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Abstract: Microneedle array patches offer the possibility to deliver active pharmaceutical ingredients bypassing the gastrointestinal 

tract. Dissolvable microneedles pierce the stratum corneum, dissolve under the skin and release the drug to the body. Inkjet printing 

is known to be a possible manufacturing method for microneedle array patches and a suitable tool for preparing personalized medicine. 

Multilayer microneedle array patches consist of at least two layers clearly separated from each other. A suitable ink candidate for the 

production of the first layer of microneedles has been found. The printing process was optimized, and the jetted droplets were analyzed 

in terms of their velocity and volume. Lisinopril has been used as a model drug with a peptidomimetic structure.  Different heights of 

the drug-containing layer of the microneedles were successfully produced resulting in the possibility to vary the dosage of the 

microneedle array patches between 11.5 – 34 µg. The production was successful resulting in sharp and intact needle tips and the 

microneedles did not shrink. The height of the needle tips was precisely adjusted. The produced microneedle array patches showed 

good mechanical properties and did not break during the simulation of the application procedure. Testing the insertion into an artificial 

skin membrane model resulted in at least 381 µm insertion depths. Therefore, these multilayer microneedle array patches were 

promising candidates to enable efficient drug delivery. Inkjet printing could be used as a precise manufacturing method for 

personalized medicine with varying dosages of microneedle array patches for the patients’ needs. Multilayer microneedle array 

patches are promising candidates for adjusting the dissolution profile of dissolvable microneedles by preparing several layers from 

various polymers and combining these polymers in one single microneedle array patch. Different drug substances may be combined 

in a single patch.         

I. Introduction 
Oral administration of active pharmaceutical ingredients 

(APIs) remains the most commonly used way for drug 

delivery. Due to different reasons like poor drug solubility, 

degradation by the acidic gastric conditions and poor 

permeation through the intestinal walls, oral drug delivery 

is limited for some drugs [1]. Especially the oral 

application of peptides like vaccines or monoclonal 

antibodies is still challenging. Parenteral drug delivery, 

e.g., subcutaneous injections, may solve these problems 

but can result in other problems. Pain during the injection 

and needle aversion may decrease adherence to parenteral 

drug delivery [2]. The use of a transdermal drug delivery 

system (TDDS) has been described to overcome these 

problems [3]. TDDS reduce peak concentrations and may 

limit adverse effects [4].  

But transdermal drug delivery is limited to a few APIs 

because of the barrier function of the stratum corneum (SC) 

which consists of 10 – 15 µm thick layers of corneocytes 

[5]. TDDS predominantly deliver APIs by passive 

diffusion. The diffusion rate is highly dependent on the 

chemical structure of the APIs. Different techniques to 

increase the penetration and permeation of APIs through 

the SC have been investigated. For example, enhancers [6] 

and iontophoresis have been described [7]. Enhancers like 

various alcohols, oils or fatty acids may damage or  irritate 

the skin when used for a long time period [8]. Iontophoresis 

increases the permeation rate of some ionic APIs using 

electric current [9]. Microneedle array patches (MAPs) 

may be used to overcome these problems. A MAP consists 

of micrometer-sized (typically in a range between 100 – 

1000 µm) needles with the ability to pierce the SC and 

bypass the barrier function of the skin [10]. An advantage 
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of the application using microneedles is that their 

application is painless [11]. Microneedles are too short to 

reach nerve fibers. This can increase the adherence of 

patients suffering from needle aversion. Different types of 

MAPs have been described in literature like (1) solid 

microneedles [12] consisting of a solid material like glass 

or metal [13] piercing the SC. After that, an API-containing 

patch is applied to the punctured skin and the permeation 

of the API is increased (“patch-and-poke”). Solid micro-

needles may also be coated with an API-containing film-

coating (2) [14]. The coating dissolves after application 

and enables drug delivery. Other types of MAPs described 

in literature are (3) separable MAPs [15], (4) swellable 

microneedles [16], (5) hollow microneedles [17], and (6) 

biodegradable MAPs [18]. Separable MAPs are inserted 

into the skin and after application the microneedles are 

separated from the baseplate and remain in the skin for 

drug delivery. Swellable microneedles are described to be 

an interesting possibility for extended release of APIs [19]. 

