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Abstract
Platelets are activated immediately when contacting with non-physiological surfaces.
Minimization of surface-induced platelet activation is important not only for platelet storage but
also for other blood-contacting devices and implants. Chemical surface modification tunes the
response of cells to contacting surfaces, but it requires a long process involving many regulatory
challenges to transfer into a marketable product. Biophysical modification overcomes these
limitations by modifying only the surface topography of already approved materials. The
available large and random structures on platelet storage bags do not cause a significant impact
on platelets because of their smallest size (only 1–3 µm) compared to other cells. We have
recently demonstrated the feasibility of the mask-free nanoprint fluid force microscope
(FluidFM) technology for writing dot-grid and hexanol structures. Here, we demonstrated that
the technique allows the fabrication of nanostructures of varying features including grid, circle,
triangle, and Pacman-like structures. Characteristics of nanostructures including height, width,
and cross-line were analyzed and compared using atomic force microscopy imaging. Based on
the results, we identified several technical issues, such as the printing direction and shape of
structures that directly altered nanofeatures during printing. Importantly, both geometry and
interspace governed the degree of platelet adhesion, especially, the structures with triangular
shapes and small interspaces prevent platelet adhesion better than others. We confirmed that
FluidFM is a powerful technique to precisely fabricate a variety of desired nanostructures for
the development of platelet/blood-contacting devices if technical issues during printing are well
controlled.
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1. Introduction

Platelet products are collected directly from human blood and
stored in plastic bags before transfusion. It was reported that
around 1300 l of platelet concentrate are daily transfused in
Germany alone [1], and 118.54 million blood donations are
annually collected globally every year [2]. In the US alone,
approx. 30 000 potentially preventable deaths per year after
traumatic injury due to severe bleeding [3]. Platelet transfusion
demand increased because of the increase in intensive chemo-
therapy and hematopoietic stem cell transplantation as well as
highly invasive surgical operations in several specific areas,
such as cardiovascular surgery. However, above 1/2 of the US
patients suffer from >1 h delay before treatment in a level 1
trauma center, and thus, lacks access to hemostatic resuscit-
ation in the crucial minutes after injury [3]. The problem is
derived from the difficulties during the management of plate-
let storage. Smaller hospitals generally cannot stock platelets,
while in larger centers, platelet concentrates are mostly used
for hematology-oncology patients only [3].

Platelets are fragments of cells that are developed from
mature cell megakaryocytes in the bone marrow [4]. A single
megakaryocyte can produce >1000 platelets that are stored
in the spleen and blood circulation. A healthy adult contains
150 000–450 000 platelets/µl blood. Platelets are the smallest
blood cells (size between 1 and 3 µm). They do not have a
nucleus, and thus, are extremely sensitive. They tend to activ-
ate immediately after a short time contacting with any artificial
surfaces [5, 6]. Platelet concentrates are normally pooled from
4 to 6 donor units to obtain an adult dose of at least 240× 109

platelets [7]. Current technologies allow the storage of plate-
lets at room temperature for only 72 h (WHO) [7]. The first
problem with longer storage is the drop in pH because plate-
let produces a considerable amount of lactic acid and CO2

when metabolizing glucose and consuming O2. A low pH ulti-
mately leads to platelet storage lesions such as platelet activ-
ation, the exhibition of apoptotic markers, and low recoveries
[8]. The second problem with longer storage is the increased
risk of bacterial contamination [9–12]. WHO reported that
bacterial contamination affects about 1% of pooled units [7].
The short shelf life together with unpredictable demand res-
ults in platelet inventory management problems as manifes-
ted by high rates of outdating (up to 23%) [13], leading to
a higher cost of platelets than other blood products such as
fresh-frozen plasma or red blood cells [14]. The short storage
period limits platelet transfusion in many emergency stations.
According to the Blood Product Utilization Guidelines (The
University of Mississippi, Medical Center), platelet transfu-
sions may be limited only to patients with life-threatening
bleeding if necessary, to preserve a limited platelet inventory
[15]. During blood product shortage, the platelet transfusion
thresholds will be lowered [15], that may cause higher risks
for patients. If old platelets are infused in patients, a decrease
in transfusion efficacy and an increase in adverse events such
as transfusion-associated sepsis and immune-mediated events
occur, especially, in hematology, oncology, and post-cardiac
surgery patients [10]. Less than one percent of the total blood

can be isolated as platelets. These problems together with the
highly sensitive characteristics of platelets lead to extreme dif-
ficulties during storagemanagement. Stored platelets after col-
lection may become deactivated or dysfunctional towards the
end of the storage time [16]. As a consequence, the total cost
of platelet transfusions in a US hospital inpatient setting was
raised to 1360$ per platelet unit [16]. Thus, an extension of
the shelf life for platelet storage has both positive financial and
inventory management outcomes.

