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A B S T R A C T   

In vitro permeation studies play a crucial role in early formulation optimisation before extensive animal model 
investigations. Biological membranes are typically used in these studies to mimic human skin conditions accu-
rately. However, when focusing on protein and peptide transdermal delivery, utilising biological membranes can 
complicate analysis and quantification processes. This study aims to explore Parafilm®M and Strat-M® as al-
ternatives to dermatomed porcine skin for evaluating protein delivery from dissolving microarray patch (MAP) 
platforms. Initially, various MAPs loaded with different model proteins (ovalbumin, bovine serum albumin and 
amniotic mesenchymal stem cell metabolite products) were prepared. These dissolving MAPs underwent eval-
uation for insertion properties and in vitro permeation profiles when combined with different membranes, der-
matomed porcine skin, Parafilm®M, and Strat-M®. Insertion profiles indicated that both Parafilm®M and Strat- 
M® showed comparable insertion depths to dermatomed porcine skin (in range of 360–430 µm), suggesting 
promise as membrane substitutes for insertion studies. In in vitro permeation studies, synthetic membranes such 
as Parafilm®M and Strat-M® demonstrated the ability to bypass protein-derived skin interference, providing 
more reliable results compared to dermatomed neonatal porcine skin. Consequently, these findings present 
valuable tools for preliminary screening across various MAP formulations, especially in the transdermal delivery 
of proteins and peptides.   

1. Introduction 

Protein and peptide-based therapies have gained prominence in 
treating various chronic diseases, often being the primary therapeutic 
choice (Kirkby et al., 2020; Bruno et al., 2013). Market estimates reveal 
a significant growth in the protein and peptide drug market, currently 
nearing US$40 billion annually, outpacing the small molecule market 
(Bruno et al., 2013). This steady growth underscores the ongoing 
investigation and advancements in protein and peptide delivery 
methods, catering especially to diseases once deemed incurable. While 
intravenous injection ensures 100% bioavailability, its preference di-
minishes for frequent administration in chronic diseases (Kirkby et al., 
2020; Antosova et al., 2009; Jiskoot et al., 2012). Subcutaneous 

injection of antibodies and peptides has been employed, allowing for 
potential self-administration by patients at home (Doughty et al., 2016; 
Bittner et al., 2018). However, patients seek alternatives in the form of 
self-administrable, painless, and minimally invasive dosage forms to 
reduce hospital visits and alleviate the healthcare burden associated 
with therapy (Anjani et al., 2023a). Transdermal drug delivery, notably 
via microarray patches (MAPs), emerges as a potential solution. MAP 
technology, intensively researched in biomedicine, aims to facilitate 
effective drug and vaccine delivery (Donnelly and Prausnitz, 2023; Vora 
et al., 2023). MAPs function by painlessly breaching the stratum corneum 
(SC), creating microchannels to aid drug diffusion into deeper dermal 
layers (Anjani et al., 2022a). This approach circumvents passive drug 
diffusion challenges, allowing delivery of a wide range of chemical 
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substances irrespective of molecular size and lipophilicity (Anjani et al., 
2021b; Alkilani et al., 2015; Oberli et al., 2014). MAPs also offer ad-
vantages such as non-splanchnic absorption, avoidance of gastrointes-
tinal degradation, and bypassing hepatic first-pass metabolism (Anjani 
et al., 2023b; Larrañeta et al., 2016). Consequently, the utilisation of 
MAPs holds significant promise in enhancing protein and peptide 
therapy. 

In transdermal drug delivery, in vitro permeation studies play a 
pivotal role in assessing system suitability before extensive animal 
model investigations. Human or animal excised skin serves as the gold 
standard for such evaluations (Haq et al., 2018). However, their avail-
ability is constrained due to ethical considerations and limited sources. 
Additionally, these biological membranes entail complex preparation 
processes, have a short lifespan, and exhibit high variability (Haq et al., 
2018; Neupane et al., 2020). Accordingly, excised skin cannot be used as 
a standardised material for pharmacopeial or quality control test. 
Furthermore, when focusing on protein and peptide transdermal de-
livery, using biological membranes in permeation studies complicates 
analysis and quantification processes. Particularly in quantification 
using microBCA protein assay kits, distinguishing between skin-sourced 
protein and that permeated from the MAP presents a challenge. Hence, 
there’s a crucial need to identify substitutes for biological membranes 
suitable for this experimental design. 

