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A B S T R A C T

Turner syndrome, a rare chromosomal disorder affecting 1 in 2500 females, is characterized by the partial or 
complete absence of the second X chromosome. The primary treatment involves oestradiol (E2) hormone 
replacement therapy, essential for inducing puberty and maintaining secondary sex characteristics. While 
transdermal E2 patches are preferred due to their controlled release and bypassing of first-pass metabolism, 
paediatric dosing poses significant challenges since patches cannot be safely cut for adjustment. Although a 
weight-based nocturnal E2 regimen is recommended, achieving precise, personalised dosing is challenging to 
achieve. This study explores an innovative approach to obtain personalised transdermal doses using a handheld 
commercial inkjet printer to apply E2 directly onto the skin, in the form of temporary drug-loaded tattoos. A 
highly soluble (52.24 ± 8.76 mg/mL) E2-loaded pharma-ink was developed using a propylene glycol and ethanol 
(2:8) formulation. The ink was successfully printed in various designs on both paper and porcine skin, demon
strating excellent resolution and reproducibility. Dose linearity was confirmed (R2 > 0.96) with 3.8 ± 0.5 µg of 
E2 delivered per single printing pass using a 2 mg/mL pharma-ink. Personalised dosing is achievable by altering 
the concentration of E2 in the ink or by adjusting the number of printing passes, ideal for young Turner syndrome 
patients who require periodic dose adjustments. In vitro Franz Cell permeation studies revealed a first-order 
extended permeation profile, with 100 % of E2 permeating within 8 h, supporting nocturnal administration to 
mimic natural hormone fluctuations during puberty. Handheld inkjet printing therefore offers a novel solution by 
enabling precise, low-dose delivery of E2 directly onto the skin, making it a promising approach for tailored 
treatment in young patients with Turner syndrome.

1. Introduction

Turner syndrome is a rare chromosomal disorder affecting approxi
mately 1 in 2500 females [1]. It is characterised by the partial or com
plete absence of the second X chromosome, first reported as a clinical 
syndrome in 1938 by Henry Turner [2]. The most common early 
symptom is short stature, often noticeable by the age of 5, with other 
features like loss of ovarian function, delayed puberty, and infertility 
appearing later [3]. Additional manifestations include congenital heart 

defects in 25–50 % of patients which are the most common cause of 
death [3,4], a webbed neck, skeletal abnormalities, gastrointestinal 
disorders, lymphedema, and an increased risk of hypertension, type II 
diabetes, and other complications [5].

Treatment involves the administration of oestradiol (E2), also known 
as 17β-oestradiol, the most potent and abundant form of estrogen in the 
body, in the form of hormonal replacement therapy [6]. E2 is essential in 
regulating the menstrual cycle, skeletal health, vascular function, and 
neurological systems and is thus used to induce puberty, maintain 
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secondary sex characteristics, and induce uterine growth for potential 
future pregnancy [7]. Currently, two main forms of E2 administration 
exist: oral tablets and transdermal patches. E2 patches come in varying 
doses (14–100 µg) and release the hormone in a controlled manner. They 
are a popular platform of drug delivery as they reduce gastrointestinal 
irritation, avoid first-pass metabolism, are easy to administer or remove, 
making them especially suitable for patients with dysphagia [8]. Clinical 
studies show that transdermal E2 provides superior outcomes compared 
to oral administration for patients with Turner syndrome [9–11]. 
Transdermal E2 achieves higher therapeutic concentrations, leading to 
more effective feminization [9], enhanced uterine growth, accelerated 
spinal bone accumulation, and an overall increase in final height [12]. In 
contrast, oral E2 has been associated with an increased risk of stroke and 
thromboembolism and exposes the liver to higher doses than the rest of 
the body [13].

International guidelines recommend initiating transdermal E2 
treatment for puberty induction between the ages of 11 and 12 years, 
with a starting dose of 3–7 µg/day, gradually increasing every six 
months over 2–3 years [14,15]. However, the lowest available dose (14 
µg/day) is designed for adults [16]. To achieve paediatric doses, patches 
must be cut, which is discouraged by manufacturers due to concerns 
about altered adhesive properties, unpredictable drug absorption, and 
the risk of dose dumping [17,18]. A recent study on cut E2 patches 
stored at 35 ◦C for one month reported reductions in E2 content in four 
commercial brands: Systen/Evorel (− 6.9 ± 6 %); Estraderm MX (− 15.8 
± 1.5 %); Oesclim (− 5.0 ± 3.8 %); Estradot (− 57 ± 1 %). Intact patches 
showed no reduction in E2 content over the same period and under the 
same conditions [19].

The Turner syndrome working group of the European Society for 
Paediatric Endocrinology (ESPE) developed a transdermal E2 treatment 
protocol for paediatric patients with Turner syndrome [20,21]. The 
group unanimously recommended the use of 17β-oestradiol, with a 
weight-based dosage regimen overnight. This approach is supported by 
several studies, which found that nocturnal administration of E2 more 
closely mimicked the natural hormone fluctuations observed during 
spontaneous puberty [21,22]. The protocol starts with doses of 3–7 µg/ 
day for lower-weight females, increasing with weight and treatment 
duration. Given the need for precise dose personalisation and titration 
based on the patient’s weight, E2 serum levels, and breast development, 
a promising solution for delivering these low and individualised doses is 
two-dimensional (2D) inkjet printing.

