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A B S T R A C T   

We designed and biofabricated a channeled construct as a possible cell-delivery device that can be endothe
lialized to overcome size limitations due to oxygen diffusion. The channeled device mimicking a leaf was 
designed using computer-aided design software, with fluid flow through the channels visualized using simulation 
studies. The device was fabricated either by form casting using a custom 3D-printed plastic mold or by 3D-bio
printing using Pluronic F-127 as sacrificial ink to print the channels. The actual leaf was cast or bioprinted using 
hydrogel made from a mixture of tunicate cellulose nanofibers and alginate that was cross-linked in calcium 
chloride solution to allow a stable device. The resulting device was a 20 × 8 × 3 mm or 35 × 18 × 3 mm (length 
× width × height) leaf with one main channel connected to several side channels. Surface modification using 
periodate oxidation, followed by laminin bioconjugation, was performed to enhance endothelial cell adhesion in 
the channels. We subsequently used human umbilical vein endothelial cells to demonstrate the efficacy of the 
device for promoting endothelialization. These results indicated that the biofabricated device has great potential 
for use in tissue-engineering for various applications associated with the need of perfusable vasculature.   

1. Introduction 

Tissue engineering can potentially offer solutions to several prob
lems in modern healthcare, including the shortage of transplantable 
organs. However, there has been little success in producing larger three- 
dimensional (3D) tissue structures. This can be attributed to the lack of 
vascularization in the developed structures and represents one of the 
largest hurdles in tissue engineering [1]. Without an established 
vascular system, engineered tissues rapidly lose viability due to the 
absence of systems capable of mass transport of nutrients, oxygen, and 
other factors, as well as removal of waste products. Successful fabrica
tion of thick, vascularized, 3D tissues would represent a monumental 
achievement in regenerative medicine [2]. 

Fabrication of biomaterial-based scaffolds with an endothelialized 
vascular network in vitro is essential for supporting complex functional 
multicellular cultures and the creation of macroscale tissues that mimic 
the functionality of living tissues and organs. In tissues, the maximum 
distance of cells from the vasculature is ~200 μm, which highlights the 
need for efficient vascularization methods [1]. A biomaterial-based 
approach allows the specific creation of tissue-engineered constructs 
according to the material composition, vascular architecture, and di
mensions necessary to support cell attachment, viability, angiogenic 
capacity, and function [3]. Building larger tissues and organs with 
vasculature systems and microvasculature with intricate hierarchy and 
resolution using current fabrication methods remains challenging [4]. 
Therefore, it is important to engineer biomaterials for vascular 
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approaches that can support efficient endothelialization and naturally 
stimulate angiogenesis between engineered vascular tissue and the 
surrounding matrix [5]. This type of vascularized and 
vascularization-promoting scaffold biomaterial would offer a versatile 
3D-macroscale platform for the development of multicellular systems 
and devices that can combine the vascularized network with other cell 
and tissue types in order to create functional tissues and organs for in 
vivo analysis. Additionally, this type of scaffold could serve as a device 
for stem cell delivery [6–8], as well an artificial pancreas for the treat
ment of diabetes [9,10]. Several approaches have been evaluated for 
vascularizing tissue-engineered constructs, including adaptation of 
scaffold design to promote vascularization, incorporation of signaling 
molecules, such as growth factors, and fabrication of porous or chan
neled scaffolds [11–13]. 

A method used to incorporate channels into a scaffold involves use of 
a sacrificial template that leaves hollow structures after removal. This 
method has been used to create a simple vascular network on a chip that 
could potentially be used for the development of new vascular model 
systems [14]. Another study used carbohydrate glass as a sacrificial 
template along with an extracellular-matrix scaffold to create vascular 
architecture within a scaffold that was perfusable and maintained the 
function of embedded cells to a degree exceeding than of non-channeled 
scaffolds [15]. In our previous study, we used a 3D-printed vascular tree 
as a sacrificial template to produce a channeled network within a bac
terial nanocellulose scaffold, revealing that the channels could be lined 
with endothelial cells as a first step toward vascularization and 
demonstrating the feasibility of 3D-printing for generating a sacrificial 
template for scaffold fabrication [16]. 