Hollow microneedles enable the diffusion through the 

needles and APIs are usually located in the baseplate of the 

MAP. It has been described that the manufacturing of 

biodegradable MAPs is possible using poly(lactic-co-

glycolic acid). Dissolvable MAPs (7) had become 

increasingly important in the last few years [20]. Dis-

solvable MAPs are usually produced using micromolding 

techniques where micrometer-sized cavities of a silicon 

mold are filled with an API-containing polymeric solution. 

To obtain rapidly dissolving microneedles, water-soluble 

polymers are used for the production. The cavities are filled 

by the application of overpressure [21] or centrifugal forces 

[22]. After drying, the polymer forms the microneedles. 

Different polymers have been described for the production 

of dissolvable MAPs like povidone [23], cellulose ethers 

[24] or various co-polymers [25]. After piercing the SC, the 

polymer dissolves rapidly under the skin and transdermal 

drug delivery is induced. Different APIs have already been 

delivered using MAPs, e.g. various vaccines and peptides 

like insulin [26]. All types of MAPs have in common that 

the drug loading is quite limited. Therefore, new methods 

for the production of MAPs are needed or the application 

of MAPs is limited to low-dosed and high-effective APIs. 

Micromolding has a disadvantage in terms of filling the 

cavities. It is not possible to determine exactly which cavity 

should be filled with which amount of polymeric solution. 

Inkjet printing (IJP) has been described to overcome this 

problem [27]. A precise dosing is feasible using IJP. 

Pharmaceutical IJP has been described as a useful tool for 

the preparation of various dosage forms for personalized 

medicine [28]. In the principle of drop generation, it can be 

distinguished between drop-on-demand (DoD) and 

continuous inkjet printing (CIJ) [29]. DoD enables the 

possibility to apply exactly one droplet per pixel. The 

droplets usually have a volume between 1 – 100 pl  [30] 

making a precise dosing feasible. Droplets are usually 

generated using piezo-electric crystals. The application of 

the voltage deforms the piezoelectric crystal which results 

in the release of a droplet from the ink reservoir. Even the 

manufacturing of multilayer MAPs has been described [31] 

but for the production the micromolding technique has 

been used only.   

The aim of this study was to jet a printable polymeric ink 

into micrometer-sized cavities of a micro mold made from 

silicone. First, the most suitable ink settings had to be 

found by varying the dwell time and determining the 

resulting droplet momentum (product of droplet velocity 

and volume/mass). After that, multilayer MAPs have been 

produced. The first layer has been produced using inkjet 

printing and contained the API. Povidone was chosen as 

the polymer to form rapidly dissolving needle tips. 

Lisinopril was chosen as the model API because of its 

peptidomimetic structure to simulate the production of 

MAPs containing peptides. The amount of lisinopril-

containing ink jetted into each cavity has been varied 

between 150, 250 and 450 droplets. The second layer of the 

MAPs was applied using centrifugation as a micromolding 

technique. The prepared multilayer MAPs were 

characterized in terms of their mechanical properties, 

insertion behavior into an artificial skin model and drug 

loading. 

II. Material and methods 

II.I. Material 
Polyvinyl pyrrolidone (povidone) of different grades 

(Kollidon K17 and K30) and amaranth were obtained from 

BASF (Ludwigshafen, Germany), ethyl cellulose (EC, 

Aqualon N-10) from Ashland (Düsseldorf, Germany). 

Glycerol 85 % and polysorbate 20 (Tween 20) were 

purchased from Caesar & Loretz (Hilden, Germany). 

Lisinopril dihydrate was ordered from Zhejiang Huahai 

Pharmaceutical (Zhejiang, China). Triethyl citrate 

(Citrofol AI) was purchased from Jungbunzlauer (Basel, 

Switzerland). Ethanol in analytical grade was obtained 

from an in-house supplier. Sodium dihydrogen phosphate 

was received from AppliChem (Glenview, Illinois, USA) 

and phosphoric acid from Sigma Aldrich (St. Louis, 

Missouri, USA). Acetonitrile in analytical grade was 

purchased from VWR (Darmstadt, Germany). 

Demineralized water was used as a solvent and starting 

material for producing ultra-purified water using a Milli-Q 

apparatus (Merck, Darmstadt, Germany) for high-

performance liquid chromatography (HPLC) analysis. 