Regarding platelet storage improvement, an important
effort to introduce microtextures either on one or both sides of
the bags has been developed to prevent the inside faces from
sticking during heat sterilization or processing [17]. However,
these microstructures exhibit several limitations such as the
enhancement of platelet adhesion and bacterial growth [18,
19]. Adherent platelets immediately activate and transform
into filopodia and lamellipodia [20], causing several bioactive
chemicals to be released, which may lead to platelet aggreg-
ation or breakdown in bags. This further enhances the drop
of pH in the platelet bag [20]. A similar or even more com-
plicated thrombogenic mechanism can occur on many med-
ical devices such as transfusion apparatus and implants [21].
It has been reported that platelet adhesion/activation on an
implant obstructs the functionality of the materials and causes
blood vessel narrowing [22, 23]. Consequently, patients who
receive implants are often given high doses of anticoagulants
[24]. Venous catheters, vascular grafts, stents, and heart valves
have been previously associated with thrombotic complica-
tions, resulting in failures, body rejections, or even stroke and
heart attacks [25]. Thus, the material-blood interaction is crit-
ical in determining the body’s acceptance of the implants [26].
As the contact adherence of platelets on biomaterials is the
first step in the formation of a thrombus [27], minimizations
of surface-induced platelet activation play a crucial role in the
development of ideal blood storage bags and overcoming cur-
rent limitations in platelet-contacting devices. For decades, the
improvement of blood-contacting materials has still been suf-
fering from major challenges [28].

While microstructures have only a minor effect on plate-
lets, nanostructures that are placed directly underneath the
platelets can govern cellular response. However, currently,
available technologies for the fabrication of nanostructured
surfaces using commercially available synthetic as well as
bio-based mono- and polymers are limited. Even though two-
photon polymerization (2PP) allows to print structures down
to 100 nm [29, 30], the technique is time-consuming, com-
plex, inefficient for fabrication of a large sample size, and only
works with photo-polymerizable materials. The mask-free
FluidFM-based atomic force microscopy (AFM) technology
is a versatile method for generating functional and topograph-
ical features ranging from synthetic [30, 31] to biological
materials [32]. The use of the FluidFM enables the cost- and
time-efficient production of almost limitless prototype struc-
tures. Previously, we have demonstrated the feasibility of the
FluidFM in printing dot-grid and hexagonal nanostructures
using a commercial hybrid acrylate-based UV curable Loctite
AA3491 (Henkel) [31]. These structures caused a reduction of
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surface stiffness and inhibited platelet adhesion and activation.
As the best structures that exhibit the highest ability for anti-
platelet adhesion have not yet been identified, we aim in this
study to fabricate several structures of different features. We
hypothesized that the platelet-like structures may be the most
suitable for anti-platelet adhesion expectations. Therefore, we
aim here to fabricate platelet-like structures including circle,
triangle, and Pacman-like structures, and compare them with
non-platelet-like grid features. We demonstrated that FluidFM
allows the fabrication of nanostructured surfaces of varying
features with superimposed printing for increasing height,
however, printing direction influenced the resulting structures.
By characterizing the height, width, and transverse line, of
the printed nanostructures, and comparing them, we identify
that printing direction, shapes of structures, and tip-effect dir-
ectly altered nanofeatures during printing. Our results indic-
ate that FluidFM is a powerful fabrication technique to pro-
duce a variety of desired nanostructures for the development
of platelet/blood-contacting devices if the printing parameters
and technical issues are well controlled.

2. Methods

2.1. Ethics

Human blood obtained from healthy volunteers including the
informed consent procedure was approved by the ethics board
at the Thüringen, Germany. All volunteers gave informed
consent.