This study proposes, for the first time, the use of artificial mem-
branes, Parafilm®M and Strat-M®, as skin simulants for in vitro 
permeation studies. Strat-M® membrane has been reported to be a 
promising alternative to biological membrane for the permeation of 
different chemical compounds in in vitro studies of transdermal patches 
(Haq et al., 2018; Pulsoni et al., 2022; Uchida et al., 2016). Moreover, 
Parafilm®M also has been studied and proposed to be a validated skin 
simulant for a rapid quality control of MAP in terms of evaluation of 
insertion profile (Larrañeta et al., 2014). 

In the present study, we conducted a comparative study, assessing 
the permeation of three model proteins (ovalbumin (OVA) and bovine 
serum albumin (BSA) and amniotic mesenchymal stem cell metabolite 
products (AMSC-MP)) through these membranes and dermatomed 
neonatal porcine skin. Additionally, we evaluated and compared the 
insertion profile of dissolving MAPs containing peptides or proteins with 
ex vivo dermatomed porcine skin. To the best of our knowledge, there is 
only one published study that focuses on the use of artificial membranes 
tailored specifically for MAP applications in in vitro studies (Garland 
et al., 2012). Garland et al. explored the utilisation of Silescol® as a skin 
simulant in in vitro studies for small molecules. Their findings indicated a 
comparatively lower cumulative percentage permeation of model 
compounds across the Silescol® membrane when compared to neonatal 
porcine skin, which is not ideal for such applications. Therefore, this 
work would greatly benefit researchers to with limited access to animal 
skin tissue and lacking specialised mass spectrophotometers for quan-
tifying protein and peptide-based drug permeation from MAP platforms. 

2. Materials and methods 

2.1. Materials 

Albumin (chicken egg, ovalbumin) and bovine serum albumin (BSA) 
(lyophilised powder), poly(vinyl alcohol) (PVA) (MW 9–10 kDa, 80% 
hydrolysed) and poly(vinyl pyrrolidone) (PVP) K90 (MW 360 kDa) were 
purchased from Sigma-Aldrich (Dorset, UK). Amniotic mesenchymal 
stem cell metabolite products (AMSC-MP) lyophilised powder was ob-
tained from the Stem Cell Research and Development Center, Airlangga 
University, Indonesia. Poly (vinyl pyrrolidone) (PVP) K29/32 (MW 58 
kDa) were provided by Ashland (Kidderminster, UK). Strat-M® trans-
dermal diffusion test model was purchased from Merck (Darmstadt, 
Germany). Parafilm® M was purchased from Amcor (Zürich, 
Switzerland). All other chemicals and materials were of analytical grade 
and purchased from Sigma-Aldrich (Dorset, UK) or Fisher Scientific 

(Loughborough, UK). Neonatal porcine skin was obtained from stillborn 
piglets less than 24 h after birth, rinsed in phosphate buffer saline (PBS 
pH 7.4), dermatomed to a thickness of 350 µm, and kept frozen at − 20◦C 
until use. 

2.2. Preparation of dissolving MAPs 

An aqueous blend containing 40% w/v PVA and 40% w/v PVP K29/ 
32 with ratio 1:1, called PP2 (Anjani et al., 2023c), was used to prepare 
dissolving MAPs, as outlined in Table 1. A 50 mg aliquot of each 
formulation was poured into silicone mould (0.5 cm2 needle area, 16 ×
16 pyramidal-cuboidal holes, 850 µm needle height and 300 µm width at 
the base, illustrated in Fig. 1) placed into pressure chamber for 5 mins at 
5 bar. Furthermore, the moulds were removed from pressure chamber 
and the excess of formulation was removed from the mould surface, and 
then centrifuged at 5000 rpm for 10 mins with the temperature 
controlled at 4◦C. Following this, a silicone ring (internal diameter 18 
mm and thickness 3 mm) was glued on to the mould surface using 40% 
w/v PVA aqueous solution and dried at ambient temperature for 24 h. 
The second layer of dissolving MAP was prepared by poured 500 µg of 
aqueous solution of 30% w/v PVP K90 and 1.5% glycerol, centrifuged at 
5000 rpm for 10 mins at 4◦C, allowed to dry under ambient conditions 
for 24 h. Sidewalls of dissolving MAPs were removed using scissors and 
then transferred into oven 37◦C for final drying for 24 h. 

