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ABSTRACT: Micropatterning of living single cells and cell
clusters over millimeter−centimeter scale areas is of high
demand in the development of cell-based biosensors. Micro-
patterning methodologies require both a suitable biomimetic
support and a printing technology. In this work, we present
the micropatterning of living mammalian cells on carbox-
ymethyl dextran (CMD) hydrogel layers using the FluidFM
BOT technology. In contrast to the ultrathin (few nanometers
thick in the dry state) CMD films generally used in label-free
biosensor applications, we developed CMD layers with thicknesses of several tens of nanometers in order to provide support for
the controlled adhesion of living cells. The fabrication method and detailed characterization of the CMD layers are also
described. The antifouling ability of the CMD surfaces is demonstrated by in situ optical waveguide lightmode spectroscopy
measurements using serum modeling proteins with different electrostatic properties and molecular weights. Cell
micropatterning on the CMD surface was obtained by printing cell adhesion mediating cRGDfK peptide molecules
(cyclo(Arg-Gly-Asp-D-Phe-Lys)) directly from aqueous solution using microchanneled cantilevers with subsequent incubation
of the printed surfaces in the living cell culture. Uniquely, we present cell patterns with different geometries (spot, line, and grid
arrays) covering both micrometer and millimeter−centimeter scale areas. The adhered patterns were analyzed by phase contrast
microscopy and the adhesion process on the patterns was real-time monitored by digital holographic microscopy, enabling to
quantify the survival and migration of cells on the printed cRGDfK arrays.

1. INTRODUCTION

Selective arrangement of biomolecules and cells on surfaces is
of high interest in fundamental cell research, tissue engineering
as well as biosensors using individual cells, cell clusters, or
tissues for sensing.1,2 Cell micropatterning can be used to
perform high-throughput biological studies. In cell micro-
patterning strategies, the support surface to be patterned must
fulfill several chemical and physical criteria.3 The surface
should be endowed with adhesion triggering biomolecules,
and, at the same time, it should provide cell-repellent
(antifouling) background, enabling to distinguish the patterned
and nonpatterned areas.4 In addition, for the long-term survival
of cells (e.g., for investigating proliferation), the mechanical
characteristic of the support must also be optimized
(extracellular matrix, ECM-like stiffness). Hydrogel-based
biomimetic coatings are very promising in fulfilling all of the
above requirements.5 Hydrogels are cross-linked hydrophilic
polymer networks presenting large water uptake. Owing to
their three-dimensional (3D) structure that provides enhanced

internal surface and a great number of available conjugation
sites, hydrogels can be functionalized by a much larger amount
of biomolecules (e.g., bioreceptors) compared to the
commonly used flatlike self-assembled monolayers. Moreover,
hydrogels can provide a microenvironment bearing such
chemical, hydration, and mechanical properties, which are
close to the natural microenvironment of biomolecules and
cells. Although hydrogels are widely used in tissue engineering
as a culturing medium or in the field of biosensors as coatings
for biomolecule detection,6 the development of hydrogel layers
suitable for combined applications, such as supporting the
detection of cellular behavior on biosensor surfaces, is still
strongly in demand. Main challenges in the development of
these coatings are the stabilization of a relatively thick (10−
1000 nm) layer with well-controlled thickness in order to
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provide a proper mechanical support for cells by retaining the
ability of sensing. Hydrogel layers prepared from the
carbohydrate dextran or its commonly used derivative
carboxymethyl dextran (CMD) are promising candidates,
owing to their great protein- and cell-repellent abilities proven
by a wide range of biosensor applications,6 easy conjugability
as well as biomimetic, ECM-like properties.6−9 Our experi-
ences show, however, a substantial difficulty in dextran layer
preparation when aiming larger thickness in optical quality for
biosensing.10−12

The most common method to endow hydrogels or other
substrates with cell-adhesive abilities is the chemical
modification with the Arg-Gly-Asp (RGD) tripeptide se-
quence, which is the minimal molecular sequence required by
the integrin receptors for the recognition and subsequently
initiated cell adhesion.13 It was previously demonstrated that
strongly cell-repellent carbohydrate surfaces can be selectively
transformed to highly cell-adhesive by conjugating with RGD
motifs.14−18 Regarding the main peptide design principles,
cyclization is applied to enhance conformational stability;
moreover, the incorporation of flanking sequences can
maximize the affinity and selectivity for the target integrins.
The synthesis of the commonly used cyclic pentapeptide
cRGDfK (cyclo(Arg-Gly-Asp-D-Phe-Lys)) is also based on the
cyclization of linear RGD that is complemented with a D-
phenylalanine (D-Phe) unit.19,20

Available methods for the micropatterning of hydrogel layers
with cell-adhesive biomolecules are photolithography, stencil
patterning, microfluidic patterning, microcontact printing, ink-
jet printing, as well as selective plasma etching.1,21−23