Originally developed in the 1950s for office use, inkjet printing has 
since rapidly expanded into the fields of electronics, biosensors [23–26], 
medical devices [27], and pharmaceuticals [28–33]. The process in
volves the precise deposition of small volume (1–100 pL) ink droplets 
onto 2D or three-dimensional (3D) substrates [34,35]. Formulating the 
optimal drug loaded ink (pharma-ink) can be challenging, and studies 
have investigated machine learning to predict ink printability [36]. 
There are two forms of inkjet printing technologies: thermal and 
piezoelectric, each differing in their mechanism of ink ejection. In 
thermal inkjet printing, a heating element generates a bubble that forces 
the ink droplet out of the printhead. In contrast, piezoelectric inkjet 
printing uses voltage pulses to eject ink in a controlled stream [37].

In recent years, inkjet printing has been applied to transdermal drug 
delivery, in the form of coated microneedles [38–42] and drug-releasing 
patches [43,44]. All transdermal work used in combination with inkjet 
printing has involved the use of patches or films, but this study evades 
this and for the first time prints medicines directly onto the patient. To 
date, no studies have explored the direct printing of drugs onto the skin 
itself. Unlike patches or films, which require additional adhesive layers 
and standardized sizes, inkjet printing directly on skin can adapt to in
dividual needs, enabling localized treatment on irregular surfaces and 
minimising waste from adhesives, backing materials, and packaging 
associated with traditional patches. Moreover, this technology enhances 
patient comfort and adherence by creating visually appealing and per
sonalised designs.

The emergence of handheld ‘tattoo printers’ for all ages demon
strates the appeal of inkjet printing for temporary or semi-permanent 
designs. These handheld printers have been used to print drugs on 
films [45] and, if used on the skin, they may offer customisation, con
venience, and safety, using skin-safe and regulatory approved inks. 
Inspired by this technology, this study aims to utilise a commercially 
available handheld inkjet device to print E2 directly onto the skin, of
fering a personalised treatment approach for young female patients with 
Turner syndrome. Various low doses in the range of 3–20 µg will be 
printed to assess the E2 loading within a single print, and challenges 
associated with E2′s low solubility as a lipophilic drug will be addressed 
by solubility assessments for ink optimisation. Pharmaceutical printing 
suitability will be assessed on various surfaces such as paper, wafer 
paper, and porcine skin for resolution comparison, with porcine skin 
closely mimicking human skin [46]. In addition, in-vitro permeation 
studies using Franz diffusion cells will be conducted in triplicate to 
characterise the release profile and duration of E2 delivery, focusing on 
its potential for prolonged nocturnal administration of the hormone.

2. Materials and methods

2.1. Materials

The solvents used for the ink formulation were ≥99.5 % high purity 
grade propylene glycol (VWR International, Leicestershire, UK) and 
≥99.8 % puriss grade ethanol (Sigma Aldrich, Gillingham, UK). Oes
tradiol was used as the model drug (Fisher Scientific, Loughborough, 
UK) (Mw 272.38 g/mol) throughout. Blue colourant to visualise the 
print was obtained from Ktdorns (ChuangLanTu Technology (Shenzhen) 
Co., Ltd.).

2.2. Pharma-Ink preparation

To prepare the drug free ink formulations for analysis, propylene 

Table 1 
Various solutions analysed and their ink formulation compositions.

Ink 
formulation

Propylene 
glycol (v/v)

Water 
(v/v)

Ethanol 
(v/v)

Colourant 
(μL)

Oestradiol 
(mg)

(PG:H2O) 5:5 
v/v

5 5 – – –

(PG:H2O) 4:6 
v/v

4 6 – – –

(PG:H2O) 3:7 
v/v

3 7 – – –

(PG:EtOH) 
5:5 v/v

5 – 5 – –

(PG:EtOH) 
4:6 v/v

4 – 6 – –

(PG:EtOH) 
3:7 v/v

3 – 7 – –

(PG:EtOH) 
2:8 v/v

2 – 8 – –

(PG:EtOH) 
1:9 v/v

1 – 9 – –

(PG:EtOH) 
2:8 v/v +
blue 
colouring

2 – 8 100 –

(PG:EtOH) 
2:8 v/v +
200 µg/mL 
E2

2 – 8 100 2

(PG:EtOH) 
2:8 v/v + 2 
mg/mL E2

2 – 8 100 20

(PG:EtOH) 
2:8 v/v +
10 mg/mL 
E2

2 – 8 100 100
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glycol (PG) and ethanol (EtOH) or water (H2O) were added in varying 
quantities to a glass vial (Table 1). All solutions were left to stir over
night at room temperature (23 ◦C) and a stirring speed of 400 rpm to 
ensure complete mixing. To prepare the E2 loaded pharma-inks, a 
known amount of E2 was added to a known amount of EtOH and stirred 
until fully dissolved. A known amount of PG and 100 μL of concentrated 
blue colourant were then added to the mixture and left to stir until 
homogenous.

2.3. Ink characterisation

To ensure optimal printing for the specific handheld inkjet printing 
device, the commercial inks were analysed for the below properties: 
density, viscosity, and surface tension. Any in-house formulations and 
pharma-inks were then analysed to ensure similar properties were 
achieved. All measurements were carried out in triplicate.