Silicone molds for the production of microneedle array 

patches (MAPs) were kindly provided by LTS Lohmann-

Therapiesysteme (Andernach, Germany). Every mold 

contained 37 pyramidal-shaped cavities (300 x 300 µm 

base, 900 µm length, 2 mm interspacing). An exemplary 

silicon mold is shown in Fig. 1. 
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Figure 1: Silicon mold containing 37 pyramidal-shaped cavities 

II.II. Methods 

II.II.I. Preparation of microneedle array patches 
25.0 g povidone K17, 1.0 g polysorbate 20 and 3.0 g 

glycerol 85 % were dissolved in 71.0 g demineralized 

water. This mixture (formulation 1) was stirred until a clear 

solution was obtained and was used for the production of 

the first layer of the MAPs using inkjet printing. 

Polysorbate 20 was added to increase the jettability and the 

wettability. Glycerol 85 % was added as a plasticizer. 

Lisinopril dihydrate was added until a concentration of 35 

mg/ml was reached. Amaranth was added for coloring. 

After performing inkjet printing the needle tips were dried 

for two hours in an exsiccator filled with freshly activated 

silica gel at 27 °C. The second layer consisted of ethyl 

cellulose and was applied using centrifugation. 20.0 g ethyl 

cellulose was dissolved in 80.0 g ethanol. 4.0 g triethyl 

citrate was added as a plasticizer and the mixture was 

stirred until a clear solution was obtained (formulation 2). 

75 µl of this solution was applied to the silicon mold and 

centrifugation was performed for 20 min at a speed of 3776 

g, using the Multifuge 1L (Heraeus, Hanau, Germany). 

Subsequently, the third layer consisting of povidone K30 

was added to the MAPs. For this purpose, 30.0 g povidone 

K30 was dissolved in 66.5 g demineralized water. 0.5 g 

polysorbate 20 and 3.0 g glycerol 85 % were added after a 

clear solution was obtained (formulation 3). 300 µl of 

formulation 3 have been pipetted on the silicon mold to 

form a coherent baseplate. Drying was performed for 16 h 

using the same conditions mentioned before. The 

formulations for the production of each layer are 

summarized in Table 1 and the manufacturing process of 

multilayer dissolvable MAPs in Fig. 2.  

Table 1: Compositions of polymer solutions used for the 

production of multilayer MAPs 

Name Formulation 1 Formulation 2 Formulation 3 

Polymer Povidone K17 Ethyl cellulose Povidone K30 

Surfactant Polysorbate 20 - Polysorbate 20 

Plasticizer Glycerol 85 % Triethyl citrate Glycerol 85 % 

Solvent Water Ethanol Water 

 

 

Figure 2: Manufacturing process of multilayer MAPs using inkjet 

printing and centrifugation 

 

II.II.II. Inkjet printing and influence of the dwell 
time 
Inkjet printing was used to produce the first layer of the 

MAPs. This layer contained lisinopril and was colored with 

amaranth to visualize the printing process. Inkjet printing 

was performed using the desktop inkjet system PixDro 

LP50 (Meyer Burger, Eindhoven, The Netherlands) 

equipped with a piezo-driven drop-on-demand printhead 

(Spectra SL-128 AA, Fujifilm Dimatrix, Santa Clara, CA, 

USA). The temperature of the printhead was set to 30 °C 

ensuring constant and comparable conditions during the 

manufacturing process. A pressure of -18.30 mbar was 

applied to the ink reservoir. The pulse voltage was set to 

100.0 V with a pulse shape of 90 %. Droplets were jetted 

using a single nozzle. 

 

Figure 3: Example actuation waveform applied to the piezo-

driven printhead 

The actuation waveform applied at the printhead has a big 

impact on the volume and the speed of the jetted droplets 

[32]. An example actuation wave is shown in Fig. 3. First, 

the voltage is constantly rising. When the set maximum 

voltage is reached, it is held for a certain time (dwell time). 

After that, the voltage decreases until the initial value is 

reached. 
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The dwell time has been varied between 0 – 25 µs to find 

the most suitable printing settings. Pictures of the droplets 

were taken using the built-in camera system of the printer. 