2.2. FluidFM based printing

The structures were printed using a Nanowizard 4 setup
(JPK, Berlin, Germany) with a FluidFM add-on (Cytosurge,
Opfikon, Switzerland), placed under an acoustic hood, and
mounted on an active vibration isolation system (Micro 40,
Halcyconics, Germany) to mitigate the effect of external
vibrations. The cantilever was observed and moved to the
desired spots using an inverted microscope (Axio Observer
Zeiss, Jena, Germany). Before printing, the structures were
first designed using Inkscape (version 0.17), an open-source
vector-based graphics application that enables users to create
and modify the desired pattern to an exportable scaled vec-
tor graphic file (SVG). This pre-designed structure was impor-
ted into the AFM control program JPK Nanowizard4. As print
material, the commercially available Loctite AA3491 (Henkel,
Düsseldorf, Germany), made up of a combination of differ-
ent methacrylate esters that polymerize when exposed to UV
light was filled in the reservoir of microchannel cantilever, was
used. The Loctite AA3491 is composed of monomers from
isobornyl acrylate, 2-hydroxyethyl methacrylate, acrylic acid,
and hydroxypropyl acrylate [33]. Before each printing cycle, a
nanopipette with an aperture of 300 nm and a nominal spring
constant of 2 N m−1 (Cytosurge, Opfikon, Switzerland) was
calibrated using the contact-free thermal noise method before
being approached to the surface. In manipulation mode, the
structures were printed on a glass coverslip (Plano GmbH,

Wetzlar, Germany) of 24mmwhichwas pre-cleanedwith 80%
Ethanol under 30 min sonication. The printing was done in an
area of 100× 100 µm by upholding a steady positive pressure
of 20 mbar, set point of 20 nN, and writing speed of 12 µm s−1

at ambient controlled conditions, i.e. 22 ◦C, humidity 35%,
and atmospheric flow of 25 m3 h m−2. For polymerization, the
samples were cured after printing using a UV lamp at 365 nm
for 5 min.

2.3. Characterization of printed structures using AFM

In order to determine the dimension of the printed nanostruc-
tures such as height, width, and interspaces as well as the
changes in structures during printing, we imaged the samples
using AFM. As AFM provides an atomic resolution, detailed
changes caused by printing directions or raised by specific-
ally designed structures could be visualized. The AFM topo-
logical images were obtained by scanning surfaces in contact
mode. All the samples were imaged using a cantilever from
Bruker (MLCT-Probe A) with a nominal spring constant value
of 0.07 N m−1 at a line rate of 0.3 Hz and a resolution of
512 × 512 pixels and a scan size of 100 × 100 µm. Using
JPK software (JPK Nanowizard4) for analysis, the line pro-
files of the features were accomplished by selecting the image
cross-section option to determine the size of each printed fea-
ture. To calculate the mean value and the standard deviation,
at least 25 individual measurements on each of the 3 repeti-
tions per structure geometry were examined. The boxplot dia-
grams were created using Origin, Version 2023b. (OriginLab
Corporation, Northampton, MA, USA). The whiskers repres-
ent the 1.5 IQR and the box represents the 50% value.

2.4. Platelets extraction from blood

Blood was drawn into a 10 ml blood collecting tube con-
taining 1.5 ml acid-citrate dextrose ACD-A (BD-Vacutainer,
Berlin, Germany) from healthy human donors who had not
consumed any drugs in the previous two weeks. The blood
tube was sealed with parafilm, inclined at an angle of 45◦, and
rested at room temperature for 15 min before centrifugation.
Firstly, blood was centrifuged at 120 g for 20 min at room
temperature to separate platelet-rich plasma (PRP) from the
blood. Further, platelet isolation from PRP was accomplished
by centrifuging at 650 g for 7 min in a buffer containing 11%
ACD-A (Fresenius Kabi, Germany) and 2.5 U ml−1 Apyrase
(grade IV SIGMA,Munich, Germany). The platelet pellet was
resuspended in 1 ml of suspension buffer at pH 6.3, consisting
of 137 mM NaCl, 2.7 mM KCl, 11.9 mM NaHCO3, 0.4 mM
Na2HPO4, and 2.5 U ml−1 Hirudin. Following that, an addi-
tional 4 ml of suspension buffer was added, and the platelets
were incubated at 37 ◦C for 15 min. The suspension was then
centrifuged again for 7min at 650 g. Following a second resus-
pension of platelet pellets in 2 ml of suspension buffer, plate-
let counting was carried out using a blood counter (pocH-100i,
SYMEX, Germany). In the suspension buffer, the platelet con-
centration was further adjusted to 30 000 µl−1 for sample sta-
bilization and rested at 37 ◦C for 45 min before use.
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2.5. Platelet adhesion on bag surfaces

