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Abstract  In this work we describe the manufactur-
ing of cellulosic, cell compatible scaffolds with an 
inherent 3D origami crease pattern for applications in 
cardiac tissue engineering. Different cellulosic mate-
rials were studied, among them cotton linters, fibers 
obtained from eucalyptus, pine, spruce and lyocell. 
Formed sheets made of cotton linters were chosen 
for further study due to the highest biocompatibility 
and mechanical properties best suited for cardiomyo-
cytes in wet and dry conditions: E - modulus of 0.8 
GPa, tensile strength of 4.7 MPa and tensile strength 
in wet environment of 2.28  MPa. Cell alignment is 
desired to achieve directional contraction of the car-
diac tissue, and several options were investigated to 
achieve fiber alignment, e.g. a dynamic sheet former 
and Rapid Köthen sheet former. Although the orien-
tation was minimal, cells cultured on the cellulose 

fibers grew and aligned along the fibers. Origami 
inspired crease patterns were applied to the cellulose 
scaffolds in order to introduce directional flexibility 
beneficial for cardiac contraction. The transfer of a 
Miura-ori crease pattern was successfully applied in 
two ways: folding of the dried sheet between PET 
foils pre-formed in a 3D printed mold, and in situ wet 
fiber molding on a 3D-patterned mesh mounted in the 
sheet former’s sieve section. The latter approach ena-
bles upscaling for potential mass production.

Keywords  Cardiac tissue engineering · Cellulose 
scaffold · Cytocompatibility · Volumetric origami 
constructs

Introduction

Tissue engineering is a rapidly growing field which 
aims to produce models for skin, heart, bone and 
eventually whole organs. In a first approach, the crea-
tion of tissue models for pharmacological research is 
envisioned, with a view to substantially reducing ani-
mal trials. Recent progress in biofabrication has ena-
bled the manufacturing of 3D tissue models through 
layer by layer deposition of cell-laden hydrogel onto 
scaffolds acting as cell culture support structures 
(Moroni et al. 2018).

Similarly, paper-based cell culture supports have 
been used for tissue engineering (Chen et  al. 2015; 
Juvonen et al. 2013; Ng et al. 2017; Park et al. 2014) 
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due to their capacity to wick liquids by capillarity, 
their porous matrix enabling the transport of nutrients 
and oxygen (Chen et al. 2015; Deka et al. 2020), as 
well as the availability of cell migration paths along 
the fibers (Mosadegh et  al. 2014, 2015; Ng et  al. 
2017; Wang et  al. 2015). Furthermore, paper scaf-
folds are foldable, mechanically flexible, easy to 
sterilize (Lantigua et al. 2017) and can be produced in 
large quantities at low cost (Juvonen et al. 2013) com-
pared to materials such as polymers, glass and metals 
(Juvonen et al. 2013; Lantigua et al. 2017). Different 
cellulosic materials have been used for paper based 
scaffolds (Lantigua et  al. 2017), for example, print 
paper from wood pulp has been used by Wang et al. 
to support beating cardiac tissue (Wang et al. 2015), 
cotton fibers have been employed to support cells 
from tissues such as cardiomyocytes, human breast 
cancer and other human cells (Ng et  al. 2017) and 
lyocell has been used as a scaffold for cartilage tissue 
engineering (Müller et  al. 2006). Recently, cellulose 
based paper has been used as a support in biofabrica-
tion (Ng et al. 2017) such as bioprinting (Derda et al. 
2011; Lantigua et al. 2017; Mosadegh et al. 2014; Ng 
et al. 2017; Wang et al. 2015).

