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Diffusion cells play a crucial role in the pharmaceutical and cosmetic fields by assessing the release and
permeation of active pharmaceutical ingredients across membranes. However, commercially available glass-
based devices, such as Franz diffusion cells, are expensive and fragile. The emergence of three-dimensional
(3D) printing technology enables the creation of diffusion cells with cost-effective polymeric materials and
resins, offering exceptional precision and custom geometries. Nonetheless, there are challenges associated with
interactions between 3D printing materials and drug molecules. This work aimed to develop inert coatings for
3D-printed diffusion models. Diffusion devices were designed and 3D-printed with a stereolithography (SLA) 3D
printer, and different coatings were applied. Then, two model drugs were used to evaluate drug retention by
coated devices. Among the tested coatings, one of them showed great potential in preventing drug retention and
was selected for subsequent experiments with different drugs and conditions. Finally, voriconazole eyedrops
were used to confirm the viability of 3D-printed Franz diffusion cells as a drug release diffusion model. The
favourable results obtained with the coating promote the use of 3D printing as a cost-effective manufacturing

technology, capable of producing diffusion cells tailored to specific study requirements.

1. Introduction

Diffusion cells are commonly used for the study of drug release and
permeation of active pharmaceutical and cosmetic ingredients through
polymeric or biological membranes. Pre-formulation studies include in
vitro drug release studies (i.e., in vitro release tests (IVRT)) and in vitro
permeation studies (IVPT), which are crucial for formulation develop-
ment, composition optimisation and batch validation (Food and Drug
Administration. FDA, 2020; Food and Drug Administration. FDA, 2022).
Relevant data, such as release kinetics and drug permeation, are ob-
tained from these studies and are essential for the characterisation of
new drug formulations. In vitro studies are also needed to predict the in
vivo performance of a dosage form prior to in vivo studies and subse-
quently to establish in vitro-in vivo correlations (IVIVC). These correla-
tions describe the relationship between the in vitro properties of the

dosage form (e.g., eye drops or transdermal skin formulations) and the in
vivo response (Malinowski et al., 1997; Ghosh et al., 2015). Moreover,
IVRT performed during pre-formulation development allow to discard
formulations that do not meet optimal drug release requirements,
thereby saving time and reducing costs. More importantly, properly
conducted IVRT and IVPT allow to reduce the number of animals needed
to test new formulations in future in vivo studies, helping to comply with
the 3Rs principle in animal experimentation (Seoane-Viano et al., 2019;
NC3Rs. [cited 2023 Mar 2]. Available from: https://nc3rs.org.uk/who-
we-are/3rs).

The most commonly used devices for testing drug release, diffusion
and penetration of drugs across biological and synthetic membranes are
glass Franz cells and Side-Bi-Side cells (Diffusion Cell Basics; Per-
meGear). Franz and Side-Bi-Side cells primarily consist of a donor part
(donor chamber) and a recipient part (receptor chamber), which are
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Fig. 1. (A) 3D model design of a hollow cylinder with base. (B) 3D model design of a vertical Franz diffusion cell (C) 3D model design of one of the parts of a Side-Bi-

Side diffusion cell.

separated by a membrane or tissue, with a sampling port leading from
the receptor chamber. A magnetic stirrer or an orbital shaker can be used
to provide agitation to the medium and maintain homogeneity in both
chambers. Additionally, to keep the temperature constant in the diffu-
sion cells, a water jacket around the cell body (jacketed diffusion cells),
an orbital incubator, a thermostatic bath, or a dry heating block can be
employed (Diffusion Cell Basics). These static devices are used to eval-
uate compound uptake into or across a membrane and concentration in
the receptor chamber. On the other hand, to mimic in vivo behaviour
more closely, continuous flow cells (in-line cells) are also available.
Continuous flow cells simulate blood flow, allowing to also determine
the drug clearance rate (PermeGear).

Although diffusion cells are used in pharmaceutical R&D labora-
tories worldwide, they are not without their drawbacks (Salamanca
et al., 2018; Diaz-Tomé et al., 2021). Since they are made of glass, they
are very fragile and prone to breaking easily. Depending on the type and
the size, its price can exceed $500 depending on the country, which
makes them very expensive, especially for small laboratories and aca-
demic institutions (Fisher). In addition, different types of diffusion cells

are needed based on the formulation and intended route of adminis-
tration, requiring adaptation to the desired membrane or tissue type,
sample volume, receptor medium, and type of agitation. For instance,
some studies have focused on the development of models to mimic the
physiology of the eye or the skin for in vitro modelling (Auel et al., 2021;
Phan et al., 2021; Bown et al., 2018; Kinnunen et al., 2015). Therefore,
the manufacturing of more robust, affordable and personalised diffusion
cells that meet the same pharmaceutical requirements as currently
commercialised glass cells is an area of ongoing development (Sil et al.,
2018; Sil et al., 2020; Fazili et al., 2020; Tiboni et al., 2021).