2.4. Density

The density of the commercial and pharma-ink formulations was 
measured placing the sample on a tared to zero Precisa 180A weighing 
balance (Precisa Balances Ltd., Livingston, UK), followed by the removal 
of a set volume (1 mL) of solution using a PIPETMAN L P1000L Gilson 
pipette (Gilson Inc., Middleton, WI, USA). The difference in mass was 
recorded to calculate the ink density by dividing the change in mass by 
the solution volume removed.

2.5. Viscosity

Dynamic viscosity measurements were carried out on the m-VROC® 
viscometer (RheoSense Inc., CA, USA), controlled by the mVROC_Con
trol_v3.1.1_AutoTemp software (RheoSense Inc., CA, USA). The instru
ment was kept at room temperature (25 ◦C) using the ThermoCube 
cooling system (Solid State Cooling Systems, NY, USA). A 50 µL glass 
syringe was filled with the filtered sample (0.45 µm filter) and subjected 
to a shear rate ramp of 716–4476 s− 1, based on a preliminary viscosity 
test to determine the shear rate range necessary. All samples were 
Newtonian fluids, meaning their viscosity does not change with shear 
rate, thus why a shear rate range was used. All measurements were 
conducted in triplicate and the average value was taken as the viscosity.

2.6. Surface tension

Surface tension of the inks was determined using a Kibron Delta-8 
microtensiometer (Kibron Inc., Helsinki, Finland) in a 96-well Dyne
plate (Kibron Inc., Helsinki, Finland). 50 µL of solution was added into 
the well, with Type 1 water used as the calibration solution.

2.7. Scanning Electron Microscopy (SEM)

The printhead was removed from the commercial cartridge to visu
alise and calculate the nozzle diameter. The removed section was 
mounted onto a 3.2 × 8 mm aluminium disc mount and splutter-coated 
with gold. Images of the printhead were taken with a JSM-840A Scan
ning Microscope (JEOL GmbH, Freising, Germany).

2.8. Ink printability evaluation

For successful inkjet printing, the three main properties (density, 
viscosity, and surface tension) of the in-house ink formulation had to be 
like the commercial ink provided with the printer. To evaluate this, the Z 
value was calculated from the obtained properties using Eq. (1) [47]: 

Z =

̅̅̅̅̅̅̅̅
dργ

√

μ (1) 

where d is the nozzle diameter (µm), ρ is the ink density (g cm− 3), γ is the 
surface tension (mN m− 1), and μ is the dynamic viscosity (mPa s). It has 
been found that a stable droplet at the printing nozzle is formed when Z 
is between the value of 4 and 14 [48].

2.9. HPLC drug content determination

For E2 quantification, samples were filtered (0.45 µm filter) (Sigma 
Aldrich, Gillingham, UK) and analysed by high-performance liquid 
chromatography (HPLC) (Agilent 1290, Agilent Technologies, UK). An 
Eclipse C18 column (Zorbax, Agilent Technologies, Cheshire, UK) (4.6 
mm × 150 mm, 5 µm) was employed at a constant temperature of 28 ◦C, 
and the mobile phase consisted of a mixture of acetonitrile (60 %) and 
water (40 %) at a flow rate of 0.8 mL/min. The injection volume was 30 
µL and E2 was detected at 3.6 mins at a wavelength of 220 nm.

2.10. Oestradiol solubility assay

To assess the solubility of E2 in the various components and mixtures 
of the pharma-inks, excess E2 was added to each solvent under inves
tigation, and left to stir for 72 h to ensure equilibrium solubility is 
reached. After stirring, all samples were filtered (0.45 µm filter) and 
analysed using HPLC as described previously.

2.11. Inkjet printing process

The inkjet printer used in this work was the COLOP e-mark, CODI 
Standard 1.0 (Fig. 1a) (COLOP Digital GmbH, Doktor-Arming-Straße 5 
A-4600 Wels, Austria), a thermal two-dimensional inkjet printer used for 
the custom marking and stamping of designs on various absorbent sur
faces, equipped with a tri-colour compartment (magenta, cyan, and 
yellow) HP ink cartridge C2P06AE (HP Inc Ltd., Reading, UK). The 
handheld printer has an optimum print speed of 100 mm/s, a print 
quality of 600 dpi, and operates in the temperature range of 15–35 ◦C. 
The device was controlled via the COLOP e-mark 3.0.2 app (COLOP 
Digital GmbH, Doktor-Arming-Straße 13, 4600 Wels, Austria) via WiFi, 
allowing the user to control and design prints using a mobile device.

The ink cartridges were emptied of the commercial ink and thor
oughly cleaned before use. The top plastic cover was manually removed 
for the removal of the ink-soaked sponges. The cartridge was then filled 
with ethanol and sonicated to remove excess ink over a period of 24 h. 
Ultrasonication with ethanol was repeated multiple times until no col
oured solution remained and then dried for use. An empty and clean 
cartridge is displayed in Fig. 1c.