The integrated software tool Advanced Drop Analysis 

(ADA, V2.4.2) was used to analyze the volumes and 

velocities of the droplets. The density of the ink has been 

determined in a previous work [27] and was used to 

calculate the mass of the droplets. The resulting droplet 

momentum (DM) was calculated according to equation (1) 

at each dwell time using the velocity and mass of the 

droplets. Droplets were jetted using frequencies of 500 and 

1000 Hz. 

 𝐷𝑀 = 𝑣 (
𝑚

𝑠
) ∗ 𝑚(𝑘𝑔) (1) 

After the most suitable printing settings were found, the 

first layer of MAPs was produced. MAPs with three 

different filling heights were manufactured to vary the 

dosage. Therefore, the number of droplets filled into each 

cavity was varied between 150, 250 and 450 drops. 

II.II.III. Mechanical stability of microneedle 
array patches 
The mechanical stability of the MAPs was investigated 

using a method described in literature [33]. MAPs were 

attached needle-downwards to the cylindrical probe of a 

TA.XTplus texture analyser (Stable Micro Systems, 

Godalming, UK). The texture analyser was set to 

compression mode and the probe was moved downwards. 

The microneedles were pressed against the aluminum 

block of the texture analyser. The compression force was 

set to 32 N and has been held for 30 s. It has been described 

that these are the average application conditions when 

administering MAPs [33]. Pre- and post-test speeds were 

set to 1.0 mm/s and the test speed to 0.5 mm/s. The test 

started when the trigger force of 0.049 N has been reached. 

The height of the microneedles was determined before and 

after the compression using digital light microscope 

VHX7000 (Keyence, Osaka, Japan). The height reduction 

of the microneedles was calculated according to equation 

(2): 

 𝐻𝑅 =
ℎ (𝑏𝑒𝑓𝑜𝑟𝑒)−ℎ (𝑎𝑓𝑡𝑒𝑟)

ℎ (𝑏𝑒𝑓𝑜𝑟𝑒)
∗ 100 % (2) 

where HR is the percentage height reduction, h (before) is 

the height of the needles before compression and h (after) 

after compression. The height reduction has been used for 

describing the mechanical stability of MAPs. Six single 

needles were measured. Arithmetic means (�̅�) and standard 

deviations (sd) were calculated.  

II.II.IV. Insertion in Parafilm 
Insertion of MAPs was simulated using Parafilm M sheets 

(Neenah, Wisconsin, USA) as an artificial skin membrane 

model. It has been shown and validated that eight layers of 

Parafilm showed comparable mechanical properties to 

human skin [33]. MAPs were attached to the moveable 

probe of the texture analyser like described before. The 

texture analyser was set to compression mode. Pre- and 

post-test speeds were set to 1.0 mm/s, and trigger force to 

0.049 N. The probe moved downwards, and the 

microneedles were pressed against eight layers of Parafilm 

using a test speed of 1.19 mm/s. A force of 32 N has been 

held for 30 seconds when the trigger force was reached. 

After that, MAPs were carefully removed from the 

Parafilm. The holes created in each layer of the Parafilm 

were counted using the digital microscope Keyence 

VHX7000. The percentage number of microneedles which 

pierced each layer was calculated according to equation (3) 

 𝐻𝑜𝑙𝑒𝑠 (%) =
𝑛𝑜.  𝐻𝑜𝑙𝑒𝑠 (𝑙𝑎𝑦𝑒𝑟)

𝑛𝑜.  𝐻𝑜𝑙𝑒𝑠 (𝑡𝑜𝑡𝑎𝑙)
∗ 100% . (3) 

No. Holes (layer) are the holes created in each layer and 

no. holes (total) are the number of microneedles in a single 

MAP. All tests were performed in triplicate. Arithmetic 

means (�̅�) and standard deviations (sd) were calculated.  

II.II.V. Lisinopril assay 
The lisinopril content of the prepared MAPs was analyzed 

using HPLC coupled with UV spectroscopy. An Agilent 

1260 infinity (Agilent Technologies, Santa Clara, CA, 

USA) HPLC system with a diode array UV absorption 

detector were used. A reversed stationary phase was 

applied (Knauer Eurosphere II, 100-5 C18A, Berlin, 

Germany). Identity and quantitation of Lisinopril was 

investigated using an isocratic method. The mobile phase 

was sodium dihydrogen phosphate buffer adjusted to ph 

3.5 by phosphoric acid 85 % and acetonitrile (80:20). 

Flowrate was set to 1.0 ml/min and the detection was 

performed at a wavelength of 210 nm. Injection volume 

was set to 20 µl and the column temperature to 40 °C. The 

mean retention time of lisinopril was 2.7 minutes. 