However, among the micropatterning strategies, only few can
provide fast pattern deposition with high resolution (e.g.,
arrays of single cells) and the ability to cover macroscopic areas
at the same time. Photolithography, usually requiring precisely
fabricated masks, has been shown to be an effective technique
for patterning microarrays of cell-adhesive biomolecules such
as RGD motifs over millimeter-scale areas of poly(ethylene
glycol)-based surfaces.24,25 The atomic force microscopy
(AFM)-based micropipette technique (FluidFM BOT) is
another straightforward method, which enables the printing
of biomolecules directly from the liquid environment,
providing a well-controlled, mask-free patterning of cells with
a reduced number of fabrication steps and without the need for
cleanroom conditions.
Nanolithography of biomolecules and nanoparticles directly

from the liquid environment and manipulation of single cells
have been major challenges to the traditional AFM-based
techniques (such as dip-pen nanolithography). Printing
micrometer-scale pattern elements over millimeter-scale sur-
face areas is also very limited by these methods (the printed
area typically ranges in the 1−100 μm scale).26 FluidFM
(fluidic force microscope) is a unique micromechanical and
microfluidic device that combines the force-controlled high
spatial precision of AFM with the capability of direct liquid
delivery by microfluidics.27 The technology can be used for
printing two-dimensional surface patterns with various
formations28 or even for precisely controlled template-free
3D micro- and nanoprinting.29,30 FluidFM enables the printing
of micro-scale patterns on large, several millimeter−centi-
meter-sized areas directly from the aqueous solution of
biomolecules intended to be printed. This feature, supple-
mented with the possibility of measuring adhesion forces or
injecting other biomolecules or drugs into cells, is pivotal in

the field of single-cell analysis and manipulation. Nowadays,
novel techniques employ plate-based layouts, facilitating high-
throughput screening. So far, only few papers deal with the
printing of surface patterns of biomolecules using the FluidFM
system (a relevant example is the nanoscale dispensing of
streptavidin on biotin-functionalized surfaces31).
The main goal of this research is the development of a

suitable hydrogel layer and micropatterning methodology for
future applications of cell arrays deposited on waveguide-based
optical biosensor surfaces. Here, we present a new type of
CMD hydrogel layers developed for controlled cell-adhesion
studies on micropatterned surfaces. The covalently bound
CMD hydrogel layers were spin-coated onto microscope glass
slides, and the CMD chains were cross-linked with sodium
trimethaphosphate (STMP). The layers were characterized by
various surface analytical methods [spectroscopic ellipsometry
(SE), X-ray photoelectron spectroscopy (XPS), AFM, as well
as contact angle (CA) measurements]. Because the cell-
repellent ability of the coatings can be basically derived from a
resistance to protein adsorption, we examined the adsorption
of serum proteins [nonspecific binding (NSB)] on the CMD
surface using a label-free biosensor technique, optical wave-
guide lightmode spectroscopy (OWLS). We present our
methodology using the FluidFM BOT technique for micro-
patterning living cells on the developed CMD hydrogel
surfaces. In the printing procedure, aqueous solution of
cRGDfK molecules was printed onto the CMD surface and
the patterned samples were incubated with HeLa cell culture.
We applied digital holographic microscopy (DHM) for real-
time monitoring the pattern-mediating adhesion and migration
process. The concept of cell micropatterning can be seen
in Figure 1.

2. EXPERIMENTAL SECTION
2.1. Chemicals. Chromosulfuric acid used for substrate cleaning

was obtained from VWR (Budapest, Hungary). Dextran T-500 (with
500 kDa molecular weight) was obtained from Pharmacosmos A/S,
(Holbaek, Denmark). 3-Aminopropyltriethoxysilane (hereafter ami-
nosilane), ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochlor-
ide (EDC), and N-hydroxysuccinimide (NHS) as well as phosphate-
buffered saline (PBS) were obtained from Sigma (Budapest,
Hungary). Monochloroacetic acid employed for CMD synthesis was
purchased from Thermo Fisher (Budapest, Hungary). Sodium
hydroxide (NaOH) and STMP were purchased from VWR. Proteins,
including bovine serum albumin (BSA), fibrinogen (FGN), and
lysozyme (LYZ), were obtained in lyophilized form from Sigma
(Budapest, Hungary). The reagents used for FluidFM printing
experiments, including cRGDfK and 6-aminofluorescein (AF), were

Figure 1. Cell adhesion to micropatterns of cell-adhesive motifs
printed on the CMD-based hydrogel layer.
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obtained from GeneCust (Luxembourg) and Setareh Biotech
(Eugene, USA), respectively. Regarding the solutions used for cell
culture maintenance, Dulbecco’s modified Eagle’s medium (DMEM),
L-glutamine, penicillin−streptomycin solution, trypsin-ethylenediami-
netetraacetic acid solution, as well as paraformaldehyde were all
purchased from Sigma (Budapest, Hungary). Fetal bovine serum was
purchased from Biowest SAS (Nuaille,́ France). Ultrapure grade water
with a resistivity of 18 MΩ·cm was used. All chemicals and reagents
were of analytical grade.
2.2. Fabrication of CMD Layers. 2.2.1. Preparation of