A desired feature of cell culture scaffolds is the 
availability of alignment cues, both to guide and pro-
mote cell maturation (Parrag et  al. 2012; Wanjare 
et al. 2017). Alignment cues for neuronal cell cultures 
have been achieved by several techniques such as 
electrospinning (Rayatpisheh et al. 2014; Tseng et al. 
2013; Whited and Rylander 2014) or casting hydro-
gels onto molds containing nanometer sized grooves 
(Tsai et  al. 2017). Similarly, anisotropic alignment 
structures for cardiac cell cultures act as guides for 
directional muscle fiber growth and differentiation, 
resulting in directional and higher overall contrac-
tion forces (Kharaziha et al. 2013; Radisic et al. 2004; 
Wanjare et al. 2017). Cellulose fibers with a specific 
diameter might also function as alignment cues. Cell 
culture paper scaffolds with such intrinsic alignment 
cues would not require post fabrication steps and 
could thus easily mass be produced. However, almost 
all paper sheets made at lab, pilot and industrial 
scale have a mandatory fiber alignment given by the 
machine direction (MD) and the cross direction (CD) 
related forces involved in the elaboration process 
(Belle and Odermatt 2016; Kröling et  al. 2014). To 
achieve cellulose cell culture scaffolds with oriented 

fibers and tailored fiber diameters, current fabrication 
procedures need to be adapted.

Successful cell differentiation and maturation often 
depend on the mechanical characteristics of the sup-
porting cell scaffold (Moroni et  al. 2018). By intro-
ducing crease patterns, the directional elongation 
potential and cross lateral stability of paper scaffolds 
can be adapted to match the desired tissue properties. 
Origami techniques have been used to introduce tai-
lored mechanical properties in cellulose scaffolds for 
engineered tissue (Li et al. 2020), drug delivery and 
catheters (Ahmed et al. 2020). Additional benefits of 
using origami techniques are the low material costs, 
scalability, versatility and the possibility to fold pla-
nar origami substrates into complex volumetric struc-
tures (Dudte et  al. 2016; Kuribayashi et  al. 2006; 
Li et  al. 2017; Rodrigues et  al. 2017; Woodruff and 
Filipov 2021, 2022) such as heart ventricles (Ahmed 
et  al. 2020). Cellulose scaffold manufacturing tech-
niques able to introduce origami crease pattern in a 
cost-effective manner would therefore be desirable.

This work aims to realize current cellulose based 
cell culture scaffolds suitable for a wide range of tis-
sues. It focuses on the cost-effective manufacturing 
of biocompatible and cell culture resistant cellulose 
scaffolds with fiber dimensions enabling aligned 
cell growth, fiber alignment for directionally tailored 
mechanical properties as well as in-process formation 
of origami crease patterns. This research is part of a 
larger project whose objective is the combination of 
cellulose scaffolds with layers of cardiac and vascular 
forming cells, enabling the engineering of cardiac tis-
sue for miniaturized heart models and cardiac patches 
for regenerative surgery.

Materials and methods

The fiber materials listed in Table 1 were used to pro-
duce the cellulose scaffolds. The cellulose used in this 
study came from bleached kraft pulps, the process 
can contain NaOH, O2, NaClO3, EDTA, SO2, H2O2, 
O3, MgSO4, CaO, Cd, Pb, Cu, Cr, Ni, Zn, suggesting 
that fibers can also contain traces of them. The bio-
compatibility and mechanical properties of the scaf-
folds were assessed to understand the role of cellulose 
in the final construct. The elaboration and procedures 
performed on the paper are described below.
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Paper elaboration

Papers were mainly produced using a Rapid Köthen 
sheet former from Gerd Senkel and a dynamic sheet 
former (DSF) from CanPa. The Rapid Köthen sys-
tem triggers a typical stochastic distribution of 
the fibers in normal use, whereas the DSF can be 
employed to induce fiber alignment by means of a 
rotational mesh in the form of a cylinder. For both 
methods paper sheets of 40  g m−2 were produced. 
Conditions for each method are described below.

Rapid Köthen sheet former

ISO 5269-2 norm was employed for paper sheet 
production. Waterborne diluted fibers (40  g L−1) 
were suspended in a cylindrical vessel and filled 
with water to the final volume of 6  L. The fibers 
were agitated using air-bubbling through the vessel 
for 5s followed by dewatering by vacuum. The fib-
ers were distributed on the bottom of the apparatus 
and collected by a metallic wire mesh (bronze top 
mesh supported by steel grid) into a wet mat, then 
transferred to a carrier board for further dewatering 
and drying.