Additive manufacturing technologies, namely three-dimensional
(3D) printing, have proven to be an excellent tool for the production
of spare parts and small pieces of laboratory equipment (Sil et al., 2018;
Seoane-Viano et al., 2022; Mohmmed et al., 2017). The affordability and
design flexibility offered by this technology along with the wide variety
of low-cost materials that can be used make 3D printers essential in any
research laboratory (Seoane-Viano et al., 2021; Anycubic Resin Printer -
Anycubic. [cited 2023 Nov 18]. Available from: https://www.anycubic.
es/.; Creality Resin Printer - Creality. [cited 2023 Nov 18]. Available
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Table 1
Main composition of the products used as coatings.
Main polymer Solvents Other Source/
components
supplier
Coating Plioway® Alkanes, C14-17, chlorine,chlorinated kerosenes Pigments and PRF
A fillers
Coating 1,1,1,2-Tetrafluoroethane Isopropyl Alcohol Pigments and Miller-
B fillers stephenson
Coating Mixture of pure acrylic emulsions and self- Trimethoxyvinylsilane, trimethoxy(vinyl)silane, 2,2-iminodiethanol, Pigments and Cromology
C crosslinking elastomers diethanolamine fillers
Coating Epoxy-polyamidoamine resins (Polimero Xylene, Hydrocarbons, C9, aromatic, 2-Methylpropan-1-ol, 2-methoxy-1- Pigments and Tkrom®
D con 2,2-Bis(p-(2,3-Epoxipropoxi)Fenil) methylethyl acetate, Ethylbenzene, n-butyl acetate, Formaldehyde. fillers
Propan)
Coating Bisphenol A-based epoxy resins plus Xylene, 2-Methylpropan-1-ol,2-methoxy-1-methylethyl acetate, Ethylbenzene, n- Pigments and Tkrom®
E* aliphatic polyamine adduct butyl acetate, Formaldehyde, 2-methoxy-1-methylethyl acetate, A mixture of: N,N- fillers
Ethane-1,2-diylbis(decanamide)/12-Hydroxy-N-[2-[1-[1-oxydecyl)
amino]ethyl]octadecanamide/N,N-Ethane-1,2-diylbis(12-
hydroxyoctadecanamide
Coating Bisphenol A-based epoxy resins plus Xylene, 2-Methylpropan-1-ol,2-methoxy-1-methylethyl acetate, Ethylbenzene, n- Tkrom®
F aliphatic polyamine adduct butyl acetate, Formaldehyde, 2-methoxy-1-methylethyl acetate, A mixture of: N,N-
Ethane-1,2-diylbis(decanamide)/12-Hydroxy-N-[2-[1-[1-oxydecyl)
amino]ethyl]octadecanamide/N,N-Ethane-1,2-diylbis(12-
hydroxyoctadecanamide
Coating Poly(Bisphenol A-co-epichlorohydrin), Ethyl acetate Merk
G glycidyl end-capped

" The composition was obtained from the Safety Data Sheet of the products.

from: https://www.creality3dofficial.com/collections/lcd-uv-resin-3d-
printer.; ELEGOO Resin Printer - ELEGOO. [cited 2023 Nov 18]. Avail-
able from: https://www.elegoo.com/pages/elegoo-bf2022?
gclid=GCjOKCQiA99ybBhDIAR-
IsALvZavXU5pZ1yPOz2g3Lb6ajr97MJ1cG6k7G_7bHAyeBqtJJf-tm-
J_VqcYaArVTEALw wcB). Among the available 3D printing technolo-
gies, stereolithography (SLA) 3D printing creates objects in a layer-by-
layer fashion by selectively solidifying a liquid resin composed of
monomers and a photoinitiator. This technology is highly adequate to
3D print small parts with complex geometries at very high resolutions
(<10 pm) and very short times (Xu et al., 2021; Rodriguez-Pombo et al.,
2022). Even more interesting, completely solid objects can be created,
thus avoiding the risk of leakage when liquids are introduced inside, this
being very relevant if the object to be printed are diffusion cells.

However, the main problem with this technology lies in the use of
photocurable resins, mainly composed of acrylates (Voet et al., 2018).
Acrylic materials are permeable to various substances, including sol-
vents and solutes (e.g., drugs) (Bendicho-Lavilla et al., 2023). In addi-
tion, these materials can absorb water and other solvents, and
depending on their degree of cross-linking, they can even exhibit
swelling (Benmessaoud et al., 2020). As a result, drug surface adsorption
issues may arise when in contact with a pharmaceutical formulation (Sil
et al., 2018). Ideally, this problem could be solved by applying a coating
that prevents the drug from adhering to the wall of the printed device.
Although some research has been carried out to explore materials that
can be used as inert coatings for the interior of 3D-printed objects to
prevent drug retention, none of them have been successful so far (Sil
et al., 2018).

The aim of this study was to develop inert coatings for 3D-printed
diffusion models. Initially, a basic hollow cylinder 3D model was
created using CAD software and subsequently printed using an SLA 3D
printer. Subsequently, various coatings were applied to the 3D-printed
hollow cylinders to assess their ability to retain two model drugs in
comparison to glass vials. Among the coatings tested, one exhibited
promising potential and was chosen for further experimentation with
diverse drugs and model conditions. To validate the model, an in vitro
release test was conducted on 3D-printed coated Franz cells, as well as
commercially available glass Franz cells, utilising a voriconazole eye
drop formulation. The selected coating was also subjected to additional
characterisation, evaluating its reusability and resistance to solvents,
pH, and temperature. Finally, the chosen opaque coating was compared

to both a translucent coating with a similar composition and an in-house
made coating based on the main polymer of the opaque and translucent
coating.

2. Materials and methods
2.1. Materials

405 nm Clear UV Resin was purchased from Anycubic (Shenzhen,
China), ciclopirox olamine and dexamethasone base were obtained from
Acofarma (Barcelona, Spain), voriconazole was purchased from Normon
(Madrid, Spain), bevacizumab (Avastin®) was purchased from Roche
(Basel, Switzerland), insulin was purchased from Merck (Darmstadt,
Alemania), hydroxocobalamin acetate was obtained from HealthTech
BioActives  (Barcelona, Spain), 2-hydroxypropyl-p-cyclodextrin
(HPBCD) (Kleptose®, 0.65 M substitution ratio, MW 1399 Da) was
purchased from Roquette Laisa S.A. (Valencia, Spain), and hyaluronic
acid (HA) was obtained from Acofarma (Barcelona, Spain). Polytetra-
fluoroethylene (PTFE) powder spray coating (A), Plioway® resin-based
coating (B), acrylic and self-crosslinking elastic emulsion coating (C),
epoxy-polyamidoamine resin-based coating (D), bisphenol A epoxy
resin-based opaque coating (E), and bisphenol A epoxy resin-based
translucent coating (F) were purchased in the local hardware store.
Poly(Bisphenol A-co-epichlorohydrin), glycidyl end-capped was pur-
chased from Merck (Darmstadt, Alemania).

