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Abstract: Cancer treatment with chemotherapeutic drugs remains to be challenging to the physician due to limitations
associated with lack of efficacy or high toxicities. Typically, chemotherapeutic drugs are administered intravenously, leading
to high drug concentrations that drive efficacy but also lead to known side effects. Delivery of drugs through transdermal
microneedles (MNs) has become an important alternative treatment approach. Such delivery options are well suited for
chemotherapeutic drugs in which sustained levels would be desirable. In the context of developing a novel approach, laser-
induced forward transfer (LIFT) was applied for bioprinting of gemcitabine (Gem) to coat polymethylmethacrylate MNss.
Gem, a chemotherapeutic agent used to treat various types of cancer, is a good candidate for MN-assisted transdermal delivery
to improve the pharmacokinetics of Gem while reducing efficiency limitations. LIFT bioprinting of Gem for coating of MNs
with different drug amounts and successful transdermal delivery in mice is presented in this study. Our approach produced
reproducible, accurate, and uniform coatings of the drug on MN arrays, and on in vivo transdermal application of the coated
MNss in mice, dose-proportional concentrations of Gem in the plasma of mice was achieved. The developed approach may be
extended to several chemotherapeutics and provide advantages for metronomic drug dosing.
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1. Introduction API-entrapped in soluble MNsP¢! (b) API-coated MNs!",
(c) API applied on a patch after the skin has been pierced
by solid MNs®!, (d) hollow MNss that enable a continuous
fluid flow of the API, and (e) swelling MNs which swell

In the past decades, drug delivery through microneedles
(MNs) has become an important approach for treatment
when compared to other transdermal methods such as . - i o ) '
hypodermic needles, topical creams, and transdermal afterapplication and absorption of interstitial fluid, leading
patches. MNs have several advantages over the to drug diffusion through the swollen MNsP!. API-coated
aforementioned methods such as deeper skin penetration, MNs can be used for delivery of both hydrophilic and
reduced pain, and increased penetration of high molecular hydrophobic drugs®™'®!!l. Their ideal use is for low-dose
weight drug molecules through stratum corneum, the administration of potent drugs, which are efficacious at
skin’s outermost layer. There are five main ways for low circulating amounts. For example, vaccines applied
active pharmaceutical ingredient (API) delivery!"?: (a) with MNs induce similar or better immune responses when
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compared to hypodermic needle injections!!?!. Despite its
advantages, the coating process remains challenging due
to limited quantity of the drug coating, the uniformity
of the coating, material waste, and the precision in drug
dosing. Several technologies have been used in the past,
such as dip coating!3], gas jet drying!'*", and spray
coating!'*!” with noted limitations!'®!°1,

In the last decade, three-dimensional (3D) printing
technologies have emerged as promising tools for both
optoelectronics, and biomedical applications®”. Through
printing methodologies, a plethora of materials can be used
with various geometries to achieve a layer-by-layer building
of 3D structures. The 3D printing approaches can be used
to coat MNs by transferring small microdroplets of the API
solution onto the MNs, thus forming uniform layers.

The most noticeable techniques among 3D
printing technologies are droplet-based bioprinting
(inkjet printing, thermal, piezoelectric, and electrostatic
printing), extrusion bioprinting, and laser-induced forward
transfer (LIFT). For the coating of MNs for transdermal
applications, inkjet printing has been used before!?!>;
however, it has limitations with high viscosity materials,
due to excessive force required to eject highly viscous
drops. Moreover, inkjet printing is also associated with
nozzle clogging™®1. In contrast, LIFT? is a digital,
high-resolution, non-destructive, contactless (nozzle-
free) bio-printing technique, which employs single laser
pulses to propel the bioink under transfer toward the
receiving substrate with high precision. Therefore, LIFT
is a promising method used to improve drug coating on
MNs with uniform coating layers.