The tips of the MAPs were dissolved in 10.0 ml water and 

the solutions were subjected to the assay. All 

measurements were performed in triplicate. Arithmetic 

means (�̅�) and standard deviations (sd) were calculated.  

III. Results and discussion 

III.I. Influence of the dwell time 
Inkjet printing was performed using the setting mentioned 

in section II.II.II. The most suitable settings for the jetting 

process to produce the tips of the microneedles had to be 

identified first. Investigations were performed to determine 

the influence of the dwell time and the jetting frequency. 

The dwell time was varied between 0 and 25 µs at 0.5 µs 

steps. These variations were applied for frequencies of 500 

and 1000 Hz. Pictures of the jetted droplets were taken and 

the resulting droplet momenta (see equation (1)) were 

calculated. The results are shown in Fig. 4.  
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Figure 4: Influence of the dwell time on the droplet momentum; 

investigations were performed at frequencies of 500 and 1000 Hz 

using the PixDro LP50 inkjet printer equipped with the piezo-

driven printhead Spectra SL-128AA (nozzle diameter: 50 µm); 

n=9, �̅� ± sd 

The DM is higher when jetting has been performed at the 

higher frequency of 1000 Hz. The droplets were bigger and 

had a higher velocity. It was previously described that the 

DM (equation 1) should be as high as possible to enable a 

faster printing process. If the droplets are larger, fewer 

droplets are needed to fill the cavities. This can shorten the 

printing process and the overall production time of MAPs. 

The velocities of the droplets should be fast, too. A higher 

jetting speed results in a more precise printing pattern. The 

DM decreased when jetting was performed using increased 

dwell times of 20 – 25 µs. DM dropped to 0 pN*s when 

jetting was performed with a frequency of 1000 Hz and 

dwell times of more than 20.5 µs. The maximum DM was 

reached at dwell times of 7.0 µs (1000 Hz) or 7.5 µs (500 

Hz). The resulting DMs were 800.46 ± 19.77 pN*s (1000 

Hz) and 192.94 ± 2.62 pN*s. The dwell time was set to 7.0 

µs and the frequency to 1000 Hz for our manufacturing 

method of the first layer of multilayer MAPs. It was not 

possible to perform inkjet printing at higher frequencies 

because the jetting time would be too short to completely 

fill the cavities and successfully control the process.  

The resulting droplets had a mean volume of approx. 60 pl. 

Three different filling heights for the first layer were 

produced. 150, 250 and 450 drops were jetted into each 

cavity of the silicon mold. 

III.II. Visualization of produced MAPs 
The produced MAPs were investigated using the digital 

light microscope. Images of the entire MAPs were taken as 

well as images of single needles. An exemplary dissolvable 

multilayer MAP with 37 needle tips is shown in Fig. 5. 

Filling the cavities of the silicon mold using ink jetting was 

feasible and precisely adjusted. The height of the colored 

layer was comparable for all needles. The height of the 

colored first layer was investigated as well as the height of 

three single microneedles. The results for the heights of 

both measurements are shown in Table 2. 

 

Figure 5: Digital microscopic image of multilayer microneedle 

array patch; zoom: 10x 

Table 2: Needle heights of the first, API-containing layer and the 

entire microneedles; n=3, �̅� ± sd  

Name Height of first layer / 

µm 

Height of entire 

needles / µm 

150 drops 425.04 ± 9.39 901.31 ± 6.61 

250 drops 653.38 ± 6.11 902.71 ± 1.20 

450 drops 901.83 ± 3.26 901.83 ± 3.26 

 

All microneedles were of pyramidal shape and had sharp 

tips. It was demonstrated that inkjet printing is a method to 

successfully fill micrometer-sized cavities for the 

production of microneedles. The height of the first layer 

was successfully varied by jetting different numbers of 

droplets per cavity. The filling height of the first layer was 

425.04 ± 9.39 µm (150 drops) and 653.38 ± 6.11 µm (250 

drops). The different layers are clearly separated (Fig. 5). 

A single cavity had a total volume of 27 nl. Jetting was 

repeated with a droplet volume of approx. 60 pl. Therefore, 

the entire cavity was filled when 450 drops were jetted. In 

this case, no clear separation between the layers was 

observed. 