2.2. 3D printing process and leak testing

Two types of 3D models were designed and printed: hollow cylinders
and Franz diffusion cells. The 3D hollow cylinders were used for the
preliminary tests to facilitate the work, as they are easier to manipulate.
The CAD software Fusion 360 V2.0.16265 (Autodesk Inc., USA) was
used to design the 3D models. The 3D model of the vertical Franz cell
was designed from measurements obtained with a digital Vernier
calliper of a common glass vertical Franz cell. The receptor volume in
both 3D-printed and glass vertical Franz cells was 6.5 mL. The resultant.
stl files were sliced using the slicer software Photon Workshop V2.1.29
(Anycubic, Shenzhen, China). The printing parameters consisted of a
layer height of 0.05 mm and a UV light (405 nm) exposure time of 2 sec.
The final objects were printed using a Photon Mono X 6 K 3D printer
(Anycubic, Shenzhen, China). The 3D printed devices were then washed
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Table 2
Physicochemical properties of the model drugs.
Drug Molecular logP pKa/ Aqueous
weight (Da)* (o/ Isoelectric solubility
w)* point* (mg-mL~!,
25 °C)*
Dexamethasone base 392.5 1.83 1.89and 6.18 0.089 at pH
7.0
Ciclopirox olamine 268.35 2.3 6.84 1.41 at pH
7.0
Human insulin 5808 -13.1 5.4 2 at pH 2-3
Bevacizumab 149,000 - 8.3 -
Voriconazole 349.31 1.75 1.76 2.7 atpH 1.2
Hydroxocobalamin 1346.35 —14 1.81 >15 at pH
acetate 7.0

“ Data extracted from PubChem (PubChem. [cited 2023 Sep 22]. Available
from: https://pubchem.ncbi.nlm.nih.gov/).

with isopropanol in an ultrasonic bath and cured in a UV light cabinet
for 1 min on each side. Fig. 1 shows the 3D model designs of the hollow
cylinder and the vertical Franz diffusion cell used for the studies.

Liquid leakage assessment was conducted by filling a batch of 3D-
printed coated devices and 3D-printed coated vertical Franz diffusion
cells with a predetermined volume of water and placing them at 4 °C to
prevent water evaporation. At different times, the devices were weighed
and visual inspected to evaluate any weight loss or presence of any
external water leakage.

2.3. Selection and application of coatings

Several types of coatings were tested along with uncoated 3D-printed
cylinders and glass vials. The selection of coatings was based on their
potential to prevent drug retention. The following coatings were eval-
uated: PTFE powder spray coating (A), Plioway® resin-based coating
(B), acrylic and self-crosslinking elastic emulsion coating (C), epoxy-
polyamidoamine resin-based coating (D), and bisphenol A epoxy resin-
based opaque coating (E). The main composition of the coatings is
summarised in Table 1.

Coating A was applied by spraying the interior of the 3D-printed
cylinders 5 times, with a 30-minute dry period between applications.
The remaining coatings were applied by filling the inside of the 3D-
printed cylinders and removing excess material 30 min later. The cyl-
inders were left to dry for 48 h.

2.4. Preliminary screening of the coatings

The coatings were tested with two model drugs, ciclopirox olamine
and dexamethasone base. A 25 ug/mL dexamethasone base solution (pH
7.25) and a 50 pg/mL ciclopirox olamine solution (pH 8.5) were pre-
pared. The 3D-printed cylinders were coated according as described in
Section 2.3 and subsequently filled with the corresponding solution,
covered with Parafilm® M sealing film, and maintained at 4 °C to avoid
evaporation. Drug retention was assessed in comparison to uncoated
cylinders and borosilicate glass type I vials by measuring drug concen-
tration at different time points (1, 2, 5 and 8 days) using ultra high-
performance liquid chromatography (UHPLC) (ACQUITY UPLC H-
Class Plus, Waters, Milford, Massachusetts, USA) with an FTN injector
and PDA detector. All experiments were performed in triplicate.

For ciclopirox olamine the stationary phase was an ACQUITY UPLC
BEH 1.7 um C18 column, 2.1 x 50 mm (Waters, Massachusetts, USA),
and the mobile phase was an isocratic elution of 60 % orthophosphoric
acid 20 mM and 40 % acetonitrile pumped at a flow rate of 0.5 mL/min.
The injection volume was 50 pL, and column temperature was set to 30
°C with UV-wavelength of 300 nm. The elution time of ciclopirox ola-
mine was approximately 0.85 min.

For dexamethasone base the stationary phase was an ACQUITY UPLC
BEH 1.7 um C18 column, 2.1 x 50 mm (Waters, Massachusetts, USA),
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and the mobile phase was an isocratic elution of 65 % water 0.1 % tri-
fluoroacetic acid (TFA) 35 % methanol pumped at a flow rate of 0.7 mL/
min. The injection volume was 5 uL, and column temperature was set to
35 °C with UV- wavelength of 241 nm. The elution time of dexameth-
asone base was approximately 1.9 min.

Chromatograms were processed using Empower 3 software (Waters,
Massachusetts, USA). Drug recovery (Eq. (1) in each time point was
calculated with the following equation:

[Drug] in the coated 3D printed cylinder .
[Drug] in the glass vial

Drugrecovery (%) = 100 1)

2.5. Preparation of formulations with selected model drugs

Coated and uncoated 3D-printed cylinders and glass vials were
subjected to a preliminary drug retention test using dexamethasone base
and ciclopirox olamine solutions. One of the coatings was selected for
subsequent tests. To validate the chosen coating, drug model solutions
were prepared, including human insulin, bevacizumab, voriconazole
with 0.1 % (w/v) 2-hydroxypropyl-p-cyclodextrin (HPBCD), and
hydroxocobalamin acetate. Drug selection was made based on their
different physicochemical properties, which are contained in Table 2.

2.6. Drug retention studies with the selected coating

Given the positive results obtained with coating E, further drug
retention studies were conducted using 100 pg/mL human insulin (pH
2.3), 25 ug/mL bevacizumab (pH 6.15), 50 ug/mL voriconazole with 0.1
% (w/v) 2-hydroxypropyl-f-cyclodextrin (HPBCD) (pH 7.12), and 50
pg/mL hydroxocobalamin acetate (pH 5.71) solutions. All experiments
were performed in triplicate. Drug recovery was evaluated using various
chromatographic methods, as described in Section 2.4.

For insulin the stationary phase was an ACQUITY UPLC BEH 1.7 ym
C18 column, 2.1 x 50 mm (Waters, Massachusetts, USA), and the mobile
phase was an isocratic elution of 65 % potassium phosphate 0.1 M pH
3.1 buffer, 27 % acetonitrile, and 8 % methanol. The flow rate was set to
0.6 mL/min, with an injection volume of 10 pL, a column temperature of
25 °C, and a UV wavelength of 214 nm. The elution time of insulin was
approximately 0.98 min.