Anticancer chemotherapy drugs (doxorubicin,
paclitaxel, methotrexate, etoposide, cisplatin, and
gemcitabine [Gem]) are typically associated with
non-specific systemic toxicity that leads to patient
discomfort and even treatment secession. Gem has
been shown to be efficacious against colon, pancreatic,
ovarian, breast, head and neck, and lung cancers, in
combination with various anticancer agents?*”. However,
its poor pharmacokinetics®®! creates a need for alternative
approaches for Gem delivery, including encapsulation
in nanocarriers (e.g., liposomes, dendrimers, carbon
nanotubes, hydrogel®) or transdermal patches®.
Gem’s pharmacokinetic and efficacy limitations can
be attributed to rapid deactivation and formation of
the inactive metabolite 2',2'-difluoro-2'-deoxyuridine
(dFdU) by cytidine deaminase. As Gem is administered
based on the classical maximum tolerated dose approach
(MTD), initial high doses lead to efficacy. However, such
high doses are associated with significant side effects.
Furthermore, plasma concentrations of Gem decline
rapidly. Patient recovery after treatment necessitates long
intervals between doses (3 — 4 weeks, that often lead to
disease progression.

Previous studies by our groups have shown that
Gem’s limitations can be overcome with different
strategies. Initially, different targeting peptides were
developed and used to generate novel targeted compounds
(peptide-Gem conjugate analogs that specifically bound
to receptors known to be overexpressed in cancer cells).
Such analogs provided us with improved efficacy,
pharmacokinetic advantages, and improved toxicity in
comparison to equimolar Gem dosing**-32],

As an extension of the peptide-drug conjugate work,
another concept, the metronomic approach (MTR) based
on the daily low-dose administration of Gem, was recently
evaluated®. An oral pro-drug of Gem (OralGem) was
chosen for this work in non-small cell lung cancer animal
models. We showed that MTR chemotherapy resulted in
low circulating and sustained levels of Gem that could
potentially lead to the efficacy with less toxicity in
comparison to MTD treatments. However, the continuous
low-dose supplementation of Gem that is essential for
MTR dosing schemes remains a challenge. For example,
OralGem is a prodrug of Gem with its own toxicity and
dosing limitations due to its first-pass effect?®*.

In the effort to search for treatments that provide the
optimum efficacy to safety window for cancer patients, a
novel concept s presented in this paper. We employed LIFT
bioprinting of Gem for coating polymethylmethacrylate
(PMMA) MNs with different drug amounts and evaluated
the transdermal delivery in mice. Our approach produced
reproducible, accurate, and uniform coatings of the drug
on the MN arrays, and also yielded dose-proportional
concentrations of Gem in mice, following in vivo
transdermal application of the coated MNs.

2. Materials and methods
2.1. Materials

Gem hydrochloride was purchased from Carbosynth
Limited (Compton, Berkshire, UK). Ammonium acetate,
formic acid, and glycerol (=99.5%) were purchased from
Sigma-Aldrich (Sigma-Aldrich Chemie GmbH, Munich,
Germany). Acetonitrile (ACN, liquid chromatography
[LC-MS] grade) was purchased from Fisher Scientific
(Fisher Scientific, Loughborough, UK). Water (LC-MS
grade) was purchased from Carlo Erba (Carlo Erba,
Milan, Italy). Ketamin was purchased from Richter
pharma ag (Austria). Xylazine was purchased from
Neocell Pharmaceuticals.

2.2. Gem dispersion preparation

Gem solutions with concentrations of 10, 37.5, and
75 mg/mL were prepared by dissolving Gem in a
H,O: Glycerol solution (90:10 v: v).

Solubility feasibility experiments were conducted
to identify the proper solution mixture for the described
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studies, since low, medium, high concentrations of drug
had to be achieved in a non-toxic solvent system that was
compatible with the LIFT technology.

Since Gem is highly soluble in H,O (>50 mg/mL),
we initially tested a range of Gem concentrations (60-
80 mg/mL) at 100% H,O to find the highest soluble
concentration. Subsequently, we tested a series of Gem
concentrations (60-80 mg/mL) in a mixture of H,O with a
small amount of glycerol (10%). Glycerol contributes to
the proper LIFT printing process. Finally, we found that
75 mg/mL was the highest soluble concentration of Gem
in a H,0: Glycerol solution (90:10 v: v).