Dynamic sheet former

A suspension of 0.23 wt% of solid content made up of 
fibers and water was sprayed with a flow rate of 9.9 L 
min−1 on a rotatory cylindrical mesh with a speed of 
1400  min−1. The excess water was removed by cen-
trifugal forces. The formed sheet was transferred to 
a carrier board where the wire was removed and the 
sheet was dewatered twice using pressure, and dried 
in a drum drier at 60 °C.

Origami design and 3D pattern transfer

Other features such as patterning can be added to the 
scaffolds without modifying the porosity and struc-
ture of the paper. Some of the most common origami 
crease patterns use for tessellation are Yoshimura pat-
tern, diagonal pattern, waterbomb base and Miura-ori 
pattern (Parnell 2021). For this study the Miura-ori 
origami fold pattern was applied to the paper, with 
the aim of increasing the freedom of contraction 
and stretching without unwanted warping. As shown 
in Fig.  1, the Miura-ori origami pattern is based on 
the tessellation of flat parallelograms which are mir-
ror reflected along the parallel direction and trans-
lated along the perpendicular direction, alternating 

Table 1   Cellulose fiber material composition and fiber dimensions

*Measurements performed under optical inspection in 10 samples

Sample N° Cellulose fiber composition Fiber width (µm) Fiber length (mm) Measured method provided 
by supplier

Supplier

1 Eucalyptus 100% 12 0.9 Fiber image analyzerFS5 Fibria
2 Pine 20–30%, spruce 70–80% 

(NBSK)
30 2.4–2.6 Kajaani MAP Mercer Pulp

3 Lodgepole pine 50–60%, 
White spruce 30–40%, sub-
alpine fir 5–10% (NBSK)

Other 0–10%

28–29 2.51 Kajaani FS200 Canfor

4 Pine 70–100%, spruce 0–30% 23.75 1.8 Kajaani FSA Metsä
5 Cotton linters 100% 18 ± 6.2 3 ± 0.9 Length stereo microscope 

reflected light ring light, 
width transmitted light 
brightfield*

Research purpose

6 10 wt % Lyocell fiber pro-
duced by a solvent spinning 
process. Raw material used 
is wood pulp derived from 
eucalyptus, pine and beech 
trees.

90 wt % Sample 2

12 10 Controlled process Lenzing
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between mountain and valley folds (Miura 1985; Reid 
et  al. 2017; Schenk et  al. 2011; Schenk and Guest 
2013). The contraction of the origami along the lon-
gitudinal direction will lead to a contraction along the 
axial direction ( Fig. 1).

The Miura-ori pattern therefore has a negative 
Poisson’s ratio as well as an anisotropic contraction 
ratio (lateral vs. longitudinal). These characteristics 
are key when engineering scaffolds for tissue engi-
neering, in particular for cardiac tissue which con-
tracts in all directions when moving (Kim et al. 2021). 
To further accentuate the contraction in one direc-
tion, the parallelogram side lengths were 300  μm, 
250  μm and angles were 35°, 55° respectively. This 
resulted in an auxetic structure with Poisson’s ratio of 
v = −0,65 with an anisotropic contraction ratio of 2.5 
which is in the range most appropriate for cardiac tis-
sue (Kapnisi et al. 2018). For proof of principle only 
one pattern was fabricated and assessed. However, all 
parallelogram dimensions and shapes can be used as 
the basis for a Miura-ori pattern scaffold for cardiac 
tissue engineering when satisfying a negative Pois-
son’s ratio and anisotropic contraction ration between 
1,9 and 3.9 (Kapnisi et al. 2018).

First prototypes of folded scaffolds were manufac-
tured by dry embossing (Method A, Fig. 2). In view 

of future mass production of origami scaffolds, a 
second more scalable approach for origami transfer 
was developed (Method B, Fig. 2). In both cases the 
templates contained the origami pattern with 30° fold 
angle.

