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ABSTRACT 0&

The advancem: o delivery devices is critical for the individualization of patient treatment and the
improvement of heagthcare. Here, we introduce the 3DMNMEMS, a novel device that combines 3D printing,
microneedles (MNs) and Microelectromechanical Systems (MEMS), allowing versatile and controllable by the
user transdermal drug delivery. Hollow MNs were designed and 3D printed using Stereolithography, followed by
integrating into a MEMS. By employing advanced imaging techniques, we monitored the distribution of liquid
delivered by the device within skin tissue in real-time. /n vivo testing revealed that the delivery of insulin using
the 3SDMNMEMS achieved improved glycemic control to diabetic animals compared to subcutaneous injections.
These results demonstrated the potential of the 3DMNMEMS as a universal transdermal drug delivery system for

personalized care.



1. INTRODUCTION

Personalization of clinical care is nowadays in the spotlight of research on drug delivery. Finding new pathways
that allow the individualization of treatments will improve efficiency, patient compliance and limitation of
adverse effects. ‘Personalized medicine’ is attracting worldwide interest, with sophisticated drug delivery
systems being a key element [1]. Additive Manufacturing (or 3D printing) offers the unique ability of direct and
fast customisation based on the application, paving the way for the development of personalized tablets, drug

delivery devices, implants and advanced tissue engineering [2—7].

3D printing is an umbrella term for a group of manufacturing techniques thatQQComputer Aided Design

ss. Hence, 3D printing allows

(CAD) models to create physical objects through a layer-by-layer fabricaﬁ
the fabrication of structures previously unattainable with conve techniques, in a fast and user-friendly
manner, while the nature of the technology simplifies and a gs the Prototyping stage. In the field of drug
delivery, 3D printing is viewed as a ‘new chapter’ irgdy gained visibility and recognition by the

respective regulatory bodies (e.g. FDA) [9].

Transdermal drug delivery systems are a Nltematives to oral and injection-based administration strategies
since the transdermal route results i*%ch oavailability, while offering the added benefit of causing minimal
or no pain, thus being highly p&fient-§gmpliant [10,11]. The broader use of such systems was enabled by the

introduction of microneedgs (MNs), which are miniature puncturing devices that surpass the outer layers of the

skin tissue, achjigin. s_@ livery of a variety of molecules, proteins, DNA etc. in a minimally invasive and pain

free manner [12,13]. Flollow microneedles have emerged as an alternative to typical injections, tackling issues
such as pain, needle phobia and the requirement for a trained professional to perform the drug administration
[14], with limited applications due to mechanical strength issues [15]. MNs are manufactured through several
techniques, mainly micromoulding and micromachining which can often be multistep, time-consuming,
challenging to scale-up and difficult to readapt according to individual application requirements. 3D printing is
by definition a promising alternative to the traditional MN manufacturing techniques. However, there is limited

progress on the applicability of 3D printing for transdermal systems recorded in the past few years [16] because

its adoption in fabricating MNs has faced challenges.



The printing resolution has been a major restrictive factor. Although a high degree of fidelity between virtual and
physical model is an advantage of 3D printing, high accuracy in detail formation in the microscale often exceeds

the capabilities of the printer. As a consequence, issues of reliability arise, especially regarding the MN tip
sharpness, which is critical for the successful insertion into the skin. Another challenge stems from the limited
material palette that is readily processable with the various 3D printing technologies and is further narrowed
down by the requirement of biocompatibility. Indeed, there is only a small number of biocompatible, printable

materials across the whole family of printing technologies.

A small number of studies have reported the successful implementation of ting as a manufacturing

technique for hollow MNs, intended for transdermal purposes. Two photo@p ization (2PP), a specialised

photopolymerization printing technique, has been used for the deve XMN masters for micromoulding

[17] as well as for the direct fabrication of patches. Ovsianikov et f eniployed 2PP to fabricate hollow MNs,

reporting that the manufacturing process had no ady ffefts on cell viability and growth [18]. The same
S

@

incorporated in transdermal and implant§ble syste

technology was also employed to develop a co MN and reservoir patch that can be potentially

ms [19]. The aforementioned technology favours MN
fabrication due to its exceptional resolu rcoy enabling the formation of sharp MNs. However high costs,
longer printing times and smallghrin volumes [20], hamper the production in larger numbers, raising

questions regarding the techiglo@i’s potential for broad clinical applications.

To overcome thes s, exploring the applicability of more accessible printing technologies, is
imperative. Recentlyour group demonstrated that commercial laser Stereolithography (SLA) can be a valuable
tool for fast, cost-effective and readily customizable manufacturing of biocompatible solid coated MNs with
tailored drug loadings. The MNs were tested for their ability to deliver insulin in vivo showing exceptional
performance [21,22]. Although the drug loading was easily customizable by the manufacturer through the inkjet

printing technique employed, the real-time, in-situ control of the administration was still not possible.

