the MNs incorporating HC + Brij®35, nee-
dle failure and fracture were observable, due to the plasti-
cizer effect of the surfactant on the polymer matrix (Yavuz 
et  al., 2020; Heng and Wan, 1990; Johnson et  al., 2022) 
(Figure S2).

2.2.3.  Drug-release profile of the different PCL 80 kg/mol 
and AUP-PCL530-HA MN-arrays
The aim of the study was to develop a MN array, which is 
characterized by an extended controlled corticoid release 
profile over 21 days. Multiple types of corticosteroids exist 
with different potencies toward HTS treatment. For corticoid 
injection, triamcinolone acetonide (TAC, 434.5 g/mol) and 
betamethasone (BM, 392.5 g/mol) are most commonly used. 
HC (362.5 g/mol), being characterized by a similar molar mass 
as compared to TAC and BM, was used for the embedding 
process. Given the similar molar mass of these products, a 
similar distribution pattern could be expected. Given the 
hydrophobic nature of the PCL-based polymers, supported by 
the swelling data (Figure 3(A)), which suggested that neither 
the AUP-PCL530-HA (1.07 ± 0.03), nor the PCL 80 kg/mol 
(1.01 ± 0.00) showed significant swelling in aqueous media, 
upon homogeneous drug distribution in the MN arrays. 
Hence, the diffusion of HC upon release from the polymer 
matrices could be described by the Fickian diffusion model 
(Park et  al., 2006).

Prior to the evaluation of the drug release profile, the UV–
VIS spectrum of the pure HC and Brij®35 was recorded (Figure 
S1). Brij®35 exhibited no overlapping signals with HC in the 
UV–VIS region, rendering UV–VIS spectroscopy suitable for 
evaluating drug release.

Figure 5(A) illustrates the release profile of HC from the 
AUP-PCL530-HA (left) and PCL 80 kg/mol (right) MN arrays. 
MN arrays of pure polymers (control), MN arrays incorporat-
ing only HC or Brij®35 versus HC + Brij®35 were evaluated. The 
composition of the arrays, along with the efficiently encap-
sulated HC amount/array is listed in Table 2. The 
HC-incorporating MN arrays showed a continuous HC release 
up to 21 days in case of the AUP-PCL530-HA arrays 
(49.6 ± 13.8% of the original drug load, correlating to 
0.57 ± 0.10 mg HC), while the PCL 80 kg/mol-based MNs only 
offered a release for 48 hours (13.6 ± 3.8% of the original 
drug load, correlating to 0.40 ± 0.09 mg HC). Orozco-Castellanos 
et  al reported similar values for HC release from PCL-based 
polymers (Orozco-Castellanos et  al., 2011). At pH 7.4, they 
reported a cumulative release of HC ranging from about 
13%–45% based on the amount of amorphous polymer 
phase in the PCL-based matrices. The more extended the 
amorphous region was, the more pronounced the HC release 
(Orozco-Castellanos et  al., 2011). Similarly, it could be stated 

that the AUP-PCL530-HA amorphous polymer-based MN 
arrays outperformed the semi-crystalline PCL 80 kg/mol-based 
ones (Heng and Wan, 1990). The observations were in line 
with the study from Izumikawa et  al. focusing on the drug 
release of crystalline progesterone from amorphous and 
crystalline PLLA microspheres, which proved that an amor-
phous matrix significantly increased the drug release effi-
ciency from the polymeric carrier (Izumikawa et  al., n.d). The 
AUP-PCL530-HA hydrocortisone-loaded MN arrays provided a 
42.5% higher HC release over a 10-times longer period. This 
implied an extended, sustained release of the corticosteroid 
in the hypertrophic scars.