For bevacizumab the stationary phase was a BioResolve RP mAb
Polyphenyl, 2.7 um 450 A column, 2.1 x 50 mm (Waters, Massachusetts,
USA), and the mobile phase was a gradient from 15 % water 0.1 % tri-
fluoroacetic acid (TFA) and 85 % acetonitrile 0.1 % TFA to 85 % water
0.1 % TFA and 15 % acetonitrile 0.1 % TFA. The flow rate was set to 0.8
mL/min, with an injection volume of 1 uL, a column temperature of 80
°C, and a UV wavelength of 280 nm. The elution time of bevacizumab
was approximately 2.4 min.

For voriconazole the stationary phase was a ACQUITY UPLC BEH 1.7
um C18 column, 2.1 x 50 mm (Waters, Massachusetts, USA), and the
mobile phase was an isocratic elution of 70 % 10 mM ammonium acetate
buffer and 30 % acetonitrile. The flow rate was set to 0.5 mL/min, with
an injection volume of 10 pL, a column temperature of 25 °C, and a UV
wavelength of 256 nm. The elution time of voriconazole was approxi-
mately 2 min.

For hydroxocobalamin acetate the stationary phase was a CORTECS
UPLC 1.6 um C8 column, 2.1 x 100 mm (Waters, Massachusetts, USA),
and the mobile phase was an isocratic elution of 90 % 10 mM ammo-
nium formiate and 10 % acetonitrile. The flow rate was set to 0.4 mL/
min, with an injection volume of 10 pL, a column temperature of 40 °C,
and a UV wavelength of 351 nm. The elution time of hydroxocobalamin
acetate was approximately 0.85 min.

2.7. Invitro release study of a voriconazole eye drop in vertical glass
Franz cells and 3D-printed coated Franz cells

Firstly, a voriconazole hydrogel eye drop formulation developed in a
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previous study (Diaz-Tomeé et al., 2021) was prepared by adding 0.4 %
(w/v) hyaluronic acid to a 1 % (w/v) voriconazole solution with a 20 %
(w/v) HPBCD. An in vitro release study was then conducted to compare
the release profiles of the voriconazole eye drop formulation in 3D-
printed coated vertical Franz cells and glass vertical Franz cells. 0.5
mL of formulation was added to the donor compartment, while the re-
ceptor compartment was filled in with 6 mL of phosphate-buffered saline
(PBS) pH 7.4. Visking® dialysis membranes (Medicel® membranes Ltd.)
with a 12-14 Kda cut-off (0.784 cm? available surface area) were placed
between donor and receptor compartments. The Franz cells were kept
thermostated at 37 °C and the medium homogenised by placing them in
an orbital shaker incubator (Unimax 1010 and Inkubator 1000, Hei-
dolph, Schwabach, Germany) at 100 rpm during the assay. Samples of 1
mL were withdrawn at pre-determined time points and replaced with
fresh PBS medium. The concentration of voriconazole was determined
by the method previously described in Section 2.6.

2.8. Morphological and physicochemical characterisation of the selected
coating

2.8.1. Scanning electron microscopy and energy dispersive X-ray analysis

The morphological properties of the E coating surface were exam-
ined by scanning electron microscopy (SEM). SEM images of the coated
and uncoated devices were taken with a ZEISS EVO LS15 microscope at
20Kv using a BSD detector (backscattered electron detector)/SE (sec-
ondary electron detector), under conditions of variable pressure.

Elemental microanalysis of the coating E was performed by energy
dispersive X-ray analysis (EDX) with an EDS Ultim® Max detector
(Oxford Instruments) controlled by INCA software. The acquisitions
conditions were 20Kv and a working distance of 8.5 mm for a more
precise analysis.

2.8.2. X-ray diffraction

X-ray diffraction (XRD) measurements were carried out using an
Empyrean diffractometer (Malvern Panalytical, UK). The X-rays were
obtained from a sealed tube with a Cu anode (A\(Ky1) = 1.5406 A) which
was collimated, prior to incidence on the sample, with an optic including
a W/Se type bilayer mirror. The radiation emitted by the sample was
obtained with a “PIXcel3D” type solid-state detector. The diffractograms
were taken in an angular range from 2° to 40° with a step of 0.02° and a
time per step of 2 sec. Phase identification of the obtained diffracto-
grams was performed using HighScore Plus 3.0d software (Malvern
Panalytical, UK).

2.8.3. Raman spectroscopy

Raman spectroscopy was performed on the coated and uncoated 3D-
printed devices using a Bruker Raman FT Raman Scope. The Raman
spectra provided information on the functional groups of the materials,
allowing comparison of the chemical composition of coated and un-
coated devices. Raman spectra were recorded at room temperature on a
Raman confocal microscope alpha300 R (WITec) using a 532 nm laser
with a power of 1.3-2.1 mW, 0.3 s of integration time, 50 accumula-
tions, and a lens of 50x LD. Project Five 5.3 (WITec) was used for data
processing and imaging.

2.9. Evaluation of the reusability of coated devices

The 3D-printed cylinders coated with coating E, which were used in
sections 2.6 and 2.7, were cleaned with a neutral detergent or a neutral
detergent and alcohol. The cylinders were then analysed using EDX,
XRD, and Raman spectroscopy. The Scherrer’s formula (Eq. (2) was used
as a measure of the crystallinity of coating E before and after washing:

-~ Ke i
" BecosH

Dp ()]
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where Dp is the average crystallite size (nm), K is the Scherrer constant
(0.94 for spherical crystallites with cubic symmetry), A is the X-ray
wavelength (for mini XRD, Cu Ka = 1.541787 f\), B is the full width at
half maximum (FWHM) of XRD peak and 6 is the XRD peak position.

Comparisons with data from unused coated devices from Section 2.8
were made to examine whether any drug residue was retained. Subse-
quently, a 25 pg/mL of dexamethasone base solution was loaded into the
3D-printed coated recycled cylinders, and dexamethasone retention was
assessed according to the procedure described in Section 2.4.

2.10. Solvent resistance of the selected coating

The 3D-printed cylinders coated with coating E were exposed to
different solvents including acetone, ethanol, isopropanol, neutral
detergent, methanol, or liquid paraffin for 24 h. After exposure to the
solvents, the cylinders were dried and analysed using SEM as described
in Section 2.8 to assess any potential changes in the surface morphology
of the coatings. Solvents were checked visually for any turbidity after the
test period and the coatings were inspected for any structural changes
such as pinholes or blemishes.

