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Abstract
Small molecule inhibitors targeting specific proteins are claiming a continuously 
growing share in cancer therapy, more commonly in combination with traditional 
chemotherapeutic drugs. While these inhibitors are taken orally, the majority of 
chemotherapies are administered through intravenous injection in the hospital 
premises. Alternative routes for chemotherapy administration would allow more 
frequent administration at lower dosing by the patient oneself, allowing combination 
treatment with reduced side effects. Here, we employed laser printing to prepare 
microneedles for transdermal delivery of cisplatin. Combination treatment with 
cisplatin transdermally and the poly (ADP-ribose) polymerase (PARP) inhibitor 
olaparib orally leads to effective treatment in a cancer xenograft mouse model 
in vivo, while reducing the risk for systemic side effects. This work opens new avenues 
in anti-cancer therapy by allowing the administration of chemotherapy without the 
need for intravenous injection alone or in combination with other therapies.

Keywords: Laser-induced forward transfer; Microneedles; Metronomic 
chemotherapy; Transdermal dosing; Synthetic lethality; Homologous 
recombination deficiency

1. Introduction
Chemotherapy has been the cornerstone of anti-cancer therapy for several decades now. 
More recently, advances in next-generation sequencing allowed the identification of 
several actionable mutations which can be exploited therapeutically toward personalized 
approaches in cancer treatment[1]. Novel targeted therapies such as small molecules and 
antibodies that emerged after the 2000s showed great promise and were approved for 
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clinical use[2]. Among those, small molecules targeting 
poly (ADP-ribose) polymerase (PARP1/2) became the 
first drug designed to exploit synthetic lethality, a genetic 
concept described in model organism almost a century 
ago[3]. PARP1/2 proteins play an important role in the 
repair of single-strand breaks of the DNA[4].

An initial observation that cells carrying inactivating 
mutations in the BRCA1 or BRCA2 genes cannot survive 
PARP inhibition[5,6] catalyzed efforts to therapeutically 
target PARP proteins in cancer. Because women with 
germline mutations in these genes are at risk of developing 
breast and ovarian cancer, the first of a series of approvals 
by the U.S. Food and Drug Administration (FDA) for 
PARP1/2 inhibitors (PARPi) came in 2014 for the small 
molecule olaparib[7] against ovarian cancer in patients 
carrying BRCA1 and BRCA2 mutations. These mutations 
disrupt a DNA repair pathway known as homologous 
recombination (HR) repair, which is used to repair double-
strand breaks[8]. PARP inhibition leads to unrepaired 
single-strand breaks, which in turn produce double-strand 
breaks, which cannot be repaired by HR-deficient cells, 
such as those carrying inactivating mutations in BRCA1 
and BRCA2. Eventually, these cells accumulate intolerable 
levels of DNA damage and are driven to cell death.

Besides the development of multiple PARPi which 
are approved for several indications as monotherapy[9], 
multiple studies have focused on the combination of 
PARPi with chemotherapy or other targeted therapies[10,11]. 
As serious dose-limiting toxicities were observed, a new 
trial (clinicaltrials.gov identifier: NCT00782574) aimed 
to establish the maximum tolerable dose and to evaluate 
the pharmacokinetics and preliminary efficacy of olaparib 
in combination with cisplatin in patients with advanced 
solid tumors. This study indicated that systematic 
administration of olaparib orally (100 mg or 200 mg 
twice a day) in combination with a standard single dose of 
cisplatin (75 mg/m2) in the beginning of each 21-day cycle 
was not tolerable[12]. Some of the observed toxicities have 
been previously described in olaparib clinical trials, while 
others are clearly associated with cisplatin. Intermittent 
administration of olaparib at a lower dose (50 mg twice a 
day), which is close to the minimum dose of 60 mg twice 
daily that achieves 90% PARP inhibition[13], together 
with a reduced dose of cisplatin (60 mg/m2), improved 
tolerability[12] and showed improved objective response 
rate, in comparison to olaparib monotherapy in previous 
phase II clinical trials[14-16]. These findings imply that there 
is obviously room for dose optimization. One solution 
could be the administration of lower doses of cisplatin in 
more frequent intervals. However, metronomic dosing of 
this platinum-based drug would be practically limited, 
since cisplatin is administered intravenously while PARPi 

is taken orally. Thus, alternative administration routes for 
cisplatin would be beneficial.

