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Abstract 

Biocompatible functional materials play a significant role in drug delivery, tissue engineering 

and single cell analysis. We utilized 3D printing to produce high aspect ratio polymer resist 

microneedles on a silicon substrate and functionalized them by iron coating. Two-photon 

polymerization lithography has been used for printing cylindrical, pyramidal, and conical 

needles from a drop cast IP-DIP resist. Experiments with cells were conducted with 

cylindrical microneedles with 630  15 nm in diameter with an aspect ratio of 1:10 and pitch 

of 12 m. The needles have been arranged in square shaped arrays with various dimensions.  

The iron coating of the needles was 120  15 nm thick and has isotropic magnetic behavior. 

The chemical composition and oxidation state were determined using energy electron loss 

spectroscopy, revealing a mixture of iron and Fe3O4 clusters. 

A biocompatibility assessment was performed through fluorescence microscopy using 

calcein/EthD-1 live/dead assay. The results show a very high biocompatibility of the iron 

coated needle arrays. 

This study provides a strategy to obtain electromagnetically functional microneedles that 

benefit from the flexibility in terms of geometry and shape of 3D printing. Potential 

applications are in areas like tissue engineering, single cell analysis or drug delivery. 

 

1. Introduction 
Materials and devices capable of providing enhanced therapeutic effects to drugs or highly 

controllable delivery attract significant attention in the areas of microbiology, bioengineering and 

medicine. Spherical beads or nanowires have been utilized for remote drug delivery (1) (2-4) , killing 

(5,6) and identification (7) of cancer cells, hyperthermia applications (8) or capturing cells (9). 

Microneedles (10) have been adopted for transdermal administration of drugs (11,12), single cell 

manipulation and delivery (13-15), neurodegenerative disease treatments (16) or glucose 

measurement (17). In most cases, the fabrication of these structures requires a complex process of 

plasma enhanced etching and many lithography steps with limited flexibility regarding structural 

geometries on the same substrate (18). Cost effective technologies to print polymer pillars (19), like 

nanoimprinting, have been competing with traditional photo lithography manufacturing to provide a 

large printing volume at low cost and with a resolution from nano to micro scale. However, the costs 

of such lithography equipment vary between $0.5M-$10M (20) and rely on costly masks with 

persistent challenges to print high aspect ratio structures (21). In recent years, additive manufacturing 

techniques such as 3D printing have become viable methods for fabricating structures of customized 

shapes with a high resolution, aspect ratio and small length scale at affordable price ($0.25M (22) or 

less (23-26). The two photon polymerization process has been used to create bioscaffolds for tissue 

regeneration (27)), whereas vaccine loaded microneedles  (28-30) showed the potential of this 

technology for fast scaling and prototyping of drug-loaded devices. Biological entities are in sizes 

ranging from about 500 m (Amoeba proteus) to 130 nm (HIV) (31). Most of the 3D printed 

microneedles are on the scale of several hundreds of microns, making it problematic for them to 

internalize into smaller cell bodies like photoreceptor cells (25 m) or red blood cells (8 m) (31). 

Microneedles from carbon and silicon (2,14,32-35) with dimensions of 100 nm in diameter and 6 m 

in length, have been employed for forced internalization (33,36) or self internalization (37,38), but 
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their fabrication requires the use of sophisticated workflows and has limited customization 

capabilities.  

 

Various studies have shown cell culture growth on top of hollow or solid needles (32,38-41). It was 

found that cell type, pitch, needle diameter and height (42-45) influence the cell differentiation and 

other factors, highlighting the importance of the ability to control the needles’ design parameters.  

 

In this work, we propose the fabrication of tailored, biocompatible and functional needles made of a 

3D printed polymer with an iron surface coating. We have printed cylindrical, conical and pyramidal 

microneedles (46), with various aspect ratios and base geometries. Besides the magnetic properties of 

the coating, the iron surface is covered by a thin oxide layer (47), which offers potential for 

biofunctionalization (48). Examples of this include the functionalization of nickel nanowires with 

antibodies for cell separation (49), as well as the visualization of nanowire internalization (50). All of 

the needles are organized as arrays of square-shaped patches constituting of 225 needles printed on a 

Si substrate. We have targeted colon cancer cells (HTC 116), which exhibit a mean diameter of 15.4 

m (51,52), using a substrate with cylindrical needles printed on it. These needles are 630  15 nm in 

diameter and 6 m in length with a pitch of 12 m to obtain approximately one needle per cell that is 

penetrating about half way into the cell’s body.  