To circumvent this pitfall, the use of a sophisticated Microelectromechanical System (MEMS) is proposed.
MEMS have emerged as a valuable tool to achieve controlled and accurate brain, ocular, gastrointestinal and

transdermal drug delivery [23]. Extensive work has been done on wearable insulin pumps, nonetheless these



devices must be worn constantly, and commercial insulin pumps are often avoided by diabetics due to aesthetic

and practical reasons [24]. Moreover, MEMS have been integrated in close-loop systems where a sensor
monitors the levels of a specific physiological signal and triggers the release of the respective therapeutic agent

[25]. Although such systems are intelligent and do not require the patient to proactively manage the treatment,

they must be worn or implanted. Also, they are targeted to a specific application and restricted to respond to the
physiological stimulus for which they have been designed, and thus not suitable for universal drug delivery.

Therefore, this work proposes an adaptable, non-wearable, stimulus-independent MENJ® for administration of a

variety of drug-containing solutions. O

In this article we present for the first time a universal transdermal ery system that combines two

cutting-edge technologies, 3D printing of MNs and MEMS to q@ DMNMEMs device. The device,

consisting of a hollow MN patch integrated with a MEMS, permitwe agect control of the drug administration
by the user, hence enabling the personalization of treatv& orgover, this transdermal MN-mediated approach
renders the system minimally invasive and thus aticht-compliant. The suitability of 3D printing as a fast,

scalable and cost-effective technique to malgfactureWollow MNs with sufficient strength for skin insertion, is

demonstrated. The device was developefl fofgwitig a series of staggered, modular steps, starting from design, 3D
printing and mechanical testin ,Qu age of sophisticated optical imaging techniques to visualize the
efficiency of the system in r ie. dditionally, the novel 3DMNMEMS was evaluated in terms of customised
drug delivery in Vitrc&ng a model hydrophilic molecule in different dosages. The development of the

system was comp emonstrating the efficiency of the device to administer insulin both in vitro and in

Vivo.
2. MATERIALS AND METHODS
2.1 Materials

The material used was a biocompatible Class I photopolymer consisting of methacrylic oligomers and phosphine
oxides as photoinitiators branded as Formlabs Dental SG (GoPrint3D, North Yorkshire, UK). The insulin
(aspart) (Novorapid) was bought from Novo Nordisk (London, Crawley, UK). The sodium fluorescein was

purchased from Sigma Aldrich (Gillingham, Kent, UK). Streptozotocin (>75% a-anomer basis, >98%) and citric



acid were both purchased from Merck Chemical Co. (Darmstadt, Germany). All solvents were of analytical

grades.
2.2 Design and Additive Manufacturing of hollow MNs

The hollow MN patches were designed using the PTC Creo Computer-Aided Design software (PTC, Boston,

MA, USA). The design of the patches was carried out in two stages, the first to validate the optimum MN design

and the second to create a universal patch that will allow the receipt and delivery of sgtution. At first, hollow MN

arrays were designed attached on a thin substrate of 15x15x0.5 mm. Each cone-shaped with a base
Geatured a wall thickness

diameter of 1000 pm, tip diameter of 100 um and height of 1000 um. The hog

of 100 um and the internal bores had a diameter of 800 pm at the cﬁ wo MN designs, ‘Bevel’ and

‘Ellipsis’ were developed, and their printability was tested. Each arf@ tired 49 MNs in a 7x7 symmetrical

configuration. This design was employed to validate the me ) ﬁstren h and piercing capability of the MNs.
Subsequently, the design was expanded, increasi ﬁss of the substrate to 1.5mm and including an
internal reservoir of 500pm thickness. The reser nnected the MN bores to a 4.30mm diameter opening at

the bottom of the patch, created for the proviSign of fluid to the MNs. The number of the MNs was reduced to 4

in a 2x2 symmetrical configuration %1 studies. The CAD models were then inserted in the Preform
software (Formlabs, MA, USAp.§he MIN patches were manufactured using the Form2 SLA 3D printer
(Formlabs, MA, USA) that fe &high resolution capabilities (25 and 140um for z and x, y axes, respectively).
Post-printing, the arr, rged from any unpolymerized resin residues in isopropyl alcohol bath and were

then cured for 60 Wgin at 40 °C under UV radiation using the MeccatroniCore BB Cure Dental station

(GoPrint3D, UK).
2.3 Scanning Electron Microscopy (SEM)

The MN arrays were mounted onto aluminium stubs using a double-sided carbon adhesive tape (Agar Scientific,
UK). Each array was examined by SEM (Hitachi SU 8030, Japan) using a low accelerating voltage (1.0 kV). A
low accelerating voltage was used to avoid electrical charges on the MNs. The images were captured digitally

from a fixed working distance (11.6 mm).



2.4 Preparation of porcine skin samples

Full-thickness abdominal porcine skin was collected from a local slaughterhouse (Forge Farm Ltd., Kent, UK)
and was then shaved using a razor blade. The fatty tissue below the abdominal area was removed using a scalpel.
Samples of full-thickness skin tissue were sliced and used for the piercing tests. The remaining skin was pinned
onto a polystyrene block and wiped with ethanol (70%). Samples of 1.0+£0.1 mm thickness were extracted by
applying a Dermatome (Padgett Dermatome, Integra LifeTMSciences Corporation, USA) at an angle of £45°.
The thickness of the skin was measured using a caliper and 20x20 mm tissue samples cut using a scalpel.
The skin samples were placed onto filter paper soaked in a small amount of saline @ ate buffer (pH 7.4) for

2 h. The Dermatome skin samples were employed for OCT and in vitro r{ ies.