The platelet adhesion on a plastic bag was performed to get
an insight into platelet activation on a commercially available
storage bag (Terumopenpol, Thiruvananthapuram, India). A
Storage bag pieces of 1 × 1 cm were cut from the bag and
cleaned under UV ozone for 30 min. After that, platelets of
30 000 µl−1 were added to bag pieces and incubated for 1 h
After rinsing with phosphate buffer saline (PBS) to elimin-
ate any remaining unbound platelets, 4% Paraformaldehyde
(PFA) was added to fix the platelets. After fixation, the plate-
lets were stained for 1 h with an anti-CD42a FITC antibody
(Dianova GmbH, Hamburg, Germany) at a final concentra-
tion of 1 µl ml−1 of platelet solution to quantify the adherent
platelets on the surface. The sample was then washed twice
with PBS to remove the unbound dye before examining by
the confocal laser scanning microscopy Zeiss LSM710 (Carl
Zeiss, Gottingen, Germany) at room temperature in the dark.
The fluorescent signal was acquired at an excitation/emission
wavelength λ = 495/518 nm using a 63x objective. Also, a
T80/R20 beam splitter was used for taking images to per-
form confocal reflection microscopy on the patterns. The size
and quantity of the platelets were determined using ImageJ
(ImageJ 1.54d, Wayne Rasband and contributors National
Institute of Health, USA). The appropriate threshold was first
selected and the size and number of platelets were determ-
ined using the particle analyzer available in the program. To
quantify the amount of adherent platelets and their average
spreading, the mean and standard deviation of three structures
per geometry incubated with platelets from one donor, were
calculated.

3. Results and discussion

3.1. Dissimilar response of platelets on micro- and
nanostructures

To identify the dissimilar effect of micro and nanostructures on
the response of platelets, we compared the response of plate-
lets on these structures. A commercially available bag that
contains microstructures was tested. Platelets were incubated
on this bag and stained P-selectin using CD42a FITC anti-
body for imaging with a confocal microscope. A high density
of platelets adhered to the bag, both on microstructures and
outside the structured surfaces (figures 1(A)–(C)). A similar
observation was also reported in the literature [18, 19]. This
clearly shows no effect of large structures on the inhibition
of surface-induced platelet adhesion. As any adhered plate-
lets will be activated quickly [20], they release from their
intracellular granules namely dense granules, multiple bioact-
ive molecules such as adenosine diphosphate (ADP), aden-
osine triphosphate (ATP), guanosine 5′-[β-thio]diphosphate
(GDP), 5-hydroxytryptamine (5-HT) and PF4. These bioact-
ive molecules further trigger platelet adhesion by signaling
positive feedback and cause activation of integrin αIIbβ3 and
fibrin which lead to the formation of a thrombus or a plate-
let plug. This can cause aggregation/degradation and alter the
storage buffer over time [8, 32]. Bacterial film formation on

this type of bag has been also reported [18, 19]. Thus, the com-
mercially available structured surface does not inhibit platelet
adhesion/activation or improve platelet storage.

We have previously proven that the commercial hybrid
acrylate-based UV curable Loctite AA3491 (Henkel) allowed
the printing of several types of nanostructures such as hive
(=hexagonal) features (figure 1(D)) [31, 33]. These nanostruc-
tures strongly reduce platelet adhesion as shown by a low
density of platelets (figure 1(E)) compared with a high dens-
ity of cells on the nonstructured polymer film (figure 1(F)).
Our findings demonstrated the important role of nanotextures
in the inhibition of platelet-surface adhesion and activation.
However, we have so far only been successful in printing dot-
grid and hive structures. In the next section, we report chal-
lenges in the fabrication of nanostructures with multiple fea-
tures.

3.2. Design for mask-free nanoprinting with fluid force
microscope (FluiFM)

To print other types of nanostructures, we used here FluidFM
and also a commercial hybrid acrylate-based UV curable
Loctite AA3491 (Henkel) ink. The ink was injected in a
microchannel probe connected with a tip aperture of∼300 nm.
By applying a pressure of 20 mbar, the ink was pushed
through the aperture to generate nanostructures (figure 2(A)).
The structures were cured under a UV source at 365 nm
wavelength. Figure 2(B)). As previously observed hexagonal
(=hive) structures show effective platelet inhibition compared
to dot-grid structures [31], here we printed other structures
with platelet-like shapes including grid, circle, triangle, and
Pacman-like features. We hypothesize that the continuous
and symmetrical features are favorable surfaces for plate-
lets because they generate a homogeneous and gentle matrix
underneath them and thus, reduce platelet adhesion and activ-
ation. Importantly, by printing these designed structures, we
aim to understand the feasibility of FluidFM in printing vari-
ous complexities of structures. Within these designed struc-
tures, the FluidFM cantilever must move in a linear and non-
linear direction and the contact angle of the tip is changed dur-
ing printing. This effect has not been thoroughly understood in
the literature yet.