2.3. MN array fabrication

MN arrays were produced as previously reported® using
(PMMA, MW 120k, Sigma-Aldrich) which was dissolved
at 30 w/v% in ethyl lactate (>98%, Sigma-Aldrich) for
1.5hat 150°C. The MN molds (Micropoint Technologies)
contained 100 pyramidical cavities with base length and
height of 200 wm and 600 wm, respectively. 50 mg of
30 w/v% PMMA was casted on the MN mold, centrifuged
for 30 min at 3500 rpm, and left to dry overnight in the
fume hood. PMMA MNs were imaged with scanning
electron microscopy using a Phenom Pharos microscope
(Thermo Fisher Scientific) with 5 kV beam voltage after
being sputter-coated with a 5 nm thick carbon nanolayer
with the Quorum Q150T (QuorumTech) (Figure 1).

2.4. Donor/receiver substrate materials

Quartz substrates coated with 60 nm of Ti were the donor
layers and the receiver material was PMMA MN.

2.5. LIFT process

Printing of Gem solutions was carried out by a solid-
state lamp-pumped Nd: YAG (Litron Nano-L 200-
10, Neodymium-doped Yttrium Aluminum Garnet,
A = 355 nm, 10 ns pulse duration, UK) and a high-
power imaging micromachining system. The imaging
system monitored the whole process in real-time
through a customized microscope system equipped with
a camera, enabling the accurate alignment of the target
and substrate materials. A target holder was fixed onto

A B

Figure 1. SEM images of PMMA MN arrays tilted at (A) 45° and
(B) 90°.

a computer-controlled x—y translation stage with 1 um
positioning resolution and a LabVIEW program was used
to synchronize the x—y motion with the laser. The laser
beam was controlled by an attenuator while the size of
the beam could be adjusted through a variable circular
mask. Consequently, a x15 plano-convex lens was used
to focus the laser beam on a donor substrate. The donor
substrate was a 1-inch quartz plate coated with a Ti film
laser absorbing interlayer, onto which 10 ul of the three
Gem solutions (100 ug, 375 ug, and 750 ug) were drop
cast. By focusing the laser beam onto the donor substrate,
a high-pressure vapor pocket is created in the interface
between the Ti layer and the deposited API solution, due
to the absorption of the laser pulse from the Ti layer of
the donor. This high-pressure vapor pocket expands
and propels the supernatant fluid creating a dynamic jet
which drives the API solution to the receiver substrate
with a high impact velocity, resulting in an nL droplet
of Gem solution printed onto the MN substrates for each
laser beam pulse. The distance between the donor and the
receiver substrates is 700 wm. The laser transfer resulted in
a continuous Gem film (5 x 5 mm) on the MNs substrate.
The high-speed imaging setup, consisting of a high-speed
camera (Photron Europe Limited, FASTCAM Mini-
Series AX100 model, High Wycombe, UK) coupled to
the system (Figure 2); with a maximum recording speed
at 540kfps, and a standard LED (Thorlabs LEDD1B)
placed opposite of the camera, for illumination purposes.
Figure 2 shows a schematic of the LIFT process for the
coating of the PMMA MNs with Gem solution.

2.6. Statistical analysis

Statistical analysis of the data value distribution was
performed by calculating the mean and its standard
deviation (SD) from at least 9 individual droplets per
LIFT experiment. The results are expressed as mean +
SD. Statistical analyses were performed by the GraphPad
Prism 7.0 (GraphPad Software, San Diego, CA, 41 USA).

2.7. Imaging and analysis

The PFV and Imagel software were utilized to process
the captured images.