2.5 Insertion tests into porcine skin

/

The ability of the 3D printed hollow MNs to effectlvely ple ine skin and determine the force needed for
penetration was investigated. To achieve this, the us Texture Analyser (Stable Micro Systems, Surrey,

UK) equipped with a 5 kg load cell was e ed. The MN arrays were fixed on the moving probe of the
machine using double-sided adhesive tap, \es of full-thickness abdominal skin were placed on waxed petri
dishes and were secured on the @d probe of the machine. Identical 3D printed cone shaped MNs,
featuring identical shape and s but designed as solid, without bores and openings, were also tested, for

comparison purposes. Co inu orce and displacement measurements were recorded to identify the point of

needle insertio @ of the moving probe was 0.01mm/s and all experiments were repeated 5 times.
2.6 Axial force m nical testing

To evaluate the fracture strength of the MNss, fracture tests were conducted employing a Tinius Olsen H25KS
mechanical testing machine, equipped with a 25kN load cell. The MNs were mounted on the moving probe of

the machine using double-sided tape and were compressed against a flat steel plate until fracture. Moreover,
identical 3D printed solid cone shaped MNs were tested, for comparison purposes. Continuous force and
displacement measurements were recorded and the speed of the moving probe was Imm/s Each experiment was

repeated 5 times.



2.7 Microelectromechanical System (MEMS)

For this study, a customised diaphragmatic microdosing pump was employed (Biirkert Fluid Control Systems,
Ingelfingen, Germany). The system requires connection to an electric source of 24 V that can either be supplied
through a standard power source and transformer or batteries for portability. The MEMS was designed to pump
single strokes of defined volume of a few microliters while allowing the tailoring of stroke frequency, mode of
flow and final amount supplied. The stroke volume accuracy supplied by the MEMS was determined using a
simple method. Single strokes of a solution of known concentration of sodium fluores salt were pumped into

volumetric flasks and then diluted with deionised water. The solutions were @ analyzed via  UV/Vis

spectrophotometry to quantify the experimental concentrations, wh hen used to calculate the

(@)

experimental single-stroke output. The results were compared to the @ theoretical) concentrations based

on the 5 pL value given by the manufacturer. The experiment asﬁrf 0

2.8 X-ray Micro Computer Tomography K
sca;

ned in triplicate.

X-ray Micro Computer Tomography (uCT) were performed on the 3D printed hollow MN patch. The

equipment employed was a Bruker Skys with an SHT 11 Megapixel camera and a Hamamatsu 80 kV

the source. No filter was appliggit -Ray source and a voltage of 80 kV was applied for an exposure time of

(100 pA) source. The samples were n ertically on a portion of dental wax and positioned 259.4mm from
O

1050 ms. The images ge@ere 2664 %4000 pixels with a resolution of 6.75 um per pixel. The images were

collected, and lueconstruction of the sample generated by Bruker's CTvol software. The threshold for

this attenuation signajywas set manually to eliminate speckle around the sample, and then further cleaned with a

thresholding mask using Bruker's CTAn software.
2.9 Optical Coherence Tomography

The Optical Coherence Tomography (OCT) system used in this study employs a swept-source operating at a
central wavelength of 1050 nm with a tuning range of roughly 100 nm, and has been described elsewhere [26].
The axial/lateral resolutions of this system during imaging were roughly 10 um and 15 pum, respectively, with a

lateral field of view of 25 x 25 mm *. OCT data was processed using the Complex Master/Slave (CMS) method



[27]. which allowed for direct visualisation of the structures being imaged. The 3DMNMEMS device was
manually compressed against a sample of full-thickness porcine skin so that the MNs were inserted into the
tissue. A solution of powdered milk in water was pumped and a series of consecutive scans in equal time

intervals were recorded.

2.10 In vitro release studies through porcine skin

The ability of the 3DMNMEMS device to disrupt the skin barrier and deliver molecul@s in vitro was assessed

using Franz diffusion cells (PermeGear, Inc., PA, USA). Dermatomed porcin inwith a thickness of

1.0+£0.1mm was employed. The skin samples were mounted on the donor co of a Franz diffusion cell

array. The temperature of the Franz cells was maintained at 37 °C using & au ed water bath (Thermo Fisher

ssed to the skin to ensure insertion.

Scientific, Newington, USA). The MN patch, fitted on the MEMS, @
Thereafter, the MEMS was set to administer a solution of s ﬁores in salt in deionised water (2mg/mL).
Three different pumping regimes were implemente :@ 1, 2 and 4 serial single-stroke cycles, resulting
in three different dosages: SuL, 10 pL and 20 pLj ctively. For the samples receiving 2 and 4 strokes, fixed
time intervals of 2 s were maintained betWeen each individual stroke. Sample fractions (6—6.5 mL/h) were
collected every 10 minutes using an aut@r (FC 204 fraction collector, Gilson, USA) attached to the Franz
diffusion cells system. The expgginigat repeated administering 10 uL (2 strokes) of insulin (100 IU/mL) as a
bolus dose in porcine skin, an ereation was studied for 1 hour. Statistical analysis for the drug release was

performed with a M 1tiiey nonparametric test and t-test analysis for the in vitro studies (InStat, GraphPad

Software Inc., San S§ego, CA, USA), where samples were considered as statistically significant at p < 0.05.
2.11 UV/Vis Spectrophotometry

The absorption spectra generated by the fluorescein sodium solutions were obtained employing 10mm path
length cuvettes in a Perkin Elmer Lambda 365 at a nominal resolution of Inm. The spectra were recorded at
room temperature (20°C), using deionised water as reference. The spectra were employed to quantify the

concentration of the dilute.



