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ABSTRACT This work investigates droplet-evaporated cellulose nanofiber (CNF) alignment and
cell responses on CNF surfaces. Surfaces of unmodified (u-), anionic (a-), and cationic (c-) CNFs
were fabricated using an evaporation-induced droplet-casting method and characterized in terms
of degree of orientation. Circular variance (CV) values obtained using Cytospectre software to
analyze the degree of orientation from AFM images showed a significantly higher degree of
orientation on c- and u-CNF surfaces (average CV 0.27 and 0.24, respectively) compared to aCNF surfaces (average CV 0.76). Quantitative analysis of surface roughness plots obtained from
AFM images confirmed the difference between the direction of alignment versus the direction
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perpendicular to alignment. AFM images as well as observations during droplet evaporation
indicated c-CNF alignment parallel to a dry-boundary line during droplet evaporation. Fibroblasts
were cultured on the u-, a- and c-CNF surfaces with or without a fibronectin (FN) coating for 48
h, and the cell response was evaluated in terms of cell viability, proliferation, morphology, and
degree of orientation. Cell viability and proliferation were comparable to that on a control surface
on the a-CNF and c-CNF surfaces. Although an FN coating slightly enhanced cell growth on the
studied surfaces, uncoated a-CNF and c-CNF surfaces were able to support cell growth as well.
The results showed cell orientation on aligned c-CNF surfaces, a finding that could be further
utilized when guiding the growth of cells. We also showed that the alignment direction of c-CNFs
and thus the cell orientation direction can be controlled with a contact-dispensing technique.
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1 Introduction
An anisotropic architecture in most native extracellular matrices (ECMs) of tissues or organs is
important for tissue function1, 2. An organized structure that mimics the topographical structures
provided by fibrous components of ECMs is therefore believed to be crucial in order to mimic as
closely as possible the native ECM for guiding cell growth or tissue regeneration 1, 3, 4. Artificial
organized structures can be used, for example, in the improved repair process of neural damages,
since the structures act as cell guidance structures leading to improved cellular differentiation and
axonal reconstruction5, 6. Although a three-dimensional scaffold is often required for the
regeneration of tissues, a single cell layer with aligned structures can initiate the development of
an organized structure of cell layers and tissues, such as cornea, vascular media, and dermis7.
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It is also well known that surface topography influences cell behavior8–10. It can strongly
influence the polarity of cells through a process known as contact guidance10–12. Multiple cell types
elongate and align parallel to artificial nanogrooves and nanoridges13–19. Actin and other
cytoskeletal elements organize in an orientation parallel to the artificial structures, resulting in the
elongation and alignment of the cell20.
Methods of producing aligning channels, grooves, and surfaces include deep reactive ion
etching21, electron beam lithography22,

23

, direct laser writing24, using a femtosecond laser25,

photolithography26, plasma dry etching27, dual etching and bioprinting28, and electrospinning1.
Electrospinning is used to align fibrous structures, which are of significant interest for tissueengineering purposes1,

29–32

. Aligned nanofibrous structures have shown superior capacity in

shaping cell morphology, guiding cell migration, and affecting cell differentiation when compared
to other types of structures both in vitro and in vivo1, 32–34. Cells, their cytoskeletons, and their
nuclei have been shown to align and elongate parallel to the fiber axes, when cultured on aligned
fibers35. The challenge is to create an aligned porous 3D structure of fibers with a diameter
identical to that of native ECM fibers (a diameter less than 100 nm, preferably in the range of 10–
50 nm)1, 2, 36, 37. Currently, a technically effortless and energy efficient technique for creating
aligned substrate layers for the initiation of organized structure development is missing7, 38, 39.
Cellulose, the most abundant polymer on earth, is renewable, biodegradable, and nontoxic40, as
it consists of anhydroglucose linked together by β-1,4 linkages41. The mechanical disintegration
of wood fibers produces cellulose nanofibrils (CNFs) with a length in the micrometer range and a
width in the nanometer range (10–100 nm)40, 42. Amorphous and crystalline cellulosic regions can
be separated via acid hydrolysis that degrades the amorphous regions, yielding cellulose
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nanocrystals (CNCs)41. In addition to plant resources, some bacteria produce nanocellulose,
referred to as bacterial nanocellulose (BC)43.
An increasing demand for renewable and sustainable resources favors the utilization of plant
cellulose40, and the advantage of CNFs is that they can be processed at an industrial scale at a
relatively low cost42, 43, and produced with a variety of functional groups and using several
industrially attractive processes44. Several reviews report on the utilization of plant-derived CNFs
in composites, as a paper and paperboard additive, and in barrier coatings, food, transparent films,
aerogels, absorbents, and biomedical applications40, 42, 45–48. In addition, CNFs are an interesting
biological fibrous material for cell culturing applications because of their abundancy, their nonanimal biological origin, several chemical modification and functionalization possibilities through
the hydroxyl groups on the sugar moieties, their ECM-mimicking fiber dimensions, the possibility
for controlled enzymatic degradation, and the possibility of forming aligned topographies41, 42, 49–
52

. Other unique properties of CNFs include their crystallinity, rheological properties, barrier

properties, low density, mechanical strength, and mechanical reinforcement capability41,

42

.

Chemical modification can improve the processability and performance of CNFs 53, for example,
by enabling the dispersion of CNFs in most nonpolar polymer matrices47, and can bring
advantageous biological properties, such as a resemblance to natural ECM or the addition of
bioactive agents on the backbone53. Additionally, chemically added charged groups have an effect
on the physicochemical properties of CNFs52.
Although plant-derived CNFs have been extensively studied for a wide range of applications,
there are few investigations of their interaction with biological systems, compared to the
corresponding studies of the utilization of BC. The biocompatibility of plant-derived CNFs has
been demonstrated in many studies49, 54–59, and more. The surface modification of nanocellulose has
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been shown to have a direct effect on the biological responses of living cells in contact with
nanocellulose substrates. Human dermal fibroblasts showed a measurable effect on their
proliferation and morphology when the effects of changes in nanocellulose surface topography,
chemistry, and charge were studied59. Hua et al.57 have shown an improved cytocompatibility of
2,3-epoxypropyltrimethylammonium chloride (EPTMAC)-modified cationic CNFs. Hua et al.56
already suggested that CNF fiber alignment might have an advantageous effect on cell adhesion
and spreading. They observed fiber alignment with anionically charged CNF films that had been
oxidized with 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO), prepared by vacuum filtration.
They controlled the number of negatively charged groups and found that increased surface charge
resulted in increased unidirectional fiber alignment.56 In addition, He et al.60 have observed cellular
alignment on an aligned nanofiber scaffold fabricated with electrospinning.
Aligning nanoparticles with the aim of obtaining unique properties and functions is an interesting
research area in the field of designing and creating advanced materials for biomedical
applications8,