Substrate Surfaces. Concentrated chromosulfuric acid was used for
cleaning the OWLS sensor chips and OWLS model surfaces (3 min),
and it was followed by intensive rinse with ultrapure water and
blowing with nitrogen stream.
The aminosilylation of cleaned substrates was performed in a

heated vacuum chamber (Glass Oven B-585, BÜCHI Labortechnik
AG, Flawil, Switzerland). The aminated surfaces were stored in a
vacuum desiccator until use.
2.2.2. CMD Grafting. The developed CMD grafting method can be

followed in Figure 2. Lyophilized CMD (synthetized using our

previously introduced method10,32, degree of substitution: 0.145,
molecular weight: 500 kDa) was dissolved in ultrapure water
(concentration: 50 mg/ml), and the pH was neutralized using
NaOH solution. The EDC and NHS reagents were dissolved in
ultrapure water (0.4 M), and the aqueous solutions were added to the
CMD solution. The following concentration ratios were used in the
prepared CMD/EDC/NHS grafting solution: [COOH]/[EDC]/
[NHS] = 6:1:1. Each of the aminosilylated substrates was incubated
overnight with CMD/EDC/NHS solution at 4 °C. Then the surfaces
were rinsed with ultrapure water and dried under nitrogen flow.
In the subsequent step, a CMD solution containing the STMP

cross-linking agent was spin-coated onto the sample surfaces using
various rotation speeds (1000, 2000, 4000, and 6000 rpm). The

reagent concentrations in the spin-coated solution were as follows: 20
mg/mL CMD, 125 mM NaOH, and 50 mM STMP. STMP is reactive
only with the carbohydrate hydroxyl groups, which is useful for
retaining the functionality for receptor immobilization or other kind
of conjugations. STMP cross-links carbohydrates by a phosphor-
ylation reaction under alkalic conditions.33−35

After spin-coating, the samples were intensively washed in a Teflon
tank. Ultrapure water and 0.1 M HCl were circulated using a large-
scale peristaltic pump. The subsequent washing phases were as
follows: ultrapure water (20 min), 0.1 M HCl (10 min), and ultrapure
water (10 min). The procedure ended by drying the surfaces under
nitrogen flow.

Besides the spin-coated CMD layers, ultrathin CMD films were
also prepared for NSB experiments. The application of the ultrathin
CMD layers in NSB experiments is presented in this work as new
results. Further details of the related fabrication method and layer
characterization can be found in our previous publication.10

2.3. Analytical Techniques. 2.3.1. Optical Waveguide Light-
mode Spectroscopy. We used the OWLS technique to measure the
adsorption kinetics of selected proteins on CMD layers in order to
quantify the layers’ protein-repellent ability. The in situ OWLS
measurements were performed by an ASI BIOS-1 instrument using
type 2400 μV sensor chips (MicroVacuum Ltd., Budapest, Hungary).
The transverse electric (TE) and transverse magnetic (TM) zeroth-
order waveguide modes were excited by a He−Ne laser beam (632.8
nm) coupled into the chip’s waveguide film. A precision goniometer
was used to scan the coupling angles in every 14 s. The effective
refractive indices (NTE, NTM) and surface mass density were measured
with a sensitivity of 1 × 10−6 refractive index unit and 1 ng/cm2,
respectively. In separate refractive index measurements, the refractive
index of PBS (nPBS) and refractive index increment of protein
solutions (dn/dc) were determined using a precision refractometer
(632.8 nm, 25 °C; J157 automatic refractometer, Rudolph Research
Analytical, Hackettstown, USA). The collected effective refractive
index data were evaluated by the isotropic homogeneous four-layer
mode equations. The following data were used in the evaluation: nPBS
= 1.3330, dn/dcprotein = 0.1849 mL/g.

2.3.2. X-ray Photoelectron Spectroscopy. The cross-linking degree
of CMD layers could be estimated by determining their elemental
composition using XPS measurements. The XPS instrument is based
on an X-ray source and photoelectron detector providing an energy
resolution of 1.5 eV. During the measurements, ultrahigh vacuum was
maintained (2 × 10−9 mbar). The following lines of main components
were detected: Si 2p3/2 (100 and 103 eV for basic and oxide states,
respectively), P 2s (189 eV), C 1s (at around 285−289 eV binding
energies), N 1s (401 eV), Ti 2p3/2 (454 eV), Na Auger (497 eV), and
O 1s (531 eV). The evaluation was performed using Shirley
background subtraction as well as Gaussian/Lorentzian fitting.