3.3. Fabrication of structured surfaces of different features

To fabricate the structures, ink was loaded into the microchan-
nel probe connected to a cantilever with a tip aperture of
∼300 nm. The designed structures were loaded into the JPK
software for printing under manipulation mode. By applying
pressure, the ink from the microchannel probe was pushed
through the cantilever aperture for printing the patterns. We
have successfully printed four types of structures including
grid, circle, triangle, and Pacman-like as viewed by light
microscopy images (figure 3(A)). AFM images allow determ-
ination of the height and width of the structures (figure 3(A))
via analysis of line profiles. We compared those paramet-
ers among the printed structures (figure 3(B), white lines).
In figure 3(C), the corresponding height profiles are shown.
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Figure 1. Distinct adhesion phenomenon of platelets on micro- and nanostructures. (A) Platelet concentrates are collected from healthy
blood donors and stored in commercially available structured plastic bags before transfusing to life-threatening bleeding patients.
(B) Platelets in red (arrows, stained with anti-CD42a FITC) adhered and aggregated on nonstructured surfaces while green indicates
microstructures on the bag surface. (C) The enlargement shows multiple platelets also adhered to the structured surfaces (arrows).
(D) Atomic force microscopy of nanostructures with hive (=hexagonal) features printed with FluidFM. (E) Confocal reflection microscopy
of hive features shows a strong reduction of platelet adhesion (marked by the green boundary) as compared with (F) nonstructured polymer
film of the same material. In E, Platelet actin fibers and CD42a expression were correspondingly stained by DY590 phalloidin (red) and
anti-CD42a FITC-conjugated antibody (blue), merged with images of the structure which were taken by setting the filter T80/R20 in CLSM,
and post processed while platelet bodies were emphasized by pink color for visualization. Round shapes indicate nonactivated platelets
whereas activated platelets expose random shapes adapted from [31]. Reprinted with permission from Apte et al [31], copyright 2022
American Chemical Society.

Figure 2. The scheme shows the principle for the fabrication of nanostructured surfaces using FluidFM. (A) FluidFM prints structures
using UV-curable ink injected in a microchannel probe (blue) with a tip aperture of ∼300 nm. By applying a force to the cantilever together
with pressure through the reservoir, a pattern of designed structures will be printed in a force-manipulation mode. (B) The structured surface
is formed after UV curing at a wavelength of 365 nm. Platelet-like features including grid, circle, triangle, and Pacman-like structures are
printed.
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Figure 3. Fabrication of nanostructures of different features by FluidFM. (A) Light microscopy images show four platelet-like features
including grid, circle, triangle, and Pacman-like structure. (B) AFM images and (C) Height changes at the corresponding line profiles were
taken horizontally on the structures. (D) Height and (E) width values collected from different line profiles differed among printed structures.
Circle and Pacman-like showed two distinct heights point-1 and 2 (green, (B)–(D)).

Data collected from different line profiles are presented as
box plots for height (figure 3(D)) and width (figure 3(E)).
For all measurements, a relatively low variation of meas-
ured height/width was observed, indicating a good reprodu-
cibility of the FluidFM in fabricating micro-/nanostructures.
However, both height (figure 3(D)) and width (figure 3(E))
changed depending on the feature of the designed structures.
Additionally, the height, as well as the width in individual
structures, was not uniform. For the grid, the structures are
rather uniform (226.0 ± 21.2 nm) (figure 3(D)). The circles
show two distinct heights (point-1 and point-2, figures 3(B)–
(D)) in which point-2 displays the merging of two close
circles. Triangle lines are higher than the grid, circle-1, and
Pacman height. The Pacman-like structures also show two
different heights (point-1 and point-2, figures 3(B), (C) and
(E)). Among these structures, the heights vary up to 400 nm,
except for the merging of the circles at point-2. The widths at
these analysis points also varied depending on the features of

structures (figure 3(E)). Our results indicate that the printing
direction caused by the features of the desired structures plays
an important role in the resulting dimension of the structures.

3.4. Insights into nanoprinting process

To gain insights into the process while nanoprinting, we
enlarged the structures and compared the width, height, and
also cross-section for each type of feature by analyzing AFM
line profiles (figure 4). Figure 4(A) shows 3D (top panels)
and 2D (low panels) images with changes of printing lines
depending on printing direction (white arrows) and features
of structures. To understand the effect of printing direction,
we compared the structural height and width in the vertical or
horizontal direction (figures 4(A)–(D), blue and green lines,
respectively). To gain insight into the layer-by-layer print-
ing procedure, we analyzed the cross-section at the knots

6



Meas. Sci. Technol. 35 (2024) 085605 M Soter et al

Figure 4. Effect of printing direction and features of structures on printing results. (A) 3D (top panels) and 2D (lower panels) images taken
by AFM show the changes in printing size depending on the printing direction (white arrows) and the features of structures. Analysis of line
profiles of the structures measured horizontally (green) or vertically (blue), and at the knots where two ((A), violet) or three ((C), violet)
printing lines are superimposed. The unequal ink distribution while printing (B) Circles and (D) Pacman-like structures were compared by
analysis of image line profiles. (E) Comparison of line profiles at different positions for each structure showed dissimilar heights and widths.
(F) Height and (G) Width from all printed structures at different analysis positions showed significant changes in structures.