2.3. Optical coherence tomography and pore visualisation 

Each dissolving MAP was inserted into a membrane models (der-
matomed skin, Parafilm and Strat-M) using a TA-TX2 Texture Analyser 
(TA) (Stable Microsystems, Haslemere, UK), as previously described 
(Bin Sabri et al., 2021; Bin Sabri et al., 2022; Anjani et al., 2022b) and 
illustrated in Fig. 2, with a 32 N force was applied, which equal to force 
released by human thumb pressure (Larrañeta et al., 2014). A piece of 
dental wax was applied under the membrane to protect the tips of the 
needles piercing the membrane (Bin Sabri et al., 2021; Bin Sabri et al., 
2022; Anjani et al., 2022b). The insertion and holes were observed and 
visualised using EX-101 optical coherence tomography (OCT) micro-
scope (Michelson Diagnostics Ltd., Kent, UK), digital light microscope 
(Leica EZ4 D, Leica Microsystems, Milton Keynes, UK) and scanning 
electron microscope (SEM) TM3030 microscope (Hitachi, Krefeld, Ger-
many). The images obtained from OCT analysis was then processed and 
analysed using ImageJ® (National Institutes of Health, Bethesda MD, 
USA). 

2.4. Determination of protein released from membranes 

To anticipate any proteins that might interfere with the quantifica-
tion of proteins sourced from membranes (including dermatomed 
neonatal porcine skin, Strat-M®, and Parafilm®) during the in vitro 
studies in the Franz cell setup, a release study was conducted as a pre-
liminary step before the in vitro permeation studies. Each membrane was 
trimmed into a circular shape measuring 1.5 cm2, equivalent to the area 
of inner part of the donor compartment in the Franz cell apparatus. 
These membranes were then placed into separate vials containing 12 mL 
of PBS (pH 7.4) and incubated in a shaker incubator (Jeio Tech ISF- 
7100, Medline Scientific, Chalgrove Oxon, UK) at 37◦C for 24 h. Sub-
sequently, the samples were analysed using a micro-BCA kit, and if 

Table 1 
Formulation of first layer dissolving MAP.  

Composition Protein Type AMSC-MP 

Albumin BSA 

Protein (%w/w) 10 10 10 
Aqueous mixture PP2 (%w/w) 30 30 30 
Deionised water (%w/w) 60 60 60  
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necessary, the samples were diluted in PBS (pH 7.4). 

2.5. In vitro permeation studies using Franz cells 

For the in vitro permeation study, a Franz cell (Permergear, Heller-
town PA, USA) setup was used with dermatomed neonatal porcine skin, 
Strat-M® and Parafilm®, as illustrated in Fig. 3. The porcine skin, ob-
tained from stillborn piglets within 24 h post-mortem, was rinsed in PBS, 
dermatomed at the thickness of 350–400 µm, and frozen at − 20◦C until 
use. The membrane (dermatomed neonatal porcine skin, Strat-M® or 
Parafilm®) was carefully attached to the donor compartment of the 

Franz cell using cyanoacrylate glue. Preheated and degassed PBS (pH 
7.4) was added to the receiver compartment, which was maintained at 
37 ± 1◦C and stirred at 600 rpm. The dissolving MAPs were manually 
pressed onto the skin for 30 s with a piece of dental wax underneath as 
described previously (Larrañeta et al., 2016). The drug-containing 
reservoir was placed on top of the dissolving MAPs, and the donor 
compartment was attached to the receiver compartment. A stainless- 
steel cylindrical weight (15.0 g) was placed on top of the reservoir to 
prevent MAP expulsion. The sampling arm of the receiver compartment 
and the donor compartment were sealed with Parafilm® M to prevent 
evaporation. At predetermined time points, 200 µL of release media was 

Fig. 1. Illustration of needle size and geometry on the array of dissolving MAP.  

Fig. 2. Schematic illustration of texture analyser setup to evaluate dissolving MAP insertion properties into different membranes (dermatomed porcine skin, Strat- 
M® and Parafilm®). 
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taken from the receiver compartment and analysed using micro-BCA kit. 
If necessary, samples were diluted in PBS (pH 7.4). 