For printing, the coloured E2 loaded ink was pipetted into all three 
compartments of the cartridge, followed by parafilm and plastic lid 
coverage to prevent ink evaporation, liquid damage of electrical parts 
once inserted into the device, and to trigger the cartridge detection once 
inside the printer. The cartridge was then left for approximately 30 min 
for the ink formulation to reach the printing nozzle. Before insertion into 
the printer and after every print, the nozzle surface was wiped with an 
ethanol-soaked paper towel to remove any excess ink. For preliminary 
printing trials, a piece of paper was placed underneath the printing ruler 
(Fig. 1b) for consistent printing of each layer in the correct position. The 
device was then moved across the ruler from left to right and repeated 
depending on the desired number of layers. Various designs and di
mensions were printed on paper and porcine skin, with two printing 
passes to aid visualisation: Circle (11 mm diameter); Bee (16 × 14 mm); 
Flower (15 × 14 mm); QR code (14 × 14 mm); UCL logo (25 × 14 mm).

2.12. Inkjet printing on porcine skin

Frozen porcine belly skin was purchased from WETLAB Ltd. (War
wickshire, UK). The skin was defrosted at room temperature prior to use, 
sanitised with ethanol, and dried before printing. After filling the printer 
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cartridge with the pharma-ink as described previously in section 2.11., 
various shapes were printed onto the skin to assess printability and 
resolution on the skin surface. Two individual passes were made for each 
design, with a waiting time of approximately 3 min between each pass to 
ensure consistent ink deposition.

2.13. Drug loading within each printed layer

To quantify the drug loading within each printed layer of the COLOP 
printer, 3 mL of the final pharma-ink was pipetted into each cartridge 
compartment, followed by a pause period of 30 mins to ensure the ink 
has reached the nozzle. 15 mm black circles were chosen in the COLOP 
software and were printed onto edible wafer rice paper from Edible Print 
Supplies (Lancashire, UK). Various numbers of layers were printed (1 – 
5) to assess E2 deposition within each print. To ensure consistent 
deposition, 2 min were elapsed between each print to allow the pharma- 
ink to fill up in the printer nozzle. After all the pharma-inks had dried, all 
wafer paper discs were cut out and placed in 2 mL of the HPLC mobile 
phase (60:40 ACN:water) and left to stir for 24 h to ensure complete E2 
extraction. All samples were then filtered (0.45 μm filters) and analysed 
using HPLC.

2.14. Fourier transform infrared spectroscopy (FTIR) analysis

FTIR analysis of the individual ink components (E2, food colouring, 
ethanol, propylene glycol) and pharma-ink was carried out on the Perkin 
Elmer Spectrum 100 FTIR with an attenuated total reflectance (ATR) 
accessory (Perkin Elmer, Buckinghamshire, UK). All samples were 
scanned in the wavenumber range of 650–4000 cm− 1, with 32 scans and 
a resolution of 4 cm− 1.

2.15. Franz cell permeation study

E2 permeation studies (n = 3) from the final pharma-ink were 
assessed in 15 mm clear unjacketed Franz Cells with a receptor volume 
of 5 mL, and an effective diffusion area of 1.77 cm2 from PermeGear Inc., 

(Hellertown, PA, USA). 150 μL of 200 μg/mL pharma-ink (a 30 μg E2 
dose) was pipetted into the donor chamber, separated from the receptor 
chamber by visking dialysis tubing (Scientific Laboratory Supplies Ltd., 
Nottingham, UK) with a molecular weight cut off (MWCO) of 
12,000–14,000 Daltons, a wall thickness of 0.03 mm and pore size of 24 
Ã…. The dialysis membranes were soaked in Dulbecco’s phosphate 
buffered saline (PBS) without enzymes (Sigma-Aldrich, Gillingham, UK) 
for at least 12 h prior to the study.

The receptor chamber was filled with 20 % v/v EtOH in PBS to 
ensure sink conditions throughout and incubated at 37 ◦C in a water 
bath to mimic skin temperature, followed by constant stirring of 200 
rpm using a magnetic stirrer. Both the donor chamber and receptor 
chamber sampling outlets were covered in parafilm to avoid evapora
tion, and 80 μL of sample were taken at each time point, followed by 
replacement of the same volume of media to maintain sink conditions. 
E2 concentration was then determined using HPLC (using the method 
described in Section 2.9), and the cumulative drug permeation per cm2 

was plotted against time.

3. Results and discussion

The main components of the ink formulations were chosen as H2O, 
PG, and EtOH. PG was chosen as a thickener in the inks to increase their 
viscosity, ensuring an acceptable predictive Z value for printability. It is 
also miscible with many organic solvents, making it ideal for pharma-ink 
mixtures. PG has also been used for transdermal delivery as a co-solvent, 
permeation enhancer, and stabilising agent, whilst at the same time 
being non-toxic and safe [49,50]. EtOH was chosen to reduce the vis
cosity of the PG based pharma-ink, forming a printable formulation. 
Being a polar solvent, it was also added to aid in the solubility of E2, a 
lipophilic compound with a low solubility. When applied topically with 
a drug, EtOH has been shown to enhance the skin permeation of the 
drug, as well as having antiseptic properties [51,52].

To ensure the custom-made E2 formulation was printable in the new 
COLOP e-mark system, several parameters had to be calculated. The 
printability of an inkjet formulation in drop-on-demand (DoD) inkjet 

Fig. 1. (a) The colop e-mark printer device used; (b) the colop e-mark ruler used to ensure even printing; (c) steps for filling the printer cartridge before printing.
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printing is determined by the inverse of the Ohnesorge number, the Z 
value, its equation highlighted previously (Eq. (1)). The ink’s viscosity, 
density, and surface tension play a role in the droplet size and behaviour, 
with the nozzle size, unique to each printer system, impacting droplet 
ejection [53]. At low Z values, the ink is too viscous and prevents droplet 
ejection, but if the Z value is high, satellite droplets may form, which are 
undesirable as they are likely to land in untargeted substrate areas [54].