2.3.3. Spectroscopic Ellipsometry. The thickness of the CMD
layers spin-coated at varying rotational speeds was measured by the
SE technique. The ellipsometric spectra were recorded on a Woollam
M-2000DI rotating compensator spectroscopic ellipsometer (J.A.
Woollam Co., Inc., Lincoln, USA). A microfocusing equipment was
used to focus the source light to a 150 μm diameter spot area. The
measurements were performed at 70° incident angle with a data
acquisition time of 5 s, and the recorded spectra were obtained in the
wavelength range of 191−1689 nm. Regarding the mapping
measurements, a rectangular area of 12 mm × 8 mm was scanned
using 3 and 2 mm grid distances in the x and y directions, respectively.
The data were collected and evaluated using the CompleteEASE
software (J.A. Woollam Co., Inc.).

2.3.4. Atomic Force Microscopy. The roughness of the CMD
surfaces was characterized by AFM. A FlexAFM instrument
(Nanosurf GmbH, Liestal, Switzerland) equipped with Tap 190GD-
G type probes (BudgetSensors Ltd., Sofia, Bulgaria) was used to
obtain AFM images about the CMD samples. Tapping mode scans
were performed to obtain surface topographic images. The collected
raw images were then analyzed by the Gwyddion software.

2.3.5. Contact Angle Measurements. Routine sessile drop
measurements were applied to characterize the wetting and swelling

Figure 2. Fabrication of spin-coated and cross-linked CMD layers.
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properties of the CMD layers. The hydrophilic nature and, as a result,
the wetting behavior of the CMD layers have several effects on the
applications: it has an important role in determining the protein- and
cell-repellent abilities as well as the mechanical properties of the cell-
adhesive support. Also, the wetting characteristics have a strong effect
on the resulting prints including the resolution of the patterns. By
detecting the layer’s swelling behavior, the performed CA measure-
ments could be used to prove the hydrogel nature of the CMD
coating.
The measurements were conducted at room temperature by

depositing drops with volumes of ca. 3 μL on the surface and
increasing their volume up to ca. 5 μL. In the closed chamber with
nearly saturated atmosphere, the drops were left for ca. 120 s to
stabilize before capturing images. The CAs were calculated using the
DropSnake software,36 and the mean values of the left and right CAs
for all samples were given.
The spreading dynamics measurements were performed using

another setup equipped with a closed sample chamber with the
following maintained conditions: T = 23 ± 0.5 °C, relative
humidity: 89 ± 2%. One sample was inserted into the chamber,
and the measurement was carried out immediately. A ca. 3 μL droplet
was deposited onto the surface, and its spreading was followed and
captured with a time resolution of 2 s. The captured images were
analyzed by the Krüss DSA software using elliptic fit.
2.3.6. FluidFM BOT.Microlithography experiments were performed

by a specially designed AFM-based instrument, the FluidFM BOT
setup manufactured by Cytosurge AG (Glattbrugg, Switzerland). In
this setup, the probe is a microchanneled (hollow) cantilever that is
connected to a pressure controller via a fluidic circuit. The continuous
and closed fluidic channel can be filled with a chosen solution. The
pressure applied on the internal solution can eject the soluble
molecules through the aperture that is located at the end of the
cantilever. While the solution is ejected, the contact of the probe to
the surface is continuously regulated by the force feedback established
by a laser detection system of conventional AFM setups.27,28,37 Under
overpressure, the probe acts as a force-controlled micropipette, which

enables to dispense droplets of solutions with down to a volume of 0.5
fL.37

The whole FluidFM BOT system involved an inverted optical
microscope (Zeiss Axio Observer.Z1, Carl Zeiss AG, Oberkochen,
Germany), a sample stage (x,y-stage) combined with an automated
measurement head (z-stage) and mounted on the microscope, as well
as the related controllers, including a pressure controller. Silicon
nitride micropipettes manufactured by Cytosurge AG were used with
2 μm aperture size and 2 N/m stiffness (force constant). The probe
was mounted in the head, and from that point, the whole process was
operated via the ARYA software.

2.3.7. Phase Contrast and Fluorescent Microscopy. The
cRGDfK−AF patterns as well as the adhered cell arrays were
observed using fluorescent and phase contrast microscopy. Phase
contrast images were captured using a Zeiss Observer.Z1 microscope
(Carl Zeiss AG, Oberkochen, Germany) in bright-field mode.
Fluorescent microscope images were also recorded by this instrument
in the fluorescent mode. For capturing and image analysis, the
AxioVision software (Carl Zeiss AG, Oberkochen, Germany) was
used.

2.3.8. Digital Holographic Microscopy. DHM was used to real-
time monitor the adhesion of HeLa cells. Real-time holographic
images were recorded by a HoloMonitor M4 instrument (Phase
Holographic Imaging PHI AB, Lund, Sweden). The captured images
were analyzed and formatted using the HoloStudio M4 software
(Phase Holographic Imaging PHI AB).