2.6. Quantification using micro-BCA protein assay kit 

Samples from in vitro studies were quantified and analysing using 
Micro BCA™ Protein Assay Kit (Thermo Scientific, Rockford, IL, USA). 
Analysis was performed following the guideline provided by manufac-
turer. All samples were determined using a FluoStar Omega microplate 
reader (BMG Labtech, Germany) with spectroscopy principal with 
absorbance wavelength at 562 nm. 

2.7. Statistical analysis 

Statistical analysis was conducted using GraphPad Prism® version 
8.0 (GraphPad Software, San Diego, California, USA). The experimental 
results were presented as means ± standard deviation (SD), unless 
otherwise specified. An unpaired t-test was used for comparing two 
cohorts, while one-way analysis of variance (ANOVA) was employed for 
comparing multiple cohorts. 

3. Results and discussion 

3.1. Preparation of dissolving MAPs 

The study employed three distinct proteins as model substances 
(albumin derived from chicken eggs (OVA, MW 45 kDa), and bovine 
serum albumin (BSA, MW 66.5 kDa) and amniotic mesenchymal stem 
cell metabolite products (AMSC-MP, MW 76 kDa)). Dissolving MAPs 
containing these proteins were fabricated using the double casting 
method, as detailed in previous works (Anjani et al., 2022b; Anjani et al., 
2022c; Anjani et al., 2022d). Moreover, proteins can be loaded into 
dissolving MAPs using more complex approaches such as coating the 

arrays with formulations containing proteins (Angkawinitwong et al., 
2020; Caudill et al., 2018). In this study, each protein was loaded into 
the needle tips in a simple way and ensuring minimum waste of the 
protein cargo. For this purpose, the protein was combined with a 
mixture of PVA and PVP. Fig. 4 displays microscopic images of the 
resulting dissolving MAPs, demonstrating their homogeneity and well- 
defined structure, characterised by sharp needles. The needle shape is 
a combination of cuboidal and pyramidal, a result of the poly-
dimethylsiloxane moulds used in this experiment. This mould design 
was chosen for its ability to facilitate effective insertion and drug de-
livery into the skin, which has shown superiority compared to other 
shapes (Cordeiro et al., 2020). Finally, these dissolving MAPs underwent 
subsequent insertion testing and in vitro permeation profiling. 

3.2. Optical coherence tomography and pore visualisation 

To assess the insertion capacity of protein-loaded MAPs into different 
membranes, dermatomed porcine skin (350–400 µm), Strat-M® (300 
µm), and Parafilm®M (130 µm), the structures of which are illustrated in 
Fig. 5, specific membrane types were chosen for evaluation. The porcine 
skin utilised in this study was sourced from stillborn piglets and der-
matomed to a thickness of 350 µm, comprising the epidermis (stratum 
corneum, stratum granulosum, stratum spinosum, and stratum basal) and 
the upper part of the dermis layer. This thickness was chosen because it 
approximates the distance from the skin surface to the dermal micro-
circulation. With a needle height of 850 µm, a proportion of the 
microneedles will be in direct contact with the receiver medium when 
using epidermal or upper dermal representations of the skin barrier 
(Garland et al., 2012). Strat-M®, engineered to mimic human skin 
structure, features a lipid-coated surface to simulate the stratum corneum 
layer (Haq et al., 2018). Below this lipid coating, Strat-M® consists of 
polyether sulfone, creating a more porous layer to mimic the dermis, 
followed by a polyolefin non-fabric support resembling the 

Fig. 3. Schematic illustration of Franz diffusion cell setup to assess permeation protein from dissolving MAP across different membranes (dermatomed porcine skin, 
Strat-M® and Parafilm®). 
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subcutaneous layer (Haq et al., 2018; Pulsoni et al., 2022). Parafilm® 
was selected as a model membrane for this study due to its validation as 
a proposed membrane for MAP insertion studies (Larrañeta et al., 2014), 
serving as a rapid quality control test. Composed of a blend of hydro-
carbon wax and polyolefin, Parafilm® replicates properties similar to 
the third layer of Strat-M®, aimed at simulating the subcutaneous layer. 
Although less structurally complex than actual skin and Strat-M®, Par-
afilm® provides sufficient hydrophobic properties, resembling the 
stratum corneum, which is a crucial barrier for MAP application. 