(figures 4(A) and (C), violet lines) where up to three printing
lines were superimposed.

For grid structure, printing in the vertical direction resulted
in a lower height (220± 16 nm) than in the horizontal direction
(266± 21 nm). A similar effect for the width, 4759± 162 nm
in the vertical direction and 4985 ± 131 nm in the horizontal
direction was observed (table 1). The results indicate that the
writing direction caused changes in the dimensions of the
designed structures. This effect could also be seen in the tri-
angular shape. The height of single lines in the vertical dir-
ection of the triangles is approximately the same as that of
the grid. However, much larger width (9616 ± 1362 nm) and
higher height (401 ± 47 nm) were seen in the horizontal dir-
ection which can be explained by the merging of two print-
ing lines. The influence of the writing direction becomes more
interesting when analyzing the circular structures. Within a
circle, both height and width at point-1 differ from those at
point-2. At point-2, a high amount of ink was transferred to the

substrate, resulting in merged structures of two close circles.
Therefore, the height and width at point-2 in the horizontal dir-
ection display the value for themerged structures. The shape of
the cantilever also likely played a role. Probably, the non-flat,
asymmetric end of the tip aperture led to unequal output of ink
when the cantilever printed the different angles. This resulted
in a highly different amount of ink (either less or more) dis-
tributed to the substrate, leading to a large variation within a
circle (818 nm vs 329 nm in height and 5528 nm vs 3943 nm in
width corresponding to measurements at point-2 and point-1).
The Pacman-like structures are a combination of line and cir-
cular shapes. In comparison to circles or lines only, the height
and width of Pacman-like structures are reduced. At the circu-
lar part, the height is approx. 40 ± 10 nm which is only about
10% of the height of the circular-shaped structures without
lines. Besides, the line part has a height of 107 ± 17 nm and
width of 3737 ± 379 nm which is lower than those for lines
only in grid or triangle structures.
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Table 1. Width and height depend on printing structures and
measuring points.

Structure Height (nm) Width (nm)

Grid
Horizontal 226.0± 21.2 4985.0± 131.5
Vertical 228.5± 15.7 4759.0± 162.4
Cross-Section 601.0± 27.9 10 380.0± 529.7

Circle

Horizontal-1 329.0± 35.7 5528.0± 317.2
Horizontal-2 818.0± 80.9 3943.5± 327.4
Vertical-1 143.5± 24.7 3457.0± 332.4
Vertical-2 380.5± 86.7 5339.0± 407.2

Triangle
Horizontal 401.0± 46.5 9616.0± 1362.2
Vertical-1 113.5± 24.0 3942.0± 489.0
Vertical-2 466.5± 41.7 13 145.0± 1076.5

Pacman

Horizontal-1 107.0± 17.2 3737.0± 379.3
Horizontal-2 43.0± 9.8 1803.0± 271.8
Vertical-1 39.0± 5.1 1725.0± 282.2
Vertical-2 41.0± 8.0 1728.0± 240.9

Our results indicate the influence of the tip geometry and
printing direction while writing structures of different geomet-
ries. As shown in figure 2 (inset), the geometry of the probe is
not equal in all directions. The cantilever has a rather straight
opening on one side while it has a semicircular opening on
the other side. Due to the shape, the amount and output of ink
in the different directions are influenced. This means that the
amount of imprint resin applied depends on the writing direc-
tion while the orientation of the cantilever remains the same.
The tip effect had little impact on the grid structure, but it had a
significant impact on the circular-shaped structures, resulting
in printed features that were dissimilar from the desired struc-
tures. In contrast to lines, the circular structures, displayed all
directions at once while all the angles of the probes were used
in order to write a circle. It can be seen that the amount of ink
distributed to the substrate was guided by the movement direc-
tion of the FluidFM probe. The semi-circular opening allows
a higher ink application and higher structure heights on point
Vertical-2 while at Vertical-1, the flat side of the cantilever res-
ults in a lower application of ink. A similar effect is observed
with the triangular structure. Whereas with the horizontal line,
imprint resins are applied to the glass substrate via the straight
side as well as the semicircular side with the vertical lines. For
the circle structures, this effect is so great that the structures
even converge in the horizontal direction. The geometric dif-
ferences could be partially compensated for by adjusting the
imprint pressure and the imprint speed in the respective dir-
ections. In addition to the geometry of the cantilever, these
two parameters are largely dependent on the amount of ink
applied. By reducing the imprint pressure or increasing the
imprint speed in areas where the semicircular opening of the
cantilever significantly influences the ink application, a lower
height and thus a more uniform height and width of the struc-
tures could be achieved. In addition, the alignment of the can-
tilever could be adjusted by rotating the AFM head so that the
application direction remains the same as the direction of the
cantilever. However, this is not possible with our current setup.