2.11. Temperature and pH resistance

The resistance of the coating E to temperature was assessed by
exposing the 3D-printed cylinders to different temperature conditions.
Conditions tested included 4 °C, 25 °C and 37 °C. A 25 ug/mL dexa-
methasone base solution was added to the 3D-printed coated cylinders
and drug retention was assessed following the method described in
Section 2.4.

The resistance of the coating E to changes in pH was investigated by
exposing the 3D-printed cylinders to neutral, acidic and basic pH buffers
for 24 h. Buffers consisted of pH 7.5 and pH 9.0 phosphate buffer so-
lution, and pH 1.2 simulated gastric fluid without enzyme (Buffer So-
lutions. European Pharmacopoieia, 2010.). Subsequently, the buffers
were removed, and a 25 ug/mL dexamethasone base solution was added
to the 3D-printed coated cylinders. Drug retention was assessed
following the method described in Section 2.4.

2.12. Comparison between the opaque coating (E), the translucent
coating (F), and the in-house made coating (G)

The coating G was elaborated by dissolving 10 % (p/v) poly
(bisphenol A-co-epichlorohydrin), glycidyl end-capped in ethyl acetate.
The coatings F and G were applied by filling the inside of the 3D-printed
cylinders and removing excess material after 30 min. Subsequently, the
cylinders were left to dry for 48 h. Both coatings were analysed using
SEM, EDX, XRD, and Raman spectroscopy as detailed in Section 2.8.

Coating F retention was assessed by adding a 25 ug/mL dexameth-
asone base solution to the coated 3D-printed cylinders. Drug retention
was analysed following the method described in Section 2.4.

Coating G retention was characterised in depth by adding the
following solutions: 100 pg/mL human insulin, 25 pg/mL dexametha-
sone base, 50 ug/mL voriconazole with 0.1 % (w/v) 2-hydroxypropyl-
p-cyclodextrin (HPBCD), 50 ug/mL hydroxocobalamin acetate, and 50
pg/mL ciclopirox olamine. Drug recovery was evaluated using various
chromatographic methods, as described in Sections 2.4 and 2.5.

3. Results and discussion
3.1. Design, manufacture, coating, and leak testing of 3D-printed devices

For the design of the diffusion cells, the measurements of a standard
glass diffusion cell were replicated to achieve a comparable internal
volume. The donor and receptor chambers were 3D-printed separately
and positioned upside down to eliminate the need for supports. The
resulting components exhibited smooth walls without requiring
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Fig. 2. (A) 3D printed vertical diffusion Franz cells in different sizes. (B) 3D printed Side-Bi-Side cell. (C) 3D printed cylinders.
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Fig. 3. Drug recovery (%) from coated and non-coated 3D printed vials
compared to glass vials. (A) Dexamethasone base recovery (%). (B) Ciclopirox
olamine recovery (%).

additional sanding or post-processing (Fig. 2). The chosen layer height
of 0.05 mm enabled the production of 3D-printed diffusion cells with
excellent resolution. In addition, the durability of the 3D-printed devices
was assessed through drop and shock tests (data not shown), which
demonstrated superior robustness in comparison to glass diffusion cells.
To facilitate the studies, 3D printed cylindrical vials were employed for
preliminary investigations.

The high level of adhesion between layers achieved through SLA
printing ensures the production of watertight 3D-printed devices. The
leak detection study performed on the 3D printed devices resulted in no
liquid leakage observed and no significant change in the weight of the
devices during the studied period (a n.s.). However, one of the chal-
lenges associated with using SLA technology for manufacturing phar-
maceutical equipment lies in the utilisation of acrylic resins, which are
not inert and can potentially undergo chemical or physical interactions
with many drugs (Sil et al., 2018). Consequently, various coatings were
selected based on their ability to prevent drug retention and were

applied to the components of the devices that come into contact with the
drug solution.

3.2. Preliminary screening of the coatings

An initial evaluation of the coatings was conducted through a drug
retention study, involving two drugs with distinct chemical properties:
dexamethasone base and ciclopirox olamine. Fig. 3 shows the results of
drug recovery (%) from the preliminary test. On day 8, the uncoated
resin device retained 33.58 + 0.21 % of dexamethasone base and 65.43
+ 4.95 % of ciclopirox olamine. Similarly, the retention of dexametha-
sone base for coatings A, B, C and D on day 8 was 40.93 + 2.33 %, 20.90
+ 1.41 %, 47.94 + 16.39 %, and 8.30 + 0.27 %, respectively. For
ciclopirox olamine, the retention on day 8 was even higher, with values
of 69.35 + 2.90 %, 70.74 + 9.65 %, 86.89 + 5.30 %, and 88.86 + 10.93
% for coatings A, B, C, and D, respectively. Contrarily, coating E
exhibited complete recovery with no retention observed for either drug
at any time point. There were no significant differences found between
time points for dexamethasone base (« n.s.). However, the retention of
ciclopirox olamine in the glass container increased with contact time («
< 0.05). The recovery of ciclopirox from coating E reached approxi-
mately 105 % on day 8. Based on these promising results, coating E was
further tested with drugs of different chemical properties to assess its
drug retention.

3.3. Drug retention with the selected coating

Coating E was subjected to additional drug retention testing with
drugs of diverse characteristics, including hydroxocobalamin acetate,
voriconazole, human insulin, and bevacizumab. The latter two are
biomacromolecules—a protein and a monoclonal antibody, respective-
ly—becoming increasingly relevant for clinical applications (Bendicho-
Lavilla et al., 2022; Garcia-Otero et al., 2022). Certain studies suggest
that proteinaceous molecules can bind to borosilicate glass type I con-
tainers. Therefore, one of the objectives of this study was to evaluate the
potential binding to coating E (Wei et al., 2014).

Drug solutions tested included human insulin, bevacizumab, vor-
iconazole and hydroxocobalamin acetate. Fig. 4 shows the percentage of
drug recovery for each drug at different time points. No significant
differences were observed between time points for hydroxocobalamin
acetate, voriconazole, and insulin (a n.s.). However, in the case of
bevacizumab, the retention in glass vials was higher compared to the
coated devices (o < 0.05). Extensive studies have been conducted on the
retention of proteins and monoclonal antibodies in glass containers (Wei
et al., 2014; Hoehne et al., 2011), and the findings of this study align
with the existing literature. Consequently, coating E demonstrates the
potential to prevent interactions between protein-based drugs and their
primary container.
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Fig. 5. In vitro release of voriconazole eye drops in 3D-printed coated Franz
cells and in glass Franz cells (n = 3).