OCT images in Fig. 6A–C illustrate the insertion of dissolving MAPs 
into various membranes. A clear gap is evident between the MAP 
baseplate and the membrane surfaces, suggesting incomplete penetra-
tion of dissolving MAPs into these membranes. As depicted in Fig. 6D–F, 
the microneedles of MAPs penetrated to depths of approximately 430 
µm, 360 µm, and 400 µm for dermatomed porcine skin, Strat-M®, and 
Parafilm®, respectively. The insertion depth into dermatomed porcine 
skin aligns with previously published findings (Garland et al., 2012; 
Donnelly et al., 2010; Donnelly et al., 2011), significantly surpassing 
penetration depths observed in other skin simulants (p < 0.05). This 
disparity may be attributed to differences in membrane materials and 
elasticity compared to dermatomed porcine skin. 

Notably, prior to the experiment, the porcine skin was equilibrated 
with PBS pH (7.4) to maintain skin integrity. The presence of saline 
water likely acted as a lubricant (Anjani et al., 2023d), facilitating 
deeper needle insertion compared to Strat-M® and Parafilm®. 
Furthermore, Parafilm® exhibited a deeper penetration compared to 

Strat-M®, possibly due to its single-layer thickness (~130 µm) versus the 
multilayered structure of Strat-M® (~300 µm). Fig. 7 confirms suc-
cessful hole creation in all membranes, simulating piercing of the stra-
tum corneum layer. However, while Strat-M® closely resembles the 
thickness of dermatomed porcine skin, detecting the holes in its deeper 
layers was challenging due to the polyolefin non-woven fabric’s char-
acteristics, mimicking the hypodermal layer and offering resistance to 
microneedle penetration. Despite the 10% and 16% differences in 
insertion depth between Parafilm® and Strat-M® compared to derma-
tomed porcine skin, both skin simulants show promise as membrane 
substitutes for insertion studies. 

3.3. Determination of protein released from membranes 

To assess protein release from various membranes, a preliminary 
study was conducted. Fig. 8 demonstrates that after incubating derma-
tomed neonatal porcine skin at 37◦C for 24 h, approximately 39 mg of 
protein was released. Conversely, no protein was detected in either the 
Parafilm®M or Strat-M® groups. This outcome suggests that using 
biological membranes, coupled with the micro-BCA quantification 
method for protein delivery assessment, might yield unreliable results 
due to skin-derived proteins interfering with the delivered substance. 
Moreover, accounting for protein release from the blank dermatomed 
skin, we included the dermatomed porcine skin without dissolving MAP 
application in further in vitro permeation studies using the Franz cell 
setup. However, for both Parafilm®M and Strat-M®, no control or blank 

Fig. 4. Microscopic images of dissolving MAPs loaded with (A) albumin derived from chicken eggs (OVA), (B) bovine serum albumin (BSA), and (C) amniotic 
mesenchymal stem cell metabolite products (AMSC-MP). 
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groups were included as no protein was detected in this current study. 
This exclusion ensures the absence of protein interference during the 
quantification process in these cases. 

3.4. In vitro permeation studies using Franz cells 

The Franz cell setup was utilised in this study to evaluate the 
permeation of the protein models in an in vitro setting. This setup has 
consistently proven to be ideal in all our MAP-related studies for 
assessing the diffusion of molecules from the tip layer of MAPs to the 
skin layer, particularly across the epidermis-dermis boundary (Anjani 
et al., 2022a; Anjani et al., 2021b; Anjani et al., 2023; Bin Sabri et al., 
2022; Anjani et al., 2022b; Anjani et al., 2022c; Anjani et al., 2022d; 
Anjani et al., 2021a; Anjani et al., 2023e; Anjani et al., 2023f). 
Conversely, in vitro release studies are not suitable for evaluating this 
process, as the entire patch is exposed to fluid media, leading to an 
overestimation of the drug release profile achieved from the dissolving 
MAP system. Therefore, we suggest using both membranes, Paraf-
ilm®M, and Strat-M®, as alternatives to biological membranes to assess 
the delivery of proteins and peptides in in vitro permeation studies using 
the Franz cell setup. 