Even the baseplate was colored red because of the diffusion 

of amaranth. Fig. 6 shows exemplary MAPs and the 

measurements of single microneedles produced by jetting 

different numbers of droplets in every cavity. The data 

suggest that ink jetting is a very precise option to vary 

filling heights and therefore the dosage of multilayer 

MAPs. The total filling height could be adjusted to three 

different heights. 
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Figure 6: Multilayer microneedles produced by jetting 150 drops 

(A), 250 drops (B) and 450 drops (C) per cavity; measurements 

of the API-containing layer and of whole needles; zoom: 50x 

Standard deviations were quite small indicating that the 

manufacturing process is precise and reproducible. It can 

be assumed that a variation in the filling height of the first 

layer leads to a precise variation in the dose strength. That 

could be an interesting approach to combine different 

polymers and/or APIs in a single MAP. The variation of a 

matrix polymer could lead to MAPs showing different 

dissolution behaviors and could be a possibility to modify 

the drug release. 

 

III.III. Mechanical strength of MAPs 
The results of investigating the mechanical stability of 

dissolvable multilayer MAPs are shown in Fig. 7. 

 

Figure 7: Mechanical stability of MAPs described as height 

reduction; n=6, �̅� ± sd 

The height reduction of MAPs after compression was 

comparable and independent of the height of the first layer 

(14.36 ± 4.29 % for 150 drops, 12.33 ± 5.34 % for 250 

drops and 12.30 ± 6.14 % for 450 drops). It has been 

described that a height reduction of 10 – 15 % results in 

microneedles suitable for an efficient drug delivery  [34]. 

Microneedles must not break during compression. That 

results in failing this test because it could be expected that 

these needles would break during application. Povidone 

K17 used for the manufacturing process of the first layer is 

known as a brittle polymer. Therefore, glycerol 85 % was 

added in a certain concentration to the formulation as a 

plasticizer. The addition of too much plasticizer would 

result in soft MAPs. Soft MAPs would have a significantly 

higher height reduction and are potentially too soft to 

pierce the skin and could not achieve transdermal drug 

delivery. All tested microneedles remained sharp and intact 

after the mechanical stability testing. No breaking of the 

needles was observed (see Fig. 8). Overall, the produced 

multilayer MAPs showed sufficient mechanical stability 

without breaking when a force of 32 N was applied. This 

force is the average force applied to a MAP by patients 

during the administration procedure [33]. Therefore, 

dissolvable multilayer MAPs should be mechanically 

strong enough for real-life application.  



Transactions on Additive Manufacturing Meets Medicine 

 7 

 

Figure 8: Exemplary microneedles before (a, height of approx. 

903 µm) and after (b, height of approx. 823 µm) compression  

III.IV. Insertion in Parafilm 
Parafilm M was used as an artificial skin membrane to 

simulate the insertion of dissolvable multilayer MAPs as 

described by Larraneta [33]. The results are shown in Fig. 

9.

 

Figure 9: Insertion of dissolvable multilayer MAPs into Parafilm 

as an artificial skin membrane model; n=3, �̅� ± sd; thickness of 

every Parafilm layer was 127 µm 

Most of the microneedles (91.40 ± 7.99 % for 150 drops, 

99.10 ± 1.56 % for 250 drops and 91.52 % for 450 drops) 

pierced at least two layers of Parafilm which is equal to 254 

µm penetration depth. Each layer of Parafilm has a 

thickness of 127 µm. It has been described that at least two 

layers must be punctured to provide sufficient and efficient 

drug delivery [35]. Therefore, it should be possible to 

administer APIs transdermally using the produced 

dissolvable multilayer MAPs. It could be expected that 

these microneedles insert in even deeper layers of the skin. 

76.89 ± 8.92 % of the microneedles pierced the third layer 

of Parafilm (equal to 381 µm) when the API-containing 

needle tip has been produced by jetting 150 drops per 

cavity. The results are comparable to the needles the API-

containing layer was produced by jetting 250 and 450 

drops per cavity, respectively. 81.08 ± 7.15 % (250 drops) 

and 66.09 ± 2.71 % (450 drops) pierced the third layer of 

Parafilm (equal to 381 µm). The insertion into deeper 

layers of the microneedles in which the first API-

containing layer was made by jetting 450 drops showed 

different results than the microneedles in which fewer 

drops were used to produce the first layer. Only 18.60 ± 

3.47 % of these needles pierced the fourth layer of Parafilm 

(equal to 508 µm) compared to 48.18 ± 3.66 % (150 drops) 

and 51.35 ± 7.15 % (250 drops). An explanation may be 

that povidone is a brittle polymer resulting in less stable 

microneedles.  All produced MAPs showed sufficient 

insertion in at least two layers (equal to 254 µm) using 

Parafilm as a skin model. Further investigations should 

show whether transdermal drug delivery is feasible and 

whether different skin layers can be targeted and adjusted 

by the different heights of the layers containing the API.   