In order to improve the drug release efficiency, the 
HC-loaded MN arrays were supplemented with Brij®35, a non-
ionic surfactant (Table 2, Figure 5(A and B)). Surfactants can 
provide a significant increase in drug release rates, which has 
been exploited in pharmaceutical formulations since the 
1980s (Heng and Wan, 1990). In line with the state-of-the-art, 
a drastic increase in the release profile could be observed in 
case of both polymer-based MN arrays, as the Brij®35 could 
act as plasticizer in the polymer matrices and increased the 
mobility of the PCL chains (Yavuz et  al., 2020; Heng and Wan, 
1990; Johnson et  al., 2022). The PCL 80 kg/mol-based 
HC-loaded MN arrays only offered a steady release of 
0.40 ± 0.09 mg HC for 48 hours, while the Brij®35 supple-
mented ones provided an extended release up to 7 days and 
23.9 ± 14.7% of the original drug load, correlating to 
0.39 ± 0.09 mg HC. The results suggested that the incorpora-
tion of Brij®35 could extend the release duration with more 
than 3-fold, although the released amount of HC was not 
significantly different from the HC-loaded arrays (p = 0.88), as 
a lower drug load was achieved with the combination of 
HC + Brij®35 (1.64 ± 0.39 mg vs. 2.98 ± 0.66 mg in case of the 
HC-loaded MN arrays). In case of the AUP-PCL530-HA MN 
arrays, a similar trend became apparent. Albeit the HC-loaded 
MNs could encapsulate 1.15 ± 0.21 mg of drug, and release 
0.57 ± 0.10 mg over 21 days, the HC + Brij®35 supplemented 
MNs could incorporate 0.95 ± 0.10 mg drug, while offering a 
sustained release of 0.70 ± 0.10 mg HC, which correlated to 
22% increase in the delivered drug amount over the same 
period of time, although the results did not show a signifi-
cant difference (p = 0.12). Similarly, Yavuz et  al. reported an 
increased release (with approximately 20%) of the hormone 
levonorgestrel and an extension of the efficient drug delivery 
window from 40 to 50 days (20% increase) in case of silk 
fibroin MN arrays (Yavuz et  al., 2020). Based on the results, 
the authors suggest applying HC in the MN arrays without 
incorporating Brij®35 upon the fabrication of the 
AUP-PCL530-HA arrays.

In our previous study, De Decker et  al. successfully 
applied 0.89 mg/cm2 corticosteroid-loaded hyaluronic acid 
patches on hypertrophic wounds in a 4-month pilot study 
(De Decker et  al., 2023c). However, the HA-based MN arrays 
applied in the pilot study consisted of 320 MNs, whereas 
the currently developed MN arrays consisted of 36 individ-
ual MNs. To this end, upon changing the MN array design 
to that of De Decker et  al., a cumulative drug release of 
5.07 ± 0.89 mg/cm2 could be foreseen in case of the HC 
loaded AUP-PCL530-HA arrays.

https://doi.org/10.1080/10717544.2024.2305818
https://doi.org/10.1080/10717544.2024.2305818
https://doi.org/10.1080/10717544.2024.2305818
https://doi.org/10.1080/10717544.2024.2305818
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The standard care applies a drug delivery up to 30 mg/
treatment, therefore we aimed to excessively increase the 
drug load of our MNs. Due to phase separation and enhanced 
crystallization of the HC molecules during the molding pro-
cedure, the maximum loading we could apply was five times 
higher than in regular MN’s (Table 2, Figure 6(A and B)). We 
have obtained MN arrays with 2.5- and 5-times higher drug 
encapsulation loading without Brij®35 and in the presence of 
50 µl/500 mg polymer Brij®35 load, respectively. The drug 
release studies were monitored for 10 days (Orozco-Castellanos 
et  al., 2011).

Figure 6 suggests a decrease in the drug release effi-
ciency upon increasing the drug load in the AUP-PCL530-HA 
MN arrays during 10 days of release. In case of only HC 
loaded AUP-PCL530-HA MN arrays, upon increasing the drug 
content 2.5 times (125 mg/500 mg polymer load), 
1.02 ± 0.35 mg HC was incorporated, while 0.19 ± 0.07 mg 

was released, while upon increasing the drug content 5 
times (250 mg/500 mg polymer load), 2.78 ± 0.43 mg was 
encapsulated, yet only 0.24 ± 0.04 mg HC was released. Upon 
supplementing the same setup with 50 µl/500 mg polymer 
Brij®35, in case of the original drug load, 0.95 ± 0.10 mg HC 
was incorporated in the MNs and 0.59 ± 0.07 mg was 
released, while at a 2.5x loading, 1.13 ± 0.14 mg HC was 
encapsulated and 0.17 ± 0.02 mg was released, and upon a 
5x HC loading, 1.98 ± 0.30 mg was incorporated, while only 
0.37 ± 0.06 mg was released. Therefore, it was concluded 
that the same trend could be observed, upon increasing the 
crystalline HC load in the MN arrays. More specifically, the 
release efficiency deteriorated, even upon the application of 
Brij®35 as a release enhancer. This could be due to the lim-
ited solubility of the crystalline HC in the AUP polymer, 
which led to more pronounced crystallization and phase 
separation of the drug molecules.