2.12 High-performance liquid chromatography (HPLC)

The amount of insulin collected from the receptor fluid of the Franz cells was determined by HPLC (Agilent
Technologies, 1200 series, Cheshire, UK) equipped with a Phenomenex Jupiter 5u c18 300 A, LC Column
(250%4.60 mm, particle size 5 um, Macclesfield, UK). The mobile phase consisted of water with 0.1%
Trifluoroacetic Acid (TFA) and acetonitrile with 0.1% TFA (66:34 v/v), with a 1 mL minflow rate. The
column was equilibrated at 35 °C, the injection volume was 20 pL and the eluent was analysed with a UV
detector at 214 nm. The results were integrated using Chemstation® software and the les were analysed in

triplicates.
2.13 In vivo clinical studies \O

The effectiveness of the 3DMNMEMS device to administer insulin was tested on Swiss albino female
mice. Before the start of the study, all animals, weighing 1 , were given free access to solid bottom

cages with controlled diet for 3 days. To create a &mal model, diabetes was chemically induced by a
single subcutaneous injection of streptozotocin mg/kg) in citric acid buffer (pH 4.5), in the flank. The

induction of diabetes was confirmed uring the fasting blood glucose at scheduled times using a one-

touch glucometer (ACCU-CheckV ti oche, Germany), with mice that presented blood glucose higher
than 300 mg/dl to be rendered €abeti§, 24 h before experimentation, the diabetic animals were anesthetized and

shaved on the area of 3D®l device application, using an electric razor (Panasonic, USA). Finally, the

h, receiving only water and libitum.

entation, the animals were divided in 3 groups (n=6 each):

animals where

On the day of exp

1. Untreated (negative control), received no treatment

2. SC (positive control), received 0.5 IU/animal via subcutaneous injection

3. 3DMNMEMS, received 0.5 IU/animal via the 3DMNMEMS

The animals treated with the 3DMNMEMS device were held gently while the MN array was applied on the

shaved dorsal area using manual finger pressure to reassure insertion. The MEMS, connected to batteries for ease



of handling, was then fitted to the patch. The aforementioned amount of fast-acting insulin was supplied, in the
form of a bolus dose, to imitate the typical subcutaneous injection treatment regime and allow the comparison
thereof. After administration, the system was removed immediately. For all animal groups, blood samples from
the jugular vein were collected at 0, 1, 2, 3, 4, 5 and 6 h after the insulin administration and the blood glucose
values were extracted, using the glucometer. Plasma insulin concentrations were measured employing an insulin-

EIA Test kit (Arbor Assays, MI, USA).

All animal experiments throughout this study were approved by the Research Committee (reference
number 0003/17, Department of Pharmacy, Southern University Bangladesh nducted according to the
Southern University Bangladesh policy for the protection of VertebnﬂA Is used for Experimental and

Other Scientific Purposes, with implementation of the 3Rs principle @ ement, reduction, refinement).

Y4

3. RESULTS AND DISCUSSION @

3.1 3D printing of MNs

In this study, laser SLA, a photopolymﬁn- ed technology, was employed to manufacture hollow MN

patches. The desktop SLA printer featur, se®which selectively polymerizes fine “roads” (rasters) of material

in a layer-by-layer fashion, on th irtual CAD model. The CAD model was inserted into a slicing

software, sliced into parall jacent layers and then translated into a g-code, which contained all the
information necessa e/printing process. Based on the g-code, the printer used a galvano-mirror to
navigate the lasergt n vat and locally activate the photopolymerization process.

In general, 3D printing allows the fabrication of complex structures that are often unattainable through other
techniques. For transdermal systems, it has the potential to replace typical manufacturing methods that are often
laborious, time-consuming and difficult to customize (e.g. micromoulding). However, MNs pose an inherent
challenge, due the high resolution required to accurately 3D print fine details in the microscale. Resolution in

SLA printing is dependent on a number of parameters, such as the diameter of the laser beam point and the
material properties. Moreover, the accuracy on the z axis is determined by the smallest step of the moving

platform, while on the x and y axes, resolution is affected by the galvano-mirror movement [20]. To the authors’



knowledge, there is no scientifically sound method to predict the actual outcome of the printing process in terms
of detail accuracy and dimensional fidelity to design. Improvement is mostly obtained by trial-and-error;
however, the simple, user-friendly and fast nature of this technology simplifies and accelerates the prototype

development.

The catalytic effect that printing resolution can have on hollow MN design and final structure was highlighted in
a recent attempt to 3D print a hollow MN and microfluidic system, potentially suitable for integration in
biomedical devices [28]. Albeit achieving sharp MN tips, the openings generate the reported printing
strategy were quite sizeable, possibly leading to drug losses upon application, in cpartial skin insertion.
Hence, in this work we aimed at achieving accurate printing of MNs Wit penings, which would also be

beneficial in terms of mechanical performance.