Firstly, the commercial inks within the printer cartridge were ana
lysed for their density, viscosity, and surface tension properties 
(Table 2). Based on the SEM images obtained of the printhead (Fig. 2), 
two different rows of nozzles were identified: a smaller nozzle with a 
diameter of 11.75 ± 0.35 µm, and larger nozzle with a diameter of 15.15 
± 0.19 µm. The Z values calculated in Table 2 were used as a reference 
guide for the custom ink formulations. The presence of two differently 
sized nozzles could be for several reasons, potentially to optimise the 
print quality, speed, and versatility of the handheld system. The smaller 
nozzles produce finer droplets, allowing for higher resolution printing 
by achieving a more precise ink placement, whereas the larger nozzles 
eject larger ink droplets, which can be used for filling larger areas of 
solid colour which reduces potential banding in the printed design and 
ensures ink uniformity [55]. Another reason for having two different 
sized nozzles could be for faster printing, with the larger nozzles 
depositing a greater volume of ink in a single pass if needed [56]. Since 
all three commercial inks (yellow, cyan, and magenta) have the same 
viscosity (Table 2), both nozzle sizes can accommodate for them, but 
certain colours may be used with specific nozzle sizes. The larger nozzles 
may be tailored for a specific colour such as black, which is often used in 
higher density, whereby the smaller nozzles may handle colour inks for 
precision and detail in the designs. As seen in Fig. 1b, the printer ink 
cartridge consists of three equally sized compartments. This multi- 
compartment system can enable the simultaneous or sequential depo
sition of varied APIs, allowing for the customised printing of ‘poly- 

tattoos’, a novel approach to transdermal polypharmacy. By integrating 
multiple therapeutic agents into a single tattoo, this system can address 
the complexities of polypharmacy, where patients require multiple 
medications to manage chronic conditions.

The Z values calculated in Table 2 were used as a reference guide for 
the custom ink formulations. Based on the Z value calculations, the best 
candidates for printing using the handheld printer were found to be PG: 
H2O 4:6 and 3:7, and PG:EtOH 3:7 and 2:8. Despite having potentially 
good predicted Z values, PG:H2O ratios of 2:8 and 1:9 were not studied 
as a greater proportion of H2O would most likely result in E2 not being 
solubilised, due to its known low solubility in H2O. According to the 
literature, the ideal Z value for inkjet printing is between 4 and 14, with 
all four chosen inks falling within this range and being very similar to 
the Z values obtained for all three COLOP commercial inks.

Since E2 is a lipophilic molecule and is practically insoluble in water 
[57,58], a solubility assay was conducted in various solvents and mix
tures to find the best candidate for ensuring a high enough E2 loading in 
the pharma-ink. There is also no literature data on the solubility of E2 in 
PG, which is a major component of all the ink formulations. Based on the 
HPLC solubility data (Table 3), it was found that E2 has a slightly higher 
solubility in PG (34.43 mg/mL) compared to EtOH (31.80 mg/mL). This 
can be explained by the fact that PG is more polar than EtOH and has two 
hydroxyl (–OH) groups, increasing its hydrogen bonding capacity [59]. 
This functionality allows PG to solubilise lipophilic compounds like E2 

Table 2 
Various solutions analysed and their ink formulation properties, alongside the 
calculated Z value for each nozzle diameter in the inkjet device. Values represent 
mean ± SD (n = 3).

Ink formulation Density 
(g/cm3)

Viscosity 
(mPas.s)

Surface 
tension 
(mN/m)

Z value 
(small nozzle; 
large nozzle)