Another promising method for more precisely controlling scaffold 
architecture involves the use of 3D-bioprinting [5], where a 3D printer is 
adapted to print using various bioinks [17]. 3D-bioprinting has recently 
emerged as a tool for engineering vascular systems, as it allows for a 
controlled deposition of cells and other tissue constituents to create 3D 
constructs [18]. The use of bioink for these applications is a versatile 
method that shows potential for creating functional tissues that can be 
tailored to fit individual patients, which is an attractive prospect for 
applications related to personalized medicine. This method has been 
applied in several vascularization studies [19–21]. Additionally, Ouyang 
et al. [22] used 3D-bioprinting to print both matrix ink and template ink 
for layer-by-layer cell deposition, which allowed printing using bioinks 
previously considered difficult to print with due to structural collapse 
during the printing process. Moreover, they demonstrated that endo
thelial cells could be mixed with the templating bioink in order to allow 
lining of the inner surface of the channels with a confluent layer of cells 
[22]. 

Cellulose is the most abundant biopolymer in nature and has recently 
gained increased interest as a potential biomedical scaffold material 
[23]. A previous study demonstrated its biocompatibility [24], which is 
advantageous for its use as a scaffold. Additionally, studies report that 
stable 3D structures can be printed using nanocellulose mixed with 
alginate as a bioink [25]; however, cellulose exhibits poor cell-adhesive 
properties [26] that can hinder construct endothelialization. To address 
this limitation, cellulose can be chemically modified to enhance the 
cell-adhesive properties of the material through functionalization by 
formation of covalent bonds [27]. A previous study showed that 
3D-printed nanocellulose–alginate hydrogels can be conjugated with 
protein to extend their functionality to new applications [28]. Moreover, 
sodium periodate oxidation of cellulose can be used to create dialdehyde 
cellulose, where the aldehyde groups can serve as anchors to support 
covalent binding of proteins [29]. Covalent attachment of collagen in 
cellulose sponges through sodium periodate oxidation is suitable for 
neural tissue engineering [30]. Furthermore, laminin bioconjugation is 
an attractive option for improving endothelial cell attachment to the 
nanocellulose–alginate hydrogel, as it is a major component of the 
healthy vascular wall basement membrane (BM), which is an essential 
cell-adherent extracellular-matrix layer that anchors the endothelial 

layer to the surrounding microenvironment [31,32]. The BM is 
comprised mainly of laminin isoforms 411 and 511 along with type IV 
collagen, heparan sulfate proteoglycan perlecan, the glycoprotein 
nidogen-1, and fibronectin [33]. Laminins interact with vascular endo
thelial cell receptors to assemble the protein network of the BM and 
function as initiators of the process in endothelial cells to produce and 
secrete type IV collagen that integrates the laminin network with per
lecan and nidogens [33,34]. The synthesis and deposition of type IV 
collagen is essential for vascular cell adhesion and blood vessel forma
tion, thereby highlighting the important role of laminin on vascular 
development and homeostasis [33]. 

The aim of this study is to show that we can design and biofabricate a 
biomimetic device, that in parts mimics the natural vasculature in a leaf. 
The biofabricated leaf-shaped device with hollow channels was surface 
modified to promote endothelialization. The aim was also to show that 
the leaf supports good viability of cells within the leaf device. 

2. Materials and methods 

2.1. Design and 3D-printing of the leaf mold 

A leaf mold was created using computer-aided design (CAD) and 
comprised one leaf-shaped outer mold, four detachable side wings, and a 
middle rod. A small mold 20 × 8 × 3 mm (length × width × height) was 
printed by Acron Formservice AB (Anderstorp, Sweden). All parts were 
printed using a ProJet 7000 HD 3D printer (3D Systems, Cary, NC, USA) 
in Somos WaterShed 11122 photopolymer (DSM, Geleen, The 
Netherlands). A large mold 35 × 18 × 3 mm was printed using the 3D 
printer Form 2 (Formlabs, Somerville, MA, USA) in white resin 
(Formlabs). 