3.4. In vitro release study using voriconazole eye drops in 3D-printed
coated Franz cells and glass vertical Franz cells

To compare the suitability of 3D-printed coated Franz cells and
conventional glass Franz cells for in vitro drug release tests, an in vitro

release study was performed in triplicate using voriconazole eye drops.
The results of the study are shown in Fig. 5. No significant differences
were observed in the release of voriconazole from the eye drops between
the two types of Franz cells (« n.s.).

Some studies have conducted in vitro investigations with different
drugs, comparing the drug retention achieved with 3D-printed diffusion
cells and conventional glass Franz cells. For instance, in one study, the
compatibility of different drugs with 3D-printed diffusion cells using
SLA technology was evaluated (Sil et al., 2018). The results revealed the
occurrence of drug retention, which was attempted to be addressed by
post-processing coating of the devices. However, even with the use of
hydrophobic coatings, they proved ineffective in reducing drug reten-
tion. In a subsequent study, caffeine was used as a hydrophilic model
drug in uncoated SLA 3D-printed devices (Sil et al., 2020). Although the
use of this hydrophilic drug improved the compatibility with the SLA
acrylic resin, the hydrophobic compounds still did not exhibit compat-
ibility with the proposed model.

In another study, fused deposition modeling (FDM) was used to
manufacture vertical diffusion cells using polypropylene (PP) filament
(Tiboni et al., 2021). However, it has been shown that PP is susceptible
to drug adsorption, thus rendering it unsuitable as an inert material for
contact with drug solutions (Palmgrén et al., 2006 Nov 1). On the other
hand, polylactic acid (PLA) has also been employed in other studies for
3D printing diffusion cells using FDM technology (Fazili et al., 2020).
Nonetheless, PLA exhibits drug adsorption as well (Farto-Vaamonde
et al, 2019). In addition, SLA offers certain advantages over FDM
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Fig. 6. SEM images of (A) the uncoated resin surface, (B) the coated resin surface, and (C) the side view of the coating E applied to the resin material.

Table 3
Surface elemental analysis of the resin and the coating E.

Element Resin (%) Coating E (%)
Carbon (C) 68.4 57.0
Oxygen (O) 31.5 26.8

Titanium (Ti) - 8.6
Barium (Ba) — 3.3
Sulphur (S) — 0.9

Aluminium (Al) - 0.8
Silicon (Si) - 0.7
Phosphorus (P) 0.1 0.6
Zinc (Zn) — 0.6
Magnesium (Mg) - 0.6
Sodium (Na) - 0.2

technology. For example, FDM is more prone to production errors and
the resulting devices have a higher risk of manufacturing defects (Brion
and Pattinson, 2022). In contrast, SLA is significantly and capable of
producing several devices simultaneously (Xu et al., 2021; Brion and
Pattinson, 2022). FDM filaments typically possess an opaque or slightly
translucent nature, whereas SLA resins provide clear and transparent
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materials (ANYCUBIC 3D Printing [Internet], 2023; Formlabs. [cited
2023 Nov 29]. Guide to Transparent 3D Printing. Available from:
https://formlabs.com/blog/3d-printing-transparent-parts-techniques-
for-finishing-clear-resin/). Therefore, the coating presented in this study
demonstrates more promising outcomes in comparison to those
observed in previous studies conducted to date.

3.5. Morphological and physicochemical characterisation of the selected
coating

Fig. 6 shows the SEM images of both the uncoated and coated resins
surfaces. The uncoated resin surface appears rough and exhibits small
fragments of resin adhered to its surface. These resin residues are often
deposited during the 3D printing process and their subsequent removal
is challenging due to their UV light curing. However, upon the appli-
cation of coating E, the surface becomes smooth, devoid of significant
pores or flaws. The side view of the coated device’s surface clearly ex-
hibits the noticeable contrast between the uncoated surface and the E-
coated surface. The coating includes small crystals within its composi-
tion, a finding confirmed by XRD analysis. The thickness of the coating
layer was approximately 350 pm.
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Fig. 7. (A) XRD diffractograms of the surface of coated and uncoated devices (B) Raman spectra of the surface of coated and uncoated devices.
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Table 4
Scherrer’s formula results from washed and unwashed coated devices.
Device Barite Chlorite Rutile
crystallite crystallite size crystallite
size (nm) (nm) size (nm)
Coating E 39.5 40.6 29.7
Bevacizumab - Neutral 43.4 37.3 50.0
Detergent
Bevacizumab — Neutral 77.2 37.8 61.1
Detergent and Ethanol
Insulin — Neutral Detergent 63.1 35.7 45.7
Insulin — Neutral Detergent 79.4 33.2 59.4
and Ethanol
Voriconazole — Neutral 81.7 83.2 65.3
Detergent
Voriconazole — Neutral 77.2 67.0 58.2
Detergent and Ethanol
Hydroxocobalamin — 68.9 72.0 50.9
Neutral Detergent
Hydroxocobalamin — 81.7 62.1 61.5
Neutral Detergent and
Ethanol
Dexamethasone — Neutral 46.6 86.6 53.1
Detergent
Dexamethasone — Neutral 92.6 86.6 59.8

Detergent and Ethanol

The surface elemental composition of both the uncoated resin and
the coated resin was analysed using EDX. The results of the analysis are
presented in Table 3. The acrylic resin primarily consisted of carbon and
oxygen, whereas coating E contained a higher proportion of carbon and
oxygen, along with trace amounts of titanium, barium, sulphur,
aluminium, silicon, phosphorus, zinc, magnesium, and sodium. These
findings suggests that coating E incorporates additional components
beyond the bisphenol A-based epoxy resin. XRD and Raman analyses
were conducted to further investigate the coating E.