61, 62

. Significant efforts have been made to obtain aligned, ECM-mimicking

nanofibrous structures for cell culturing substrates1. As mentioned above, cellulose nanofibers are
unique and promising natural fibers with several remarkable properties; their properties can be
enhanced by aligning the CNFs51, 52, thus achieving the reinforcement of composite materials or
guiding cell growth with a controlled fiber orientation63. Compared to CNCs, the alignment of
CNFs is limited due to their physical dimensions, their micro-scale length being the most important
limiting factor64. To date, a number of methods to align CNFs, including shearing salt- or acidinduced CNF gels51, 65, cold drawing66, shear-convective assembly67, electrospinning60, 68, wet
spinning69, 70, wet stretching71, 72, and applying magnetic73 or AC electric fields74, have been used.
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It is a known phenomenon that nanoparticle droplet drying may result in the formation of ordered
patterns on the substrate, depending on the mode of solvent evaporation, which is described in
more detail elsewhere61. A droplet casting method has been successfully used for the self-assembly
of polymers, proteins, graphene, and nanoparticles such as carbon nanotubes and metal oxides61.
It has been suggested that self-alignment behavior depends on the nanoparticle charge and length,
the colloidal stability of the dispersion, and the evaporation temperature. In addition, the degree of
the alignment may be controlled by changing the ionic strength and pH of the solvent 52, 65, 75, 76.
Surface tension torque77 and evaporation-driven self-assembly78 have been shown to control the
alignment of CNCs but a review of the literature revealed that there is no report on the selforientational capacity of CNFs induced by the surface tension torque, evaporation-driven selfassembly, or orientation of charged CNFs in an evaporating droplet meniscus.
Here, we present a strategy to produce aligned CNF structures by using the evaporation-induced
droplet-casting method. The method described in this paper is simple, quick, efficient, and safe,
compared to the above-mentioned methods used to align CNFs, which require more time, high
energy consumption, a high level of technical expertise, and, oftentimes, expensive proprietary
technology77. A further aim is to investigate the interaction of cells and CNF surfaces possessing
different properties, such as different charges and different surface topographies, as well as
different surface chemical groups linked to the backbone of the sugar molecule. The cell growth,
morphology, and degree of orientation are investigated on unmodified (u-), anionic (a-), and
cationic (c-) CNF surfaces, and on aligned versus unaligned surface areas.
2 Materials and Methods
2.1 Chemicals and biomolecules
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The following biochemicals were purchased from VWR (Helsinki, Finland) and used as received
or reconstituted according to the manufacturer’s instructions: Dulbecco’s Modified Eagle Medium
(DMEM) high glucose, w/o L-glutamine, w/o sodium pyruvate (Biowest, L0101); Dulbecco’s
phosphate buffered saline (PBS) w/o calcium, w/o magnesium (Biowest, L0615); trypsin-EDTA
1x w/o calcium, w/o magnesium, w/ phenol red (Biowest, L0930); L-glutamine 100x, 200 mM
(Biowest, X0550); American fetal bovine serum (Biowest S1520); penicillin-streptomycin
solution 100x (Biowest L0022); AlamarBlue® cell viability reagent (G-Biosciences, CAS No.
62758-13-8); and dimethyl sulfoxide (DMSO; AppliChem, CAS No. 67-68-5). Human fibronectin
was received from the University of Tampere (The Protein Dynamics Group, Prof. Hytönen),
where it was purified in house using immobilized gelatin affinity chromatography.
2.2 Preparation of materials
2.2.1 Cellulose nanomaterials
Bleached and never-dried cellulose kraft pulps were used for the production of CNFs. Three
different CNF grades were produced: native (u-CNF), anionic (a-CNF), and cationic (c-CNF). The
native grade (u-CNF) was produced from hardwood pulp, which was converted to the sodium form
prior to fibrillation79. After ion exchange, the pulp was soaked at 1.7% consistency and dispersed
using a high-shear Ystral X50/10 Dispermix mixer for 10 min at 2000 rpm. Next the pulp
suspension was pre-refined in a grinder (Supermasscolloider MKZA10-15J, Masuko Sangyo Co.,
Japan) at 1500 rpm. The specific energy consumption in the pre-refining was 2.0 kWh/kg dry pulp.
The pre-refined pulp suspension was supplied into a Microfluidics microfluidizer type M110-EH.
The first pass was supplied through chambers having a diameter of 400 µm and 200 µm. The next
nine passes were through 400 µm and 100 µm chambers. The gel was produced after ten passes,
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and the operating pressure was 1800 bar. The fiber slurry became a homogeneous and viscous gel
after the mechanical treatment, with a final solid content of 1.5%.
The anionic grade (a-CNF) was produced from softwood kraft pulp using TEMPO-mediated
oxidation. The chemical pretreatment was carried out according to the method applied by Saito et
al.80. TEMPO (0.1 mmol/g) and NaBr (1 mmol/g) were used to catalyze the oxidation reaction
with NaClO (5 mmol/g). The pH was kept at 10.5 by adding 1 M NaOH during the reaction. When
the pH stopped decreasing, the reaction was stopped by adding ethanol into the oxidized pulp
suspension. Finally, the pH was adjusted to 7 by adding 1 M HCl. The oxidized pulp was washed
with deionized water by filtration and stored in a fridge before fibrillation. The carboxyl content
of the oxidized pulp was determined using conductometric titration according to the method
described by Saito et al.80. The oxidized pulp was soaked at 1.5% solids and dispersed using a
high-shear Ystral X50/10 Dispermix mixer for 10 min at 2000 rpm. The pulp suspension was then
fed into a Microfluidics microfluidizer type M110-EH at 1800 bar pressure. The suspension went
twice through the chambers with diameters 400 µm and 100 µm. After the first pass, the gel was
further diluted to 1% consistency and then fed into the microfluidizer the second time. The final
product formed a viscous and transparent hydrogel with a final dry material content of 1.16 % and
a charge value of 1 mmol/g dry pulp.
The cationic grade (c-CNF) was made of hardwood kraft pulp. Cationization was conducted
similarly to that of Bendoraitiene et al.81, who reported the cationization of starch using EPTMAC
(Raisacat, Chemigate) as a cationizing agent. The pulp was first concentrated in an oven to 63%
dry matter content. The reaction mixture was prepared from 140 mL of Raisacat, 2 g of aqueous
solution of NaOH (5%), and 2.3 mL of water. The ingredients were thoroughly mixed, and 50 mL
of water was added to the mixture, which was warmed to 45°C. The pulp (167g) was added to the
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mixture, and it was stirred for 24 h at a high cellulose consistency with a CV Helicone Mix Flow
(Design Integrated Technology USA Inc.) reactor. After the reaction, the cationic pulp was washed
with 500 mL of ethanol, 500 mL of tetrahydrofuran (THF), and 1000 mL of water. It was dispersed
and fibrillated with the same method used with the anionic grade, but the fibrillation consistency
was kept at 2%. The final product formed a highly viscous and transparent hydrogel with a final
dry material content of 2.01%. The degree of substitution was analyzed according to Bendoraitiene
et al.81 and was 0.35.
2.2.2 Preparation of CNF surfaces
Samples of u-CNF, a-CNF, and c-CNF gels were prepared as 0.15w% (W/v) solutions in MilliQ water and sonicated for 2 min at 20% amplitude using a SONICS Vibra cell TM VCX 750
ultrasonic processor (Sonics & Materials, Inc., USA). In order to remove large nanofibrils, the
sonicated samples were centrifuged at 10,000 g for 60 min (Thermo Scientific SL 8), and the
supernatant was used for the experiments.
Glass cover plates were cleaned by several immersions in 70% ethanol before coating. To
achieve better adhesion between the CNFs and the glass, clean glass surfaces were coated with
polyvinylamine (PVAm) by dispensing 300 µL of 1 mg/mL polymer solution on the surfaces,
followed by a 15 min incubation at room temperature and washing with deionized water. PVAmcoated surfaces were not allowed to dry before adding 2 or 200 µL of 0.15w% sonicated and
centrifuged u-CNF, a-CNF, or c-CNF solution. CNF surfaces were prepared by a droplet-drying
process carried out by dropping 2 or 200 µL of the dispersions onto the glass cover plates as
droplets or “printing” on the surface as lines in a process similar to contact printing. Surfaces were
dried in an oven (UN55, Memmert GmbH + Co. KG, Schwabach, Germany) at 60°C or at varying
temperatures (37°C–60°C) on top of an ITO heat plate (H401-Glass-K-Frame, OkoLab)

9

compatible with an optical microscope and controlled with an H401-T controller (OkoLab). CNFcoated surfaces and cleaned control glass cover plate surfaces were exposed to ultraviolet light
(UV) for 60 min before cell seeding. Triplicates of u-CNF, a-CNF, c-CNF, and the control surfaces
were used in the characterization and cell experiments. In addition, triplicates of the corresponding
surfaces were coated with fibronectin (FN) for comparison in the cell experiments. FN solution
with a concentration of 10 µg/mL was applied to the triplicate u-CNF, a-CNF, c-CNF, and control
surfaces for 60 min at room temperature. Thereafter, the FN solution was removed, and the
surfaces were washed three times with PBS solution before cell culturing. The FN-coated surfaces
were not allowed to dry before adding the cell suspension on the surfaces.
In addition to the droplet-casting method, c-CNF samples were dispensed on a surface in a
process similar to contact printing. Preparation of the PVAm coating was performed as described
above. PVAm-coated surfaces were not allowed to dry before dispensing a line of 2 µL c-CNF
solution using a pipette in contact with the coated glass cover plate surface placed on the top of
the ITO heat plate; this was then allowed to dry at 60°C, followed by an exposure to UV for 60
min before cell seeding. The sample types used in the cell experiments are summarized in Table
1. The operation process of the evaporated CNF surfaces is illustrated in Figure 1.
Table 1. Surfaces and their abbreviations used in the cell culturing experiments.
Surface name

Surface description

u-CNF (FN)

unmodified
native
CNF, droplet casted

a-CNF (FN)

anionic,
TEMPOoxidized CNF, droplet
casted

c-CNF (FN)

cationic CNF, droplet
casted
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or c-CNF

oriented
c-CNF,
contact dispensed

positive control (FN)

uncoated glass cover
plate

negative control

uncoated glass cover
plate, 5% DMSO in
growth medium

FN after the sample abbreviation denotes an FN coating on the corresponding surface. The
samples were prepared in triplicate with or without the FN coating for each experiment, as
described in the text.