2.2. Hydrogel preparation 

Lyophilized sodium alginate powder (Pronova SLG100; NovaMatrix, 
Sandvika, Norway) was dissolved in sterile 4.6% D-mannitol aqueous 
solution (Sigma-Aldrich, Steinheim, Germany) until it formed a trans
parent alginate hydrogel (3%, w/v). Medical-grade tunicate nano
cellulose hydrogel (2.5%; TUNICELL ETC; Ocean Tunicell AS, 
Blomsterdalen, Norway) was mixed by connecting two syringes with a 
luer lock adapter and transferring the solutions back and forth multiple 
times until creation of a homogeneous nanocellulose–alginate (80:20, 
vol%) composite hydrogel. 

2.3. Fabrication methods of the leaf device 

2.3.1. Casting of the leaf 
3D-printed small leaf molds were sterilized by placement in ethanol, 

followed by transfer to Petri dishes to completely dry. The nano
cellulose–alginate hydrogel was added to one side of the leaf mold, 
which was then flipped over, and another layer of nano
cellulose–alginate hydrogel was then added to the other side. CaCl2 
cross-linking solution (100 mM) was added to cover the leaf devices, 
which were incubated overnight at 4◦C. After cross-linking, the mold 
was removed by gently pulling out the side wings and the middle rod. 
The hydrogel leaves were then washed several times with Hank’s buff
ered saline solution (HBSS; Sigma-Aldrich). 

2.3.2. Fabrication of a leaf from human adipose tissue 
Lipoaspirate from abdominal subcutaneous tissue was collected from 

a healthy female donor following approval from the Regional Ethics 
Committee of Gothenburg (Dnr 624-16) and receipt of written informed 
consent. Conventional water-jet-assisted techniques and Klein’s stan
dard tumescent solution were used. The lipoaspirate was processed with 
a Lipogems device (Lipogems International SpA, Milan, Italy) according 
to manufacturer instructions [35,36] using mechanical force and 
without any enzymatic treatment. Briefly, the lipoaspirate was washed 
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with a physiologic electrolyte solution (NaCl), emulsified by shaking 
with metal beads (4 times for 30 s), and rinsed in a closed system. After 
processing using the Lipogems device, the lipoaspirate was mixed with 
the nanocellulose–alginate hydrogel at a volumetric ratio of 1:4 (lip
oaspirate:hydrogel). After thorough mixing, the resulting adipo
se–hydrogel was added to the large leaf mold by first applying hydrogel 
to one side, flipping it over, and applying another layer of adipose 
hydrogel. CaCl2 solution (100 mM) was then added to cover the leaf. 
After cross-linking overnight, the mold was removed by gently pulling 
out the side wings and the main channel, and the adipose–leaf was 
washed several times with HBSS. 

2.3.3. 3D-bioprinting the leaf 
The CAD of the 3D-printed leaves was adapted for 3D-bioprinting of 

a leaf device using hydrogel bioink. The g-code was processed in Rep
etier–Host (Hot-World GmbH & Co. KG, Germany), and the leaf was 
scaled up to twice the original size in order to improve the resolution of 
the printed channels and ease overall handling. The leaf device was 3D- 
printed with the 3D bioprinter Inkredible (CELLINK AB, Gothenburg, 
Sweden) using dual-head printing and with the two printer heads loaded 
with nanocellulose–alginate bioink and Pluronic F-127 sacrificial ink 
(Sigma-Aldrich), respectively. After printing, the devices were cross- 
linked by applying 100 mM CaCl2 solution and storage at room tem
perature overnight. The printed leaves were then placed on ice to ensure 
complete liquefaction of the sacrificial bioink. The liquid was aspirated 
by application of negative pressure by inserting a hypodermic needle 
into the main channel of the leaf. The empty channels were washed with 
cold deionized water to remove any residue, followed by a wash with the 
CaCl2 crosslinking solution (100 mM) to make sure that the inside of the 
channels was crosslinked. The leaves were stored in HBSS for further 
experiments. 