III.V. Content determination 
Content determination of lisinopril dihydrate after 

dissolving the needle tips in 10.0 ml demineralized water 

had been performed using an HPLC assay. The jetted 

droplets had a volume of approx. 60 pl. The target content 

of lisinopril filled into an entire MAP was calculated 

according to equation (4) 

 𝑚(𝐴𝑃𝐼) = 𝑉(𝑑𝑟𝑜𝑝𝑙𝑒𝑡) ∗ 𝑛 ∗ 37 ∗ 𝑐 (4) 

where V(droplet) is the volume of a single droplet, n is the 

number of droplets jetted per cavity, 37 is the number of all 

cavities in a MAP and c is the concentration of the ink used 

for the printing process (35 mg/ml). The calculated target 

values are shown in Table 3 as well as the mass of lisinopril 

found in the MAPs. 99.33 ± 5.09 % (150 drops), 103.83 ± 

11.55 % (250 drops) and 97.20 ± 0.48 % (450 drops) 

lisinopril were recovered. That indicated that the printing 

process was precise and the dosage could be varied 

between 11.58 and 33.99 µg in 8 µg steps.  Inkjet printing 

is a good possibility to produce dissolvable multilayer 

MAPs and to modify the drug loading. Therefore, the 

production of MAPs using inkjet printing to produce at 

least one layer of the microneedles was identified to be an 

interesting idea to manufacture individualized MAPs. The 

dosage could be varied and customized for the individual 

needs of a patient.  

Table 3: Lisinopril target content and analyzed content in the 

MAPs; n=3, �̅� ± sd 

Name Target 

content / µg 

Content / µg Content / % 

150 drops 11.66 11.58 ± 0.59 99.33 ± 5.09 

250 drops 19.43 20.17 ± 2.24 103.83 ± 11.55 

450 drops 34.97 33.99 ± 0.17 97.20 ± 0.48 

 

IV. Conclusions 
A suitable ink candidate for the manufacturing process of 

multilayer MAPs has been found. The printing settings 

were optimized to shorten the production process. It was 

possible to produce multilayer MAPs using a combination 

of inkjet printing and centrifugation. A clear separation 

between all layers was visible. Three different filling 
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heights of the first layer were successfully produced 

resulting in the possibility to vary the dosage of the MAPs 

between 11.58 – 33.99 µg lisinopril per patch. Variations 

of the dosing were feasible jetting different amounts of 

droplets into the cavities. Therefore, the production of 

multilayer MAPs by inkjet printing is an interesting 

approach to producing MAPs for individualized therapy. 

The dosage can be varied in small steps between 11.58 and 

33.99 µg for the patient’s needs. Personalized medicine 

could be interesting for APIs with a narrow therapeutic 

index, e.g. cytostatics or hormones. MAPs are often 

investigated to deliver peptides or vaccines transdermally. 

Lisinopril was chosen as a peptidomimetic model API. 

Further investigations using peptides of higher molecular 

weight would be interesting in order to dose peptides 

precisely without damaging the tertiary molecular 

structure. Multilayer MAPs could be an interesting 

possibility to combine different APIs in one MAP. The 

polymer matrix of both layers could be varied to obtain 

MAPs with the desired dissolution profile. All produced 

MAPs showed good mechanical properties and insertion in 

an artificial skin membrane model. Further investigations 

should show whether an insertion in human skin is feasible. 

Permeation studies are needed as well to get more 

information about a possible application. Overall, 

manufacturing multilayer MAPs using inkjet printing is a 

novel technique and could enrich the knowledge and 

opportunities producing MAPs. Combining inkjet printing 

and micromolding could combine the advantages of both 

manufacturing techniques. A precise dosing of highly 

potent APIs can be achieved using inkjet printing. 

Micromolding can fasten the manufacturing process. 

However, the production of MAPs by inkjet printing is 

limited to povidone as a polymer. Finding other polymers 

suitable for the printing process is another challenge.      
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