Figure 1. Operation process used for the preparation of the CNF coatings using droplet casting and
contact dispensing methods. Droplet casting results in a droplet, while contact dispensing results
in a line or narrow rectangular shape.
2.3 Characterization of u-CNF, a-CNF, c-CNF samples
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The CNF grades used in this study have been previously characterized for turbidity82, pH,
consistency, conductivity, and shear viscosity83, as well as for dry fibril thickness using atomic
force microscopy (AFM)84, dry fibril width using field emission scanning electron microscopy
(FE-SEM)79, 84, and morphology of the stained samples using optical microscopy (OM)82.
2.4 Characterization of droplet-evaporated CNF surfaces and droplet evaporation
2.4.1 Atomic force microscopy (AFM)
To observe the fiber dimensions and fiber arrangement on the droplet-evaporated CNF surfaces,
AFM (XE-100, Park Systems, USA) scanning was performed in a tapping mode using a standard
ACTA AFM probe (AFMprobe, USA) with a resolution of 256 x 256 pixels. Images were analyzed
and post-processed using AFM image processing software XEI (Park Systems, USA), MATLAB
R2106a (The MathWorks, Inc., USA) and CytoSpectre85. XEI was used to obtain the arithmetic
average height parameter (Ra) from several points (n = 27) of the AFM images. Surface roughness
was analyzed with MATLAB from selected AFM scans separately in horizontal (rows) and vertical
(columns) directions. This resulted in 256 data groups (n = 256) in each direction. A spacing
parameter called high spot count (HSC), described elsewhere86, was obtained from the horizontal
and vertical roughness plots in order to distinguish the horizontal repetition over aligned and more
random surfaces. In the HSC determination, we set the “selected level” parameter86 as 10% of the
height of the highest peak above the zero average line. The “average wavelength” (λa) parameter86
was obtained to estimate the spacing and the length scale of the repetitive aligned structure. The
fiber alignment was quantified using the spectral analysis of orientation method provided by the
CytoSpectre software, described in Section 2.6.
2.4.2 Helium ion microscopy (HIM)
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To observe the surface topography of the CNF surfaces used in the cell experiments, helium ion
microscopy (HIM; Orion NanoFab, Zeiss, Germany) was conducted using a 45° or 60° angle
between the sample surface and helium beam, a working distance (eucentric distance) of 8.9 mm
or 19 mm, and 0.3 pA helium ion beam power. The electron beam produced by the flood gun was
used to compensate for the charging of the sample surface. The image size was 2048 x 2048 pixels,
and a 1 µs dwell time and 128x averaging was used.
2.4.3 Optical microscopy
The droplet evaporation of the c-CNF droplets (described in detail in Section 2.4.5) as well as
droplet-evaporated and contact-dispensed CNF surfaces was viewed with an optical microscope
(Zeiss AxioObserver.Z1, Germany). The glass cover plates were placed on the ITO heat plate
during drying of the CNF surfaces at controlled temperatures of 37, 42, 47, 52, and 57°C. Post
processing of the pictures was done in ImageJ.
2.4.4 Contact angle measurement
Wetting of the u-CNF (n = 8), a-CNF (n = 12), and c-CNF (n = 12) surfaces was analyzed by
the sessile drop method, using an OCA-15 plus optical goniometer (Dataphysics Instruments
GmbH, Germany). A 2 µL drop of deionized water was dispensed on the edge of the dropletevaporated CNF surfaces (200 µL), and the resulting side profile photograph of the droplet was
captured with the goniometer to determine the static contact angle.
2.4.5 Droplet evaporation dynamics
To observe the evaporation dynamics using image-based analysis, we conducted and recorded
droplet evaporation. Evaporation was investigated from two view angles using an inverted
microscope (Zeiss AxioObserver.Z1, Germany) and an OCA-15 plus goniometer (Dataphysics
Instruments GmbH, Germany) in order to obtain detailed information on the evaporation. In order
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to understand the evaporation process of the c-CNF droplet, deionized water evaporation on
PVAm coated and uncoated glass cover plate was investigated as controls. Water evaporation on
glass provides a standard reference, while the water evaporation on the PVAm coating provides a
control for the c-CNF evaporation on the PVAm coating.
A heat plate (at 60°C) was placed on a microscope stand. A glass cover plate was used as a
substrate, as described in Section “2.2.2 Preparation of CNF surfaces”, and was treated
accordingly. 0.5 µL 0.15w% c-CNF and deionized water droplets were applied on PVAm coated
glass cover plates and on uncoated glass cover plates. Subsequently, the evaporation of the droplets
was recorded under OM using frame intervals between 11 and 51 ms. Each experimental set up
(c-CNF on PVAm and deionized water on glass and PVAm) was repeated at least three times.
Image-based analysis was conducted on the recorded data to show the displacement of the contact
line as a function of time (during evaporation).
The evaporation of the droplet was characterized by tracking and plotting the propagation of the
right and left edges of the droplet towards the centre of the droplet, as a function of time. A dark
droplet was clearly discernible from its light background, and a binary image of each frame was
formed by appropriate thresholding. The edge was then located from each binary image with 0.5
pixel accuracy. The pixel size was 1.17µm. The location of the centre of the droplet was
determined from the last frame in which the droplet was present before it vanished. A more detailed
description is given in associated content H.
In the contact angle measurements using the goniometer, a 2 µL drop of 0.15 w% c-CNF and
deionized water was dispensed on the PVAm coated and uncoated glass cover plate substrates, and
the resulting side profile photographs were recorded using a frame interval 1 s to enable a detailed
analysis of the contact angle and the contact line behavior during evaporation. Each experimental
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setup (c-CNF on PVAm and deionized water on glass and PVAm) was repeated at least six times.
The recorded data was used to determine the contact angle and the width of the droplet base (mm)
as a function of time.
2.5 Cell culture and evaluation of cell response to CNF surfaces
Mouse embryonic fibroblasts (MEFs) originally obtained from Wolfgang H. Ziegler (Hannover
Medical School, Hannover, Germany) were cultured in DMEM high glucose medium
supplemented with 10% (v/v) fetal bovine serum, 1% L-glutamine, 1% P/S (100 IU/mL penicillin,
100 µg/mL streptomycin) in a humidified atmosphere of 95% air and 5% CO2 at 37°C. Cells were
harvested using a trypsin-EDTA treatment and counted using a Bruker’s chamber. Cell
experiments were performed in passage 15-20.
2.5.1 AlamarBlue Assay
The AlamarBlue® Cell Viability Assay Reagent was used to quantify cellular metabolic activity
and, thus, to evaluate the concentration of viable cells in a given sample. The metabolic activity
(conversion of resazurin into resofurin) of cells adhered to the CNF surfaces was determined by
the AlamarBlue assay by seeding the CNF surfaces with the cell suspension with a density of 1.2
x 105 cells/mL. As a negative control, cells were seeded at the same density in 5% DMSO. As a
positive control, a glass cover plate surface was used. After 44 h of culturing, the CNF substrates
were transferred to a new 24-well plate. Then, 50 µL of AlamarBlue solution and 450 µL of
medium were added to the wells (tot. 500 µL) and incubated at 37°C, 5% CO2 in a humidified
atmosphere for 5 h ± 1 h. The fluorescence intensity was read at a 560 nm excitation wavelength
and 590 nm emission wavelength by using a spectrofluorometer (Envision UV/VIS, Perkin Elmer).
The results are expressed in arbitrary units and reported as mean value ± standard deviation of the
mean for n = 3. In addition, nanocellulose surfaces without cells were exposed to the AlamarBlue
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reagent to confirm that there was no interaction between the AlamarBlue reagent and nanocellulose
surfaces. Hua et al.59 reported no interactions between AlamarBlue and their nanocellulose films,
and no interactions were detected in this study.
2.5.2 Characterization of cellular growth using optical microscopy
In addition to cell viability, tested with the AlamarBlue reagent, cell adhesion, spreading, and
proliferation, as well as cell morphology on the CNF surfaces, were viewed using a live cell
imaging system providing stable incubation at 37°C and 5% CO2 (Cell-IQ, CM Technologies,
Finland). Approximately 1.2 x 105 cells/mL were plated on triplicate u-CNF, a-CNF, c-CNF, and
control surfaces and incubated in Cell-IQ for 48 h ± 2 h, while cells were observed and tile images
were recorded. Tile matrices (3x3 or 4x4) covered either the entire area of evaporated droplets or
a subset of this area, the contact-dispensed lines, or the control surfaces, and each tile image was
recorded from a predetermined position approximately every 30–90 min. After the experiments,
the cell numbers, proliferation, and cell morphology were evaluated from the images obtained
using the optical microscope in the Cell IQ imaging system. The number of living cells was
manually counted from the optical microscope images to estimate cellular growth and
proliferation. The cell number was calculated from nanocellulose and reference surfaces 2 h after
plating and after a 48 h cultivation period. The ratio of the cell numbers after 2 and 48 h culturing
periods was reduced from one, and the obtained value describing the cell proliferation was
compared for different surfaces and with the cell viability results. The closer the value is to one,
the better the cell proliferation. The cell numbers were calculated from at least 12 images per time
point.
2.6 Quantification of cell and CNF alignment
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A spectral orientation analysis tool (CytoSpectre85) was used to characterize the degree of
alignment of the cells on the CNF and control surfaces. Cytospectre is a software tool for the
analysis of orientation and wavelength distributions from micrographs. The software utilizes the
Fourier transform to estimate the power spectrum of an image and, based on the spectrum,
computes parameter values describing, among others, the mean orientation and isotropy. Here,
circular variance (CV) values are used to determine the degree of cell orientation from micrographs
obtained from live cell imaging experiments and the degree of fiber orientation from AFM
amplitude images of CNF surfaces. A circular variance is a measure of the isotropy of the
orientation distribution, the value zero corresponding to perfect alignment of all oriented structures
along a single line and the value one corresponding to a perfect lack of a dominant orientation. In
addition to CV values, orientation plots are obtained from the software in order to point out the
orientation direction in the example images.
3 Results and Discussion
An evaporation-induced droplet-casting method was investigated in order to produce selfaligned CNF surfaces. First, we report the previously determined properties of u-CNF, a-CNF, and
c-CNF grades. Next, we show the degree of alignment of the corresponding droplet-evaporated
CNF surfaces and explain the alignment mechanism based on the investigations of the droplet
evaporation. Finally, we show cell viability, growth, morphology, and degree of alignment on the
droplet-evaporated CNF surfaces. We also report the possibility of controlling the orientation of
the c-CNFs and thus the cells by altering the shape of the evaporating boundary line of the c-CNF
solution.
3.1 Characterization of CNF grades
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Previously determined turbidity, pH, consistency, conductivity, and shear viscosity of the CNFs
used in this paper are summarized in Table 2 and discussed in this section.
Table 2. Characterization card of CNF grades.
Character