2.4. Surface modification of the leaf channels by laminin conjugation 

Casted leaves were washed in HBSS, and excess liquid in the channels 
was removed using a pipette. The channels were oxidized by injecting 
10 μl of 0.025 M sodium periodate solution in the main inlet and 10 μl in 
the main outlet using a small pipette, after which the devices were 
incubated at room temperature for 1 h in the dark. The oxidation solu
tion was then removed, and devices were washed by injecting water in 
the inlet and outlet several times. Natural mouse laminin (Thermo Fisher 
Scientific, USA) was diluted in HBSS to a concentration of 100 μg/ml and 
injected (10 μl in the main inlet and 10 μl in the main outlet) with a small 
pipette, followed by incubation for 24 h at 37◦C to allow bioconjugation. 
Excess protein solution was removed, and devices were washed by 
injecting HBSS several times. 

2.5. In vitro cell studies on the leaf device 

2.5.1. Leaf casted with adipose derived stem cells (ASC) 
To investigate the ability to use the nanocellulose-alginate hydrogel 

together with cells in the material, the smaller leaf mold was used to cast 
the leaf with adipose derived stem cells (ASC). The cells were isolated, 
characterized and cultured as previously described [37] and approved 
by the Regional Committee for Medical and Health Research Ethics (REK 
2017/976) for use in the experiments. Briefly, the cells were cultured to 
80–90% confluence in complete medium; MEM alpha medium (Gibco, 
Thermo Fisher Scientific) containing 5% human plate lysate (HPL, Cook 
Medical, Bloomington, IN, USA) and 5 ug/ml Gentamicin (B. Braun 
Medical A/S, Frederiksberg, Denmark) before harvest using TrypLE 
Express (Gibco, Thermo Fisher Scientific). ASC count and viability 
(>95%) were determined using NC-200 (ChemoMetec, Allerod, 
Denmark). The experiments were conducted with cells in passage two. 

12 × 106 cells ml− 1 of ASCs were mixed carefully with the 
nanocellulose-alginate hydrogel, as previously described with two con
nected syringes back and forth approx. 50 times before casted into the 

small leaf mold. The ASC leaf devices were immediately crosslinked with 
CaCl2 solution (100 mM) for 30 min and then washed with phosphate- 
buffered saline (PBS; Lonza Group AG, Basel, Switzerland) supple
mented with 20 mM CaCl2. The ASC leaf device was cultured in com
plete medium at 37◦C and 5% CO2 until cell viability assessment. 

2.5.2. Endothelial cell seeding of the leaf device 
Human umbilical vein endothelial cells (HUVECs; Lonza Group AG) 

were used for endothelialization studies of the leaf device. The cells were 
maintained and cultured in complete endothelial growth medium (EGM) 
supplemented with reagents from a SingleQuots kit (Lonza Group AG) at 
37◦C and 5% CO2. HUVECs were cultured to 80–90% confluence before 
harvest using Trypsin/EDTA (Lonza Group AG). HUVEC count and 
viability (>95%) were determined using Countess II FL (Thermo Fisher 
Scientific). The experiments were conducted with cells at passage four. 

To investigate how the surface modification affects the cell attach
ment and endothelialization potential of the nanocellulose-alginate 
hydrogel, HUVECs were seeded to small the leaf device on two 
consecutive days. This cell experiment included three sample groups: 
untreated nanocellulose–alginate leaves (Untreated Ctrl), leaves coated 
with laminin (100 μg ml− 1) for 24 h (C-Laminin), and oxidized leaves 
with bioconjugated laminin (OX/B-Laminin). 

The devices were first washed by injecting PBS (Lonza Group AG) 
supplemented with 20 mM CaCl2 into the main channel. The leaves then 
underwent three injections with 200 μl of EGM, transfer to a 12-well 
plate, and culture in 600 μl of medium for 30 min at 37◦C and 5% 
CO2. After incubation, the channels were washed again with fresh me
dium. Cell suspension (100 μl) was then slowly pipetted into the main 
channel of the leaf device at a cell density of 30 × 106 cells ml− 1, fol
lowed by addition of 1 ml medium to the wells and 30-min incubation at 
37◦C and 5% CO2. At the end of 30 min, medium was added to a final 
volume of 2 ml, and at 2-h post-seeding, the leaf devices were flipped to 
secure even cell distribution and returned to incubation. 