 

 

2. Methods 
 

2.1 Microneedle fabrication 

Microneedles were prepared using a direct laser writing system (Nanoscribe, GmbH, Photo 

Professonal GT), utilizing two-photon polymerization, as illustrated in figure 1, on a silicon (Si) 

substrate and iron coated by sputtering deposition. Specifically, a single-side polished silicon (Si) 

(100) wafer was pre-cleaned with IPA and heated to 100C to remove contaminants. Next, it was 

diced into 2.5 x 2.5 cm
2
 pieces with a thickness of 525  0.5 m and a refractive index of 3.4401 (53) 

to be further used as a substrate. An IP-DIP (Nanoscribe) liquid resist was drop cast on the polished 

side of the Si die (figure 1(a)) and the printer objective lens (63x Zeiss microscope objective NA1.4) 

was directly dipped (Dip-In laser lithography (DiLL) configuration (54)) into the photoresist, serving 

as immersion and photosensitive medium at the same time. The needle shape was defined in 3D space 

by crosslinking the polymer by means of two photon polymerization process (55) starting with finding 

the surface of the Si substrate (figure 1(b)) followed by printing sequentially (figure 1(c)). This two 

photon absorption mechanism allows to polymerize the resist only in the focal spot, therefore allows 

3D printing. In order to ensure adhesion of the printed structure to the substrate, the first laser voxel 

needs to partially lie inside of the substrate. This is controlled by the position of the stage offset, for 

which three examples are shown in figure 1(b). Our printing system relies on a high mismatch of the 

refractive indices of the resist and the substrate in order for the immersed objective lens to find the 

substrate surface. The difference in refractive indices between the IP-DIP resist and the Si wafer is 

0.5, which is much more than the required 0.05. The output laser power of the Photonic Professional 

GT system was adjusted to 15 mW.  



The power of 3D printing lies in the possibility of tuning the specific needle shape. In order to obtain 

cylindrical needles a stage offset of 0.5 (figure 1(d)) has been used, which ensures a straight growth in 

the vertical direction, and the laser power was kept constant during the exposure, while stacking 

voxels in the vertical direction. Conical needles were obtained using a stage offset of 1 (figure 1(e)), 

which, compared to 0.5 avoids a straight growth in the vertical direction at the bottom. Voxels were 

then placed in circles on top of each other and the radius of the circles was linearly reduced until 

ending with a single voxel tip. Pyramidal needles were printed using the same dose, exposure time 

and stage offset as conical needles (figure 1(e)), starting either with a triangular base or square base, 

and continually decreasing the number of printed voxels per line, in order to have a sharp tip. 

In all cases the piezo motor speed during printing was 42 m/s. After exposure, the sample was 

immersed in Mr-Dev 600 developer for 5 min, after which a constant dose 0.05 ml of IPA was added 

every 10 seconds for another 2 min (figure 1(f)).  

Finally, the 3D printed needles were coated with Fe (MaTeck GmbH, 99.995% purity, No.0908054-

12), as shown in (figure 1(g)), by sputter deposition (902 PLC, Equipment Support Company LtD). 

The stage was rotated at 0.2 m/s to achieve uniformity with a pressure of 6e
-6 

mTorr at room 

temperature and the substrate was maintained at a 45 angle for better sidewall coverage. The plasma 

conditions were 10 mTorr, 30 sccm Ar and 125 W power, resulting in a deposition rate of 7 nm/min. 

The film and needle SEM topography image analysis were carried out with ImageJ software. 