Yellow COLOP 1.07 ±
0.00

3.93 ± 0.02 33.6 ± 0.2 5.22; 5.92

Cyan COLOP 1.05 ±
0.01

4.04 ± 0.03 33.8 ± 0.2 5.04; 5.72

Magenta COLOP 1.06 ±
0.01

4.00 ± 0.01 33.8 ± 0.4 5.13; 5.83

(PG:H2O) 5:5 v/v 1.04 ±
0.00

6.40 ± 0.02 45.3 ± 0.3 3.68; 4.18

(PG:H2O) 4:6 v/v 1.04 ±
0.00

4.17 ± 0.00 48.4 ± 0.5 5.83; 6.62

(PG:H2O) 3:7 v/v 1.02 ±
0.00

3.18 ± 0.00 49.7 ± 2.4 7.69; 8.73

(PG:EtOH) 5:5 v/v 0.92 ±
0.01

6.48 ± 0.01 41.0 ± 1.1 3.24; 3.68

(PG:EtOH) 4:6 v/v 0.87 ±
0.01

5.03 ± 0.02 38.9 ± 1.7 3.97; 4.51

(PG:EtOH) 3:7 v/v 0.84 ±
0.01

3.19 ± 0.01 37.2 ± 1.1 6.02; 6.83

(PG:EtOH) 2:8 v/v 0.83 ±
0.00

2.43 ± 0.01 34.8 ± 0.8 7.55; 8.58

(PG:EtOH) 1:9 v/v 0.80 ±
0.01

1.79 ± 0.01 33.8 ± 1.0 9.98; 11.33

(PG:EtOH) 2:8 v/v 
+ blue colouring

0.83 ±
0.00

2.43 ± 0.00 34.3 ± 0.6 7.50; 8.52

(PG:EtOH) 2:8 v/v 
+ 200 µg/mL E2

0.83 ±
0.00

2.43 ± 0.01 34.2 ± 0.3 7.49; 8.50

(PG:EtOH) 2:8 v/v 
+ 2 mg/mL E2

0.85 ±
0.00

2.47 ± 0.01 33.2 ± 0.2 7.38; 8.38

(PG:EtOH) 2:8 v/v 
+ 10 mg/mL E2

0.89 ±
0.01

2.60 ± 0.01 30.2 ± 0.1 6.83; 7.76

Fig. 2. SEM image of the COLOP e-mark printhead, with two rows of differ
ently sized nozzles: 11.75 µm (green) and 15.15 µm (red). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.)

Table 3 
Solubilities of E2 in various solvents and mixtures that were identified 
as potential pharma-ink candidates. Solubility values represent mean 
± SD (n = 3).

Solvent E2 solubility (mg/mL)

Propylene glycol (PG) 34.43 ± 2.00
Ethanol (EtOH) 31.80 ± 5.10
PG:H2O (3:7) 0.02 ± 0.00
PG:H2O (4:6) 0.07 ± 0.01
PG:EtOH (1:9) 53.37 ± 2.20
PG:EtOH (2:8) 52.24 ± 8.76
PG:EtOH (3:7) 49.95 ± 2.15
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more effectively as the –OH groups can form hydrogen bonds with other 
atoms in the lipophilic chain. On the other hand, EtOH has only one 
hydroxyl group and is less polar, thus explaining the lower solubility of 
E2 in EtOH [60].

E2 solubility in PG:H2O inks was expected to be low due to the 
compound’s low solubility in water, and therefore these inks were not 
chosen for inkjet printing. On the other hand, E2 solubility was found to 
be much higher in a mixture of 1:9 PG:EtOH when compared to the 
individual components (53.37 mg/mL). This increased solubility is most 
likely a result of the cosolvency effect, whereby a more favourable sol
vent environment is created when both solvents are mixed, a widely 
used method to enhance the solubility of poorly soluble drugs [61–63]. 
Despite PG exhibiting a slightly higher solubility than EtOH, the E2 
solubility slightly decreased with increasing PG content in the co-solvent 
mixture. The addition of EtOH to PG may have altered its hydrogen 
bonding network or disrupted the solvation effectiveness of PG for E2. 
Based on a combination of the solubility results and Z values obtained, 

the final pharma-ink chosen for inkjet printing of E2 was PG:EtOH 2:8. 
The pharma-ink formulation demonstrated physical stability over 
several weeks when stored at both room temperature and under 
refrigeration. No visible recrystallisation of E2 was observed during this 
period, suggesting that the drug remained solubilized within the PG: 
EtOH mixture.

Using EtOH in the pharma-ink means skin irritation remains a po
tential risk, particularly with repeated application or in sensitive pa
tients. Variability in skin properties among individuals, such as 
hydration, thickness, and barrier function, may influence E2 absorption 
and lead to interpatient variability in therapeutic outcomes. Long-term 
safety data on repeated inkjet-based drug delivery to the skin are 
currently lacking, and future clinical trials are essential to assess the 
chronic effects of this delivery approach.

To evaluate the general printability of the selected pharma-ink, 
various designs were printed on both paper and porcine skin (Fig. 3). 
Each design was printed with two passes to test resolution across 

Fig. 3. Photographs of different 200 μg/mL pharma-ink designs to assess initial printability on a) paper and b) porcine skin. From left to right, width × height: Circle 
(11 mm diameter); Bee (16 × 14 mm); Flower (15 × 14 mm); QR code (14 × 14 mm); UCL logo (25 × 14 mm). All prints were made from two printing passes.
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surfaces, including simpler shapes to assess clarity. This flexible 
approach to printing allows for true personalisation, not only in dose but 
also in tattoo design, tailored to the individual’s needs and preferences. 
Achieving paediatric acceptability in medications is often challenging, 
yet the ability to vary the on-skin design may enhance patient adherence 
and engagement with treatment. The colour of the pharma-ink colour 
can be easily adjusted to accommodate both the patient’s personal 
preferences and their skin tone. This customisation is particularly 
important for ensuring visibility across different racial and ethnic 
groups, as certain ink colours may be more or less noticeable on darker 
or lighter skin. By offering a range of colour options, the technology 
enhances accessibility and effectiveness, ensuring that markings, dos
ages, or other important information remain clearly visible for all pa
tients, regardless of their skin tone. A key consideration for clinical 
implementation of this technology is the relationship between printed 
area and delivered dose. Larger or more complex designs will result in 
higher volumes of ink deposited on the skin, and consequently, higher 
drug doses, if the concentration in the pharma-ink remains constant. 
This could lead to unintentional overdosing. Therefore, for clinical use, 
it is essential that printing be limited to predefined templates with 
known dimensions and calibrated drug content. Software-based controls 
or locked printer settings could ensure standardised dosing, independent 
of user-defined shapes or images.