Finally, the papers produced by either of the meth-
ods were stabilized by mounting them in a further 3D 
printed origami shape, wetted with gelatin hydrogel 
and enzymatically crosslinked in a cell culture incu-
bator. The origami scaffolds were then conserved in 
wet conditions in sterile filtered phosphate buffered 
saline solution for several weeks without degradation 
or dissolution. The two methods, to generate the 3D 
origami crease pattern on the paper, before mentioned 
are explained as followed and schematically repre-
sented on Fig. 2.

Method A, dry embossing

Two 75  μm thick PET foils were thermoplastically 
deformed (T = 80  °C, P = 100  g cm−2

, t = 1  h) into 
the Miura-ori pattern, by pressing between two pre-
viously 3D printed stamps (Formlabs, DentalSG) 
Fig.  3. The paper was sandwiched between the two 
Miura-ori patterned PET preforms and the sandwich 
was folded and unfolded until the desired pattern was 

Fig. 1   Schematic representation of Miura-ori origami pattern generated by the translation (red) and reflection (blue) of a rhombus. 
Longitudinal contraction of the Miura-ori pattern will lead to an axial contraction
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reached on the paper (Fig.  3b). The foils could be 
used several times.The folding and unfolding of the 
foil-paper-foil sandwich allowed the paper to slide 
into place during the folding process without tearing, 
as would have been the case if embossing with rigid 
stamps. To avoid tearing or thinning of the paper 
scaffolds during embossing, a dynamic 2 step pattern 
transfer similar to that used in the textile industry was 
adapted (Philpott 2012).

Method B: wet forming

The origami pattern was generated in situ during the 
wet paper forming process on a wire mesh containing 
the origami crease pattern in the sheet former’s drain-
ing section. Two approaches were used to produce the 
patterned wire mesh: the first variant employed a 3D 
printed origami shaped mesh (DentalSG, Formlabs) 
mounted on a standard wire mesh (Fig.  3c); In the 
second approach the 3D pattern was embossed into a 
standard wire mesh using 3D patterned stamps simi-
lar to the one used in method A (Fig. 3e). The sieved 
paper was dried on the modified mesh in the oven for 
15 min at 120 °C. Thereafter, the patterned paper was 
removed from the wire mesh (Fig. 3f).

Stabilization of the cellulose scaffold

To guarantee the structural stability of the cellulose 
scaffolds when kept in culture media for a prolonged 
time, they were fixed by the addition of hydrogel. The 
addition of hydrogel served two purposes, stabilize 
the cellulose paper in for long term cell culture and 
avoid its disassembling in single fibers. The folded 
scaffolds were therefore mounted on a 3D printed 
form with the same origami pattern and impregnated 
with 20  µl of 10%w/v gelatin (Porcine skin, Sigma 
Aldrich) solution including 1% v/v transglutaminase 
enzyme. The amount of the hydrogel in the papers 
was controlled by pipetting a specific volume of 
hydrogel to the paper such that the paper is not wet-
ted until the borders, condition needed for posterior 
manipulation of the scaffold. This ensured the full 
adsorption of the hydrogel into the scaffold. The 
assembly was allowed to enzymatically crosslink in a 
conventional cell culture incubator at 37 °C 5% CO2 
and 95% RH for 30  min. In addition, the hydrogel 
wetted paper was sandwiched/pressed between two 
polymeric foils during origami folding and crosslink-
ing, which further distributed and promoted the 
hydrogel absorption.