2.8. Characterization and quantitative analysis
of Gem by LC-MS mass spectrometry (MS)

The amount of Gem on the printed areas on the MNs was
determined with a high-performance liquid chromatography-
tandem mass spectrometry (HPLC-MS/MS). For the
identification and quantification of Gem standards and
samples, an LC-MS/MS method in MRM mode was
developed and validated as described previously®*®*!. HPLC
was performed using a Sciex Exion LC system (AB SCIEX
LLC, CA, USA) equipped with two pumps, a temperature-
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Figure 2. Schematic representation of the LIFT printing process for coating the PMMA MNs. (A) LIFT setup. (B) Coating process.

controlled column compartment, and an autosampler. AdC18
column (Water, Atlantis, 2.1 x 50 mm, 3 uM) was used at
a flow rate of 300 ul/min for the separation of analytes of
interest. The injection volume of the samples was 10 pl. The
mobile phase consisted of A: 100% water, 2 mM ammonium
acetate, and 0.1% FA and B: 90% ACN, 10% water, 2 mM
ammonium acetate, and 0.1% FA. MS was performed on an
API 5500 QTRAP LC-MS/MS system fitted with a Turbo
Ion Spray source and a hybrid triple quadrupole/linear ion
trap mass spectrometer (AB SCIEX LLC, CA, USA). The
standard solutions within a concentration range of 10 —
200 ng/mL of Gem were prepared. Samples of 100, 375, and
750 ug of the initial amount of Gem printed by the LIFT
technique were used for the quantification studies. The Gem
standards and the laser printed samples on the MN substrates
were extracted with MeOH (100%) and then centrifuged
with a Speed Vac for 5 min at 16000 rpm. The obtained Gem
standards and samples were resuspended in mobile phase
A, followed by a 10-fold dilution, and analyzed by HPLC-
MS/MS. Warfarin was used as internal standard (IS). The
gradient methodology was as follows: 0 — 1.5 min: 100%
A, 1.5 -5 min: 40% A — 60% B, 5 — 10 min: 100% A. The
primary MRM transitions for Gem and warfarin were: m/z
264.1—112.0 and 309.1—162.9, respectively. Gem was
eluted with a retention time of 1.6 min and the IS was eluted
at 5.2 min. Linearity was shown for Gem concentration
range of 1-500 ng/mL with a lower on-column detection
limit of 10 pg.

2.9. In vivo administration of Gem and
extraction of mouse plasma Gem

Mice (C57Bl/6) were purchased from Jackson laboratories
and were housed in individually ventilated cages, under

specific pathogen-free conditions, in full compliance with
Federation of Laboratory Animal Science Associations
recommendations in the Animal House Facility of the
Biomedical Research Foundation of the Academy of
Athens (BRFAA, Greece). All procedures for the care
and treatment of the animals were approved by the
Institutional Committee on Ethics of Animal Experiments
and the Attica Prefecture. No:971840/16-11-21.

Gem was administered to mice either transdermally
or intraperitoneally (IP). A total of 36, 5-week-old male
mice (average weight 20 g) were used in this study.
Prior to the procedure, animals were anesthetized with
a Ketamine: Xylazine mix (90 mg/kg Ketamine and
10 mg/kg Xylazine) as previously described™. For MN
application onto the skin of mice, the left side just above
the flank of the mouse was shaved and the MN patch was
placed and pressed with the thumb for approximately
2 min and left on the skin for another 10 min without
pressure. Manual insertion of MN patches by human
volunteers has been reported to be approximately
20 NM. PMMA was chosen as the MN polymer based
on previous work!® using PMMA MN tips coated with
water-dissolvable, drug-loaded layer which showed that
PMMA MNs can be removed successfully from the skin
after application. This may reduce toxicity concerns
because nonbiodegradable polymers are removed from
the tissue after the treatment.

Regarding the transdermal application of Gem, six
groups of mice were generated (n>3) and treated with
MNs loaded with 100 pg, 375 ug, or 750 pg of Gem.

Four groups of mice, each composed of 4
individuals were generated to compare intraperitoneal
with transdermal application. In the first two groups,
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mice were treated with MNs loaded with 10 mg/mL of
Gem while mice in another two groups were injected
with 10 mg/mL of Gem IP; both dosing routes resulted
in 100 pg dose.