Unit

u-CNF

a-CNF

Bleached HW TEMPO
kraft
pulp

Pulp

c-CNF
SW Bleached HW
kraft

Turbiditya

NTU

130

6

23

pH

pH

7.0

7.5

8.1

Consistency

%

1.50

1.16

2.01

Conductivity

µS/cm

54

794

2080

Shear
viscosityb,
1/s

Pa·s

0.6

4.4

0.7

10

a NTU scale 0-1000 NTU. Transparent 0, opaque 1000. Consistency 0.01%.
b Anton Paar MCR301, ST22-4V vane spindle, consistency 0.5%, T=23°C.
HW=hardwood, SW=softwood
CNF grades were previously characterized using OM and scanning electron microscopy (SEM).
Results are summarized here to provide an overview of the samples, and later to interpret the
results obtained in this study. An overview of the u-CNF, a-CNF, and c-CNF samples,
macrostructures, and homogeneities was obtained using an optical microscope. A stained u-CNF
sample (Figure 2a) appears with some unrefined fibers, while unrefined fibers are not observed in
the a-CNF sample (Figure 2b), indicating a more homogeneous sample. The c-CNF sample (Figure
2c) possessed unrefined fibers, larger fiber fragments, and fibrous particles with small dimensions
providing a more coarse and heterogeneous surface. Turbidity values (Table 2) of the CNF grades
confirm the observations made with the optical microscope, indicating that the fibril widths are
largest in u-CNF samples and smallest in a-CNF samples. The previously performed AFM image
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analysis revealed increasing dry fibril thickness84 from c-CNF to a-CNF to u-CNF samples. For uCNF the mean fibril thickness values have been between 20-30 nm and for the c-CNF and a-CNF
between 10-15 nm84. These results are in line with our SEM observations (Figure 3). In general,
the higher the fiber charge, the smaller the fibril diameter of a CNF84.

Figure 2. Optical microscope images of u-CNF (a), a-CNF (b), and c-CNF (c) samples stained
using Congo red 0.5% and Toluidine blue 0.1%. The optical microscope characterization is
described in more detail elsewhere82.
Previous SEM images79 provide an overview of the structural and dimensional appearance of uCNF, a-CNF, and c-CNF samples. The u-CNF sample (Figure 3a) formed porous and bulkier
fibrillary networks and possessed a larger fibril width than the a-CNF (Figure 3b) and c-CNF
(Figure 3c) samples, which both formed a smoother layer of fibrils, confirming the OM studies.
The finer fibril structure and water removal properties of the charged samples could result in a
smoother film formation.

Figure 3. SEM images of u-CNF (a), a-CNF (b), and c-CNF (c) samples.
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3.2 Characterization of droplet-evaporated CNF surfaces
3.2.1 Spectral orientation analysis from AFM images
AFM scanning was performed on u-CNF, a-CNF, and c-CNF surfaces (Figure 4) to obtain
information on the fiber arrangement and surface topography of the droplet-evaporated surfaces.
Besides visual inspection, fiber alignment was evaluated from the AFM images using two different
techniques: spectral analysis of orientation and quantitative analyses of surface roughness plots.
Aligned fibers were detected on u-CNF (Figure 4a) and c-CNF (Figure 4e) surfaces, while the
observed orientation was lower on the a-CNF surface (Figure 4c), an observation that was
confirmed with the orientation plots of the corresponding surfaces and the average CV values,
provided in Figure 4g. Orientation plots confirm the orientation direction, while CV values
describe the degree of orientation. As seen from previously obtained shear viscosity values of the
CNF grades (Table 2), u-CNF and c-CNF samples are less viscous, which might have an influence
on fiber alignment during droplet evaporation.
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Figure 4. AFM amplitude images of (a) u-CNF (1 µm x 1 µm), (c) a-CNF (1.5 x1.5 µm), and (e)
c-CNF (1.5 x 1.5 µm) surfaces show the arrangement of CNFs on the droplet-evaporated surfaces.
Orientation plots of (b) u-CNF, (d) a-CNF, and (f) c-CNF surfaces are obtained from the AFM
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images using the analyzing software (Cytospectre85). (g) Average CVs (n = 3) describe the isotropy
(degree of orientation). Value zero corresponds to perfect alignment of all oriented structures along
a single line. Value one corresponds to a perfect lack of a dominant orientation.
The surfaces were scanned from several local regions outside the center area and in the center
region of the evaporated c-CNF droplets, referred to as the peripheral and center areas,
respectively, later in the text. Examples of the scanned areas and the corresponding AFM
amplitude images are presented in Figure 5. A higher degree of orientation (average circular
variance 0.27) was detected when scanning was performed on the peripheral area of the evaporated
droplet on the c-CNF surface, than on the center area (average circular variance 0.64). A higher
degree of orientation in the peripheral area may be a result of the alignment of the fibers parallel
to the contact line during droplet evaporation, as shown in the sketch of an evaporated droplet
presented in Figure 5; this will be discussed later.