The pharma-ink demonstrated excellent resolution on paper, suc
cessfully printing a QR code which was readable via smart-phone at the 
time. On porcine skin, the printing resolution was also sufficient to 
clearly distinguish between designs, supporting the potential for good 
quality tattoo printing of therapeutics directly onto human skin. The 
pharma-ink absorbed well, with no running or smudging after drying, 
ensuring that designs remained intact over time. To ensure fading of the 
tattoo after the desired administration window, ethanol or sanitiser 
could be used to wipe the skin surface as the colouring used in the 
pharma-ink is food-grade. The rough texture of porcine skin did not 
compromise the print quality, as shown in Fig. 3b. For future applica
tions, the site of interest for printing the E2 formulation would be the 
lower abdomen, lower back, or upper thigh, all areas with generally 
smoother skin surfaces [64]. The ability to print a scannable QR code 
directly onto these areas of human skin opens possibilities for patient 
dose monitoring and medication tracking. Dose standardisation in 
clinical settings can be achieved by presetting design templates with 

known E2 concentrations and using fixed print passes. Mobile software 
could then be developed to log dose histories and synchronise with 
healthcare providers for remote monitoring. A QR code tattoo could be 
scanned via an app, offering feedback for patients and caregivers and 
enabling clinicians to easily track treatment progress and adherence in 
young patients. While the handheld printer is designed for user- 
friendliness, basic training for patients or caregivers will be necessary 
to ensure proper application, dose accuracy, and hygiene maintenance. 
An instructional guide or mobile app could assist users in achieving 
consistent and safe application.

FTIR was used to characterise the pharma-ink individual compo
nents, as well as the 200 μg/mL pharma-ink used in the Franz Cell 
permeation studies (Fig. 4). No characteristic peaks from E2 could be 
found in the pharma-ink, implying that the drug is fully solubilised in 
the pharma-ink formulation and has not precipitated out of solution. 
Significant peaks for both EtOH and PG could be found within the 
pharma-ink as expected. Both solvents have very similar chemical 
structures, with broad O–H peaks in the 3300 cm− 1 region which were 
also present in the pharma-ink. Other corresponding peaks included 
strong C–O peaks for both PG and EtOH at 1041 cm− 1 (also present in 
the pharma-ink), as well as C–H peaks at 2972 cm− 1 and ~843 cm− 1. As 
only a small quantity of the blue food colouring was added, its corre
sponding peaks are not present in the pharma-ink. However, based on 
the FTIR spectra it’s clear that the food colouring is alcohol based, 
proven by the presence of a broad peak in the 3300 cm− 1 region, which 
may also aid in E2 solubility.

To quantify the E2 loading within each printing pass and assess the 
consistency of ink deposition after every print, several E2 concentration 
pharma-inks were printed on wafer paper. A solid circle was chosen for 
its simplicity during printing and up to five passes were printed (Fig. 5). 
It can be clearly seen that as the number of passes increased, the blue 
intensity increased also, and each circle became darker in colour. All 
circles were printed with good resolution throughout and carefully cut 
out without damaging or removing any printed areas.

Two pharma-ink concentrations (2 and 10 mg/mL) were selected to 
quantify E2 loading per pass. Each concentration showed a strong linear 
correlation between the number of passes and the E2 concentration, 
with R2 values close to 1 (Fig. 6). Based on the drug loading at each 
concentration, the volume ejected per pass was calculated to be 2.09 ±
0.16 µL. With this low ejection volume, the formulation should dry 

Fig. 4. FTIR spectra of all pharma-ink components (E2, EtOH, PG, blue food colouring), as well as the pharma-ink formulation. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.)
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quickly on the skin, minimising any smudging. The small volume per E2 
dose also allows each few mL of pharma-ink to be used multiple times, 
making it feasible for up to a month of dosing. By adjusting the E2 
concentration in the pharma-ink, it is possible to modulate drug loading 
with each print on the skin. For instance, the 2 mg/mL pharma-ink de
livers 3.8 ± 0.5 µg of E2 per pass, an optimal starting dose recommended 
by the European Society for Paediatric Endocrinology (ESPE) for young 
females with Turner syndrome. In contrast, the 10 mg/mL pharma-ink 
can provide doses suitable for Turner syndrome patients transitioning 
to adult E2 treatment, delivering up to 100 µg/day after 2–3 years of 
therapy [65].

According to the literature, nocturnal administration of E2 is rec
ommended for Turner syndrome patients, to mimic the natural hormone 
fluctuations during puberty in young females [22,66,67]. Therefore, 

Franz Cell studies to assess the in vitro permeation of E2 were carried out 
over a period of 12 h (Fig. 7). A lower concentration of 200 µg/mL was 
chosen for the Franz Cell study, so that a high enough volume (150 µL) of 
pharma-ink could be pipetted into the donor chamber for permeation. 
The permeation curve follows a first-order profile, exhibiting a steady 
release of E2 in the first few hours (0–8 h), followed by a plateau, 
indicating 100 % permeation. In terms of in vivo applications, this 
extended-release profile eliminates the need for repeated E2 adminis
tration, whilst still achieving therapeutical levels over a prolonged 
period. Permeation is extended, meaning tattoo printing for the treat
ment of Turner syndrome would be a viable option for the low dose 
nocturnal administration of E2.

In this preliminary study, in vitro Franz cell experiments using a 
dialysis membrane were conducted to evaluate the permeation of 

Fig. 5. Increasing number of E2 pharma-ink passes (1–5) printed onto wafer paper (n = 3) for the 2 mg/mL pharma-ink.