Blood was collected from the mouse cheek 15
and 60 min after MN application or IP injection. Blood
was placed in heparinized Eppendorf tubes, containing
10 uL heparin (5000 iu/mL), which were then placed
immediately on ice and centrifuged for 10min at
3000 rpm. Plasma was then stored in a —80°C freezer
prior to analysis. Mice were then euthanized.

Plasma samples (50 pL) were prepared for
quantification by protein precipitation with the addition
of cold ACN, centrifugation, and evaporation to dryness
based on previously reported approach®. Gem was
determined and quantified by LC-MS/MS analysis
as described (see section 2.7). This methodology
provided a linear calibration curve with a range of
100-5000 ng/mL for the quantification of Gem in the
obtained plasma samples.

3. Results

3.1. LIFT printing of Gem solutions

The direct transfer of the API solution via LIFT printing,
which relies on the high velocity and pressure that the
liquid droplets have an impact with the MNs substrate,
was achieved, resulting in a physical adsorption of the
materials onto the substrate. Two-dimensional patterns
of continuous Gem layers were printed on the MNs by
adjusting the droplet-to-droplet distance to create an even
film (Figure 3). The photo was taken before the coated
material dried. After drying, the difference is not apparent
to the naked eye. The purpose is to show that the liquid
printed material is evenly distributed and confined within
the MN area.

To test process parameters, time-resolved imaging
of the printing process was performed by a high-speed
camera while the distance between donor and receiver was
700 um. Different fluences (in the range of 2 J/cm? and

With LIFT
printing

Bare MNs
(2 arrays)

Bare MNs

Figure 3. Photograph of the bare MNs substrate (left) and partially
just printed Gem-loaded MNs substrate (right).

250 mJ/cm?) were investigated to evaluate the process and
select the optimum printing conditions. LIFT did not occur
at fluences below 380 mJ/cm? and above 1530 mJ/cm?,
where the laser energy either produced a small jet and
did not transfer the material (subthreshold regime), or it
produced a large jet causing a violent ejection of material
leading to a disorderly transfer (splashing regime). In the
duration of laser transfer, the material that forms the jet is
not subjected to any mechanical stress and even though
it suffers thermal stress, it only happens during the first
few nanometres of bubble formation®®®! which does not
influence the quality of the transferred material. High-
quality laser transfer of a single droplet can only happen
in a narrow range of laser fluences which correspond to
the optimal regimel®”. In these experiments, the optimum
laser fluence was found between 390 and 450 mJ/cm?, as
presented in Figure 4.

The impact velocity (0.8 m/s) was calculated by a
linear fit of the propagation length of the jet front before
impact as a function of the elapsed time of the successive
frames captured from the videos. Figure 5 presents
snapshots taken during the printing process by a high-
speed camera at four different fluences where successful
transfer of the Gem solution occurred.

The droplet size increases with increasing fluence,
while higher fluences lead to higher droplet size
variation. This may lead to non-uniform deposition film
causing the API not to be distributed evenly on the MN
patches. It should also be noted that the LIFT technique
has the ability to precisely print very small droplets?**]
(< 100 pL) of liquids on each MN by adjusting the spot
size and fluence for specialized applications. However,
the aim of this work was to coat the MNs reproducibly
and with a precise amount of Gem.

3.2. Quantification of Gem on the MNs following
LIFT printing

LIFT-printed MNs from the three different drug-loaded
solutions were analyzed with HPLC-MS/MS to quantify
the amount of printed Gem. The results shown in
Figure 6A and B indicate the average amount of LIFT-
Gem: (i) 88 £ 11 ug, (i1) 388 + 102 ug, and (iii) 1019
+ 100 ng. These values are in good agreement with the
theoretical amounts of 100, 375, and 750 ug, suggesting
that LIFT enables the precise deposition of API in a
reliable and reproducible manner.

It should be noted that a higher than nominal value
was observed at the 750 pg dose in comparison to the lower
measurements (100 and 375 pg). A limitation of the present
study is that at higher doses, solubility leads to a slight
increase of the MN loading. Future studies should include
more extended trials and optimization at higher doses.