Microneedles (MNs) have emerged as an alternative 
approach for transdermal drug delivery because they allow 
transdermal administration, reduced pain, and delivery of 
molecules of high molecular weight. Drug-coated MNs, 
which are suitable for both hydrophilic and hydrophobic 
drugs[17-19], are ideal for low-dose administration of 
chemotherapeutic drugs, such as cisplatin[20-22]. This 
approach would eliminate the need to visit the hospital for 
intravenous administration of the drug. However, limited 
drug quantity and drug material waste, as well as uniformity 
of coating, are major limitations of this approach.

Recently, three-dimensional (3D) printing technologies 
have emerged as a valuable tool in the biomedical field. These 
technologies allow for the layer-by-layer construction of 
3D structures using a variety of materials. The 3D printing 
approaches can be utilized to coat MNs by transporting 
little microdroplets of the active pharmaceutical ingredient 
(API) solution onto the MNs, hence creating uniform 
layers. Inkjet printing has been successfully used for MN 
coating for transdermal delivery of anti-cancer drugs[23-25]; 
however, limitations with the deposition of highly viscous 
inks onto a given substrate are encountered, and nozzle 
clogging is observed[26,27]. Laser-induced forward transfer 
(LIFT)[28], on the other hand, offers superior resolution, 
nozzle-free, and viscosity-independent laser printing of 
organic and inorganic material. We have previously used the 
LIFT technology to coat MNs with the chemotherapeutic 
drug gemcitabine. Transdermal application of the MNs in 
animal models leads to drug release, achieving substantial 
plasma levels[29].

Here, we exploited LIFT to coat MNs for transdermal 
delivery of cisplatin in mice. Pharmacokinetic studies 
indicated that transdermal application of the MNs 
produced cisplatin plasma levels that were low but 
detectable particularly at the later time points of the study 
(24 h). We generated mouse xenograft models using HR-
deficient non-small cell lung cancer cells, and, by exploiting 
synthetic lethality, we showed that transdermal delivery 
of cisplatin in combination with oral olaparib leads to 
effective treatment in vivo.

2. Materials and methods
2.1. Materials
Olaparib and cisplatin (powder, 99.70%) were purchased 
from MedChemExpress (Monmouth Junction, NJ, 
USA). Ketamine was purchased from Richter Pharma 
AG (Wels, Austria). Xylazine was purchased from 
Neocell Pharmaceuticals (Athens, Greece). The LC-MS 
grade solvents ammonium acetate, formic acid (FA), 
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water (H20), and methanol (≥99.8%) were procured from 
Fisher Scientific (Loughborough, UK). Acetonitrile (ΑCN; 
LC-MS grade) was bought from Carlo Erba (Milan, Italy). 
Sodium diethyldithiocarbamate trihydrate (DDTC) was 
obtained from Sigma Aldrich (Sigma-Aldrich Chemie 
GmbH, Munich, Germany). Blank (control) plasma was 
prepared via centrifugation of whole blood in a Heraeus 
Biofuge Pico. Midazolam was kindly provided by Onassis 
Cardiac Surgery Center (Athens, Greece) in the context of 
a research program in the form of a solution of Dormixal 
15 mg/3 mL.

2.2. Cisplatin solubility
Due to the poor solubility properties of cisplatin in both 
H20 and ethanol (EtOH)[30], solubility experiments were 
performed in distinct solvent mixtures to determine 
the optimal solvent system and highest concentration 
of the compound that would be compatible with the 
LIFT technology. We initially tested a range of cisplatin 
concentrations in H20, achieving a soluble concentration 
of the compound (1 mg/mL). Following that, we checked 
cisplatin solubility in a solvent system of 10% glycerol in 
H20, considering glycerol as a compatible reagent with 
the LIFT printing process. The solubility of cisplatin in 
the 10% glycerol in H20 solvent system was low (<1 mg/
mL). Since water mediates displacement of the chloride 
atoms in cisplatin (aquation) with unknown effects in the 
compound’s pharmacological action, we further tested 
cisplatin solubility in saline and a 10% glycerol in saline 
solvent system, respectively. Since cisplatin was insoluble 
in the glycerol–saline mixture even at 1 mg/mL, saline 
was opted as the most ideal vehicle for the laser printing 
conditions and the in vivo administration.

2.3. MN array fabrication
Polymethylmethacrylate (PMMA; MW 120k, Sigma-
Aldrich) was used to create MN arrays as previously 
reported[31] by dissolving it at 30 w/v% in ethyl lactate 
(≥98  %, Sigma-Aldrich) for 1.5 h at 150°C. The 100 
pyramidal chambers in the MN molds (Micropoint 
Technologies) have a base length and height of 200 µm and 
600 µm, respectively. The MN mold was cast with 50 mg of 
30 w/v% PMMA, which was then centrifuged for 30 min at 
3500 rpm and allowed to dry overnight in the fume hood.