On day 1 post-seeding, the medium was removed, and the leaf de
vices were very slowly perfused with 200 μl of fresh medium. After this, 
the cell HUVEC seeding was repeated as it was done on day 0 of the 
experiment. Medium was changed daily during the experiment in order 
to provide continuous nutrients for the cells in the channels by first 
injecting 200 μl of fresh medium very slowly into the main channel and 
otherwise 3 ml to the wells. Samples were collected for live/dead 
analysis on days 4, 7 and 14, and also on day 4 samples were fixed with 
4% paraformaldehyde (PFA, Santa Cruz Biotechnology, Dallas, TX, USA) 
supplemented with 20 mM CaCl2 for 20 min for further analysis. 

2.6. Cell viability assessment of the leaf devices 

Cell viability of the leaf devices was assessed by fluorescein diacetate 
(FDA; Sigma-Aldrich) and propidium iodide (PI; Thermo Fisher Scien
tific) staining. Samples were collected from the ASC leaf on day 1 and 
the HUVEC leaf on days 4, 7 and 14 post-seeding. ASC leaves were 
stained as whole device, whereas HUVEC leaf devices were first cut open 
using a microtome blade to reveal the channel network. Samples were 
incubated with FDA (20 μg ml− 1) and (PI (100 μg ml− 1) in PBS sup
plemented with 20 mM CaCl2 for 5 min in the dark. Viable cells are 
stained green (FDA), and dead cells are stained red (PI). The samples 
were imaged under an Axio Observer inverted microscope (Carl Zeiss 
AS, Oberkochen, Germany) and Zeiss ZEN Blue software using z-stacks 
with 12–15 μm steps depending on the shapes of the surfaces to ensure 
sufficient imaging of the 3D structure. 

2.7. In vivo evaluation of the surface modified hydrogel 

To assess in vivo the surface modified hydrogel with HUVECs, 
simplified half-channeled circular hydrogel scaffolds were prepared for 
subcutaneous implantation with same groups as in the endothelializa
tion experiments: Untreated Ctrl, C-Laminin, OX/B-Laminin and in 
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addition, untreated cell free circular scaffolds (Cell-free Ctrl) served as a 
negative control. To prepare the scaffolds, 1 mm thick layer of the 
nanocellulose-alginate hydrogel was dispensed to a Petri dish and sterile 
acupuncture needles (250 μm diameter) were placed parallel on the 
hydrogel surface by gently pressing them into the layer with help of 
tweezers. The layer was crosslinked with sterile CaCl2 (100 mM) solu
tion for 30 min in RT. The needles were removed after crosslinking from 
the hydrogel resulting in half-cylindrical indentures or “half-channels” 
with a radius of ~125 μm. An 8 mm sterile biopsy punch tool was used to 
create circular half-channeled scaffolds. The scaffolds were washed with 
sterile CaCl2 (100 mM). The oxidation and laminin bioconjugation were 
performed as described in 2.4. 

The circular half-channeled scaffolds were cultured on a 48 well 
plate, 300 μl of EGM medium was added and incubated for 30 min at 
37◦C. Medium was removed and cell suspension (100 μl) of HUVECs was 
added on the scaffolds with 9 × 105 cells cm− 1 density. The scaffolds 
were returned to the incubator and 500 μl of EGM was added after 2h of 
incubation. The scaffolds were kept in culture, and medium was changed 
daily. On day 4 of culture post-seeding, scaffolds were transplanted 
subcutaneously to the side of Rag1 KO mice in triplicates, channeled side 
facing inwards. The transplantation site was closed with surgical clips. 
The mice were observed daily and weighed every seven days by an 
animal technician. The scaffolds were harvested on day 33 post- 
transplantation and fixed with 4% PFA, washed three times 10 min 
and stored to PBS, both reagents supplemented with 20 mM CaCl2 for 
further analysis. 