 

 
Figure 1: Process flow of microneedle fabrication. a) Drop casting of the IP-Dip resist on the Si-

wafer. b) Finding the substrate surface and three examples of stage offset through which the position 

of the substrate surface with respect to the first voxel is controlled. c) 3D printing perpendicular to the 

substrate (z-axis direction) with 15 mW of laser power. d) Printing of cylindrical structure by stacking 

of laser voxels. e) Printing of conical or pyramidal structures by 2D stacking of voxels with larger 

base (circular, triangular, square). f) Array of 3D printed needles after development. g) Fe sputtering 

to coat the printed structures. 

2.2 Cell culture 

HCT 116 colorectal carcinoma cells (ATCC® CCL-247™) were cultured according to vendor 

indications. Briefly, McCoy’s 5A modified medium (ATCC®) was supplemented with 10% fetal 

bovine serum (Gibco®) and L-glutamine and then used to culture the cells in a 37°C humidified 

incubator with 5% CO2. Cells were then detached using Accutase (StemPro®) and counted using the 

standard trypan blue staining method. The microneedle substrate was first sterilized in ethanol for an 

hour, then thoroughly washed with phosphate buffered saline (PBS) and McCoy’s medium before cell 

seeding. 

 

 



2.3 Material Characterization  

The magnetic characterization of the Fe-coated needles was conducted using a Superconducting 

quantum interference device (Evercool SQUID-VSM system, Quantum Design). A 200 nm in 

diameter Omniprobe and focused ion beam have been used to fix the needle on a copper substrate 

(prod # 460-2031-S) for the SQUID measurement. Transmission Electron Microscopy (TEM, FEI, 

TITAN) and Scanning Electron Microscopy (SEM, FEI, QUANTA 600) were used to characterize the 

geometry, morphology and composition of the microneedles as well as the magnetic coating.  

 

2.4 Confocal and SEM microscopy 

For imaging the cultured cells were washed with PBS and then fixed in 2.5% glutaraldehyde in 0.1 M 

cacodylate buffer for 2 h at room temperature. After fixation, cells were washed with 0.1 M 

cacodylate buffer three times for 15 min each wash. The cells were then post-fixed in 1% osmium 

tetroxide (Electron Microscopy Sciences, Hatfield, PA, USA) in cacodylate buffer for 1 h in the dark, 

after which the cells were washed with deionized water three times for 15 min each. This was 

followed by a serial dehydration using ethanol at 10%, 30%, 50%, 70%, 90% and 100% for 5 min 

each. The sample was then subjected to critical point drying in 100% ethanol and then sputter-coated 

with 5 nm of gold–palladium before SEM imaging. 

The cell viability of HCT 116 cells grown on the microneedle substrate was evaluated using the 

LIVE/DEAD Viability/Cytotoxicity Kit (Molecular Probes™). After incubation for 24 hours on the 

microneedles, cells were incubated with a 2 µM calcein AM and 4 µL EthD-1 working solution for 40 

minutes at room temperature. The cells were washed with PBS and then their interface with the 

microneedles was imaged using a Zeiss LSM 710 inverted confocal microscope. For staining the cell 

membrane with the green dye Cell Mask™ (Molecular Probes™), the cells were incubated with 1x 

CellMask™ working solution for 10 minutes at 37°C, then thoroughly washed with PBS before 

imaging. 

SEM microscopy was performed with cells cultured as previously mentioned and then seeded on the 

microneedles. After 24 hours of incubation, cells observed under a Quanta 3D SEM for a total time of 

imaging of 10 minutes. 

 

 

3. Results and discussions 

 

3.1 Microneedles 

 

Figure 2(a) shows an SEM image of a single 3D printed cylindrical resist microneedle, which has a 

rounded tip with an average diameter of 580 nm  20 nm. A laser power of 15 mW and 100 ms 

exposure time provides excellent reproducibility for cylindrical needles up to 6 m in length. 