Figure 5. AFM amplitude images (1.5 x 1.5 µm above, 1 x 1 µm below) from the peripheral area
(left) and center area (right) of the sketched evaporated c-CNF droplet. Images are scanned on
separate evaporated droplets, 2 µL (above) and 200 µL (below). The peripheral area has a
noticeable fiber orientation, while the center area has a lower degree of orientation.
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3.2.2 Quantitative analysis of surface roughness plots
The arithmetic average height parameter (Ra) value was used to describe the overall roughness
of the droplet-evaporated surfaces. The Ra values presented in Table 3 indicate relatively smooth
surfaces, especially in the peripheral area of the evaporated droplets. In addition to differences in
the fiber arrangement between the peripheral and center areas of c-CNF surfaces (Figure 5), Ra
values obtained in the center area of the c-CNF surfaces (Table 3) indicate variation between the
peripheral and center areas also in respect to the surface roughness.
Table 3. Surface roughness values obtained from AFM amplitude scans in vertical and horizontal
directions.
Ra (nm) Ra (nm) Ra (nm) Ra
u-CNF
a-CNF
c-CNF
(nm)
peripheral peripheral peripheral cCNF
center
Vertical
(n=27)

5.60

4.56

5.67

10.70

Horizontal 5.68
(n=27)

4.52

5.30

11.07

In addition to the spectral analysis of the orientation, fiber alignment was evaluated using a
quantitative analysis (Figure 6) of surface roughness plots obtained from AFM images of aligned
c-CNF (Figure 6a) and more random a-CNF (Figure 6c) surfaces. An AFM image of the a-CNF
(Figure 6c) surface with a lower degree of orientation represents a control surface. Surface
roughness plots obtained from AFM images of the aligned c-CNF surface (Figure 6b) were
different in the directions parallel to the assumed fiber orientation (horizontal) and perpendicular
to the fiber orientation (vertical). However, surface roughness (measured with Ra) was similar in
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both directions, 5.67 nm and 5.30 nm, respectively (Table 3); the peaks in the roughness plot
appeared more frequently perpendicular to the assumed alignment than parallel to the assumed
alignment (Figure 6b).
The observed differences in the roughness plots parallel and perpendicular to the assumed
alignment could be the result of aligned and tightly packed fibers. Such a difference was not
detected when control roughness plots (Figure 6d) were analyzed. The spacing parameter HSC
was obtained from the roughness plots in order to distinguish a possible periodicity over the
aligned c-CNF surface versus the control a-CNF surface. The HSC obtained from roughness plots
(n = 256) in both horizontal and vertical directions (Figure 6f) confirmed the periodicity over the
aligned surfaces. The average HSC (Figure 6g) is 1.93 times higher in the roughness plots of the
c-CNF surface in the direction perpendicular to the assumed fiber direction than parallel to the
assumed fiber alignment, which could be a result of evenly aligned and tightly packed fibers. The
corresponding ratio of the average HSC for the control is 1.28, indicating a smaller difference in
the roughness plots. Similar results were obtained with a quantitative analysis conducted using the
average wavelength parameter (λa; Figures 6g–h), which is a measure of the spacing between local
peaks and valleys, taking into consideration their relative amplitudes and individual spatial
frequencies86. From the curves (Figure 6g) we can also see smaller variations through the image
(n = 256) perpendicular to alignment, indicating regular spacing between the adjacent peaks, and
thus regularly arranged fibers. Average λa (Figure 6h) is 2.02 times higher in the roughness plots
of the c-CNF surface parallel to alignment than in that perpendicular to alignment. This is because
fibers are more tightly packed perpendicular to alignment and therefore the spacings between
adjacent peaks in the roughness plot are closer to each other. The corresponding ratio of average
λa for the control is 1.27, indicating a smaller variation in the distance of the peaks in the control
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roughness plots. The parameter λa thus allows us to obtain a rough estimate of the size of the
periodic structure in the aligned sample, which is approximately 65 nm.
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a)

b)

c)

d)

e)

f)

g)

h)

Figure 6. AFM amplitude images of (a) c-CNF (aligned) and (c) a-CNF (oriented) surfaces.
Surface roughness plots obtained from the center area (0.8 µm) of the corresponding AFM scans,
aligned (b) and control (d), in the horizontal and vertical directions, respectively. Peaks of the
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roughness curves are determined according to the rules described in the methods section. The HSC
selected level parameter86 is added to the roughness plots in which 0 corresponds to the average
value. (e) HSCs obtained from all vertical (n = 256) and horizontal (n = 256) roughness plots. (f)
Average HSC (n = 256) and standard deviations. (g) Average wavelength (λa) parameters obtained
from all vertical (n = 256) and horizontal (n = 256) roughness plots. (h) Average of λa (n = 256)
and standard deviations.
3.2.2 HIM imaging
HIM imaging provided an overview of the surface topography and the cross-section of the
droplet-evaporated u-CNF, a-CNF, and c-CNF surfaces (Figure 7). Smooth u-CNF (Figure 7a) and
c-CNF (Figure 7g) surfaces detected from the surface roughness results (Table 3) were confirmed
using HIM. Detection of the alignment on c-CNF surfaces (Figure 7h) was challenging due to the
smoothness of the surfaces, with low surface roughness values and tightly packed fibers, which
result in poor contrast in HIM images of the aligned surfaces. A crystalline surface is observed in
the center area of the a-CNF sample (Figures 7d–f). The cross-sections of scratched u-CNF
(Figures 7b–c) and c-CNF (Figure 7i) surfaces indicate that these surfaces consist of several CNF
layers. When scratched, u-CNF and c-CNF coatings stratify without degrading and form ordered
folds, visible in the HIM images (Figures 7b, 7c, and 7i).
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a)

b)

c)

d)

e)

f)

g)

h)

i)

Figure 7. HIM images of u-CNF (a–c), a-CNF (d–f), and c-CNF (g–i) surfaces. A pleated c-CNF
structure on the edge (top right corner) of the evaporated droplet (g), and a scratched c-CNF surface
with a pleated structure (i). The CV value in (h) is 0.40.
3.3 Mechanism of droplet evaporation and subsequent alignment of the fibers along the
boundary line
In order to explain the phenomenon behind the observed fiber alignment, droplet evaporation of
a c-CNF solution was imaged under an optical microscope. The aim was to observe whether
evaporation occurs with a pinned or unpinned boundary line, knowledge that is needed to explain
the governing alignment phenomenon during droplet evaporation. A pinned boundary line would
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cause the formation of a “coffee ring” deposit, which is a result of the outward capillary flow
during water evaporation. Alternating pinning and depinning of the line, also referred to as “stickslip” motion, would result in the formation of concentric rings after complete evaporation of the
solution.
The evaporation of the droplets on the heat plate (at 60°C) are shown in Videos A-E (associated
content), reconstructed from the side profile images (Video A, B and C) recorded with a
goniometer, and from inverted microscopy images (Video D and E). In addition, snapshots from
the videos are represented in Figures 8 and 9, respectively. Analysis results from the recorded
images are presented in Figures 10 and 11. While Figure 10 shows the contact angles and the
diameters of the contact bases of the droplets, Figure 11 presents the displacement of the droplet
contact line as a function of time.
a)

b)

c)

Figure 8. Snapshots captured during evaporation using goniometer. a) c-CNF on PVAm (video
A), b) deionized water on PVAm (Video B), and c) deionized water on glass (video C).
a)
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b)

c)