Table 2. Effect of setting parameters during FluiFM printing [31].

Printing parameters
Effect on the width
of structures Range

Contact time Strong ⩽20 s
Writing velocity Strong ⩽2.2 µm s−1

Setpoint Weak ⩽20 nN
Pressure Weak ⩽70 mbar

Our observation is in line with a previous study showing the
influence of the printing direction on the linewidth in which a
direction-dependent difference in the height increased up to
10-fold [34]. However, this study only reported the impact on
printing lines. The height of the printed lines was only between
10–20 nm. In our work, a significantly higher height and width
can be shown even though the same Loctite ink was used. This
difference can be due to the printing parameters used such as
printing speed and tip contact time. We have previously found
that printing speed and contact time have a major effect on the
size of the structures whereas other parameters such as setpoint
and applied pressure do not cause a significant change (table 2)
[31].

Besides this, it must be taken into consideration that while
printing the lines in manipulation mode, the FluidFM probe
moved in one x (or y)-direction onlywhile the y (or x)-direction
was fixed. When printing circles, the tip moved with small
steps in both x and y-directions to fulfill a circular shape. These
different processes between printing lines and circles can be
recognized better when combining them in the Pacman-like
structure that is a combination of both lines and circles. The
amount of ink applied in the circular part was much less than
for circles only. Here, it seems that the tip contacted the sub-
strate during printing at both linear and circular parts.

It should also be noted that with Pacman-like structures,
corners are printed. The cantilever stays at the corner point for
a short moment before moving in the next direction. This res-
ults in an increased application of ink at the corners. Due to the
increased application of ink in the corners, less ink is applied
in the round areas of the Pacman-like structures because the
cantilever pushes less ink in front of it.

Besides narrow width, the higher height of the structures
can prevent the platelets from contacting with the substrate,
and thus, reduce platelet activation. In principle, the height
can be increased by layer-by-layer deposition. In our designed
grid and triangle structure, the knots (=crossed areas) are com-
posed of superimposed writing lines that can be considered as
a double layer. In comparison to printing one line, the crossed
area where two times ink was applied, shows a higher height
(601 ± 28 nm) compared to the combined/sum height of both
vertical (228 ± 16 nm) and horizontal (266 ± 21 nm) lines
when printed separately.

While with a single-layer imprint, the ink is applied to the
glass substrate, with a two-layer imprint the ink is applied to
ink. Of course, the adhesion between inks on the substrate
and inks also differs. The results allowed to conclude that the
adhesion of the ink to ink is higher, and therefore, there is an
increased application of ink. In addition to the differences in
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Figure 5. Differentiation between the height occurred by printing
one (grid, green), two (grid, purple) and three (triangle, blue) layers.

adhesion, there is also a mechanical influence. The already-
applied ink line serves as an obstacle for the AFM cantilever.
This means that when the cantilever reaches such an obstacle,
the well-known edge-pinning effect can occur, which can res-
ult in an increased amount of ink application. This effect can
be reinforced by the sticky ink, which means the cantilever
sticks even more strongly to the existing obstacles.

For triangles, in the cross knot area, it was three times
printed but the height of the 3-fold single line print was
not seen. Here, the height was even reduced (about 220 nm,
figure 5) compared to the double height of two single lines.
Interestingly, the line profile at the cross area in the triangles
shows a valley (approx. 55 nm) on the top of the structures
(figure 5). The first two applications of ink likely led to a rise
in the height but the third one was not successful. Instead of
adding ink, the tip took away some nanodrop of ink, leaving
a groove at the top of the structures, leading to a reduction in
height. It seems that the previously printed ink layer was at
the starting phase of drying. Under an applied force, the tip
indented the already partially dried structures, leaving a depth
valley. Approaching the tip to the intermediate soft-hard inter-
face, the open apertures of the cantilever seemed to be ‘closed’
by the partially dried flexible material. This resulted in no ink
being transferred to the post-printed structures. In order to cre-
ate the same conditions, each layer would first have to be cured
individually. This could also prevent the cantilever from pen-
etrating and forming a valley. The disadvantage of this, how-
ever, is that the AFM head over the sample has to be removed,
and it is, therefore, possible that the old position is not exact
when repositioning, and therefore superimposed printing is not
possible.