Fig. 9 displays the permeation profiles of model proteins released 
from polymeric dissolving MAPs across different membranes, derma-
tomed porcine skin, Parafilm®M, and Strat-M®. Both OVA and BSA 
permeation from dissolving MAPs demonstrated an initial rise within 2 
h, followed by a plateau between 4 and 24 h for both Parafilm®M and 
Strat-M® membranes. In the case of AMSC-MP, notable differences were 
observed between Parafilm®M and Strat-M®. Across Parafilm®M, the 
protein permeation gradually increased from the first hour up to 6 h, 
increasing significantly at 24 h (p < 0.05). However, using Strat-M®, 

AMSC-MP permeated immediately within the first hour, maintaining a 
sustained permeation throughout the experimental period. The differ-
ence between the two membranes can be explained due to the effect of 
several factors. Strat-M® membrane is designed to mimic the skin and as 
can be seen in Fig. 7 dissolving MAPs do not go through the entire 
membrane. Therefore, proteins need to diffuse through the membrane as 
they are not directly in contact with the fluid of the receiver compart-
ment. Dissolving MAPs can go through one layer of Parafilm® M (Fig. 7) 
and when placed in the receiver compartment, microneedles will be 
directly in contact with the fluid of the receiver compartment. That 
explains why permeation from Parafilm® M is faster. 

The most substantial protein permeation facilitated by dissolving 
MAPs occurred when using dermatomed neonatal porcine skin as the 
model membrane. Burst release commenced within the first hour, fol-
lowed by a marked sustained increase in cumulative permeation 
throughout the 24-hour experimental period. There is a possibility that 
dissolving MAPs penetrated through the dermatomed porcine skin, 
potentially expediting the rapid release into the receiver compartment. 
To assess the release of total protein content from dermatomed porcine 
skin without dissolving MAP application, we conducted an additional 
evaluation. Fig. 9 indicates a noticeable amount of protein release from 
the skin, even surpassing the total protein detected from both Paraf-
ilm®M and Strat-M® groups in all cases. This observation highlights 
that utilising any biological membrane can lead to false-positive results 
in protein permeation, as skin-derived proteins were detected and 
accumulated during the quantification process using the BCA method. 
Hence, employing synthetic membranes might alleviate this limitation 
associated with the quantification method. 

Several studies have explored the delivery of BSA and OVA using the 
MAP platform. Badhe et al. developed chitosan-based MAPs coated with 

Fig. 5. Schematic illustration depicting the multilayer structure of dermatomed porcine skin alongside Strat-M® and a single layer of Parafilm®M.  
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Fig. 6. OCT images of MAPs loaded with (A) albumin derived from chicken eggs (OVA), (B) bovine serum albumin (BSA), and (C) amniotic mesenchymal stem cell 
metabolite products (AMSC-MP) inserted into Parafilm®M, Strat-M® and dermatomed neonatal porcine skin following the application of pressure of 32 N for 30 s. 
The insertion depth of dissolving MAPs loaded with (D) albumin derived from chicken eggs (OVA), (E) bovine serum albumin (BSA), and (F) amniotic mesenchymal 
stem cell metabolite products (AMSC-MP) into Parafilm®M, Strat-M® and dermatomed neonatal porcine skin (means + SD, n = 20). To allow differentiation between 
dissolving MAP and the skin models, false colours were applied in the needles and skin model layers. 
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BSA and poly(lactic acid) (Badhe et al., 2021). Using a colorimetric 
method with biuret reagent and a UV–Vis spectrophotometer set at a 
wavelength of 540 nm, the researchers quantified BSA release during an 
in vitro permeation study using Franz cells. The study revealed 98.5% 
BSA permeation across excised rat skin within 50 h (Badhe et al., 2021). 
However, it lacked a control group without MAP application, raising 
concerns about protein release from the skin during the study period. 

Demir et al. developed sodium alginate-based MAPs loaded with 
BSA, indicating a higher percentage of BSA delivery (~14%) across 
dermatomed human abdominal skin compared to a transdermal patch 
(~1%) (Demir et al., 2013). The researchers quantified BSA release 
using the BCA method at 562 nm (Demir et al., 2013). Nevertheless, a 
control group analysis was missing, limiting understanding regarding 
the source of protein during these studies. 