Figure 9. Snapshots captured during evaporation using inverted microscope. a) c-CNF on PVAm
(video D), b) deionized water on PVAm, and c) deionized water on glass (video E).
The constant contact line (CCL) mode (described in87) observed in the beginning of evaporation
is similar in all studied droplets, as detected from the contact base diameter values recorded from
the droplet side profiles (Videos A-C in associated content, and Figures 8 and 10). The constant
contact line is apparent also in the displacement plots of the contact lines in Figure 11. A decrease
in the contact angle is detected simultaneously with the constant position of the contact line (Figure
10). Thus, in the beginning the contact angle is changing while the location of the contact line
remains constant. However, differences in the contact line behavior arise as the contact line begins
to move. The evaporation of c-CNF droplets is remarkably different from that of the water droplets
after the contact line begins to move. Relatively steady displacement of the c-CNF contact line is
observed through the evaporation (Video D in Associated content). After the CCL mode, we
observe no constant contact angle (CCA) mode in the evaporating c-CNF droplet (Figure 10a).
Instead, the contact angle slightly increases after it has reached its minimum value, indicating a
mixed mode. Deionized water droplets, however, undergo the CCL-CCA transition very clearly,
which is observable from Figures 10b-c. The contact line is not moving (i.e. the height of the
droplet decreases), and the contact angle decreases in the CCL mode. In the CCA mode, the contact

30

line is moving and thus the contact base diameter decreases, and the contact angle remains
relatively unaltered (Figures 10b-c). As can be seen from Figure 10, the CCL-CCA transition is
more distinct for the evaporating deionized water droplet on uncoated glass (Figure 10c) compared
to that on PVAm coated glass (Figure 10b).
The evaporation dynamics is significantly different between the c-CNF and deionized water
droplets on PVAm coated glass. Videos D and E (in associated content) and the corresponding
image-based analyses (Figure 11) depict the difference in the contact line movement of the c-CNF
and deionized water droplets, as the c-CNF droplet undergoes controlled shrinking towards the
center, while the contact line of the deionized water droplets experience severe pinning in random
places of the contact line. This can be seen from the displacement curves (Figures 11b-c), as the
right hand edge remains closer to the final center point than the left hand edge. This is shown very
clearly in Video E (associated content). The right hand edge of the droplet in these cases (Figures
11b-c) is pinned for long time, and the droplet shrinks towards this edge of the image, which is
also the reason for the defined center pixel to appear outside the original center of the applied
droplet. Controlled contact line movement is likely to be due to higher viscosity and higher surface
tension of the c-CNF droplets compared to that of deionized water. However, the effect of surface
tension, droplet concentration and surface roughness requires further investigations in order to
explain the evaporation mechanisms in more detail.
a)

b)

c)
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Figure 10. Time evolutions of contact angle and the diameter of the droplet contact base (mm)
analyzed using goniometer recordings in the case of a) c-CNF droplet (n=6) evaporation on PVAm
coated glass, b) dH2O droplet (n=6) evaporation on PVAm coated glass, and c) dH2O droplet
(n=6) evaporation on glass substrate.

a)

b)

c)

Figure 11. Distance of droplet edges from the center point analyzed using OM recording in the
case of a) c-CNF droplet evaporation on PVAm coated glass, b) dH2O droplet evaporation on
PVAm coated glass, and c) dH2O droplet evaporation on glass substrate. Distances are analysed
from points located at the right and left sides of the droplet edges.
Other studies88, 89 report the formation of a “coffee ring” during the evaporation of CNC droplets
but a lower degree of depinning events during the evaporation of CNF droplets. Our investigations
on CNF droplet evaporation are in accordance with these studies, when CNF depinning events are
considered. Real-time recordings and image-based analysis show a moving boundary line.
However, local pinning of the contact line caused by larger fibers can be observed from Video D
(associated content). This pinning is not, however, relevant, as the droplet continues its controlled
shrinking after passing the larger fiber. In order to detect even the slight pinning events of the
moving c-CNF contact line, all recorded frames captured with OM (at 11 ms interval) were
analyzed and the distance vs. time curve was zoomed into the pixel level. No pinning events were
detected in the 11 ms frame analysis.
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Based on AFM images, we suggest that fibers align parallel to the dry boundary line. This is in
accordance with the observations from the OM images captured from the droplet evaporated
surfaces dried at varying temperatures, as increasing temperatures during drying resulted in more
densely aligned structures along the circular evaporative surface (Figures 12a–b), which could
indicate the alignment of larger fiber aggregates at higher temperatures. Therefore, we suggest a
stronger alignment and aggregation of fibers at higher temperatures and evaporation rates. This is
in accordance with the study of Zhao et al.76 as they observed stronger clay nanotube orientation
at elevated temperatures. Lower temperature (25°C) resulted in random aggregation outside the
ordered “coffee-ring” area, as faster evaporation rates at elevated temperature (60-90°C) results in
good alignment in the whole droplet area, since shear viscosity decreases with increasing
temperature leading to faster self-assembly.76 A crystalline area appears at the center of the
evaporated c-CNF droplets (Figures 12a–c). During orientation, the adjacent cellulose chains come
closer to each other, possibly forming larger aggregated and aligned fibers in several layers,
observable in optical microscope images. The suggested alignment mechanism is discussed in
more detail in Section 3.4. Alignment is more visible in the presence of liquid (Figures 12d–f),
which is probably caused by illuminating the sample at an oblique angle through the phase annulus.
As an attempt to control the orientation pattern, a contact-dispensing technique was used to make
a straight c-CNF line on a PVAm-coated glass cover plate surface at ≥80°C. As a result, more
densely aligned fiber aggregates formed in the boundaries along the contact-dispensed line
(Figures 12g–i), indicating the possibility of controlling the orientation direction with a controlled
dispensing system. However, these highly aggregated aligned areas were not beneficial for cell
attachment and growth (unpublished data), and therefore the evaporation of surfaces for cell
experiments was conducted at 60°C, which still provided aligned straight lines.
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Figure 12. Optical microscope images of droplet-evaporated c-CNF surfaces at 37°C (a) and at
57°C on an ITO heat plate (b). Center area of the evaporated c-CNF surface (c). Ordered c-CNF
surface incubated in DMEM (d–f). Contact-dispensed surfaces (g–i) evaporated at >80°C.
3.4. Alignment mechanism
In this study, the alignment mechanism is similar to that of Maskhour et al.77, who studied CNCs,
also called cellulose nanowhiskers. That study explains that the self-assembly of CNCs is related
to the formation of a surface tension torque close to the dry-line boundary layer during evaporation
of a CNC suspension, where the surface tension torque is suggested to align CNCs tangential to
the dry-line boundary layer. Surface tension induces a rotating moment that might affect the
orientation of nanoparticles in suspension in the proximity of the dry-line boundary and align
nanoparticles parallel to the dry-line boundary. The surface tension gradient and surface
evaporation are the two main driving forces close to the dry-line boundary; they are thought to act
on the anisotropic CNCs, resulting in surface tension torques proportional to the length of the
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CNCs and the contact angle between the CNCs and the surface of the glass substrate, rotating the
CNCs and aligning them parallel to the dry-line boundary layer.77 Surface tension torque that
affects the particle and aligns it is given by the following equation described in77:
𝜏𝑠 = 𝑙𝐹𝑠 𝑠𝑖𝑛(𝜋⁄2 − β)
where l is the length of the particle meaning that longer particles are subject to the higher surface
tension torque. Fs is the magnitude of the surface tension force of the substrate. β is the angle
between the long axis of the affected particle and the dry-line boundary layer, and its magnitude
is variable between zero to π/2.77
We hypothesize that in the case of CNFs, the alignment process could be similar to that proposed
for CNCs, with some variation due to the CNFs’ longer length, which could limit the rotation of
the nanoparticle. During the observed CCL mode of evaporation, the droplet volume decreases,
and the CNFs will be subject to the Brownian motion of water molecules, which increases the local
concentration of CNFs at the droplet edge. This was also described in the case of clay nanotubes76
which have particle lengths closer to those of the CNFs than the smaller CNCs have. When CNFs
are close to the triple line, the surface tension torque acts on them. It is energetically favorable that
the CNFs will be located at the triple line as the surface free energy of the suspending liquid
reduces upon increase in CNF concentration77. The increased local concentration of CNFs at the
droplet periphery may align the CNFs parallel to the droplet edge. The other end of the CNF chain
could be pinned by the contact line in CCL mode in the beginning of the evaporation, which results
in geometrical constraints and a change in the axial flow direction of the fiber parallel to the edge.
This is probably due to the frictional force between the substrate and the fibers in suspension,
coupled with the accelerated evaporation at the boundary line. Thus, surface tension–induced and
flow-induced torque causes the axial flow direction of the CNFs to orientate parallel to the edge
in the periphery of the droplet, aligning the first CNFs. The subsequent alignment is likely caused
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by the capillary forces induced by the water during evaporation, as the fibers tend to adhere to and
align with adjacent fibers60. Cationically charged groups in the backbone of the cellulose
nanofibers make the fibers more hydrophilic, which strengthens the capillary forces that pull
adjacent fibrils closer to each other during drying. Hua et al.56 suggested that stronger capillary
forces were enhancing fibril alignment when anionically charged CNFs were vacuum filtrated, and
that this could be related to entropic effects and receding average distances between adjacent fibrils
as well as an increasing interfibrillar contact area.
In addition to particle concentration, length, surface charge, pH, salt concentrations, and
tempature76, substrate properties, such as roughness, wetting and surface tension, most likely affect
evaporation and alignment. Therefore, in order to understand the mechanism controlling the
alignment of CNFs during droplet evaporation, a wider investigation is yet required.
The self-orienting capacity of CNFs is not a well-described phenomenon. Alignment during
evaporation-induced self-assembly has been observed with CNCs77, 88, 89 but not with CNFs88, 89.
When analyzing the results of other studies, differences in nanocellulose origin, extraction
techniques, modifications, and experimental setups have to be considered. A thorough
understanding of the drying process of the nanoparticle solution, and a controlled manipulation of
the shape of the evaporating dry-line boundary, allow the controlled assembly of various particles
into intriguing, well-structured and well-aligned patterns.61, 90 Mashkour et al.77 suggested that
surface tension torque negatively affects attempts to align CNCs under magnetic and electric
fields, and that a considerable amount of energy would be required to align CNCs under these
fields, to overcome the surface tension torque when a liquid suspension evaporates to form the
final film; also, the final alignment would often be unsatisfactory. Similar challenges might arise
during active CNF alignment due to simultaneous forces acting on the self-aligning of CNFs.
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3.5 Cell response to CNF surfaces
3.5.1 Cell proliferation on CNF surfaces
Cell growth was examined on droplet-evaporated u-CNF, a-CNF, and c-CNF surfaces and the
corresponding FN-coated u-CNF (FN), a-CNF (FN), and c-CNF (FN) surfaces, as well as on the
contact-dispensed c-CNF surface. Cell numbers were manually determined from live cell images
taken 2 h after plating and after 48 h (Figure 13) of culturing. The results (Cell IQ proliferation
data) in Figure 14 show that MEFs cultured on the u-CNF, u-CNF (FN), and negative control
surfaces (5% DMSO) had poor viability and did not proliferate during the 48 h cultivation period.
The round cell morphology observed on the u-CNF (Figure 13b) and negative control (Figure 13c)
surfaces indicates poor attachment on both surfaces and therefore poor viability. However, the cell
growth was significantly improved on the positive control, a-CNF, and c-CNF surfaces as well as
on the corresponding FN-coated surfaces (Figure 14). MEFs on the oriented c-CNF surface
showed the highest proportional increase in cell number, comparable to the values found for the
positive FN-coated control, followed by the cells seeded on the FN-coated a-CNF, FN-coated cCNF, positive control, a-CNF, and c-CNF surfaces. According to the slight increase in cell
numbers, proliferation was slightly enhanced in all FN-coated surfaces compared to the
corresponding surfaces without the FN coating. MEFs cultured on the positive control surface
presented a round but notably adhered shape (Figure 13a). However, while cells cultured on aCNF surfaces (Figure 13d) are similar in morphology to those on the positive control surface, they
showed increased spreading in some areas. Cell morphology on the c-CNF surfaces showed even
more increased spreading (Figures 13e–f). The FN-coated surfaces followed the same trend as the
corresponding uncoated surfaces.
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Figure 13. Optical microscope images of MEFs cultivated on the positive control (a), u-CNF (b),
negative control (c), a-CNF (d), c-CNF (e), and oriented c-CNF (f) surfaces after 48 h of
cultivation. Surfaces of u-CNF (b), a-CNF (d), and c-CNF (e) were droplet evaporated, while the
oriented c-CNF surface (f) was contact dispensed.