 The wave pattern on the surface of the polymer needle is a result of the back reflection of the laser 

(780 nm) light from the Si substrate, forming an interference pattern with a pitch (/2n, with n = 1.52) 

of 256 nm in the polymerized area (56,57). Figure 2(b) reveals that the surface morphology from the 

resist needle is transferred to the iron surface. An array of cylindrical, iron coated needles with pitch 

of 12 m is shown in figure 2(c). Using the same power (15 mW) and exposure dose (100 ms) as for 

cylindrical needles, we have successfully printed a variety of shapes shown in figure 2(d)-(g), 

demonstrating the versatility of this method in terms of design. 

 

 

 
Figure 2: (a) SEM image of a 3D printed cylindrical polymer resist needle and (b) of a cylindrical 

needle coated with a 120 nm thick Fe layer. (c) SEM image of a patch of cylindrical needles after 

coating with 6 m length and 12 m pitch on a silicon substrate. SEM images of (d) 3D printed 

pyramids with triangular base, (e) square base, (f) cylinders with sharp tip and (g) conical needles 

with their respective arrays on a Si polished substrate. 



 
Figure 3 : SEM images of the sputtered iron film on the 3D printed resin needles (a), showing the 

roughness of the film on the needle tip (b) and of the film on the substrate (c). Example of a 3D 

printed microneedle array coated with an iron film by sputter deposition with 6 µm long needles 

spaced by 12 µm (d).  

 
Closer views of the tip of an iron coated needle (figure 3(a)) and the film on the Si surface are shown 

in figure 3(b) and figure 3(c), revealing consistent coverage of the micro needle structures. The 

roughness of the film at the needle tip and the Si is 40  15 nm on average. There are no apparent 

deformations after deposition, even for the higher aspect ratio needles (figure 3(d)). Tomography 

analysis from TEM images of the sputtered iron shell in figure 4(a)-(c) reveals a homogeneous shell 

coating with a thickness of 120  15 nm (figure 4(c)). The polymer resist layer has been extracted by 

simply breaking the substrate with a blade, and the detached shells have been put into dimethyl 

sulfoxide solvent for polymer dissolution. The produced shells were imaged with TEM combination 

of dark and bright fields figure 4(a).  

 

 



 

Figure 4 : TEM images of different parts of the iron coated needles. Middle section (a), entire needle 

(b) and tip (c), showing an Fe layer thickness of 120  15 nm. 

 

Figure 5: Cross section image (a) and Electron Energy Loss Spectroscopy (EELS) element mapping 

(b,c) of an Fe coated 3D printed microneedle (color coding represents Fe in red and O in green). The 

EELS spectroscopy reveals a mixture of Fe and Fe3O4 (d).  

The bright field TEM image in (figure 5(a)) shows a cross section of a 3D printed microneedle with 

Fe coating. EELS maps of the deposited films on the surface of the polymer needle and at its bottom 

are shown in figure 5(b) and figure 5(c), respectively. They reveal an Fe/O atomic ratio of more than 

1, which corresponds to a mixture of iron and iron oxide. The analysis of the white lines ratio of Fe 

L2/L3 peaks (figure 5(c)) revealed the valence of the Fe to be close to the one for magnetite (58). This 

oxidation of the Fe film occurs naturally, when being exposed to air.  

Magnetization curves of a square-shaped patch of cylindrical needles with 6 µm height, 630  15 nm 

diameter, 12 µm pitch and a total sample area of 3 x 2 mm
2
 are shown in figure 6(a). The samples 

have been demagnetized before the measurements. In the parallel direction (in plane applied field) to 



the substrate, a softer magnetic behavior is found and a coercive field of 134 Oe, compared to the 

direction perpendicular (out of plane applied field) to the substrate (parallel direction to the needles) 

and a coercive field of 263 Oe. Hence, the magnetic properties are mainly determined by the Fe thin 

film on the substrate and its shape anisotropy, favoring an in-plane magnetization direction. 

 
 

Figure 6: (a) Magnetization curves of 750 3D printed cylindrical needles of 6 µm in height and a 

separation distance of 12 µm coated with a 0.12 µm thick Fe layer. The inset shows an array of such 

needles with markers for the directions of the applied field. (b) A single cylindrical 6 µm long 

microneedle coated with a 0.12 µm thick Fe layer. The inset shows the placement of the cylindrical 

needle inside the Omniprobe copper well. The arrows correspond to the directions of the applied 

magnetic field.  