Figure 5. I llustration of the extended drug release profile of hydrocortisone from the different PCL-based MN arrays. (a) shows the cumulative HC release from 
the control, HC, brij®35 and HC + brij®35 containing MN arrays. The composition of the MN arrays can be found in Table 2. A significant release increase could be 
observed upon utilizing brij®35 as release enhancer in combination with HC compared to the HC-containing samples for both AUP-PCL530-HA and PCL 80 kg/mol 
MN arrays, while the control and brij®35 containing samples did not show any HC release. (B) shows a substantial increase in the cumulative HC release upon the 
utilization of AUP-PCL530-HA as polymer matrix contrary to the PCL 80 kg/mol due to the lack of crystallinity in the AUP matrix both for HC and for HC + brij®35 
containing MN arrays. The graphs also indicate that while the PCL 80 kg/mol-based MN arrays could provide a sustained HC release for 7 days, upon utilization of 
AUP-PCL530-HA, the release profile could be extended up to 21 days. (C) shows the cumulative release of HC in percentage as a function of HC load on the left 
and in milligrams (mg) on the right over 21 days of release. The application of brij®35 did not have a significantly increasing effect on the HC release (p > .05).
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2.2.4.  Morphological analysis of the vacuum-molded MN 
arrays
The morphological evaluation of the micromoulded MN 
arrays was performed via SEM measurements. Figure 7 shows 
the comparison between the morphology of AUP-PCL530-HA- 
and PCL 80 kg/mol-based MN arrays subsequent to drug 
release. The upper row indicates the control samples, while 
the center depicts the HC loaded and the bottom row the 
HC + Brij®35 loaded ones. The SEM micrographs were in line 
with the DSC results, which suggested minor aggregation of 
the HC and Brij®35 compounds in the MN arrays, which led 
to an increased surface roughness.

Figure 8 demonstrates the morphology changes of the HC 
loaded AUP-PCL530-HA and PCL 80 kg/mol MN arrays. The top 
row shows the control samples, a more pronounced phase 
separation of the drug is visible in the AUP-PCL530-HA arrays 
compared to the PCL 80 kg/mol ones, in line with the DSC 
results. Figure 8 showcases the needles following drug release, 
including the removal of the HC crystals from the 
AUP-PCL530-HA, while the PCL 80 kg/mol arrays did not show 
a substantial morphology change subsequent to drug release. 
The lack of morphology change of the PCL 80 kg/mol MNs 
originated from the superior miscibility of HC and PCL 80 kg/
mol, in agreement with the DSC results (Table 4, no phase 
separation observed in the thermograms). The third row shows 
the effect of the compression tests on the MN structures. The 
AUP-PCL530-HA remained intact, while the PCL 80 kg/mol ones 
suffered permanent morphology deterioration. Finally, the bot-
tom row demonstrates the HC loaded MNs following ex vivo 
skin insertion. In line with the MNs after compression testing, 
AUP-PCL530-HA stayed intact, while the PCL 80 kg/mol ones 
suffered severe morphology deterioration.

Figure S2 demonstrates the effect of the HC and Brij®35 on 
MNs subsequent to compression testing. Compared to the 
control and HC containing MNs, the mechanical properties of 
the arrays deteriorated upon applying Brij®35 in the needles, 
which was indicated by the ruptures in both the 
AUP-PCL530-HA and PCL 80 kg/mol needles. As Brij®35 did 
not significantly affect the drug release profile of the 
AUP-PCL530-HA arrays, yet had a negative impact on their 
mechanical properties, its application is not advised in 
the system.

2.3.  Ex vivo clinical application of PCL-based MN arrays

As the MN arrays incorporating HC + Brij®35 showed ruptures 
upon compression testing, the ex vivo skin insertion studies 
were carried out with control and HC loaded MN arrays. Figure 
9 shows the microscopic histological evaluation of the success-
ful skin piercing capabilities of the drug-embedded 
AUP-PCL530-HA MN, which was illustrated by complete epider-
mal penetration and indentation of the papillary dermis. The 
control AUP-PCL530-HA MN showed a similar pyramidical 
shaped penetration pattern with a regular distance interval. 
The penetration pattern of both control and drug embedded 
PCL 80 kg/mol microneedles showed a regular indentation 
interval on the stratum corneum but did not show adequate 
and frequent penetrative epidermal cavities, illustrating that 
these microneedles did not achieve reliable skin penetration. 
Analysis post-insertion showed structural disintegration of the 
PCL 80 kg/mol microneedle patches. Figure 10 illustrates the 
untreated control, with the skin from the same patient being 
utilized for both histological evaluations. This figure shows the 
absence of epidermo-dermal penetration cavities. Additionally, 