Fig. 2   Schematic depiction of the two Origami pattern trans-
fer methods used. Method A, dry embossing: The pattern is 
first transferred to a pair of plastic foils by hot embossing. The 
foils are used to transfer the origami pattern onto a cellulose 
sheet by pressure and constant folding and unfolding; Method 

B, wet transfer: the origami pattern is generated directly during 
paper formation onto a wire mesh containing the crease pat-
tern. The wire mesh was either formed by embossing a planar 
wire mesh, similar to the foils in method A or was directly 3D 
printed
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Mechanical properties of papers

Dry papers

The mechanical properties in MD and CD were first 
evaluated for the dry and un-stabilized papers. All 
samples were measured under controlled conditions 
(50% RH and 23 °C) according to ISO 187. The mass 
was measured using an analytical balance according 
to ISO 536. The thickness of the papers was meas-
ured with a Lorentzen & Wettre micrometer accord-
ing to EN ISO 12625-3. The specimen dimensions 
for the samples elaborated with the Rapid Köthen and 
DSF were 15  mm wide × 150  mm long (clamping 
length 100 mm). For each measurement 10 specimens 
were evaluated in a Lorentzen & Wettre tensile tester 

using a speed of 10  mm min−1 for the tensile test. 
DSF sheets were evaluated in MD and CD while the 
samples produced with the Rapid Köthen were evalu-
ated in random directions.

Wet papers

The mechanical properties of stabilized papers were 
assessed in wet conditions. For each material five 
wetted specimens were measured under the same 
room and machine conditions and specimen size 
described above. Tensile strength was calculated from 
the measured data (tensile force/initial width of the 
specimen).

Confocal micrographs and fiber alignment analysis

Six confocal images of sheet papers were taken with 
1536 × 1536 pixels/image,(array of 6 × 6 images with 
a resolution of 256 × 256 pixels). Magnification of 
200 ×. Highpass filters with a threshold of 250  μm 
were applied.

Cell Culture

Cytocompatibility assays were performed using rat2 
fibroblasts (ATCC CRL-1764). Cells were grown in 
complete growth medium (DMEM + 10% FCS + pen-
icillin-streptomycin) and seeded onto stabilized cellu-
lose paper samples. Before reaching confluency, typi-
cally after 2 days, cytocompatibility was assessed by 
a metabolic assay applying resazurin (see following 
section).

Cytocompatibility studies

A Resazurin stock solution of 4 mg ml−1 was diluted 
1:1000 in serum free culture medium. The solution 
was then added to the cell cultures and incubated for 
8 h in the incubator prior to measurement. Reference 
cells were cultured on standard cell culture plastic 
and viability was assessed by quantifying the fluo-
rescence intensity and comparing it to the reference. 
Samples with values near to the reference were con-
sidered to have good cell viability for the purpose and 
promising cytocompatibility. For visual examination, 
cells cultured on paper samples were stained with a 
mixture of syto 9 (Thermo Fisher Scientific) and 
propidium iodide (Thermo Fisher Scientific) which 

Fig. 3   Origami patterns on paper scaffolds a 3D printed Ori-
gami stamps; b  pattern transfer by deforming the pair of ori-
gami foils enclosing the paper scaffold; c SEM picture of 3D 
printed polymer sieve; d fibers on polymer sieve; e preformed 
metallic mesh; f paper with 3D origami shape after demount-
ing from the preformed origami mesh (Scale bars 1 cm when 
not mentioned)
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allows discrimination of dead (red) and live (green) 
cells by fluorescence microscopy.

Results and discussions

Mechanical properties of papers with anisotropic 
fiber orientation produced with Rapid Köthen sheet 
former

Papers with random fiber alignment produced by the 
Rapid Köthen sheet former were tested first. To assess 
the basic mechanical properties of the different mate-
rials, the cellulosic paper sheets were first tested in 
dry conditions. Table 2 shows the values of strain at 
break, tensile strength and E- Modulus for each of the 
paper sheets assessed.