We examined the printability of two MN designs with rg placdment of the bore opening, on the top
(‘Bevel’) and side (‘Ellipsis’) respectively (Figure la_c tglting, images acquired via SEM revealed that

the formation of the top bore opening was u essful, demonstrating that the model dimensions obviously
exceeded the detail size that can be realized Wth this technology (Figure 1b). To achieve the formation of the

opening, its diameter should be increasng by default to decreased sharpness and thus inferior piercing

capabilities [15]. On the othegphdgd, design featuring the side, elliptical opening generated uniform,

reproducible and dimen@ ithful MNs (Figure 1d). The side bore opening was successfully printed
e

because its position [@e

sharpness (Figure 1

design of a larger opening within the printer resolution, without impacting the



Figure 1 a,c) CAD images of the ‘BeVN ‘Ellipsis’ MN designs and respective cross-sections, b,d) SEM
images of the 3D printed ‘Bevel’ andEllj s, €) SEM image of 4 MNs of the ‘Ellipsis’ design featuring

dimensions.

It is noteworthy that SLA@qulred no post-printing etching to sharpen the tips in contradiction to respective
work using Fu ’n Modeling (FDM), that typically features inferior resolution capabilities [29]. Thus,

the production becomes faster, cheaper and easier to scale-up, while ensuring no variations on the end-product
quality. Another advantage of SLA over FDM pertains on the mechanical behavior of the printed structures. On

the one hand, FDM parts exhibit anisotropic and laminate-like behavior, depending on the raster (printing
“road”) orientation [30]. These traits add complexity to the mechanical analysis by introducing variations of the
mechanical properties dependent on direction, thus complicating the design stage. Moreover, the FDM
technology has been associated with poor adhesion between adjacent layers, which can lead to failure due to
delamination [31]. However, it has been documented that SLA printed parts are considered isotropic [32] and

delamination is not a risk associated with the SLA technology.



The superiority of this printing technology for MN manufacturing is further supported by the surface quality of
the printed parts. While the characteristic layer by layer morphology, which is innate to all 3D printed structures,
is visible, the MN surfaces are generally smooth. The “stair stepping” effect that has been reported elsewhere
[33] is not manifested. This effect is not only visually unappealing but can also affect the mechanical

performance of the MNs.

A known issue affecting the widespread adoption of 3D printing for biomedical devices is the limited selection

of biocompatible, non-cytotoxic materials that are compatible with a specific printing nique. In this work, we

employed a commercial Class I biocompatible resin for the printed MNs. The bio bility of the polymer,
having been printed on a Formlabs and post-cured, has been fo nform with multiple ISO
biocompatibility standards and is certified as USP IV [34], which r & no toxic effects were observed in
acute systemic toxicity and intracutaneous testing. The claim ,ds her supported by additional, respective

studies [35,36]. The printed polymer is also autoclavabl( ing/ that the MNss can be sterilised.

3.2 Insertion tests into porcine skin

A critical parameter of the MN efficiencyggth@size of the tip since it affects the force required to penetrate the
skin, which successively influences %ced during application [37]. It is therefore pertinent to ensure
that the MNs are sharp enoxﬁ quire minimal loads for penetration in order to guarantee painless
application. SEM images9gvealfyniform tips of approximately 100 microns in diameter (Figure 1e). The specific

ehas been investigated previously on solid MNs [21,22], showing effective piercing

capabilities under mijimal external loads (<5N). However, a common drawback associated with hollow MNs is

size of tip achy

their reduced strength compared to solid MNs that can hamper their performance [38]. To elucidate this, piercing
tests in porcine skin were performed, recording the forces developed during piercing. As a frame of reference,
identical solid microneedles were also tested. The experimental data depicted in Figure 2a are consistent with the
respective literature findings [21,22]; the force-displacement curves for both solid and hollow microneedles
present a constant slope at the beginning of the experiment which is associated with the elastic deformation of

the skin prior to any tearing. With the increase of the applied force the slope changes although the loading

remains below the threshold of 20 N, under which the skin tissue is considered purely elastic [39]. This finding is



attributed to the gradual tearing of the skin until a threshold force is reached, an event represented by a
discontinuity of the curve and a drop of the force. The load increased with a steep slope after the insertion, due to
the compression of the skin-MN system against the testing probe and supporting plate, in accordance with
respective literature [38]. Both solid and hollow MNs exhibited a similar piercing behavior, requiring insertion
forces of 1.67+0.31 N and 1.62+0.23 N, respectively. The MNs were visually inspected post-testing and no
failure was reported. The skin sample was visually examined, and fine pores were observed on the piercing area

(Figure 2b).

The advantage emanating from the findings of the insertion testing is twofold. Th@\serﬁon force has been
found to be directly related to the pain experienced by the patient ication [37], hence low insertion
forces is a promising indicator that the proposed hollow MN patch sc¥minimal or no pain. On the other

hand, minimal insertion loads facilitate self-application without tMee f an applicator or the intervention of a

healthcare professional. This is particularly beneﬁcia( usg/it increases patience-compliance and reduces

treatment costs. Q

3.3 Axial force mechanical testing

MN damage during application i %ndesirable event, likely to cause complications to patient health.
0

Although there was no MN fai& mage reported during the piercing tests, to further evaluate the safety of
the patches, the mechani eridgmance of the MNs was assessed. Axial force compressive testing was carried

out on both ho a @ 1 MN designs against a flat metal plate and force-displacement curves were recorded.