It should be noted that with most conventional drug
coating approaches on MNs, the amount of API used

140 International Journal of Bioprinting (2022)—Volume 8, Issue 3



Kanaki, et al.

156 ps 267 us 544 ps

Receiver

Droplet
Top view

878 pus 2122 ps 2644 ps 5344 us

Figure 4. Still frame images extracted from high-speed video of the LIFT printing process for the Gem solution (10 mg/ml). The laser
fluence is 390 mJ/cm? and the donor-receiver gap is fixed at 700 um. On the right, a top view of the printed droplet from an optical

microscope is shown. The scale bar is 200 um.
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Figure 5. (A) Still frame images of the printed droplet at different fluences extracted from high-speed video. (B) Graph showing the relation

of the droplet size to the laser fluence.

on the MNs prior to coating is not controlled rather the
eventual drug loading is only calculated using loading
efficiency equations after the coating is applied™-*. The
LIFT technique is highly efficient as it only utilizes the
amount that is needed for each printing, thus reducing
API and solvent waste.

In a study performed by Bhatnagar er al.”, Gem
dissolved in phosphate buffer was coated on Zein MNs
by a dip-coating technique. In this study, the maximum
quantity of drug loaded on the MNs was found at 83 ug,
considerably lower than the procedure described herein,
where each MN patch could be loaded with up to 750 ug
of Gem.

3.3. Gem quantification in mouse plasma

HPLC-MS/MS methodology was utilized to quantify
Gem concentrations in the bloodstream of mice treated
with MNs loaded with 100, 375, and 750 ug of Gem.
A representative HPLC-MS/MS chromatogram for Gem
detection in mouse plasma, 15 min after dosing mice with
MNs (100 pg dose) is depicted in Figure 7.

The use of transdermal MN patches with increasing
quantities of Gem leads to higher amounts of Gem in
mouse plasma (Figure 8). Application of MNs with
100, 375, and 750 ug of Gem in mice led to blood Gem
concentrations averaging 479, 1353, and 3067 ng/mL,
respectively, at 15 min following dosing. Importantly,
Gem levels were increased significantly 1 h after dosing,
leading to average blood Gem concentrations of 1087,

1455, and 3803 ng/mL, respectively (Figure 8B). The
findings from the pharmacokinetic experiments suggested
that the administration of Gem through MNs can lead to
prolonged systemic exposure. Furthermore, increasing
amounts of loaded Gem corresponded well with those
found in the bloodstream of treated mice. Figure 8C
depicts comparative curves of Gem levels, following the
increasing dosing in mice.

A comparative study between transdermal delivery
and IP injection was performed to further explore the
capability of transdermal administration. The IP route was
selected for the comparison since it represents a common
administration scheme for preclinical efficacy studies in
mice. Figure 9 shows the circulating Gem concentrations
after transdermal application and IP delivery of 100 ug
Gem in mice. The average amount of LIFT-Gem after
15 min and 60 min were: 479 + 241 ng/mL and 1087 +
558 ng/mL respectively, whereas the average amount of
IP-Gem after 15 min and 60 min were: 1528 + 442 ng/mL
and 262 £+ 12 ng/mL, respectively. These findings are in
agreement with previous reports®®! in which 33 ug of
Gem was injected IP in mice (Cmax 685 ng/mL, Tmax
at 30 min, and rapid decrease within 1 h following the
dose). It is important to note that, while IP injection led to
decreased Gem levels after 1 h, with the MN transdermal
application, a rise in circulating Gem levels was observed.