 

In order to obtain the magnetization curve of an individual Fe coated 3D printed needle, one needle 

was carefully removed from the substrate and placed on a standard Omniprobe copper lift off grid 

(prod # 460-2031-S). The results obtained using a SQUID are illustrated in figure 6(b). The sample 

has been demagnetized before the measurements and the measurements are taken at 300 K. The 

needle shows a coercive field of 143 Oe in both in and out of plane direction, which is comparable to 

iron oxide core shell nanowires when exposed to air oxidation not annealed (59). All three directions 

show isotropic magnetic behavior. This can be explained by the typical domain pattern in such tubes, 

which favors neither of the three directions. Rather, the domains are arranged circumferentially 

around the tubes (60).  

 

3.2 Biocompatiblity and microneedle-cell interface 

The cell viability results show an excellent biocompatibility (figure 7(a)). The non-fluorescent dye 

calcein AM is converted to its green fluorescent variant calcein by intracellular esterases, which are 

only active in live, viable cells. The red fluorescent dye EthD-1 is only permeant to a damaged cell 

membrane, as in the case of a dying cell. This indicates that interfacing the microneedles with HCT 

116 cells does not compromise cell viability, and therefore is a viable substrate for intracellular 

delivery. 

Confocal microscopy studies were carried out using the calcein AM and the cell membrane dye 

CellMask™ in order to closely observe the interface of the micro needles and the cells. An orthogonal 

section of a Z-stack of cells grown on the microneedles shows the cytosol-bound calcein (figure 7(b)). 

It can be observed that the cells wrap around the microneedles, which appear as black, non-

fluorescent sections indented throughout the cells. To confirm this interaction, the same analysis was 

performed using the CellMask™ (figure 7(c)). In this case, as the stained cell membrane folds around 

the microneedles (figure 7(e),(f)), these appear as bright green fluorescent sections.  



 
Figure 7: Confocal and SEM microscopy analysis of the interface of the microneedles and HCT 116 

cells. (a) Cell viability of cells stained with calcein AM/EthD-1 under fluorescence microscope (top 

view). The black spots are micro needles (4 are highlighted by red circles as examples). (b) Confocal 

imaging cross-section view of a Z-stack of cells interfacing with the microneedles and stained with 

calcein AM. The microneedles appear as black, non-fluorescent sections (examples are marked by a 

red rectangle). (c) Cell membrane staining under the same imaging conditions, showing the stained 

membrane is folding around the microneedles, which appear as fluorescent sections (marked by red 

arrows). The yellow dashed line represents the position of the substrate. (e) SEM image of cell 

wrapping around a cylindrical microneedle on a Si substrate. (f) SEM image of an array of 

microneedles with cells seeded on top. 

 

 

4. Conclusions 

 

A fabrication process for 3D printed polymer micro needles coated with iron by sputter deposition has 

been developed. This process combines the flexibility of 3D printing in terms of shape and 

dimensions with the functional properties of a magnetic metal layer. Cylindrical, conical and 

pyramidal microneedles with aspect ratios of 1:10 have been fabricated and organized into square 

patches. Iron was chosen for its biocompatibility, and its TEM/EELS analysis shows a native oxide 

layer. It also revealed polycrystalline structures and the presence of Fe3O4 and Fe, for which well-

established coating techniques with biologically active materials like antibodies exist. In addition, its 

magnetic properties could be exploited in various ways like electromagnetic heating or nanoparticle 

manipulation. However, it should be straightforward to utilize other metals as coating layers for the 



needles, and the presented fabrication method is flexible in this regard, utilizing common sputter 

deposition. The deployment of such a platform with cylindrical micro needles on HTC116 cells 

proves that there are no effects on cell viability over a 24h period with normal cell growth, confirming 

its potential as substrate for cell studies. Imaging studies of the cell-micro needle interface show that 

the cells adjust to the micro needles substrate by wrapping their membrane around the micro needles. 
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