The wide range of breaking strength (1–2.3%), 
tensile strength (4.7–35  MPa) values and the high 
E-modulus (0.8–4.4 GPa) demonstrates the versatility 
of cellulosic material to structurally support fragile 
cell hydrogel cultures. In cardiac tissue engineering 
the materials reported are commonly hydrogels with 
an E-modulus around 6.7 MPa (Eslami et  al. 2014), 
tensile strength range between 6 and 23 MPa (Pushp 
et al. 2021) and strain at break of ca. 200% (Hidalgo-
Bastida et  al. 2007; Pushp et  al. 2021). The tensile 
stresses of the cellulose papers and cardiac tissue 
compare well, which is an important factor for pro-
moting cardiac cell maturation. However, the high E- 
modulus of the cellulosic papers compared with the 
cardiac tissue will result in less deformation for plain 
papers. In this regard the crease pattern may offer an 
advantage over planar paper sheets. For paper with-
out cardiac cells, the break stress of the cellulosic 
scaffold is much lower than cardiac tissue. As shown 

below, the break and tensile stress will change in 
wet conditions. Mixtures of fibers such as in sample 
6 (see Table 1) where pine and spruce were blended 
with lyocell had an increase in the mechanical proper-
ties of at least 50% compared with sample 2 without 
lyocell. This suggests that the mechanical properties 
of the cellulosic paper can be further tuned to obtain 
the desired final values. Overall, the use of cellulosic 
paper as cell culture scaffold may improve the han-
dleability of the final tissue with less deformation and 
under tissue-comparable stress conditions.

In a second mechanical assessment, the cellulosic 
scaffolds were tested in wet and stabilized conditions. 
The tensile strength in wet conditions for the scaffolds 
with the highest biocompatibility, pine/spruce and 
cotton linter scaffolds (samples 2 and 5 - see below), 
was calculated. The values were 3.74 and 2.28 (MPa), 
respectively. These values are in accordance with 
the range of hydrogel scaffolds suitable for cardiac 
tissue engineering, which is around 1.3–3  MPa in a 
wet environment (Pushp et  al. 2021). This suggests 
that the wet cellulosic papers could work in such an 
application.

Mechanical properties of papers produced with 
dynamic sheet former

The directional fiber orientation for cellulosic scaf-
fold sheet can be enhanced by the DSF technique. 
The homogeneity of fiber orientation can be meas-
ured by comparing the tensile strength in MD and 
CD. Table 3 shows the mechanical properties of MD 
and CD of cellulosic scaffolds produced by DSF. The 
tensile strength on MD is almost double compared 
with CD, which is an indication of substantial fiber 
alignment. For this part of the study only the fibers 
with the best biocompatibility (study shown below) 
were processed by the DSF.Table 2   Mechanical properties of elaborated papers (40  g 

m−2) with the Rapid Köthen

Sample N° Strain at break 
(%)

Tensile 
strength(MPa)

E-modulus 
(Gpa)

1 1.0 ± 0.2 13.4 2.8 ± 0.2
2 1.3 ± 0.2 9.1 1.8 ± 0.2
3 1.8 ± 0.1 20.6 3.4 ± 0.5
4 1.5 ± 0.1 17.9 3.0 ± 0.4
5 1.3 ± 0.1 4.7 0.8 ± 0.1
6 2.3 ± 0.2 35.0 4.4 ± 0.2

Table 3   Mechanical properties of cotton linter paper elabo-
rated with DSF

Cotton linters fiber, 49.5 g m−2, 
thickness 111.7 ± 2.1 μm

MD CD

Strain break (%) 2.29 ± 0.16 2.53 ± 0.16
Tensile strength (MPa) 9.29 5.12
E-Modulus (GPa) 1.52 ± 0.10 0.79 ± 0.02
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However, confocal and image analysis of the 
DSF papers still show a strong degree of random 
orientation. The distribution of the fibers is shown 
on the confocal (Fig.  4) giving the topographi-
cal details within a layer of 20  μm described in 
the grey colormap. Both sides of the paper were 
characterized because one side of the paper was 
exposed directly to the centrifugal forces of the 
DSF and it was expected that the fibers were more 
aligned than the top surface. Although only the 
fiber orientation of the outer layers on both sides 
of the scaffolds could be characterized, we assume 
a similar distribution of the inner structure of the 
paper scaffolds. It is possible to distinguish that 
fibers are in all directions and is not a clear pattern 
of directionality. This is why the idea of using the 
fibers themselves as orientation templates for the 
cells has been abandoned (see Fig. 4).