IP administration of Gem resulted in more than
three-fold increase of Gem plasma concentrations 15 min
after administration in comparison to the Gem plasma
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Figure 6. HPLC-MS/MS quantification of Gem on the MNs following LIFT printing. (A) Table presenting the three different Gem
concentrations used, the number of repeats of LIFT printing, and the calculated amount of Gem found on the microneedle substrate.
(B) Graph showing the LIFT printed calculated dosage related to the nominal amount of Gem.
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Figure 7. Representative LC-MS/MS chromatograms for Gem detected in mouse plasma, 15min after dosing mice with MNs (100 ug dose).
Upper panel: For the detection of Gem, the 264.1/112.0 MRM transition was used (retention time 1.6 min). Lower panel: for the detection
of Warfarin used as an internal standard, the 309.1/162.9 MRM transition was used (retention time 5.2 min).

concentrations after MN application. However, within
60 min after IP administration, the Gem concentrations
were significantly reduced, while MN transdermal
application led to arise of circulating Gem. This indicates
that the MN administration of Gem may have reduced
side effects and improved long-term pharmacokinetic
profile.

Thus, a sustained release profile might be possible
with smaller Gem dosages loaded onto MNs. Indeed,
further experimentation is needed to investigate this
possibility. Importantly, the average levels of Gem
levels in the mouse plasma were found at 1.8 uM and
4.1 uM (479 and 1087 ng/mL) for the 15 and 60 min
respectively, even when MNs loaded with a lower dose
(100 ug) were used. These concentrations are well above
the IC50 of Gem reported for several cancer cell lines
(range 20 — 1000 nMEB*3), suggesting that the efficacy
can be achieved in clinically relevant cancer models with
the LIFT-coated MNs.

4. Discussion

Current drug manufacturing techniques are performed
in specialized factories which follow best practice
protocols for mass drug production. Digital printing
techniques can be used in medical facilities (i.e.,
hospitals, medical centers) to maximize the advantage of
drug personalization. LIFT method requires a specialized
equipment that includes laser, optics, translation stages,
and a robot-based pipetting module (under development)
for the automated loading of the pharmaceutical
compound onto the donor substrate. The cost of LIFT
method depends on the automation level and throughput
when it comes to the mass production. It offers advantages
such as the ability to use any potency and viscosity drug
formulations, adaptable resolution (10 — 500 um) for
coating any kind of thin-film substrates including MN
patches- as well as individual MNs- and minimal drug
formulation waste.
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100 pg 15 479+ 241

60 1087 +558
375ug 15 1353+283

60 1455+408
750 ug 15 3067 £ 466

60 3803 +206

Gem Concentration in mouse plasma

4000
3500
3000
2500
= 2000
~ 1500
~ 1000

Amount of LIFT printed Gem (ug)

Figure 8. Gem experiments in mice. (A) Schematic representation of the in vivo experiment with MNs. MNs application onto the skin
of the mouse, on the left side just above the flank. MNs consist of 100 pyramidical cavities with base length 200 wm. The height of each
pyramidical cavity is 600 um. (B) Table summarizing the Gem concentrations following dosing, the number of samples, the time point and
the Gem concentration in the mouse plasma after transdermal application in mice. (C) Graph indicating the correlation between the amount
of Gem LIFT loaded in the MNs and the concentration of Gem found in mouse plasma at 15min and 60min.

2000

1500 ‘

1000 ‘
500

A B
Samples of 100 pg Gem Calculated Gem concentration in
mouse plasma AVERAGE (ng/mL) + SD
15 min IP (x4) 1528 + 442
15 min LIFT/microneedles (x4) 479 +241
60 min IP (x4) 262 +12
60 min LIFT/microneedles (x4) 1087 + 558

0
15min_IP  15min_MNs 60min_IP 60min_MNs

Gem Concentration in Mouse Plasma (ng/ml)

Route of administration of 100 pg Gem

Figure 9. Gem quantification in mouse plasma: MNs versus IP. (A) Table presenting the calculated amount of Gem found in mouse plasma
after IP injection or transdermal application of 100ug Gem, at 15- and 60-min blood extraction. (B) 100 ug of Gem was administered IP and
the blood was collected at 15 and 60 min (15_IP, 60 IP). In parallel, the same amount of Gem was administered through MNs and the blood

was collected at 15 and 60 min (15_MNs, 60 MNs).

The automated LIFT device is greatly advantageous
because it can be used by medical staff offer personalized
dosing after minimum training. A laboratory prototype
will be built following the optimization process and the
validation phase to include the appropriate automation
features for the loading of drug formulations and its
printing onto the selected substrate (i.e., MN patches).