To prevent this, the optimal ink viscosity and the time
lag between the printing layers should be precisely adjusted.
Furthermore, the volume of the ink required to deposit on

each additional layer may differ and needs more optimiza-
tion. Probably, when the structure becomes thicker bymultiple
additional layers, a higher ink volume is required to cover the
whole surface of the post-printed structures.

In comparison to Ventrici De Souza et al who showed an
increase in height by printing two layers [34], we were also
able to demonstrate an add-up of 2 layers while printing. The
authors reported an increased height of the second layer of
only 20%whereas wewere able to show an increased height of
the second layer up to 50% (figure 5). We postulate that due to
our low printing speed (12 µm s−1) compared with the faster
printing (50–200 µm s−1) in the study of Souza et al, the con-
tact time between ink and substrate as well as between ink and
ink was increased, leading to an enhanced adhesion among the
old, newly added ink and the substrate.

Our study however has several limitations. Even though the
environmental conditions are well controlled, minor changes
in temperature, humidity, and atmospheric flow may contrib-
ute to the resulting printed dimensions. These small changes
may result in large variations while printing micro/nanostruc-
tures by AFM using Loctite ink. These limitations are not
possible for investigation at our laboratory. Optimization may
help to avoid artifacts during printing, e.g. varying temperat-
ures can probably tune the structural dimensions.

3.5. Platelet adhesion on printed structures

To investigate the influence of the structures on the degree
of platelet adhesion and activation, a solution of platelets
(30 000 Plt/µl) was added to the structures including grid
(figure 6(A)), circle (figure 6(B)), triangle (figure 6(C)),
Pacman-like (figure 6(D)), and glass as control (figure 6(E))
and allowed to incubate for 15 min. After fixing and stain-
ing the platelets, the number of adhered platelets and their
average sizes were examined to compare the degree of cell
adhesion/activation induced by the same area of structures
(figure 6(F)).

In addition to the geometrical effect, we also observed
an influence of interspacing. The round structures circle and
Pacman-like show reduced adhesion compared to the grid
structures with the same interspacing. Despite the angular geo-
metry of the triangles, these structures still exhibited reduced
platelet adhesion. This could be due to the reduced inter-
spacing (approx. 3 µm in contrast to approx. 8 µm for grid
circle and Pacman-like), leading to reduced platelet-glass con-
tact possibilities. Even in comparison to the significantly
larger structures on commercial blood bags (figures 1(A)–
(C)), a reduction in the number of platelets can be observed.
To further reduce platelet adhesion and spreading further
investigation and optimization should be carried out with the
angled (low spreading) structures with reduced interspacing.
An investigation of different interspaces with the same struc-
ture could provide further insights into the behavior of the
platelets concerning the angularity of the possible structures.
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Figure 6. Platelet adhesion and spread on printed structures. (A)–(E) Confocal scanning microscope images of the adherent platelets (red,
stained with anti-CD42a FITC) on the grid (A), circle (B), triangle (C), Pacman-like (D) structures, and glass as a control (E). (F)
Quantification of the number and average size of adherent platelets on the different structures. The adhesion on the triangular structures is
lowest. The round, circle, and Pacman-like structures, also show a significantly reduced adhesion to platelets compared to the grid structures
and the glass substrate.

4. Conclusion

We demonstrated that FluidFM allows to fabricate
nanostructures of different features. Characteristics of
structured surfaces including height, width, and cross/knots

varied depending on the printing direction and the fea-
tures of the designed structures. FluidFM printed precisely
simple and straight structures but unequal height and width
of the structures were observed when printing circles, tri-
angles, and Pacman-like shapes. We explained the causes
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of nonhomogeneous structures and suggested a solution to
overcome the identified technical issues caused by printing
direction and complex shapes. In comparison with previous
studies, we could produce structures of higher height utilizing
a layer-by-layer platform. The adhesion of platelets is influ-
enced by the geometry and the interspacing. We confirmed
that FluidFM is a powerful technique to precisely fabric-
ate a variety of desired nanostructures for the development
of platelet/blood-contacting devices. To fabricate optimized
micro/nanostructures, numerous technical issues during print-
ing should be controlled. This provides new approaches for
future studies to understand the interactions of platelets with
structure surfaces and to improve the storage time and avail-
ability of platelet transfusions.
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