2.4. Experiments on the Fabricated CMD Layers. 2.4.1. NSB
Experiments. The protein-repellent ability of the fabricated CMD
layers was tested using three different protein molecules with varying
molecular weight and isoelectric point (pI) values. The applied
proteins were BSA (66.5 kDa, pI = 4.7−5.1), FGN (340 kDa, pI =
5.5−6.0), and LYZ (14.3 kDa, pI = 11.0). The adsorbed protein mass
was measured by the in situ OWLS method.

As a first experimental step, the sensor surface was conditioned
with PBS (baseline), and then a flow of BSA dissolved in PBS at a
concentration of 2 mg/mL was applied (30 min, 1 μL/s flow rate;
adsorption phase). Finally, PBS flow was applied again until reaching

Figure 3.Method used for cell adhesion experiments on the cRGDfK-printed CMD surface, where microprinting was performed with the FluidFM
technique (source of micropipette’s electron microscopy image: courtesy from Cytosurge AG).
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a stable signal (washing). The described phases were consecutively
applied with 2 mg/mL solutions of FGN and LYZ, respectively.
2.4.2. Microlithography by the FluidFM BOT Technology. The

methodology of sample preparation and FluidFM printing combined
with cell adhesion experiments is illustrated in Figure 3. As a first step
of the experiment, the carboxylic groups of the CMD layer prepared
on the glass slide (Figure 3, step 1) were activated by EDC and NHS
reagents (step 2). The aqueous solution of the reagents (0.2 M EDC,
0.2 M NHS) was pipetted on the center of the surface, and the drop
was incubated for 30 min at room temperature. Followed by a rinse
with ultrapure water, the surface was gently blown with nitrogen
stream, and the sample was immediately mounted in the x,y-stage of
the FluidFM BOT.
The reservoir of the FluidFM micropipette was filled using a

Hamilton syringe with an aqueous phosphate buffered solution of 10
mg/mL cRGDfK and 0.5 mM AF (step 3). The solution was then
driven into the microchannel of the cantilever by an applied pressure
of 1000 mbar. The printing started with moving the probe over the
surface (z-movement) and reaching a setpoint of 15 mV. A set of
parameters used for the printing process are detailed in the
Supporting Information. Three types of patterns were printed,
including spots positioned as grid points (i), parallel lines (“line
array”, ii) as well as another line pattern, forming a grid (iii) (step 4).
As the AF-containing prints were fluorescently active, each pattern
could be checked by the fluorescent microscope and the results of
printing could be rapidly assessed (step 5). The method also allowed
to precisely determine the pattern positions. Afterward, the samples
were sliced, and the slide pieces were put in a six-well plate (illustrated
by just a simple Petri dish in Figure 3) for the subsequent cell
adhesion experiments.
2.4.3. Cell Adhesion Experiments. For preconditioning of sample

surfaces, 2.5 mL of cell-free DMEM was added to each well of a six-
well plate prior to cell seeding. Meanwhile, HeLa cells were harvested,
and cell suspension (250 μL, 2.5 × 106 mL−1) was added to each
well (for the cell maintenance protocol, see the Supporting
Information). Followed by sedimentation (ca. 10 min), the plate
containing the samples and added HeLa cells was moved into a
humidified incubator (Figure 3, step 6). After 1 h of incubation, the
floating cells were washed off. The samples were checked under the
phase contrast microscope to assess the actual phase of the cell
adhesion process. Afterward, additional 2−4 h incubation was applied
in order to complete the adhesion. As a final step, the samples were
washed with PBS, and the cells were fixed using paraformaldehyde
solution (step 7). The fixed cell patterns were examined by phase
contrast microscopy, and microscope images were recorded using 5×,
10×, and 40× objective lenses.
In separate cell adhesion experiments, the adhesion process was

real-time monitored by DHM (HoloMonitor M4) according to our
previously developed in situ setup.38 Briefly, a rubber O-ring was
placed on a selected area of the printed sample, and 140 μL of HeLa
cell suspension containing 1.4 × 104 cells was pipetted into the inside
area surrounded by the O-ring. A cover glass slide was placed on top
of the O-ring, and the sample was positioned in the focus of the
holographic microscope. 3D structures of cells were visualized by
sample illumination with 0.1 mW/cm2 He−Ne laser (635 nm). The
interference pattern was recorded as a hologram on a digital sensor.
The images were captured in every 5 min inside a humidified
incubator.