It is noteworthy t e two designs exhibited different modes of failure; the solid fractured gradually in the
direction parallel to the loading axis, while the hollow failed at the base of the cone in the direction perpendicular
to the loading axis. These visual observations are also consistent with the different trends of the two curves as
illustrated in Figure 2c. However, both curves showed an initial linear trend that corresponds to the loads that the
MNs withstood without plastic deformations. This linearity designates a load range within which the MNs
maintain their structural integrity, with thresholds of 98.2+4.6 N and 366.3+4.4 N, for the hollow and solid MNss,

respectively. As expected, the solid MNs were able to withstand higher loads before yield compared to the



hollow ones; however, both yield points corresponded to forces that are well above the respective loads required

for insertion to skin.

Combining both data sets, the margin of safety of the MNs, which is defined as the ratio of the fracture force to
the insertion force [40], is calculated as 220 for the solid and 60 for the hollow MNs. Given that both numbers
are significantly higher than 1, the safety of the MNss is reassured. Furthermore, the aforementioned values are
significantly higher compared to respective findings in literature. Forvi et al. reported margins of safety ranging
between 6 and 9 for solid silicon MNs [41], while Davis et al. calculated values betw&nd 20 for polymeric
hollow MNs [38]. The comparatively increased margins of safety generated by th roposed in this study

are attributed to the high strength of the polymer [42] combined to the in( rpness of the tips.
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3.4 Development of the 3SDMNMEMS and accuracy evaluation

In this study, we coupled the 3D printed MNs with a diaphragmatic micropump as a MEMS, to create a 3D
printed MN-mediated drug delivery system. The rationale behind selecting a MEMS over other strategies to
stimulate flow through hollow MNs, such as coupling with typical syringes [43,44], was to accomplish high dose
accuracy and reproducibility. Furthermore, the MEMS enables the tailoring of the delivery process by the user

through simple settings, while its handling is effortless and user-friendly.

The MEMS was designed to pump very small volumes of fluid, down to a O wroliters, with a defined
volume per stroke, allowing the tailoring of frequency (from 5 up to 40 Hz) dosing (continuous,

single stroke etc.). The micropump features three valves operating as the@let, et and pumping diaphragm

valves and is designed to pump strokes of 5 pL in volume.

Y4

Inaccuracies of typical drug delivery methods such as or pen-injectors, especially for small dosages,
have been well-documented [45]. To verify the a he MEMS in regard to the volume of a single stroke,

a simple method was developed using a flupresceirfalt solution of known concentration. Single strokes of the
solution were pumped into volumetric fl aify then diluted with deionized water. UV/Vis spectrophotometry
measurements generated the respecc' @ental concentration, which was used to calculate the single stroke
volume that was initially pusgbed 9gto the solution (v.,). The experimental volume was compared to the
theoretical volume, V., wof according to the manufacturer. The single stroke volume % error was

calculated by ti

Where Veor and v o, the theoretical and experimental volumes of a single stroke. The error was calculated as
7.9+0.82% and the value was used to correct the calculations throughout this study, so they correspond to the

real volumes supplied by the MEMS. The error value is acceptably low, particularly when compared with
syringes, that have been found to overdose with an error of up to 23% for small dosages [45]. The low standard
deviation of the average highlights the accuracy of the MEMS in terms of the volume supplied, which is of

paramount importance for applications wherein high precision is aimed at.



In order to combine the MN arrays with the MEMS, a patch featuring a tubular opening at its base and an
internal reservoir to connect it to the MN bores, was designed and 3D printed (Figure 3a). The design allows

fluid to enter through the opening to the internal reservoir and from there to be dispersed to the MN bores. The

final patch has been designed to secure a tight fit between the MN patch and the micropump, in order to prohibit
liquid losses at the point of connection, while allowing the easy attachment and changing of the MN patches

between uses (Figure 3e).
3.5 X-ray Micro Computer Tomography (uCT)

An innate drawback of SLA printing of structures that feature internal Qassociated with imperfect
d

cleaning of unpolymerized resin residues. In this event, the residues soli post-printing curing and can

partially or fully block the internal channels and reservoir and thus i he fluid delivery. To investigate the

ston supplied by the MEMS, uCT was

quality of the internal cavities and reassure uniform dispersi % sol
i

employed as a sophisticated, non-destructive technigue the internal geometry. Figure 3c illustrates a

perpendicular cross-section of the patch along th al axis of two MN:ss; it is evident that the internal surface
appears smooth with no polymerized resi and blockages in MN bores, internal tank and tubular opening.
This is further verified by the scan of th tal cross-section at the base of the MNs, where the bores are

shown circular without signiﬁ& eratidns to their geometry caused by solidified residues (Figure 3d). These

findings suggest that ther@ perfections to the patch introduced by the printing technology that can affect
its performance as a ry system.