Fig. 7. Microscopic images of the upper layer and SEM images of the back side of each membrane were taken after the application of dissolving MAPs loaded with 
(A) albumin derived from chicken eggs (OVA), (B) bovine serum albumin (BSA), and (C) amniotic mesenchymal stem cell metabolite products (AMSC-MP) using a 
texture analyser with a 32 N pressure for 30 s. 
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Regarding OVA-mediated MAP permeation studies, Maaden et al. 
and Vallhov et al. utilised radiolabelled OVA (Van Der Maaden et al., 
2014) and OVA conjugated with Alexa 488 (Vallhov et al., 2018), 
respectively. Maaden et al. employed a pH-sensitive MAP coated with 
radioactively labelled OVA and used an automatic gamma counter for 
specific quantification during in vitro permeation studies across excised 
human skin (Van Der Maaden et al., 2014). Vallhov et al. utilised a 
bioceramic MAP coated with OVA to deliver the antigen to dendritic 
cells in human skin (Vallhov et al., 2018). These studies employed 
different approaches to selectively quantify OVA during in vitro perme-
ation studies. 

Regarding in vitro-in vivo correlation (IVIVC), to date, such discus-
sions have not yet been established for MAP-mediated delivery. The 
development of dissolving MAPs, which dissolve or degrade upon con-
tact with skin interstitial fluid to release their drug cargo in situ, neces-
sitates consideration of additional factors when designing in vitro 
permeation experiments. Ideally, the selected model membrane repre-
senting the skin barrier in vitro should mimic the depth of microneedle 
penetration, adhesion of the microneedle baseplate to the skin surface, 
microneedle dissolution/degradation rate (Garland et al., 2012), and 
subsequent drug release achieved in an in vivo scenario. Furthermore, 
given that microneedle length may exceed the thickness of the chosen 
skin membrane barrier, a portion of the microneedle may directly con-
tact the receiver medium. Therefore, it is crucial to ensure that the 
composition of the receiver medium selected does not significantly 
overestimate the rate of microneedle dissolution and, consequently, the 
rate of drug release within the skin (Garland et al., 2012). 

When observing the cumulative protein delivered from dissolving 
MAPs across dermatomed porcine skin in comparison to control groups, 
normalisation was performed by subtracting the total protein from the 
dissolving MAP group. Fig. 10 displays the normalised data at 24 h for 
OVA, BSA, and AMSC-MP released from dissolving MAPs across der-
matomed porcine skin, Parafilm®M, and Strat-M®. The cumulative 
permeation percentages for OVA-loaded MAPs on dermatomed porcine 
skin, Parafilm®M, and Strat-M® were found to be 14.21%, 12.31%, and 
17.27%, respectively. No significant differences were observed between 
the membranes after normalisation (p > 0.05). 

For BSA, the cumulative permeation over 24 h through dermatomed 
porcine skin, Parafilm®M, and Strat-M® was approximately 54.45%, 
26.59%, and 11.14%, respectively. Interestingly, the permeation across 
dermatomed porcine skin was significantly higher (p < 0.05) and 

Fig. 8. The total protein released from each membrane after 24 h of incubation 
at 37◦C in PBS (pH 7.4). The ’#’ symbol indicates that no protein was detected 
in the media (means + SD, n = 4). 

Fig. 9. (A) The total protein content was utilised to quantify the permeation of albumin derived from chicken eggs (OVA), bovine serum albumin (BSA), and amniotic 
mesenchymal stem cell metabolite products (AMSC-MP) from dissolving MAPs across dermatomed porcine skin. The dashed lines represent the protein released from 
dermatomed neonatal porcine skin without dissolving MAP application (means ± SD, n = 4). (B) The total protein content was used to quantify the permeation of 
albumin derived from chicken eggs (OVA), bovine serum albumin (BSA), and amniotic mesenchymal stem cell metabolite products (AMSC-MP) from dissolving MAPs 
across Parafilm®M, Strat-M®, and dermatomed porcine skin. Corrected values of drug permeated across dermatomed skin were obtained by subtracting the blank 
dermatomed skin readings (means ± SD, n = 4). 
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increased 4.88-fold compared to Strat-M®. This discrepancy might be 
attributed to skin protein presence, leading to increased protein detec-
tion across different protein models. Additionally, in AMSC-MP delivery, 
the cumulative permeation percentages were 110.05%, 94.59%, and 
33.41% across dermatomed porcine skin, Parafilm®M, and Strat-M®, 
respectively. Notably, AMSC-MP permeation across Parafilm®M 
significantly increased by 2.83-fold compared to Strat-M® (p < 0.05), 
while there were no significant differences between Parafilm®M and 
dermatomed porcine skin (p > 0.05) in AMSC-MP permeation 
percentage. 