2.8. Immunohistological analyses of the biomaterial devices 

Retrieved circular hydrogel scaffolds were prepared for cry
osectioning by incubating the scaffolds in solutions of 15% and 30% 
sucrose (Sigma Aldrich) in PBS, followed by 30% sucrose - Tissue-Tek 
OCT (Sakura Finetek Norway AS, Oslo, Norway) compound (1:1 v/v 
ratio), all steps o/n at 4 ◦C and all solution supplemented with 20 mM 
CaCl2. Finally, the samples were embedded to OCT, half channels 
orthogonally positioned towards the cutting surface, frozen with liquid 
nitrogen, stored to − 20◦C before serially sectioned of 20 μm sections 
using CryoStar NX70 (Thermo Fisher Scientific). 

The samples were first permeabilized with 0.3% Triton-X100 (Sigma- 
Aldrich) in PBS for 15 min (30 min) and then incubated 1.5% donkey 
serum (Millipore, Burlington, MA, USA) in PBS for 1h to block 
nonspecific sites. The following primary antibodies were used diluted to 
PBS: sheep polyclonal human specific CD31 (5 μg/mL; hCD31; R&D 
Systems Norway, Abingdon, UK), goat polyclonal mouse specific CD31 
(5 μg/mL; mCD31; R&D Systems Norway), rat monoclonal CD34 (1:200; 
Thermo Fisher Scientific) and rabbit polyclonal VE-Cadherin (1:300; 
Abcam, Cambridge, UK), incubated overnight (2 days) at 4◦C. After
wards, samples were washed three times in PBS and incubated 2 h at RT 
(overnight at 4◦C) with secondary antibodies diluted to 1.5% donkey 
serum in PBS: donkey anti-rabbit AlexaFluor488 (1:800), donkey anti- 
sheep AlexaFluor488 (1:800), donkey anti-rat AlexaFluor594 (1:800) 
and donkey anti-goat AlexaFluor594 (1:800), followed by three washes 
with PBS (10 min/wash) supplemented only with 10 mM CaCl2. Nuclear 
staining for the cryosectioned samples was performed with hardening 
VECTASHIELD® Vibrance™ Antifade Mounting Medium with 4′,6-dia
midino-2-phenylindole (DAPI; Vector Laboratories, Burlingame, CA, 
USA) and the opened in vitro endothelialized leaf device samples with 
Invitrogen SlowFade Gold Antifade Mountant with DAPI (Thermo Fisher 
Scientific). The incubation steps presented in brackets are for the cut 
open in vitro endotheliazation samples to ensure proper staining. All 
staining steps were performed at room temperature unless otherwise 
stated, and all reagents were supplemented with 20 mM CaCl2 to ensure 
the integrity of the hydrogel material. All the prepared samples were 
imaged with an Axio Observer inverted microscope and analyzed with 
Zeiss ZEN Blue software. The cut open samples were imaged as z-stack 
similarly as explained in 2.6. 

2.9. Flow simulation 

To evaluate the flow inside the leaves, we used a computational fluid 
dynamics simulation tool (IPS IBOFlow) [38]. The simulation tool was 
developed at Fraunhofer–Chalmers Research Centre and efficiently 
handles complex geometries using a unique immersed-boundary 
method [39]. The inputs to the solver are the thermodynamic proper
ties of the fluid and a triangulation of the geometry (leaves), that are 
assumed to be rigid. In the simulation, the inlet velocity is established, 
and the resulting flow and fluid forces are calculated and visualized in 
ParaView [40]. The inlet velocity was chosen based on an approxima
tion of the volume flow rate of blood inside the arteries of a human 
finger [41]. 