3.6 Optical Coherendy Tomography

A well-documented issue associated with hollow MNs, stems from the dense nature of the skin tissue which,

being compressed during piercing, may hinder the infusion and dispersion of liquid formulation [46]. To
investigate the performance of the 3DMNMEMS device on this area, Optical Coherence Tomography (OCT)
was employed in an attempt to visualize the liquid transfer from the MNs to the skin tissue. OCT is a valuable
non-destructive, non-invasive technique that captures images from within a sample, based on the capturing of
low-coherence light variations reflected. It has been used extensively for biomedical imaging [47,48] and

imaging of MN piercing behavior into skin [49,50]. However, to the authors’ knowledge, real-time capturing of



liquid infusion from hollow MNs inserted into biological skin tissue has not been previously reported. Here, we
present for the first time, an in situ, real-time visualization of liquid being administered by our 3DMNMEMS

device within the porcine skin.

The MN component of the device was inserted into a sample of porcine skin. Figure 3f shows a pre-pumping
image of a lateral cross-section that depicts the insertion of approximately 70% of the total MN length (700 um).
These measurements are in agreement with respective ones derived via puCT when solid MNs of similar
geometry were inserted into 5 plies of parafilm [22]. The insertion depth reported her g with the design of

the MN that places the lowest point of the elliptical opening at 300 um away from @ se, suggest that upon
application the MN opening will be entirely within the skin tissue. { mizes the possibility of fluid

escaping and remaining on the skin surface.

Thereafter, consecutive images of a horizontal cross-sectio ﬁ(in ing liquid pumping were captured, at

the depth of the MN side opening. The images wer mndicular to the needle in order to allow the
imaging of the fluid diffusing from the side g of the hollow MNs. Figure 3g-j illustrates the real-time
progressive infusion of the liquid and its YWgopagation within the tissue (video is available as Supplementary
Material). Evidently, the solution is d in an advancingly broader angle which suggests better liquid
diffusion. This visual evidence @at there is no creation of fluid depots within the skin that typically

slow down drug absorption us strengthen the hypothesis that the 3DMNMEMS device is a promising

system for efﬁcacio al drug delivery.
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Figure 3 a) Scheme of the hollow atdgh featuring an internal reservoir for liquid delivery, b-d) pCT images of the hollow MN patch
that reveal that internal structurSighaveP®en printed accurately and no internal blockages will obstruct fluid circulation, ¢) 3DMNMEMS
configuration, f) OCT imagc g serted in a sample of full thickness porcine skin, g-j) OCT captions of the progressive distribution
of liquid solution kel @ een arrows) delivered from a single MN (red arrows indicate the MN tip) within porcine skin tissue
3.7 In vitro releas ough porcine skin

(video available in*Sujgle material).

Prior to animal testing, we proceeded to test the performance of the device to disrupt the skin barrier and deliver
drugs in vitro, using Franz diffusion cells. Initially, we studied the release of different dosages of sodium
fluorescein salt in porcine skin, as a model hydrophilic molecule. The skin samples were pierced with the
3DMNMEMS and three different dosages of 5 pL, 10 pL and 20 pL were administered. After analysis and
quantification via UV/Vis spectroscopy, it was found that for all dosages, 100% of the amount administered was

detected in the receptor compartment in 30 minutes (Figure 4a). The release was faster as the dosage increased,



with almost 100% of the fluorescein salt detected in the receptor compartment in 20 min for dosages of 10 and

20 pL. The fluorescein was found to be released earlier as the dosage increased because with additional
pumping, the solution is forced to diffuse further into the skin. As demonstrated by the findings of the OCT
study, the 3SDMNMEMS creates a network of microchannels in the skin, that propagates with each additional

stroke. The network is more likely to spread all the way to the receptor compartment with more strokes, creating

an interconnecting pathway with the MN, accelerating thus drug diffusion.

Thereafter, the release of insulin in porcine skin was also examined. As seen in Figure®fy, a single dosage of 10

uL (0.5 IU) was fully detected in the receptor compartment in 1 hour. The release lin is slightly slower as

anticipated given the large molecular size of the insulin molecule which the diffusion to the dermal

microcirculation.
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3.8 In vivo clinical sifdies

Figure 4 Cumulati

The ability of the 3DMNMEMS device to administer insulin in vivo was investigated using a diabetic animal
model, under the protocol described in the experimental section. Diabetes was confirmed after 7 days of
streptozotocin administration. The preliminary diabetes (hyperglycemia) was shown as 340 + 10 mg/dl. The
diabetic mice were divided into three groups: Untreated (negative control), subcutaneously (SC) injected
(positive control) and treated with the 3DMNMEMS device (same amount as SC injection). For the latter, the
system was applied on shaved dorsal skin inserting the MN patch using manual finger pressure (Figure 5b-c).

The MEMS was then coupled with the MN patch and 0.5 IU were administered. Albeit the assembled device can



be readily applied on skin, conducting the application in two discreet steps enabled better control of the pressure

applied on the animals. Skin pores were observed after MN removal which disappeared after 5 minutes (Figure

Se-f).

The dose of 0.5 IU was selected in order to avoid hypoglycemia in mice for 6 h. The plasma glucose levels
detected at each group are shown in Figure 5g. The 3DMNMEMS device demonstrated a similar release pattern

as the SC group. However, it was found that the device facilitated a rapid decrease of the blood glucose levels
compared to its initial value within 1 hour whereas for the SC the respective minimu reached in 3 hours.

ontent of which is

Its that display broad liquid

This is owed to the fact that the injection forms a depot within the interstitial spa

slowly released due to passive diffusion. This finding further supports th

distribution within the skin tissue. Evidently, the device seems to eng ircumvention of a known limitation

associated with the delivery of insulin via subcutaneous injection: ’e piduction of back pressure that retards

drug distribution for absorption.