2.4. LIFT process
The setup used for the LIFT printing of cisplatin solutions 
on MNs is designed for high-speed printing and is presented 
in Figure 1. The laser source is a DPSS Nd:YAG laser (Sol 
10W 532 nm, BrightSolutions, Prado PV, Italy) emitting 
a wavelength of 532 nm with a maximum output power 
of 10 W. It delivers pulse duration of around 20 ns, with a 
repetition rate of 1–100 kHz, respectively, and a Gaussian 
beam profile. The laser beam is scanned with speeds up to 
3 m/sec by utilizing a 2D galvanometric mirror scanning 
system (intelliSCAN ΙΙΙ 10, SCANLAB, Puchheim, 
Germany) and an f-theta lens implementing a focal length 
of 100 mm. A beam expander configuration consisting 
of a two-lens setup transformed the output laser’s beam 
into the desired 10-mm input size for the galvanometric 
scanning head. After leaving the laser source, the laser 
beam travels through the optical setup to determine its 
size and shape before irradiating a donor substrate that 
contains the substance to be deposited. The imaging system 
monitored the whole process in real time via a customized 
microscope system equipped with a camera enabling the 
accurate alignment of the target and substrate materials. 

Figure 1. Schematic representation of the LIFT printing process for coating the MNs with cisplatin solution. (A) LIFT setup. (B) Coating process.
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The donor substrate consisted of a transparent glass coated 
with a Ti film laser absorbing interlayer, onto which 5 μL of 
the cisplatin solution (1 mg/mL in saline) were drop cast. 
The receiver substrate was the MN patch onto which the 
cisplatin solution was transferred.

The printing process has been described previously[29]. 
Briefly, by focusing the laser beam onto the donor substrate, 
a high-pressure vapor pocket is produced at the interface 
of the deposited API solution and the Ti layer as a result of 
the donor’s Ti layer absorbing the laser pulse. For each laser 
beam pulse, an nL droplet of cisplatin solution is printed 
onto the MN substrates as a result of this high-pressure 
vapor pocket expanding and propelling the supernatant 
fluid into a dynamic jet that drives the API solution to the 
receiver substrate at a high-impact velocity. The donor–
receiver substrate distance was kept at 700 µm. On the 
MNs substrate, the laser transfer produced a continuous 
cisplatin film (5 × 5 mm) of 5 µL of the API solution. The 
LIFT process was repeated two more times on the same 
MN patch to achieve a total nominal amount of 15 µL of 
cisplatin solution. The coated MN patches’ morphology 
was determined by scanning electron microscopy (SEM; 
FESEM Nova NanoSEM 230, by FEI Europe, Eindhoven, 
Netherlands).

2.5. Preparation of cisplatin stock and standard 
solutions
Stock solutions of cisplatin were prepared by dissolving 
approximately 3 mg of the compound in saline at a final 
concentration of 1 mg/mL. For preparation of cisplatin 
working solutions, serial dilutions in ΑCN:H20 (1:1, v/v) 
were prepared in the concentration ranges of 50 ng/mL to 
25 μg/mL. The internal standard midazolam was prepared 
by serially diluting Dormixal 15 mg/3 mL in ΑCN:H20 
(1:1, v/v) to 100 ng/mL. All stock and working solutions 
were stored at 4°C until the day of sample preparation in 
mouse plasma.

2.6. Pharmacokinetic studies
Cisplatin was administered in mice transdermally or 
intraperitoneally for evaluation of its pharmacokinetic 
properties per dosing route. For transdermal 
administration of cisplatin in mice, MN patches with 15 μg 
of LIFT-printed cisplatin were prepared. Furthermore, for 
intraperitoneal dosing of the platinum-based compound, 
a solution of 600  μg/mL in saline was prepared. Four 
mice were used for administration per dosing route, and 
all mice were equally dosed with 60 μg of cisplatin in 
MN or administered with cisplatin intraperitoneally. Α 
serial cheek bleeding protocol was performed in mice at 
2, 4, 24, and 72 h after MN application or intraperitoneal 
injection. The collected blood samples were placed in 
heparinized Eppendorf tubes, containing 10 μL heparin 

(5000 IU/mL), which were then placed immediately on ice 
and centrifuged for 10 min at 3000 rpm. Plasma was then 
stored in a -80°C freezer until the time of analysis. Mice 
were then euthanized.