Hydraulic turbulence and interactions between 
the fibers in the cellulose matrix during the transi-
tion from wet to dry form, e.g. hydrogen- bonding, 
van der Waals interactions and capillary forces, 
(Wohlert et  al. 2021) probably introduce an una-
voidable element of stochastics. In order to have 
fibers aligned to a degree that can work for cell 
alignment, other techniques need to be applied.

Cytocompatibility and cell alignment

To assess the cytocompatibility of the cellulose mate-
rials, Rat2 fibroblast cells were seeded onto the stabi-
lized scaffolds and cultured for 2 days. Viability of the 
cells was quantified by a resazurin based metabolic 
assay. Cells cultures on standard tissue culture plas-
tic dishes were taken as positive control. In parallel, 
to visualize cell arrangement on the paper samples, 
dead/live staining was performed for all the samples 
evaluated in the cytocompatibility study. The graph in 
Fig. 5 shows good viability of the fibroblast cells on 
all the fiber materials; cells cultured on cotton linters 
even showed a superior viability, higher than the pos-
itive test. This can be due to the porous structure (as 
shown in Fig. 4) that allows nutrients and biochemi-
cals signals to be transported within the matrix. Cells 
cultured on pine and lyocell fibers showed a satisfac-
tory viability which can be used as a second mate-
rial choice. The slight difference of biocompatibility 
between samples could be attributed to the condition 
that cellulose fibers taken from processed wood can 
contain traces of different components.

The fluorescent micrographs (Fig. 6a and b) show 
the stained cell cores as well as a slight autofluores-
cence background of the fibers. It is clearly visible 
that the cells grow preferentially on fiber structures 
rather than between the fibers. Furthermore, the 

Fig. 4   Confocal images of cotton linters processed on the dynamic sheet former a top side of the cellulose paper and b bottom side 
of the cellulose paper (close to the wire)
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tightly packed equidistant distribution of cell nuclei 
suggests a high confluency, which in turn supports 
the preferential cell growth on the fiber’s structures. 
The few red cell cores depict dead cells and dem-
onstrate the high cytocompatibility of the cellulose 
scaffold. This suggests that in future, plating cells on 
cellulose scaffolds with directionally aligned fibers 
(not the case in this study) might result in tissue scaf-
folds with directionally aligned cells. In particular for 
cardiac tissues, this property is of great importance 
in achieving native anisotropic contraction (Kapnisi 
et al. 2018). This is also shown in many studies where 

fiber alignment potentially enhances cell organization 
in the direction of the construct (Collinsworth et  al. 
2000; Kai et  al. 2011; Ker et  al. 2011; Khan et  al. 
2015).

Conclusion

Cellulose scaffolds made of cotton linters stabilized 
with gelatin hydrogel could be used as support cell 
cultures in tissue engineering thanks to their mechani-
cal properties and biocompatibility. It was also shown 

Fig. 5   Intensity of resoru-
fin fluorescence based meta-
bolic assay for cells grown 
on different paper samples 
(Table 1) compared to cells 
grown on tissue culture 
plastics (red line)

Fig. 6   Fluorescence microscope images of “dead/live” 
stained rat2 cells aligned on cotton linter fibers, demonstrat-
ing the absence of dead cells (red nuclei). Note the frequently 

observed linear alignment of cells, presumably along individ-
ual cellulose fibers a 200 μm scale b 100 μm scale
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that a combination of different fibers could help to 
adjust the final desired mechanical properties of scaf-
folds. For cardiovascular applications, alignment of 
the cultured cells is generally desired. In this study a 
degree of fiber alignment (templating cell alignment), 
was obtained using a dynamic sheet former, but it was 
not enough for the application mentioned and more 
work in that direction needs to be done. However, 
methods have been successfully developed to gener-
ate the origami crease pattern on the cellulose scaf-
fold during the paper formation process. This opens 
up the possibility of producing origami style folded 
scaffolds facilitating coordinated cell contractions in 
a 3D spatial configuration.
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