Along the same lines, significant improvement rms of onset action is observed in comparison with other
hollow MN systems tested for insulin deliverfy[ 15,51,52]. As shown by these studies, the effect of the insulin
administered manifests gradually and @d glucose minima are detected around 4 to 5 hours after
administration. There is robusgpcWdence that the comparative advantage of the 3DMNMEMS stems from the
swift and broad liquid distrib &ithin the skin tissue, induced by the pumping. Hence, the drug absorption

does not rely on ass@ on kinetics which play an important role in typical hollow MN-mediated drug

delivery.

Figure 5h depicts the plasma insulin concentration which are in agreement with the reduction of plasma glucose.
Based on the data derived from the in vivo studies, the minimum value of blood glucose (C i) as well as the
respective time point (T ;) were obtained from the plasma glucose vs time curve. The relative pharmacological

availability (RPA) was calculated from Equation (2):




Where AACspynmems and AAC,. are the areas above the curve after insulin administration via the
3DMNMEMS device and subcutaneous injection respectively and dose,. and dosespynmewms are the respective

dosages.

Table 1 Pharmacodynamic parameters of insulin administration

Pharmacodynamic parameters
Cmin Tmin RPA
AACo.6n
(%) (h) (%)
Untreated 100 0 0 QO
SC 29.92 3 323.75&

3DMNMEMS ~ 29.47 1 Q 105.14
The plasma insulin concentration vs time curve e maximum insulin concentration (C ) as well as
the respective time point (Tax). Equation (3) was udgd to calculate the relative bioavailability (RBA):

Where AUC;pyvinmvems and & areas under the curve after insulin administration via the 3DMNMEMS

device and subcutaneo respectively and dose, and dose;pymnmewms are the respective dosages.

Table 2 Pharmacokine ters of insulin administration

Pharmacokinetic parameters

Cmax tmin RBA
AUCq.en
(WU/mL) (h) (%)
Untreated 0 0 0 0
SC 73.24 3 284.3 100

3DMNMEMS 71.6 1 274.95 96.71




The RPA values calculated in this study (Table 1), reveal that insulin administered by the 3DMNMEMS device

has an enhanced pharmacological effect reducing blood glucose compared to the injection-administered one. On

the other hand, the RBA of 96.71% (Table 2) suggests that there is a slightly smaller insulin absorption in the
3DMNMEMS-treated group in the duration of the study. This is further supported by the trend of the plasma

insulin concentration curve (Figure 5h). While the respective data from the SC group show that the insulin
concentration presents a steep decrease towards the end of the study (9 ulU/mL at 6 hours after treatment), the
plasma insulin concentration of the 3DMNMEMS group shows a more moderate decrgge (16.1 plU/mL at 6

hours after treatment). This finding suggests that the insulin absorption in t EMS-treated group

continued beyond the 6-hour duration of the experiment, evincing a more sunsulin action.
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Figure S In vivo animal studies using a diabetic mice model for the treatment of diabetes using the 3DMNMEMS. a) No restriction of
in-house movement 2 hours prior to the experiment, b) blank application site after shaving, c) application of the 3D printed hollow MN
patch, d) after insulin delivery using the 3DMNMEMS, e) after-piercing pores after treatment, f) No pores 5 minutes after treatment, g)
plasma glucose levels after insulin administration, h) plasma insulin concentation after insulin administration.



4. CONCLUSIONS

In this paper, 3D printed MNs and MEMS were combined to develop a novel system for universal transdermal
drug delivery. The system allows the in-situ control of drug administration by the user, rendering the system a
valuable tool for personalization of treatment. We demonstrated that SLA, a cost-effective 3D printing
technology generates uniform, reproducible and sharp hollow MNs. The MNs were found to effectively pierce
the skin requiring minimal loads which associates with minimal pain and easy self-application. The high fracture

strength of the MNs reassured that they are safe during application. Employing anced optical imaging

techniques, we were able to monitor liquid being diffused from the 3DMNMEMS time within skin tissue.

It was shown that the system facilitated broad distribution of the 1{ ut the creation of depots, thus
accelerating drug absorption. /n vivo clinical trials of insulin adminjg n 1 diabetic animals illustrated that
the 3IDMNMEMS achieved slightly faster insulin onset action‘n olonged duration of glycemic control

compared to subcutaneous injection, but in a painless m(

The platform device presented in this work was igned to respond to a specific stimulus, e.g. glucose level,
but leaves the full control of the administrati®ig process to the user. This practically entails that a range of drugs,
suitable for transdermal delivery, can b%d through this approach. Along the same lines, the device can be
potentially utilised for the delg of Waccines, to harvest the well-documented advantages of hollow MN-
mediated vaccine delivery. &,ew pathways are opened and limitations of MN based systems, e.g. fixed

cargo amount for b and coated MNs, are circumvented, maintaining the benefits of MN-mediated
delivery. Over%work demonstrates that the integration of MEMS with 3D printing can be a key to the

evolution of medical devices for personalized treatment.
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