For sample preparation, mouse plasma (50 μL) 
was placed in low-retention Eppendorf tubes and was 
spiked with 5 μL of cisplatin working solutions for the 
preparation of standards. A DDTC solution (1% DDTC in 
0.1N NaOH) was then added (15 μL), and samples were 
vortexed and incubated in a water bath (40°C) for 30 min 
for the formation of the Pt-DDTC complex. Following the 
incubation step, 500 μL of cold ΑCN with internal standard 
(IS, midazolam, 1 ng/mL) was added to the precipitate of 
proteins. Subsequently, samples were vortexed for 2 min 
and centrifuged at 13,000 rpm for 10 min. The supernatant 
containing the Pt-DDTC complex and IS was transferred 
into glass tubes, and evaporation to dryness followed (50°C) 
for approximately 60 min. Samples were then reconstituted 
in 150 μL of H20:ΑCN:FA (80:20:0.1%), centrifuged for 
1 min, and then transferred into 96-well plates for liquid 
chromatography tandem mass spectrometry (LC-MS/MS) 
analysis[32].

2.7. Detection and quantification of cisplatin via 
LC-MS/MS
The amount of cisplatin in standard and unknown samples 
was determined via a LC-MS/MS methodology, previously 
reported by Agilent[32] with slight modifications, that 
quantifies cisplatin after derivatization with a DDTC 
reagent and formation of a Pt-DDTC complex. For the 
setup of the bioanalytical assay and sample analyses, a 
Triple Quad 5500+ LC-MS/MS System – QTRAP (AB 
SCIEX LLC, CA, USA) was used. Chromatographic 
separation of the analyte of interest was accomplished via 
a dC18 column (Waters, Atlantis, 2.1 × 50 mm, 3 μΜ) at a 
flow rate of 0.3 mL/min. Mobile phases included solution 
A (100% H20, 0.1% formic acid [FA]), solution Β (100% 
ΑCN), and needle wash (ΑCN:MeOH:H20, 1:1:1), and 
injection volume for each sample was 10 μL. Elution of 
the analyte was achieved by applying a gradient system 
described as follows: T = 0–0.5 min for 95% A and 5% Β, 
Τ = 1.0 min for 25% Α and 75% Β, Τ = 1.5 min for 10% 
A and 90% B, Τ = 2.5–4.0 min for 5% A and 95% B, Τ = 
5.0 min for 95% A and 5% B. The transitions monitored 
via multiple reaction monitoring were m/z 492.5/422.1 
for cisplatin at 2.67 min and m/z 326.1/291.1 at 2.44 min 
for midazolam, respectively. Additionally, transitions m/z 
640.4/116.1 and 640.4/492.0 for cisplatin and 326.1/209.1 
for midazolam, respectively, were used for confirmation 
of the bioanalytical result. The mass spectrometry (MS) 
system was operated using positive electrospray ionization 
mode (ESI). The applied bioanalytical methodology 
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and linearity of cisplatin was tested in a concentration 
range of 10–1000 ng/mL in mouse plasma with a limit of 
quantification (LOQ; at 10 ng/mL).

2.8. Cell expansion
H1437 cells were originally purchased from the American 
Type Culture Collection (ATCC). Cells were grown 
in Dulbecco’s Modified Eagle’s Medium (DMEM) 
supplemented with 10% fetal bovine serum and penicillin/
streptomycin in a humidified chamber with 5% CO2.

2.9. Efficacy study
NOD.Cg-Prkdc scid Il2rg tm1Wjl/SzJ mice (NSG mice; 
Stock No.: 005557)[33,34] were purchased from the Jax 
repository (Bar Harbor, ME, USA) and bred in individually 
ventilated cages under specific pathogen-free conditions, 
under veterinarian supervision, 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 care and treatment of 
animals were approved by the Institutional Committee on 
Ethics of Animal Experiments and the Greek Ministry of 
Agriculture (Protocol #1392861, 28/12/22).

H1437 and H1437 KMT2C/KD cells were grown 
in DMEM supplemented with 10% fetal bovine serum 
and penicillin/streptomycin. Two million of cells were 
injected subcutaneously in the right flank of approximately 
6-week-old male NSG mice. Tumor dimensions were 
measured with a caliper. When tumors grew to a diameter 
of approximately 0.3 cm, the mice were randomly assigned 
to groups. No exclusion criterion was applied. Four groups 
of at least 8 mice for either H1437 or the KMT2C/KD 
derivative were used for in vivo administration of olaparib, 
olaparib/cisplatin (Olap/C-IP), olaparib/cisplatin-MNs 
(Olap/C-MN), and vehicle. Cisplatin was administered to 
mice either transdermally or intraperitoneally. The efficacy 
of the vehicle cohort, Olap/C-IP cohort, and Olap/C-
MN cohort was compared with one another. Cisplatin 
dosing was 3 mg/kg of cisplatin either intraperitoneally 
or transdermally, i.e., 60 μg/dose. Furthermore, 50  mg/
kg olaparib in saline solution containing 12.5% 
dimethylsulfoxide (DMSO) and 12.5% Kolliphor® EL 
(Sigma-Aldrich) was administered orally on a daily basis. 
This is the typical amount of olaparib administered in mice 
for therapeutic purposes by most groups.