Fig. 7A shows the XRD diffractogram of the uncoated resin and the
coated resin. The resin did not exhibit any diffraction peak as it is in an
amorphous state. In contrast, the coated resin, as observed in the SEM
images, displayed a micro- or nano-crystalline structure with detectable
crystals. The phase identification analysis revealed that the crystalline
peaks corresponded to different components, including chlorite (con-
taining Mg, Al, and Si), barite (BaSO4), and rutile (TiO3), which are
essential raw materials in coating and paint industry used to provide
resistance, opacity, and colour to the coating. In this case, chlorite was
used as a filler and rutile (Pigment White 6 or CI 77891) and barite
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5
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(Pigment White 21 or CI 77120) were used as white pigments in the
coating composition (Volz et al., 2006; Gysau, 2006).

The results of the previous EDX elemental analysis align with the
findings from the XRD analysis, as these elements (Mg, Al Si, Ba, S, Ti,
and O) were part of the elemental composition of coating E. It should be
noted that these peaks do not indicate the concentration of these com-
pounds in the final composition of coating E, but rather indicate their
crystallinity.

Fig. 7B presents the Raman spectra of the surface of coated and
uncoated devices. Although preforming a comprehensive molecular
analysis was challenging due to the complex composition of the resin
and coating E, notable variations in the Raman spectra were observed.
The Raman spectra of the uncoated device exhibited characteristic fea-
tures of an acrylic polymer, with a peak at 1715 cm ™ corresponding to
the C = O bond vibration in the acrylate groups, as well intense peaks in
the 2800 — 3000 cm ! region corresponding to C-H bond vibrations of
the CHy and CHj3 groups of the polymer main chain (De Leon and
Molina, 2020).

On the other hand, the Raman spectra of the coated device displayed
weak peaks in the epoxy band (1150-1350 cm™ 1) at 1257 em™! and
1186 cm ™, corresponding to the epoxy ring breathing vibration and the
C-O-C backbone vibration, respectively (Lyon et al., 1994). The intense
peaks observed at 448 cm ™! and 612 cm ™! are associated to O-Ti bonds
from the TiOy used as an opacifier in the coating composition, as
confirmed by the EDX and XRD results (Balachandran and Eror, 1982).

Based on the Raman results, it was observed that the coating was
uniformly applied to the resin surface. The components of the coating
did not react with those of the resin. Additionally, only the spectrum of
coating E was detected in the analysed area, indicating the absence of
pores that could expose the resin to contact with the drug. These results
suggest that the coating E could be used with different types of resin or
3D printing materials.

3.6. Evaluation of the reusability of the coated devices

The 3D-printed cylinders coated with coating E were cleansed using
a neutral detergent or a combination of neutral detergent and alcohol.
An EDX analysis was performed to detect any potential changes in the
elemental composition of the coating that could have resulted from drug
retention during contact. The analysis focused on identifying atoms
specific to the drugs that had come into contact with the coating,
including nitrogen (ciclopirox olamine, bevacizumab, human insulin,
and voriconazole), cobalt (hydroxocobalamin), and fluorine

200 um
{73

Fig. 9. SEM images of the coating surface after exposure to (A) liquid paraffine, (B) acetone, (C) ethanol, (D) isopropanol, (E) neutral detergent, (F) methanol.
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Fig. 10. (A, B, C) Recovery (%) of dexamethasone base at different temperature values (D, E, F) Recovery (%) of dexamethasone base after exposure of coating E to
buffers of different pH’s.

Fig. 11. SEM images of (A) coating F, (B) coating E, (C) the side view of the coating F applied to the resin material, (D) coating G.

(dexamethasone base and voriconazole). The EDX analysis did not with neutral detergent, and those that were washed with neutral
detect the presence of any target atoms, indicating that the drugs did not detergent and alcohol.
adhere to the coating’s surface. Furthermore, there were no significant A XRD analysis was performed to examine potential changes in the

differences in composition between the unwashed devices, those washed coating’s crystallinity after washing and to detect any peaks
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Fig. 12. (A) XRD diffractogram of the surface of coating E and coating F (B)
Raman spectra of the surface of coating E and coating F (C) Dexamethasone
base recovery (%) from 3D-printed cylinders coated with coating F.

Table 5
Elemental analysis of the surface of coating E, F, and G.

Element Coating E (%) Coating F (%) Coating G (%)
Carbon (C) 57.0 66.1 81.2
Oxygen (0) 26.8 18.9 18.5

Titanium (Ti) 8.6 — -
Barium (Ba) 3.3 7.4 -
Sulphur (S) 0.9 1.8 -

Aluminium (Al) 0.8 <0.1 -
Silicon (Si) 0.7 <0.1 -
Phosphorus (P) 0.6 <0.1 0.2
Zinc (Zn) 0.6 - -
Magnesium (Mg) 0.6 0.1 —

Sodium (Na) 0.2 <0.1 -
Calcium (Ca) - 5.2 -
Chloride (CD - - 0.1

corresponding to drug crystallisation. Fig. 8A shows the diffractograms
of all the tested devices. All observed peaks corresponded to the coating
matrix, which confirms the absence of drug retention within the coating.
While there were variations in the crystallinity of the phases after
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cleansing, all phases remained present. A slight broadening of the peaks
was observed after washing, suggesting a minor increase in crystallinity.

The Scherrer’s formula was employed to assess the change in coating
crystallinity before and after washing. The crystallite sizes of barite,
chlorite and rutile were determined (Table 4) and compared across the
different devices. The washed coated devices exhibited larger crystallite
domain sizes for all components, regardless of the washing method (a <
0.05). Some components of coating E may have dissolved during
washing with water or ethanol. During the drying process, these com-
pounds could crystallise, leading to the formation of larger crystals with
different conformations.

Raman spectroscopy analysis was performed to assess potential
changes in the functional groups present on the surface of the washed
coated devices. Fig. 8B shows the Raman spectra of the washed devices
compared to coating E. The peaks associated with Ti-O bonds exhibited
reduced intensity in the washed devices, suggesting that the cleaning
process or the previous incubation experiment might remove some TiO,
particles from the surface of the coating. Moreover, the XRD results
suggested an increase in rutile crystallite size. Consequently, the ana-
lysed area may possess larger crystals, albeit in lesser quantity than
before washing, which could explain the diminished intensity of the Ti-O
bonds peaks. However, no new peaks were observed in the Raman
analysis for any of the drugs, indicating that coating E did not cause drug
retention.