3. RESULTS AND DISCUSSION

3.1. Characterization of CMD Layers. 3.1.1. Thickness,
Cross-Linking Degree, and Wetting Behavior. The CMD
layers were prepared using various spin-coating rotational
speeds to control their thickness. We developed an
ellipsometric optical model in order to evaluate the obtained
Ψ and Δ spectra and determine the thickness of dry CMD
layers. The optical model and its applications in the
characterization of spin-coated CMD layers (measurement of

optical properties and thickness) can be found in our previous
paper.12

CMD thickness values resulting from the ellipsometric
evaluation are shown in Figure 4, representing both the

deposited (unwashed) CMD layer and the remaining
(washed) layer, prepared at different spin-coating rotational
speeds. The rotational speed significantly affected the CMD
layer thickness with decreasing thickness tendency as the
rotational speed was increasing (as expected), and it was found
that the thickness could be controlled in the range of 100−200
nm. However, washing the layers considerably decreased the
thickness (thickness loss of ca. 80%), and the thickness of the
resulting (remaining) layers was found to be in the range of
10−50 nm.
The AFM measurements revealed that the surface of both

washed and unwashed samples was very smooth, which are
indicated by the surface roughness values below 1 nm (see
Figure S1 in the Supporting Information).
The composition of CMD hydrogel layers was analyzed by

XPS aiming to detect the presence of P atoms and thus
determine the cross-linking degree. As only the STMP cross-
linker molecules incorporated P atoms among the applied
reagents, the detection of P could demonstrate the presence of
cross-links. The analysis method we applied for the evaluation
is detailed in the Supporting Information, and the resulting
elemental composition of CMD samples can be seen in Figure
S2. It was confirmed that the detected P signal in the
completely rinsed sample originated from the P content of
covalent cross-links, and the determined 0.2−0.4% P content
corresponded to a cross-linking degree of around 5%.
The resulting CAs for both the aminosilane and CMD

surfaces are shown in Figure 5. The advancing CA values of
CMD surfaces were in the range of 10−30°. It was found that
after water drop deposition, the drop shape remarkably varied
in time. A typical result of the dynamic CA measurements can
be seen in Figure 5A. The relaxation of CA was shown to be
evident and, as a result of water absorption, the CA presented
significant decrease as a function of measurement time. This

Figure 4. CMD layer thickness as a function of applied spin-coating
rotational speeds. The height values of the top (light orange) columns
represent the thickness of CMD layers as prepared. The height values
of the bottom (dark orange) columns correspond to the thickness of
the remaining layers. Each top value was averaged from data collected
on three parallel samples and at the nine middle positions of each
sample. The minimum and maximum thickness values are indicated
by the given error bars.
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observation demonstrates a typical characteristic of hydrogels
verifying the hydrogel nature of the CMD layers.
3.1.2. Protein-Repellent Ability. The results of protein

adsorption (NSB) tests performed on spin-coated (A) and
ultrathin (B) CMD layers and monitored by the in situ OWLS
technique are shown in Figure 6. The protein-repellent ability
of the layers was evaluated by the amount (surface mass
density) of proteins adsorbed. On the basis of the comparison
of data measured on CMD surfaces with reference measure-
ments, which were carried out on the unmodified SiO2−TiO2
substrate surface, it can be concluded that the CMD layer
suppressed the adsorbed protein mass by about 1 order of
magnitude. The slightly greater adsorbed mass values of LYZ
are interpreted by the net positive charge of protein molecules
(pI = 11.0), which resulted in higher attraction to the CMD
chains (the pKa value of CMD is around 3)39 at the applied
conditions (PBS medium, pH 7.4). Compared with the two
types of CMD layers, the ultrathin coatings showed a slightly
better NSB-resistant ability; however, the difference was not
significant.
3.2. Results of Cell Micropatterning on CMD Surfaces.

The CMD layers were printed with cRGDfK−AF patterns
employing the FluidFM BOT setup to mediate cell adhesion
by the patterns. The prints were examined by optical
microscopy techniques. To receive a feedback about the
printing and determine the pattern positions, the patterns had
been checked in fluorescent mode before the samples were
incubated with HeLa cells. After cell adhesion, phase contrast
microscopy was applied to examine the adhered cells. Figure 7
presents two separate spot patterns indicated by SP1 and SP2,
whereas Figure 8 shows three separate arrays of lines indicated

Figure 5. Water CAs on aminosilane and CMD surfaces. The top left inset image in A shows an aminosilylated sample (indicated by the green
asterisk), and the images in the bottom half correspond to a spin-coated CMD sample (blue squares). Graph A shows the variation of CA as a
function of time, representing the dynamic wetting properties of CMD hydrogel layers. B is an enlarged image from A, corresponding to the last
measured point.

Figure 6. Adsorbed protein masses obtained from in situ OWLS-monitored NSB experiments on spin-coated (A) and ultrathin (B) CMD layers.
The colors of curves represent the different proteins (BSA, FGN, and LYZ) used at 2 mg/mL concentration in the adsorption experiments.
Whereas the solid lines indicate the data measured on CMD-covered surfaces, the dashed lines correspond to the data measured on the unmodified
SiO2−TiO2 substrate surface.