 For transdermal application of cisplatin, mice were 
anesthetized with a ketamine:xylazine mix (90 mg/kg  
ketamine and 10 mg/kg xylazine) as previously 
described[29,35]. MN application onto the skin of mice was 
previously described[29]. Briefly, the opposite (left) non-
tumor-bearing flank of the mouse was shaved, and four 

MN patches, with each containing 15 μg of cisplatin, were 
pressed with the thumb for approximately 2 min and then 
taped with 3M™ Steri-Strip™ Reinforced Adhesive Skin 
Closures (Digas, Athens, Greece) for 60 min. The vehicle 
cohort was treated daily with saline solution containing 
12.5% DMSO and 12.5% Kolliphor® EL orally, and every 
5 days with saline intraperitoneally. After 15 days, the mice 
were sacrificed with cervical dislocation, and the tumors 
were dissected, weighed, and photographed.

2.10. Cisplatin uptake measurement with mass 
cytometry-CyTOF
Frozen murine lung tumor tissue specimens were thawed 
in ice-cold dissociation solution (PBS supplemented with 
2 mM EDTA). Tissues were further dissected into small 
pieces with an average size of approximately 27–30 mm3 
(3 × 3 × 3 mm). Then, using a culture dish filled with 
dissociation solution, tissue was pressed through a 100-μm 
nylon mesh with the plunger of a 5-mL syringe to prepare 
a cell suspension. During this step, the nylon mesh was in 
contact with the surface of the liquid in the culture dish. 
The mesh was then rinsed two or three times with ice-
cold dissociation solution. Resulting suspension was then 
filtered through a 40-μm nylon mesh and adjusted on top 
of a 50-mL polypropylene Falcon tube, and dissociation 
solution was added to a final volume of 15 mL followed by 
centrifugation at 300 × g for 7 min. Cells were then washed 
twice with 5 mL of Maxpar Cell Staining Buffer (CSB) 
from Standard BioTools Inc. (SB; South San Francisco, 
CA, USA; formerly known as Fluidigm) and centrifuged at 
300 × g for 5 min. Following washing, cells were fixed with 
freshly prepared 2%, filtered, methanol-free formaldehyde 
solution (prepared from 16% stock solution; Sigma-
Aldrich) for 10 min at room temperature. Fixed cells were 
then centrifuged at 800 × g for 5 min and stained with 
DNA intercalator solution (1:1000 dilution of 125 μM 
Cell-ID™ Intercalator-Ir) in Maxpar Fix and Perm buffer 
(all from SB, USA) and incubated at 4°C overnight. The 
following day, cells were washed twice with CSB buffer and 
cell acquisition solution (SB, USA). Immediately before 
the acquisition, cells were re-suspended in cell acquisition 
solution supplemented with EQ Four Element Calibration 
Beads (EQ4 beads from SB), diluted 1:10, at a final cell 
concentration 1 × 106 cells/mL. Acquisition was performed 
on a Helios™ mass cytometry system (SB). To maximize data 
quality, the acquisition rate on the Helios was maintained 
at a rate of <400 events/s. Acquired data were normalized 
using EQ4 beads (SB method) with CyTOF software 
(version 10.7.1014). Normalized fcs files were analyzed 
with bivariate dot plots and histograms in FlowJo™ v10.8 
Software (BD Life Sciences, Franklin Lakes, NJ, USA). 
Graphs and statistical analysis were performed using 
GraphPad Prism 9 (version 9.2.0 for Windows, GraphPad 
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Software, San Diego, CA, USA). For comparisons, one-way 
analysis of variance (ANOVA) with Bonferroni correction 
was performed. Results were statistically significant at 
*adjusted p < 0.05 and ****adjusted p < 0.0001.

3. Results
3.1. Morphological characterization of LIFT-printed 
cisplatin solutions on MNs
The cisplatin solution was physically adsorbed onto the 
substrate as a result of the successful direct transfer of 
the API solution using LIFT printing, which depends on 
the high velocity and pressure that the liquid droplets 
have upon impact with the MNs substrate. The optimum 
printing fluence was 1 J/cm2, while the laser spot size was 

150 µm. Figure 2 shows SEM images from before and 
after coating the MNs with cisplatin via the LIFT process. 
It can be seen from the images that the cisplatin solution 
uniformly coated the MNs from the tip to the base and 
around the MN structures. The cubic structures present in 
the images are the salt crystals from the saline solution that 
was used for the API preparation[36].