LIFT printing was employed for the coating of
PPMA MNs with (i) 88 ug, (ii) 388 ug, and (iii) 1019 pg
of Gem, respectively, for transdermal application in
mice. Quantification of the Gem-loaded MNs showed
that LIFT printing achieved MN loading with satisfactory
reproducibility and accuracy. Unlike most coating

International Journal of Bioprinting (2022)—Volume 8, Issue 3

techniques, this methodology minimizes drug waste
and allows personalized drug dosing with minimum
preparation times. It is worth noting, however, that there
is a limitation in the amount of drug that can be printed
onto the MN patches. Higher Gem doses using the LIFT
printing technique as described could not be obtained due
to solubility limitations. A maximum 75 mg/mL solution
of Gem was achieved in H O: Glycerol (90:10 v: v). In
future studies, different solutions compatible with the
LIFT printing process should be investigated to explore
the possibility of higher dosing. Therefore, this method
is more suited for potent drugs that are effective at
lower dosages. In vivo transdermal application in mice
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demonstrated the successful delivery of Gem in the
bloodstream for all tested doses. A comparison of MN
transdermal application and intraperitoneal injection of
0.1 mg of Gem in mice revealed that the transdermal
approach produced similar results but at a slower release
rate than the IP. It should be noted that the short half-
life of Gem through IP administration as demonstrated by
previous reports™ led to the design of this study protocol
by selecting the specific time points. This was also shown
in our results (Figure 9). However, our results show that
the MN approach after 1 h is beneficial, and this will be
investigated further.

Although significant Gem concentrations (low uM)
were achieved in mouse plasma at the lower Gem dose
(100 pg), such concentrations are not expected to lead to
toxicity as compared with other administration routes of
chemotherapeutics Thus, in comparison with other dosing
routes (IP or intravenous dosing), the MNs described here
could be an ideal tool for metronomic dosing strategies.
The benefits of metronomic dosing can only be achieved
with appropriate dosing choices (e.g., oral) since drug
administration has to be performed frequently.

The doses tested in this study were those that could
be achieved (100 — 750 pg in one MN patch) based on
drug solubility in the appropriate vehicle. Dosing in
mice ranged from 5 — 37.5 mg/kg (the average weight
of mice in the study was 20 g). In order to determine
clinical relevance, Gem is dosed in humans as follows:
1000 — 1250 mg/m? (approximately 30 — 37.5 mg/kg) as
a standard dose of intravenous infusion once a week for
3 — 4 weeks. Alternative dosing schemes for metronomic
therapy include a more frequent schedule of every 3™ day
with a low-dose infusion of 250 mg/m? (7.5 mg/kg)
Gem®. Clinical studies of the oral availability of Gem
have found very low systemic exposure due to rapid
first-pass metabolism to dFdU (doses up to 8 mg, or
0.12 mg/kg), suggesting that only a pro-drug approach
could be used to provide metronomic Gem with
appreciable concentrations following oral dosing*4%!,

5. Conclusions

This work presents a novel approach to coat MN patches
in ambient conditions using the LIFT technique. The
LIFT process successfully coated PPMA MNs with (i) 88
ug, (i) 388 ug, and (iii) 1019 pg of Gem for transdermal
application in mice, in a reliable and reproducible manner.
Application of MNs with the three aforementioned
amounts of Gem in mice led to blood Gem concentrations
averaging 479, 1353, and 3067 ng/mL respectively, at
15 min and increased considerably after 1h, suggesting
that administration of Gem through MNs can lead to
prolonged systemic exposure. Furthermore, a comparative
study between transdermal delivery and IP injection
was performed and the results suggested a sustained

release profile with smaller Gem dosages loaded onto
MNs and further investigations are underway to explore
this possibility. Based on our findings in this study, we
believe that MN dosing is a viable alternative to the
oral dose. Future studies should include more extended
pharmacokinetic protocols as well as their applicability
to the preclinical efficacy models to further explore the
benefits of the described approach.
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