Figure 6.  Cumulative release of HC for 10 days. (a) shows the release profile and cumulative release of HC at 50 mg/500 mg polymer load, 125 mg/500 mg polymer 
load and 250 mg/500 mg polymer load. (B) shows the release profile and cumulative release of HC at 50 mg/500 mg polymer load, 125 mg/500 mg polymer load 
and 250 mg/500 mg polymer load in the presence of 50 µl/500 mg polymer brij®35 content. The results suggested a decrease in the drug release efficiency upon 
increasing the drug load in the AUP-PCL530-HA MN arrays.

https://doi.org/10.1080/10717544.2024.2305818
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transdermal penetration characteristics were assessed. The 
dimensions of the microneedle cavities (n = 30) were studied 
with analytical software, specifically the histological assessment 
program NDP View 2. Our comprehensive analysis reveiled a 
dermal penetration depth of 307.14 ± 58.06 µm. The width of 
the epidermal separation at the base of the microneedle cavity 

corresponds with a 72.21 ± 13.32 µm. Between two microneedle 
cavities, there is epidermal interspacing of 250.86 ± 36.56 µm. 
These quantitative measures serve as significant indicators of 
the microneedles’ proficiency in breaching the skin barrier, 
thereby enabling the effective intradermal delivery of 
medication.

Figure 7.  Scanning electron microscopy (SEM) micrographs of AUP-PCL530-HA and PCL 80 kg/mol MN arrays. The top row represents the control, the Middle row 
the HC loaded and the bottom row the HC + brij®35 loaded MN arrays in side- and top view subsequent to the drug release studies. The incorporation of HC in 
the MN arrays led to an increased surface roughness of the MNs, due to the partial phase separation between the HC and the PCLs, which induced the crystal-
lization of HC within the MNs. The incorporation of HC + brij®35 in the MN arrays led to an even higher surface roughness of the MNs due to the phase separation 
occurring between the HC + brij®35 and the PCLs, which was more pronounced in case of the PCL 80 kg/mol arrays. The scale bars refer to the following lengths: 
green – 200 µm, red – 100 µm, white – 50 µm, blue – 10 µm.

Figure 8.  Scanning electron microscopy (SEM) micrographs of AUP-PCL530-HA and PCL 80 kg/mol MN arrays. The top row represents the HC loaded MN arrays 
after molding, the second row after drug release, the third row after compression testing, and the bottom row following ex vivo skin insertion. It should be noted 
that the phase separation of HC was more pronounced in the AUP-PCL530-HA arrays. Following drug release, the crystals have dissolved from the needles. 
Moreover, the AUP-PCL530-HA arrays stayed intact subsequent to compression and skin insertion, in contrast with the PCL 80 kg/mol arrays, which permanently 
deteriorated upon exerting mechanical stress. The scale bars refer to the following lengths: green – 200 µm, red – 100 µm, white – 50 µm, blue – 10 µm.
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3.  Conclusion

Different AUP-PCL530-HA MN arrays were developed which 
support the sustained drug release of hydrocortisone toward 
hypertrophic scar treatment. PCL 80 kg/mol-based MN arrays 
were fabricated in the same manner, as a benchmark for the 
novel compositions. The AUP-PCL530-HA MN arrays showed 
superior mechanical properties and remained intact upon a 
15 N load compression, which exceeded the requirement of 
7 N load bearing for efficient skin penetration, while the PCL 
80 kg/mol arrays deteriorated irreversibly upon exerting 8-10 N 
load. The thermal analysis of the MN arrays highlighted that 

the AUP-PCL530-HA polymer was amorphous, while the PCL 
80 kg/mol was semi-crystalline which had an effect on the 
drug release profiles of the MN arrays. The AUP-PCL530-HA-based 
MN arrays provided a 42.5% higher and 3 times longer drug 
release compared to the PCL 80 kg/mol-based arrays. Upon 
incorporation of Brij®35 as a release enhancer, no significant 
increase was observed for the HC release in case of the 
AUP-PCL530-HA-based MN arrays during 21 days of sustained 
release. Finally, the AUP-PCL530-HA-based MN arrays incorpo-
rating HC sufficiently penetrated the stratum corneum of ex 
vivo skin samples, while the PCL 80 kg/mol-based arrays did 
not provide adequate penetration.

Figure 10.  HE-stained 3 µm thick histological slice of the control specimen that did not receive microneedle treatment. The scale bar represents 200 µm. 
Magnification is 10x.

Figure 9.  HE-stained 3 µm thick histological slice showing the skin piercing capability of the drug-embedded AUP-PCL530-HA MN. Black arrows show regular 
indentations of the epidermal layer and blue arrows show the pyramidical shaped penetration cavity through the epidermal layer toward the deeper dermal layer. 
Both are sequelae of microneedle application. The scale bar represents 200 µm. Magnification is 10x.
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