The recycled 3D-printed coated cylinders underwent drug retention
testing by introducing a 25 pg/mL solution of dexamethasone base after
cleansing and drying. Fig. 8C illustrates that the recycled devices
exhibited complete recovery of dexamethasone base, with no drug
retention observed at any time point. No significant differences were
found between time points for dexamethasone base (« n.s.). These re-
sults demonstrate that the coated devices are reusable, since the clean-
ing process did not impact drug retention.

3.7. Solvent resistance of the selected coating

The coated cylinders were exposed to a variety of commonly used
solvents, including liquid paraffin, acetone, ethanol, isopropanol,
neutral detergent, and methanol. SEM images of the cylinders after
exposure to the solvents are shown in Fig. 9. Prior to exposure, the
solvents were visually examined for any signs of turbidity, and no visual
disturbances were observed after contact with the coating. SEM images
were inspected to identify possible changes in the morphology of the
coating surface, such as pores or imperfections, but no significant al-
terations were observed for any of the solvents. These results indicate
that coating E is compatible with the tested solvents.

3.8. Temperature and pH resistance

A dexamethasone base retention test was performed to assess the
thermal stability of the coated devices. The temperatures tested were 4
°C, 25 °C, and 37 °C. A 25 pg/mL dexamethasone base solution was
added to the devices to assess drug retention. On day 8, the recovery of
the dexamethasone base was approximately 100 % for all tested tem-
peratures, except for 37 °C, where recovery was 104.72 + 2.31 %
(Fig. 10A, B, C). This slight increase in recovery at 37 °C was likely due
to evaporation of the solvent in the 3D-printed cylinders, which were
covered with Parafilm® M sealing film instead of a cap like the glass
vials.

Although the previously tested drug solutions (Section 2.4 and 2.6)
covered a wide range of pH levels, a specific test was carried out to
investigate the potential influence of pH on drug retention. The coated
devices were filled with various buffers of different pH’s (pH 1.2, 7.5 and
9). After 24 h, the buffers were removed, and a drug retention test was
performed using a 25 ug/mL dexamethasone base solution. The coated
devices showed complete recovery of dexamethasone base with no sig-
nificant drug retention at all time points (a n.s.) (Fig. 10D, E, F). On day
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Fig. 13. Drug recovery (%) from 3D printed cylinders coated with coating G and non-coated cylinders compared to glass vials.

8, the recovery of the dexamethasone base was approximately 100 % for
all pH values tested.

3.9. Comparison between the opaque coating (E), the translucent coating
(F), and the in-house made coating (G)

The microscopic appearance of the surface of coatings F and G is
shown in Fig. 11. As with coating E, no large pores or defects were
observed. This indicates that the coatings F and G cover the entire sur-
face of the resin. Small crystals are visible on the surface of the coating F,
the presence of which was confirmed by XRD analysis (Fig. 12A).

The elemental composition of the surface of coatings F and G was
analysed by EDX and compared with that of coating E. Table 5 presents
the comparison of the elemental composition between coating E, F, and
G. Coating G is primarily composed of C and O, aligning with its ex-
pected composition. Coating E includes Ti from rutile molecules, serving
as a white pigment. Moreover, coating E contains chlorite, incorporating
Mg, Al, and Si elements. Coating F, on the other hand, shows a lower
proportion of these elements, suggesting the absence of chlorite. The
presence of Ba suggests that barite is present in both coatings, although
it appears to be in a higher proportion in the coating F.

Coating F also contains calcium (Ca). To determine to which com-
pound the calcium belongs to, an XRD analysis was performed. Fig. 12A
shows the diffractograms of coatings E, F, and G. The previously ana-
lysed Ca corresponds to calcium carbonate or calcite (CaCO3) molecules,
probably included to act as filler material to provide hardness and
flexibility to the coating polymer (Gysau, 2006). As can be seen, the
peaks corresponding to rutile are not visible, demonstrating that rutile is
not part of the composition of Coating F. Coating G shows an XRD
pattern characteristic of an amorphous state due to its polymeric
composition.

The Raman spectra confirmed the absence of TiO- in the coating F,
since the peaks corresponding to the Ti-O bonds were missing (Fig. 12B).
Despite this difference, the spectra of both coatings were similar, sug-
gesting a similar composition. Similarly, coating G showed only the
characteristic peaks of the polymer. Notably, the Raman spectra did not
reveal any peaks associated with the acrylic resin beneath the coating,
emphasising the effectiveness of the coating process.
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Coating F was tested for dexamethasone base retention by intro-
ducing a 25 pg/mL solution into F-coated 3D-printed cylinders. Fig. 12C
shows that coating F exhibited complete recovery of dexamethasone
base with no drug retention at all time points, with no significant dif-
ference between time points being found for dexamethasone base (a n.
s.). In addition, no significant differences were found between dexa-
methasone base retention in coating E and F (a n.s.). These results
suggest that coating F would not cause drug retention, although further
studies with more types of drugs are required.

Coating G was tested for drug retention by introducing 100 pg/mL
human insulin, 25 pg/mL dexamethasone base, 50 ug/mL voriconazole
with 0.1 % (w/v) 2-hydroxypropyl-p-cyclodextrin (HPBCD), 50 pg/mL
hydroxocobalamin acetate, and 50 ug/mL ciclopirox olamine solutions
into G-coated 3D-printed cylinders. Fig. 13 shows that coating G
exhibited complete recovery of all the drugs, with no drug retention at
any time point.

4. Conclusion

For the first time, the development of an inert coating specifically
designed for 3D printed diffusion models has been achieved. This
coating effectively prevents drug retention during in vitro drug release
studies, encompassing small molecules as well as biologics from phar-
maceutical formulations. The application of this coating to the 3D-
printed models ensured their leak-free performance and demonstrated
excellent chemical resistance to solvents. Furthermore, the coating’s
opacity renders these 3D models highly suitable for light-sensitive drugs.
Leveraging the versatility of 3D printing, these models can be tailored to
accommodate formulations intended for various routes of administra-
tion, providing adaptability in terms of geometries and volumes. Ulti-
mately, the coatings presented in this study will facilitate the integration
of 3D-printed diffusion models into pre-formulation pharmaceutical
studies, paving the way for the use of sustainable and reusable devices
that are both robust and cost-effective to produce.

A patent has been applied to protect the application of these coatings
(Method of manufacture of a laboratory object suitable for experiments
with active pharmaceutical or cosmetic active (ES202331049), 2023. ).
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