The in vitro permeation data analysis revealed distinct correlation 
patterns between Parafilm®M and Strat-M® concerning the cumulative 
permeation of proteins within a 24-hour timeframe. These correlations 
appear to depend on the properties of the protein models used in the 
study. Fig. 11 illustrates that, based on the correlation coefficient cate-
gory (Correlation and regression, n.d.); Parafilm®M exhibited strong 
and moderate correlations with Strat-M® for OVA and BSA, respec-
tively. Notably, the cumulative permeation of AMSC-MP across both 
Parafilm®M and Strat-M® demonstrated a very strong correlation, 
ranging from 0.90 to 0.99. 

Correlating the dermatomed porcine skin samples to both Paraf-
ilm®M and Strat-M® proved challenging due to the interference of skin 
proteins in the permeation results over the 24-hour period. Conse-
quently, this study suggests that both Parafilm®M and Strat-M® 
outperform dermatomed neonatal porcine skin in terms of reliability in 
permeation studies. Furthermore, it indicates a similarity in the protein 
permeation profiles across Parafilm®M and Strat-M®, highlighting the 
potential of these skin simulants for use in protein-loaded MAPs 

intended for transdermal delivery. Additionally, future plans for this 
study include establishing a similarity factor. The current focus is on the 
potential use of Parafilm®M and Strat-M® in in vitro studies as a pre-
liminary step to select the best formulation for in vivo studies using 
different animal models. Thus, it should also be noted that the quantified 
amounts using synthetic membranes might not always correlate with 
actual permeation studies using human or porcine skin. However, the 
results of this study show the potential of Parafilm®M and Strat-M® as 
alternatives to dermatomed porcine skin in the early-stage phase, 
enabling researchers to establish standardised protocols for assessing 
substance permeation from MAP systems. 

4. Conclusion 

In summary, this study demonstrates the potential use of Paraf-
ilm®M and Strat-M® as alternatives to biological skin simulants in in 
vitro permeation studies, particularly for investigating protein delivery 
from MAP platforms. Our findings indicate that both Parafilm® and 
Strat-M® exhibit only slight differences compared to dermatomed 
porcine skin, making them promising substitutes for membrane studies. 
Dermatomed porcine skin releases proteins during in vitro permeation 
studies, leading to potential interference in quantification using the BCA 
technique. Utilising synthetic membranes like Parafilm®M and Strat- 
M® can circumvent such interference, providing more reliable results 
compared to dermatomed neonatal porcine skin. It is important to note 
that while these synthetic membranes offer insights into trends and 
correlations, they may not precisely match absolute permeability values 
of biological skin membranes for protein delivery. However, these 

Fig. 10. Cumulative permeation of albumin derived from chicken eggs (OVA), bovine serum albumin (BSA), and amniotic mesenchymal stem cell metabolite 
products (AMSC-MP) across different membranes (dermatomed porcine skin, Parafilm®M and Strat-M®) over 24 h of in vitro permeation studies (means + SD, n = 4). 

Fig. 11. Correlation of cumulative permeation between Parafilm®M and Strat-M® for albumin derived from chicken eggs (OVA), bovine serum albumin (BSA), and 
amniotic mesenchymal stem cell metabolite products (AMSC-MP). 
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results are important in understanding the potential of these membranes 
for formulating and optimising MAPs. These findings may serve as 
valuable tools for preliminary screening efforts in various MAP formu-
lations, not limited to proteins or peptides. Synthetic membranes offer 
rapid, cost-effective, and easily accessible alternatives that do not 
require complex preparation or storage. This research marks an early- 
stage comparison between biological and synthetic membranes to 
identify a suitable skin simulant model in the field of MAP formulation. 
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& editing, Visualization, Formal analysis. Ryan F. Donnelly: Supervi-
sion, Resources, Writing – review & editing. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

References 

Alkilani, A.Z., McCrudden, M.T.C., Donnelly, R.F., 2015. Transdermal drug delivery: 
innovative pharmaceutical developments based on disruption of the barrier 
properties of the stratum corneum. Pharmaceutics 7, 438–470. https://doi.org/ 
10.3390/pharmaceutics7040438. 

Angkawinitwong, U., Courtenay, A.J., Rodgers, A.M., Larrañeta, E., Mccarthy, H.O., 
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Anjani, Q.K., Cárcamo-Martínez, Á., Wardoyo, L.A.H., Moreno-Castellanos, N., Bin 
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