Figure 14. Proliferation of MEF cultured on u-CNF, a-CNF, c-CNF, and the positive control
surfaces, the corresponding FN-coated surfaces, and the negative control (5% DMSO) and oriented
c-CNF surfaces. Surfaces of u-CNF, a-CNF, and c-CNF and the corresponding FN-coated CNF
surfaces (labeled FN) were droplet evaporated, while “or c-CNF” was contact dispensed.
3.5.2 Cell viability on CNF surfaces
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Viability of MEFs on different CNF surfaces was investigated using the AlamarBlue assay. The
AlamarBlue results, shown in Figure 15, showed a trend similar to the one found with the
proliferation data obtained with Cell IQ (Figure 14). Poor viability was observed on the u-CNF
surface; viability significantly increased on the u-CNF (FN) surface, but still remained lower than
the values for the positive control. The number of viable adherent cells found on the surfaces of
the c-CNF and a-CNF samples, as well as on the corresponding FN-coated surfaces, were
comparable with the values found for the positive control, thus indicating an improved
biocompatibility of the surfaces covered with charged CNFs (a-CNFs and c-CNFs) compared to
those covered with u-CNFs. No additional reactions between AlamarBlue and CNF surfaces were
observed when AlamarBlue was incubated with the CNF surfaces alone. Cell viability as well as
proliferation was slightly higher in the FN-coated samples than in the uncoated samples, in all
tested sample types.