Fig. 6. Plot of various pharma-ink concentrations printed onto wafer paper, showing how a greater number of passes linearly increases the drug loading. Data values 
represent mean ± SD (n = 3).
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oestradiol from the formulation. This model was chosen due to its 
simplicity, reproducibility, and suitability for method development. 
While the dialysis membrane does not replicate the complex barrier 
properties of biological membranes such as skin, it provided valuable 
insights into the intrinsic permeation characteristics of the drug in the 
pharma-ink formulation. The in vitro permeation of E2 through excised 
porcine skin would most likely differ from the dialysis membrane due to 
differences in permeability, barrier properties, and diffusion pathways 
[68]. Porcine skin, the most like human skin, has a greater resistance to 
permeation because of its stratum corneum (the outermost layer of skin) 
[69]. This layer is hydrophobic and the main barrier to drug permeation, 
but E2 is a lipophilic compound so is well suited to permeation through 
the various lipid layers of the skin [70]. Therefore, permeation of E2 
would most likely be slower, with a lag phase of a few hours before 
steady-state flux is achieved as the E2 partitions into the skin layers. 
However, this is ideal for the prolonged release of E2, as the ideal release 
for nocturnal administration in Turner syndrome patients is around 12 
h.

This inkjet printing platform for applying medicines directly onto the 
skin has potential applications in various treatments and disease states. 
For instance, higher-dose E2 pharma-inks could be developed for the 
treatment of menopause, enabling extended-release profiles without the 
need for repeated dosing and allowing for accurate dosage tracking. 
Other low dose therapeutics commonly administered via the trans
dermal route include scopolamine [71], used for nausea and motion 
sickness, and clonidine [72] for hypertension, currently given as trans
dermal patches. Transdermal clonidine is also used to treat opiate 
withdrawal in neonates and to sedate critically ill children, where pre
cise, weight-based dosing is essential. However, the need to cut 
reservoir-based patches for such small doses often results in inaccurate 
dosing and unpredictable absorption [73]. As a result, personalised 
inkjet printing of transdermal clonidine could address these challenges, 

offering precise, individualised dosing for this vulnerable patient pop
ulation. Additionally, transdermal tattoos of opioids could be considered 
for adults experiencing opioid withdrawal, with fentanyl and bupre
norphine as potential candidates [74,75]. Printing directly onto the skin 
only by a physician or pharmacist would ensure the correct dose is 
given, reducing the risk of misuse or tampering [76]. The tattoo form 
could provide personalised and controlled drug delivery over several 
days, reducing the need for frequent dosing. This approach would also 
prevent patients from removing or altering the dosage form, which 
could contribute to mitigating substance abuse over the long term.

Compared to current transdermal E2 patches, the inkjet printing 
approach offers superior dose customisation without the need to cut 
commercial patches, a practice associated with content loss and vari
ability (Table 4). While initial device costs may be higher, the inkjet 
system could prove more cost-effective over time due to reduced ma
terial waste from discarded patches or overmedication. Moreover, the 

Fig. 7. Cumulative in vitro permeation of E2 from the inkjet 200 µg/mL pharma-ink. Data values represent mean ± SD (n = 3).

Table 4 
Summary of the various features associated with each E2 dosage form for pa
tients with Turner syndrome.

Feature Oral Transdermal patch Pharmaceutical 
tattoo

First-pass 
metabolism

Yes No No

Dose adjustability Poor (tablet 
splitting)

Limited (patch 
cutting)

Good

Patient 
compliance

Moderate Good Good

Skin irritation risk Low Moderate Moderate
Cost Low Moderate Low
Scalability High Moderate Moderate
Customisation Low Low High
Storage stability High Moderate Moderate
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ability to personalise tattoo designs may improve adherence, especially 
in paediatric patients. The pharma-ink in this study uses inexpensive 
excipients and could be produced in bulk. In the future, the pharma
ceutical handheld printers could be mass-produced at a lower cost, and 
their small size allows use in decentralised settings, such as pharmacies 
or clinics, expanding access and scalability. Clinical translation of 
pharmaceutical tattoos will require addressing regulatory consider
ations around product classification, whether as a combination product, 
medical device, or novel drug delivery system. Regulatory agencies will 
likely require comprehensive biocompatibility data, GMP-compliant 
pharma-ink manufacturing protocols, and standardized methods for 
dose calibration and application. Ensuring consistent drug release and 
therapeutic outcomes across patient populations will be critical to 
gaining approval.

4. Conclusions

This study investigated, for the first time, the potential of using inkjet 
printing to print medicines directly onto the skin in the form of phar
maceutical tattoos for transdermal delivery. An E2 loaded pharma-ink 
composed of propylene glycol and ethanol (2:8 ratio) was successfully 
developed based on the printability predictor Z value commonly used in 
inkjet printing. Solubility assays conducted showed a high E2 solubility 
in the chosen formulation, meaning the drug was fully solubilised and 
stable in the pharma-ink. Various designs were successfully printed onto 
paper and porcine skin, with good resolution and reproducibility. Dose 
personalisation could be easily achieved by changing the pharma-ink E2 
concentration or printing different number of passes, ideal for young 
females with Turner syndrome that require an increase in dose every few 
months. A first-order extended permeation profile was achieved through 
in vitro Franz Cell permeation studies, allowing for nocturnal prolonged 
administration of E2 to mimic the natural hormone fluctuation during 
puberty.
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