3.2. Quantification of cisplatin in mouse plasma 
after intraperitoneal administration and 
administration with MNs
For the determination of cisplatin levels in mouse plasma 
after transdermal administration of the compound in MN, 
a LC-MS/MS method was developed and applied (depicted 
in Figure 3). Intraperitoneal injection of cisplatin was also 

Figure 2. Representative SEM images before (A, C) and after (B, D) coating the MNs with cisplatin solution via the LIFT process. (A, B) Top view; (C, D) 
tilted at 20°. Insert in (A) shows the MN patch.
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performed with the same dosing (60 μg for 20-g mice), in 
order to compare the levels of the compound in circulation 
between the distinct routes of administration. The 60 μg 
cisplatin corresponding to a 3 mg/Kgr dose is 50% of the 
standard dose that our group and others routinely use in 
mouse models of cancer for in vivo treatment.

Following intraperitoneal dosing of 60 μg of cisplatin 
in mice, plasma concentrations peaked at 2 and 4 h with 
average concentrations at 263 ± 63 ng/mL and 359 ± 
28 ng/mL, respectively. At 3 days post dosing, average 
plasma concentrations decreased to approximately 
10  ± 2 ng/mL. Previous findings from Johnsson et al.[37] 
reported concentrations of approximately 500 ng/mL 
in mouse whole blood and serum after a 3.75 mg/kg of 
cisplatin intraperitoneal dose in mice at 1 h post dosing. 
Administration of the same amount of cisplatin (60 μg) 
in mice via transdermal MN application yielded low 
concentrations of the compound at 2 and 4 h in plasma 
with concentrations of Below Limit of Quantification 
(BLQ; detected values were 5 and 6 ng/mL respectively). 
It is noteworthy, however, that although cisplatin levels 
declined 24 h post intraperitoneal administration, 
detectable amounts of the compound in plasma were found 
at 24 and 72 h after MN dosing, with concentrations of 
21 ± 2.5 ng/mL and 9 ± 2 ng/mL, respectively. The results 
are depicted in Figure 4. The data provide some evidence 
for sustained release of cisplatin in bloodstream when 

loaded onto MN substrates. However, further experiments 
are required to confirm this observation.

3.3. Efficacy studies in mouse models of cancer
It has been previously shown that loss of the lysine (K)‐
specific methyltransferase 2C (KMT2C, also known as 
MLL3), which belongs to the mixed‐lineage leukemia 
(MLL) family of histone methyltransferases, leads to HR 
deficiency in various cell types[38-40]. We have also shown 
that human cancer cell lines in which KMT2C levels have 
been knocked down with shRNAs present an exceptional 
response to the PARPi ilaparib[38]. KMT2C is mutated 
in 15% of human non-small cell lung cancer (TCGA 
PanCancer Atlas). On the other hand, HR deficiency and 
the potential use of PARPi in lung cancer are becoming 
fields of intense research in the field of cancer therapeutics. 
Mutation in genes encoding proteins involved in the HR 
repair or DNA damage response in general is identified 
in human lung cancer cases, while mutations signatures 
implying HR deficiency are also identified[41-43].

To assess whether the HR deficiency can be exploited 
therapeutically through combination therapy with olaparib 
orally and cisplatin through transdermal delivery of MNs 
printed with cisplatin, we used the non-small cell lung 
cancer cell line H1437, in which KMT2C has been knocked 
down with lentiviral expression of shRNAs[38]. When 
tumors grew to a diameter of approximately 0.3 cm, mice 

Figure 3. Representative LC-MS/MS chromatogram for cisplatin in mouse plasma at 4 h following intraperitoneal dosing of 60 μg in mice. For detection 
and quantification of cisplatin in plasma, the transition 492.5/422.1 with RT 2.67 min was used. Midazolam was used as internal standard (IS) with 
transition 326.1/291.1 and RT 2.44 min.
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were allocated into four groups. While oral olaparib alone 
was effective in slowing down tumor growth, application 
of the transdermal MNs on days 0, 5, and 10 practically 
blocked tumor growth in vivo, as indicated by tumor 
volume (Figure 5A) and tumor weight (Figure 5B and C).  
These results showed that synthetic lethality is much higher 
when the combinatorial olaparib and cisplatin treatment 
is used.