Figure 7. Fluorescent and phase contrast microscope images of two
separate spot patterns (SP1 and SP2). The fluorescent images (row
F) were captured before the incubation of samples in cell culture.
After the adhesion of HeLa cells and subsequent fixation, the same
patterns were captured by a phase contrast microscope (row C) in the
same positions as used in the case of fluorescent images. The images
were taken using 5×, 10×, and 40× objective lenses (as indicated by
the header).
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by LP1, LP2, and LP3. The fluorescent and phase contrast
images were captured in the same positions, providing effective
comparison of the patterns before and after their incubation in
cell culture. Images 1−4 (LP1) and 5−8 (LP2) in Figure 8
were captured on arrays of lines, which were printed with a
maximal line length of 6.5 mm. To make these long lines
visible, images from a large area were recorded and merged.
Figure 9 presents two merged images of 4−4 smaller snapshots
captured on the 6.5 mm long lines (LP1 and LP2). In these
patterns, the cRGDfK−AF lines were printed with varying
separation distances in order to investigate the minimum
distance at which the lines of adhered cells remained separated
and distinct. According to the observations, a distance of 60
μm was still enough for the separation (see Δ1 and Δ2
distances). As the LP2 b area of Figure 9 demonstrates, the cell
patterns fused only when the cRGDfK patterns also merged

supposedly caused by the convergence of the deposited
solution patterns in the CMD layer.
As it can be seen in the images of Figure 9especially in

image LP2wide oval-shaped cell area appeared at the certain
ends of each line (indicated by a and b). These shapes were
formed at the end of the line-printing process, when the
micropipette was retracted to return to its starting position.
During the retraction, some remaining solution leaked from
the micropipette, increasing the deposited volume. The
increased volume of the deposited solution is confirmed by
the fluorescent images (Figure 8, images 9 and 10). The size of
the area varied, and in effect, it depended on the actual
condition of the micropipette, rather than the used printing
parameters. The micropipette condition was sometimes
disturbed by uncertain parameters, such as remaining solution
and/or attached surface contaminations.
Figure 10 shows seven selected images from a time-lapse

video that was recorded in situ using the DHM technique
during the adhesion process. The results obtained from the
combined FluidFM printingcell adhesion experiments
expressively proved the advantageous features of the developed
CMD layers. The layer was amenable for the covalent
attachment of cRGDfK motifs (easy-to-functionalize ability),
it provided visible contrast between the printed and non-
printed areas (cell-repellent vs biomimicking ability), and,
modified with cRGDfK, it was an appropriate support for the
adhered cells (ECM-like features). It is also worth highlighting
that the cell adhesion experiments were performed in a serum-

Figure 8. Fluorescent and phase contrast microscope images of three
separate line patterns (LP1, LP2, and LP3). The fluorescent images
(row F) were captured before the incubation of samples in cell
culture. After the adhesion of HeLa cells and subsequent fixation, the
same patterns were captured by a phase contrast microscope (row C)
in the same positions as used in the case of fluorescent images (except
LP3, at which the F and C images belong to similar but not to the
same patterns). The images were taken using 5×, 10×, and 40×
objective lenses (as indicated by the header). Note, in the case of
images 11−13 (LP3), the small white dots are silicon oil
contaminations that appeared during the cell fixation process because
of the disassembly of the measurement chamber after the
HoloMonitor experiment.

Figure 9. Phase contrast microscope images of two separate line
patterns (LP1 and LP2), captured after the adhesion of HeLa cells on
the cRGDfK-printed CMD surface. To have full images on the 5 and
6.5 mm long line patterns, 4−4 snapshots were merged to obtain the
full-size images of LP1 and LP2. The blurry dark patches are caused
by painted markers, which were used to facilitate the positioning of
patterns. (a,b) Increased volume of printed cRGDfK−AF solution at
the end of lines. (b) Fused lines of cells caused by the converged
printed solution. (Δ1, Δ2) Line separation distances, demonstrating
that the cells of the separate lines did not fuse when certain distances
were reached (Δ1: 68 μm, Δ2: 58 μm).
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containing medium. Serum proteins adsorbed on a surface
could easily turn an originally cell-repellent layer to highly cell-
adhesive. Consequently, if the adsorption of the proteins had
occurred, cell adhesion should have been observed. As a result,
the strong cell-repellent ability (as verified by the cell adhesion
experiments) was an indirect proof of the protein-repellent
ability of the CMD layer.
The behavior of cells on the printed line arrays was

quantified using data obtained from DHM measurements. The
increasing number of cells in the inset graph of image 7 (Figure
10) shows that the cells could proliferate on the cRGDfK-
functionalized lines.
To characterize the migration abilities, four individual cells

were selected on the captured DHM images and tracked
throughout the applied incubation time (36 h) (see Figure
11A). As indicated by the colored lines representing the
migrated path of the tracked cells, while cell nos. 1 and 2
migrated around a relatively small area, the linear distance
between the end and initial position of cell nos. 3 and 4 was
several times greater [on average 31 μm (nos. 1 and 2) versus
137 μm (nos. 3 and 4), respectively]. This observation was due
to the fact that while the initial position of cell nos. 1 and 2 was
on a cRGDfK line, cell nos. 3 and 4 were on a cRGDfK-free
area, forcing them to migrate onto the closest area function-
alized with cRGDfK motifs. The migrated path of the tracked
cells relative to their initial position can be seen in graph B of
Figure 11. Herein, the inset graph represents the migrated
linear distance of cells measured between their initial and final
positions.