Figure 15. Cell viability of MEF cultured on droplet-evaporated u-CNF, a-CNF, c-CNF, positive
control, and corresponding FN-coated surfaces, as well as the negative control (5% DMSO)
surface.
AlamarBlue is a metabolic assay originally developed to measure reagent cytotoxicity and
destabilization, but it is frequently used to assess cell numbers. Metabolic assays may not
accurately reflect cellular proliferation rates due to a miscorrelation of metabolic activity and cell
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number. This may result in the over-estimation of cell proliferation.91 Therefore, in addition to the
AlamarBlue viability test, microscopic observation of cell morphology and image-based
evaluation of cell numbers were routinely carried out during the assays. The AlamarBlue assay
indicates some metabolic activity in the u-CNF, u-CNF (FN), and negative control samples,
indicating that there are live cells in these samples. However, microscopic observation in Cell IQ
revealed a round, poorly attached cell morphology on the u-CNF and negative control surfaces
(Figures 13b and c, respectively) with no proliferation of cells; the cell number did not increase
during the 48 h cultivation period (Figure 14). In summary, the AlamarBlue results showed some
metabolic activity, indicating that the cells were still alive, but microscopic observations showed
that they were poorly attached. These results demonstrate, as recommended elsewhere91, that with
AlamarBlue assays it is important to simultaneously monitor cell growth with an optical
microscope.
The cell numbers on the a-CNF, c-CNF, positive control, and corresponding FN-coated surfaces
corresponded to the results obtained from viability tests, showing similar increases in cell number
and metabolic activity when uncoated and FN-coated surfaces were compared, and when different
CNF surfaces (either FN-coated or uncoated) were compared with each other and with positive
control surfaces. Results indicate a slight but observable enhancement of cell metabolic activity
and proliferation caused by the FN coating. The similar results of the proportional increase in cell
number and the amount of metabolic activity (measured with AlamarBlue) indicate the reliability
of results obtained with these two complementary methods in the cases of a-CNF, c-CNF, positive
control, and corresponding FN-coated surfaces.
A slight reduction in cellular proliferation was detected in most of the CNF surfaces compared
to the positive control surfaces, as judged by proliferation analyses and AlamarBlue assays. Our
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results are comparable to those of other studies, in which different CNF surfaces were found to be
suitable substrates for cell cultivation but with a slight reduction in cell proliferatione.g., 55, 92.
However, both Čolić et al.55 and Moreira et al.92 reported that the cells cultivated with CNFs
preserved their morphologies. Here, we obtained significant cell elongation on c-CNF surfaces,
discussed more in Section 3.5.4, which is the most significant difference compared to other studies.
The charged a-CNF and c-CNF surface was found to be suitable for cell cultivation (Figures 1315). Hua et al.59 studied surface modification effects, that is, changes in CNF surface topography,
chemistry, and charge during biological responses of human dermal fibroblasts, and demonstrated
that negatively charged CNF substrates promoted fibroblast adhesion and spreading, and
presented a more cytocompatible profile than positively charged and unmodified CNF surfaces.
However, different studies should be compared with caution due to differences in nanocellulose
origin, CNF preparation, substrate preparation, and the studied cell lines, among other factors.
3.5.3 Influence of material properties on cell growth
To explain the differences observed in cell viability, cell growth, and cell morphology on the
various CNF surfaces studied is a complex task. In general, there are several aspects that affect
cell adhesion to artificial materials, such as wettability, roughness, surface charge, and chemical
functionalities40. The dynamic contact angles of the u-CNF, a-CNF, and c-CNF surfaces used for
the cell experiments were 32.56, 29.64, and 67.70, respectively, which alone does not explain the
differences in cell growth. The remarkably higher contact angle value on the c-CNF surface may
have an effect on the adhesion and spreading of the cells, but this was not studied here at a
molecular level.
The surface roughness differences between the u-CNF, a-CNF, and c-CNF surfaces were
relatively small (Table 3). The surface charges of the u-CNF, a-CNF, and c-CNF surfaces most
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probably differ from each other, as the reported84, 93 zeta potential values for the corresponding
grades are -25, -69.5, and +41 mV, respectively. In addition, there are differences in chemical
functionalities due to the anionic and cationic groups substituted to the anhydroglucose units in
the a-CNF and c-CNF samples, respectively. Fiber dimensions, morphology, and arrangement
have an effect on cell adhesion. An aligned CNF structure, it has been suggested, improves cell
adhesion59. Further studies are required at a molecular level to explain cell adhesion on the studied
CNF surfaces in detail.
3.5.4 Cell orientation on aligned c-CNF surfaces
The morphology and orientation of the cells on different CNF surfaces were investigated using
an optical microscope (Figure 13) and spectral orientation analysis (Figure 16). Cells aligned in a
circular pattern on the droplet-evaporated c-CNF surfaces (Figures 13e and 17e, and Video F,
provided in the associated content). Cell alignment is clearly detectable in the peripheral areas of
the circular c-CNF surfaces, while cells in the central area remain in a random orientation (Figures
17d–f). This accords with our suggestion that CNFs align parallel to the evaporation line and
remain random in the center of the evaporated droplet. As an attempt to control the orientation
direction, a contact-dispensing c-CNF solution was used to make a straight c-CNF line, resulting
in aligned c-CNFs and thus unidirectionally aligned cells parallel to the c-CNF evaporation line
axis (Figure 13f, Figure 16c). The proliferation and orientation of the cells parallel to the boundary
line are shown in Videos F and G (associated content), reconstructed from the microscope images
during the 48 h cultivation period in Cell IQ. The possibility of controlling the orientation direction
of the cells is a key finding of this study.
We analyzed the cell orientation more quantitatively using spectral analysis and obtained results
comparable to those observed in the microscope images (Figures 13 and 16). On the a-CNF surface
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and on the positive control surface, no significant degree of orientation was present, as seen in the
microscope images (Figures 13a and d, respectively), and the average circular variance values
were 0.89 (n = 19) and 0.93 (n = 9), respectively (Figure 16a). On the c-CNF surfaces, the
orientation is clearly visible in the microscope images (Figures 13e–f), and the average circular
variance value is 0.39 (n = 33; Figure 16a). In addition to the average circular variance values,
Figure 16 presents example images with randomly oriented cells on the control surface and
oriented cells on the c-CNF surfaces (Figures 16b and c, respectively), and the corresponding
schematic orientation plots provided by the Cytospectre tool (Figures 16d and e, respectively).

Figure 16. (a) Average circular variances (shown with standard deviations) describe the isotropy
(degree of orientation) seen in OM images of MEFs on the c-CNF, a-CNF, and positive control
surfaces. Value zero corresponds to perfect alignment of all oriented structures along a single line.
Value one corresponds to a perfect lack of a dominant orientation. Examples of analyzed images
from the disoriented positive control (b) and oriented c-CNF (c) surfaces, and the corresponding
orientation plots (d and e, respectively) from the analyzing software (Cytospectre85).
The schematic in Figure 17b summarizes the assumed periodic topography of the dropletevaporated c-CNF surface and the corresponding orientation of the cells according to the
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evaporated droplet shape (Figure 17e). The c-CNF surface and therefore the cells align according
to the dried boundary line of the evaporated droplet in the peripheral areas (Figures 17a and d,
respectively), while CNFs and thus the cells in the central part of the dried area remain randomly
distributed (Figures 17c and f, respectively).

Figure 17. AFM amplitude images (1 µm x 1 µm) from the peripheral area (a) with a circular
variance of 0.38 and at the center area of the evaporated droplet (c) with a circular variance of
0.85. Cells cultivated on top of the peripheral (d) and center (f) areas. Sketched CNF alignment
direction parallel to the dry boundary line as the droplet evaporates (b), and the corresponding OM
image of cell orientation along the aligned CNFs (e).
4 Conclusions
We obtained aligned CNF surfaces by an easy droplet-evaporation method. We propose that the
alignment is based on the effects of surface tension torques and capillary forces during evaporation.
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We showed that the evaporation of c-CNF droplets significantly differ from the evaporation of
deionized water droplets, after the CCL mode in the beginning of evaporation. Further studies of
the alignment and evaporation process will be important in order to understand the phenomenon
and achieve more controlled oriented structures.
Although a 3D structure is often required to guide cell growth, even a single oriented layer can
be used to initiate the alignment of specific cell types. Alignment could be guided through several
layers by a single aligned basement surface. Aligned CNF surfaces have potential applications in
tissue engineering; for example, they have applications in the formation of an organized fibroblast
layer as feeder layers in stem cell applications; in the growth guidance of a specific cell type, and
3D scaffolds. They also have applications in coatings of implant materials; in wound healing
applications; and in studies of cell signaling mechanisms. Aligned CNF substrates are extremely
interesting substrates for tissue engineering since CNFs can be enzymatically degraded. In addition
to the biomedical applications, the orientation of CNFs is desirable in composites to improve the
stiffness and strength of the material. The described alignment method is not limited to a specific
application.
In this paper, we also proved that cell alignment occurs on the aligned c-CNF surfaces and
showed that the evaporation-induced droplet-casting method is an appealing and effortless method
to create cell-aligning substrates. We also studied the effect of different CNF surfaces on cell
responses. The cell responses were studied by proliferation analyses obtained from Cell IQ live
imaging experiments, and by the resazurin reduction to resofurin indicating cell viability
(AlamarBlue assays), morphological changes of cells in the cultures, and cell proliferation.
The cells either attached and aligned, attached and preserved a similar morphology to that in the
positive control surface, or did not attach on the CNF surfaces. Based on these results, we can
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conclude that a-CNF and c-CNF surfaces can be used as cell culturing substrates, the latter
promoting cell alignment. u-CNF is unsuitable for cell culturing, although adding functional or
biocompatible groups via the OH groups of the cellulose backbone might improve its
cytocompatibility.
We also demonstrated that cells can be seeded directly to charged CNF surfaces without the need
of a protein biocompatibility layer, although an FN coating slightly increased cell viability and
proliferation, compared to the CNF surface without the protein coating.
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