This phenomenon is specific for the HR-deficient 
H1437 KMT2C/KD cells, as indicated by experiments 
with the parental cell line. As indicated in Figure 6, 
olaparib alone had a negligible effect, while combination 
with transdermal cisplatin, though more effective, had an 
effect that was less pronounced than that in the KMT2C/
KD cells, further supporting the superior efficacy of PARPi 
in HR-deficient cells.

Figure 4. Determination of cisplatin levels in mouse plasma following intraperitoneal dosing and administration in MN. (A) Table presents the average 
of the quantified concentrations of cisplatin in mouse plasma at 2, 4, 24, and 72 h after administration in MN and intraperitoneal injection (n = 4). (B) 
Comparison of cisplatin concentrations in plasma after dosing with MN and intraperitoneal administration at 4 timepoints. Each timepoint was evaluated 
in quadruplicates for both dosing routes, and results are presented as average concentration ± standard error of the mean (SEM). Abbreviations: IP, 
intraperitoneal; MN, microneedle.

Figure 5. In vivo treatment of HR-deficient cells. (A) Plot indicating tumor volume during treatment. (B) Tumor weight at the end of the treatment. For (A) 
and (B), average of all tumors (n = 8) within indicated cohorts is shown. (C) Photograph of dissected tumors on the last day of treatment.
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3.4. Cisplatin uptake
To measure cisplatin uptake at the single cell level, we 
employed mass cytometry-CyTOF (cytometry by time-of-
flight) technology. In this technique, single cells are vaporized, 
atomized, and ionized allowing the atomic composition of 
each cell to be measured by a time-of-flight mass spectrometry 
system (ICP TOF MS)[44]. The presence of Pt, rather than 
intact cisplatin, in the cells is detected using this mass 
cytometry-CyTOF technology. As expected, intraperitoneal 
administration achieves higher Pt, derived from cisplatin 
amount in the tumors, both in terms of percentage of cells 
with detectable levels (99.2% vs. 64.7%), and mean intensity of 
positive cells (10 vs. 500) (Figure 7). The results are consistent 
with the findings from the pharmacokinetic study, in which 
cisplatin was monitored in plasma.

Our results indicate that olaparib treatment in HR-
deficient tumors can be combined with the application 
of transdermal MNs for the administration of cisplatin 
at lower doses, avoiding the need for hospital trips, 
while ameliorating or even eliminating toxic side effects 
associated with the high intravenous dosing of cisplatin.

4. Discussion
Since the 2000s, an explosion in the development of new 
targeted therapies has revolutionized the field of cancer 
treatment. Targeted therapies are rarely administered 
alone. Instead, in the majority of schemes, these therapies 

are combined with chemotherapeutic drugs. Besides 
the opportunity for personalized treatment as a result of 
molecular indications and the generally less severe side 
effects, many targeted therapies offer the advantage of oral 
administration daily or even twice daily without the need 
for hospital visit. Chemotherapies, on the other hand, are 
mostly administered intravenously, requiring long stays at 
the hospital, often for a whole day. Moreover, patients receive 
a very high dose of the chemotherapeutic drug, leading to 
a high systemic concentration, which declines quickly until 
the new treatment. Thus, alternative methods for anti-cancer 
drug administration need to be developed. An interesting 
solution is oral metronomic dosing, which facilitates frequent 
drug administration by the patient[45]. We recently proposed 
transdermal MNs for metronomic dosing with gemcitabine[29].

API-coated MNs can be used for delivery of both 
hydrophilic and hydrophobic drugs[18,19]. Their ideal 
use is for low-dose administration of potent drugs, 
which are efficacious at low circulating amounts. There 
have been many methods employed in the past, such 
as dip coating[46], gas jet drying[47], and spray coating[48] 
with noted limitations[49,50], such as the difficult coating 
procedure because of the limited amount of drug coating, 
uniform coating, material waste, and precise drug dosing. 
In the last decade, 3D printing technologies such as inkjet 
printing, thermal, piezoelectric, and electrostatic printing, 
extrusion bioprinting, and LIFT have been used. As 
mentioned above, inkjet printing has been used before[25]; 

Figure 6. In vivo treatment of HR-proficient cells. (A) Plot indicating tumor volume during treatment. (B) Tumor weight at the end of the treatment. For 
(A) and (B), average of all tumors within indicated cohorts is shown. (C) Photograph of dissected tumors on the last day of treatment.
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however, it has limitations with high-viscosity materials, 
due to the excessive force required to eject highly viscous 
drops. Moreover, inkjet printing is also associated with 
nozzle clogging[26,27]. It should also be noted that with 
most conventional drug coating approaches on MNs, the 
amount of API used on the MNs prior to coating is not 
controlled, but rather the eventual drug loading is only 
calculated using loading efficiency equations, after the 
coating is applied[51,52]. LIFT is highly efficient as it only 
utilizes the amount that is needed for each printing, thus 
reducing API and solvent waste. PARPi have emerged as 
promising therapy for tumors with HR deficiency leading 
to prolonged and sustained clinical response[53]. Though 
initially approved for ovarian and breast cancer patients 
carrying germline mutations in BRCA1 and BRCA2, PARPi 
are now approved for pancreatic ductal adenocarcinoma[54] 
and prostate adenocarcinoma[55] with mutations in 