4. SUMMARY AND CONCLUSIONS
In this study, we have presented the development of cell
micropatterns on CMD-based hydrogel surfaces using the
FluidFM BOT technology. We have shown that the new type

of chemically cross-linked CMD hydrogel layers provided
suitable support for FluidFM-based cell patterning experiments
demonstrating their potential applications in cell-on-a-chip or
tissue-on-a-chip biosensors. The presence of covalent cross-
links in the hydrogel layers was verified (cross-linking degree:
5%), and the thickness of the stable CMD layers was
determined to be in the range of 10−50 nm. The protein-
repellent ability was verified by in situ OWLS measurements. It
was shown that the CMD layer suppressed the adsorption of
serum proteins by 1 order of magnitude compared to the
unmodified SiO2−TiO2 reference surfaces.
Exploiting the advantageous properties of the developed

CMD hydrogel layers, cell adhesion mediating cRGDfK
molecules were printed onto CMD surfaces by the FluidFM
BOT technology. The adhesion of living cells on the patterns
was monitored by phase contrast microscopy and DHM. The
analysis of DHM images revealed that the cells, initially
deposited on a cRGDfK-printed line, showed random
migration around their initial position. In contrast, other
cells with initial positions distant from cRGDfK lines migrated
along a specific direction until reaching the closest cRGDfK-
covered area.
We demonstrated that the FluidFM can be efficiently used

for printing micro-scale patterns of biomolecules on large
millimeter−centimeter-scale surface areas in various pattern
geometries. The printing was performed directly from liquid
phase with few minutes of processing time. These unique
features of bioprinting technology are of high importance in
the field of single-cell analysis and manipulation. The
significance can be found in the case of those plate-based
biochemical assays and biosensors, where the ability to perform

Figure 10. DHM images captured during the proceeding cell
adhesion on the cRGDfK-printed CMD surface. The images were
extracted from a time-lapse recording obtained by HoloMonitor M4.
The images relate to the following incubation times: (1) 0 h (start),
(2) 5, (3) 11.5, (4) 16, (5) 28.5, (6) 33 h, and (7) 36 h (end). The
inset graph of image 7 represents the increasing number of
proliferating cells (cell count) during the observation time. Note
the field view was fixed at 558 × 558 μm, limiting the complete
observation of the millimeter long lines.

Figure 11. Tracking the migration of four individual cells using
HoloMonitor M4. (A) Holographic microscope image captured at the
36th hour of incubation. The paths migrated by the tracked cells from
their initial position are indicated by colored lines. While the initial
position of cell nos. 1 and 2 was on a printed cRGDfK line, cell nos. 3
and 4 started their migration from a cRGDfK-free area (see the arrows
indicating the direction of migration). (B) Graph representing the
positions and migrated path of the tracked cells relative to their initial
position (coordinate (0,0)). The colored stars indicate the final
position of the cells. The inset graph of plot B shows the linear
distance between the initial and the end position of the tracked cells.
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fast, versatile, automated, and large-scale surface modifications
is crucial.
Because of the possibility of printing micron-scale cellular

patterns on millimeter- and centimeter-scale areas, the
developed methodologies are especially suitable for high-
throughput screening applications in combination with novel
biosensor technologies.40−43
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(40) Orgovan, N.; Peter, B.; Bősze, S.; Ramsden, J. J.; Szabo,́ B.;
Horvath, R. Dependence of Cancer Cell Adhesion Kinetics on
Integrin Ligand Surface Density Measured by a High-Throughput
Label-Free Resonant Waveguide Grating Biosensor. Sci. Rep. 2014, 4,
4034.
(41) Peter, B.; Farkas, E.; Forgacs, E.; Saftics, A.; Kovacs, B.;
Kurunczi, S.; Szekacs, I.; Csampai, A.; Bosze, S.; Horvath, R. Green
Tea Polyphenol Tailors Cell Adhesivity of RGD Displaying Surfaces:
Multicomponent Models Monitored Optically. Sci. Rep. 2017, 7,
42220.
(42) Farkas, E.; Szekacs, A.; Kovacs, B.; Olah, M.; Horvath, R.;
Szekacs, I. Label-Free Optical Biosensor for Real-Time Monitoring
the Cytotoxicity of Xenobiotics: A Proof of Principle Study on
Glyphosate. J. Hazard. Mater. 2018, 351, 80−89.
(43) Peter, B.; Lagzi, I.; Teraji, S.; Nakanishi, H.; Cervenak, L.;
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