BRCA1/2 and HR-related genes, respectively. In addition, 
additional PARPi were approved as maintenance, first-
line, or second-line therapy in ovarian carcinoma, based 
on somatic BRCA1/2 mutations, HR deficiency score 
(independently or in consideration of BRCA1/2 mutations), 
or even without any HR deficiency-related indication if 
tumors responded favorably to cisplatin treatment. The 
rapidity of new approvals, revisions, and withdrawals 
of existing PARPi approvals indicates how dynamic this 
field is, with second-generation PARPi already under 
development. The general consensus in the field is that 
BRCA1 and BRCA2 mutations alone are not sufficient to 
stratify patients with solid malignancies who can benefit 
from PARPi. Mutations in other DNA repair genes, next-
generation sequencing panels, and functional assays 
assessing HR repair are being employed in ongoing clinical 
studies[56]. Due to its frequency and dire prognosis, lung 

Figure 7. Analysis of cisplatin uptake in single cells from murine lung tumor tissue with mass cytometry-CyTOF. (A) shows the representative histogram 
displaying distribution of cisplatin (195Pt)-positive cells (% number in brackets) in lung tumor tissue of mice treated with vehicle, Olap/C-IP, or Olap/C-
MN. Box and whiskers plots of % of 195Pt cells and mean intensity of 195Pt in all samples analyzed are shown in (B) and (C), respectively.
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cancer is attracting great interest in these studies. In this 
regard, tumors with mutations in KMT2C, which encodes 
a histone modifier with a rather indirect role in HR repair, 
emerge as a promising stratification marker for identifying 
patients who could benefit from PARPi. Together with 
identifying tumors with somatic mutations in HR-related 
genes and/or proven HR deficiency through molecular 
analysis or functional assays, this collection of diagnostic 
techniques can very likely identify patients who comprise 
a significant portion of the total lung cancer cases.

Since PARPi interfere with DNA damage repair, 
combination with other DNA-damaging agents such as 
cisplatin could be advantageous. Clinical practice, however, 
has indicated that combination of PARPi and cisplatin at 
the respective standard monotherapy dose is intolerable 
due to toxicity. Their combination, however, at lower dose 
seems to lead to clinical benefit in HR-deficient tumors[12]. 
Cisplatin intercalates into DNA generating intrastrand 
and interstrand adducts that, if not resolved, physically 
obstruct DNA polymerases during DNA replication, 
leading to the generation of double-strand breaks[57]. 
Cisplatin could remain in the human body, and traces of 
it can be found in the urine of patients even after 8 years 
from the treatment[58]. We thus hypothesize that because 
of its high potency and long excretion kinetics, even low 
levels of cisplatin could lead to increased DNA damage. 
Because PARPi is efficacious already as monotherapy in 
HR-deficient tumors, we hypothesize that even low levels 
of cisplatin are sufficient to sensitize cells to PARPi and 
maximize synthetic lethality.

To eliminate the need for hospital visit for intravenous 
administration of cisplatin, we have developed transdermal 
MNs which have been coated with cisplatin through LIFT 
technology. Cisplatin can be readily detectable in the blood 
stream and also in the tumors in mouse models of non-
small cell lung cancer. Although these levels are lower than 
those achieved through intraperitoneal administration, the 
two approaches have comparable efficacy when combined 
with oral olaparib. The obvious advantage of transdermal 
administration of cisplatin without the need for hospital 
visits, as well as the ability to precisely adjust the dose with 
the use of LIFT technology, offers an attractive approach 
for combination therapies with cisplatin.

5. Conclusion
This work demonstrates for the first time that cisplatin 
printed onto MNs can be used for transdermal 
administration in mouse models of cancer. Transdermally-
administered cisplatin reaches the bloodstream as well 
as the tumor itself, and although drug levels are lower 
than those obtained with intraperitoneal injection, they 

are sufficient to achieve strong response in HR-deficient 
lung tumors when the treatment is combined with oral 
administration of the olaparib. The proposed approach 
alleviates the cytotoxic side effects of the combination 
therapy while eliminating the need for intravenous 
administration of cisplatin in the hospital.
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