3. Results and discussion 

3.1. Biomimetic design of the device 

Human vasculature is comprised of a hierarchical and complex 
structure, A more simplistic vascular structure can be found in nature in 
the form of leaves (Fig. 1). The veins in a leaf resemble the capillary beds 
sprouting from larger vessels similar to those found in the human body; 
therefore, a leaf can be considered an excellent model on which to base 
the design of a vascular network. The venation pattern in leaves varies 
between species (Fig. 1A); however, the primary purpose of venation in 
all species is to provide water and nutrients to all regions. Pinnate 
venation is a simpler pattern that comprises one main channel with 
multiple branched side channels (Fig. 1B). This is an intriguing model, as 
it fulfills the requirement that the network reach all parts of the device, 
as well as remaining simple enough for fabrication and reproducibility. 
In this study, we based the mold design on the pinnate venation struc
ture, where one main channel with an inlet and outlet is connected to 
several branched side channels. The model was adapted to fit the 
concept of self-vascularization by extending the side channels to the 
edge of the device, thereby providing multiple inlets for capillaries to 
grow into when placed in vivo. 

3.2. Design and 3D-printing of a leaf mold for casting with cells 

The biomimetic mold was 3D printed using either white resin or 
Somos WaterShed 11122 photopolymer. Both materials provided satis
factory results, with good resolution capable of acquisition for all prin
ted parts. The designed mold comprised an outer form in the shape of a 
leaf with cut-out holes for insertion of the rod to create the main channel 
and the side wings to create the branched channels on both sides of the 
main channel (Fig. 2A and B). 

The mold can be 3D printed in any size depending on the application. 
However, there is a size limitation especially when it comes to making 
small sizes that is depended on the resolution of the 3D printer used for 
printing the leaf mold. In this study, we fabricated two different sizes: a 
large one that was easily assembled as a proof-of-concept and a smaller 
one ideal for in vivo mouse studies (Fig. 2C). The larger mold created a 
device with dimensions of 35 × 18 × 3 mm (length × width × height), 
and the smaller mold had dimensions of 20 × 8 × 3 mm. In both cases, 
the molds were easy to assemble and disassemble, which is important for 
reuse of the same mold multiple times. 

The mold was then used to produce a hydrogel leaf by casting the 
nanocellulose–alginate hydrogel (Fig. 2D), after which the mold was 
covered in CaCl2 solution in order to cross-link the alginate and form a 
stable leaf device. After cross-linking, the inserts were easily removed, 
creating hollow channels in the casted device resembling the structure of 
leaf veins (Fig. 2E). This cast design was highly reproducible, as each 
casted leaf will be identical when using the mold. Upon visual inspection 
the channel geometry and size were similar to the mold and no 
collapsing of the channels were observed in any of the casted leaves nor 
swelling of the channels. To ensure that all side channels were connected 
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to the main channel, the inlet of the main channel was injected with 
colored water, after which we confirmed that the colored water had 
been dispersed in all of the branched channels, proving that the fluid 
could easily reach all parts of the leaf (Fig. 2F) and confirming that no 
channel collapse had occurred. 

To assess usability of the device for cell delivery, cell viability inside 
the leaf device, adipose derived stem cells (ASC) were mixed with the 

nanocellulose-alginate hydrogel and casted using the small leaf mold. 
Cell viability was determined by performing a live/dead stain one day 
after casting and four days after casting. At day 1, the majority of the 
ASCs inside the leaf (Fig. 2G), was stained in green indicating that there 
were many living cells and the cells withstood well the casting process of 
the leaf. A few dead cells could also be located inside. 

Fig. 1. Vascularization in nature used as inspiration of the proposed biomimetic device. (A) Various examples of leaf venation existing in nature. (B) Close-up view of 
pinnate leaf venation comprising a main channel branching to multiple side channels that allow nutrients to reach all parts of the leaf (image adapted from Pix
abay, Germany). 

Fig. 2. Fabrication of a mold for casting a leaf and viability of adipose derived stem cells (ASC). A CAD model inspired from a leaf with one main channel and four 
removable wings. (A) The assembled form of the mold, and (B) the removable parts of the design. The mold can be made in various sizes depending on use. (C) 
Examples of two different sizes. (D) Cellulose hydrogel added to the mold for leaf casting. (E) Cast leaf after cross-linking and removal of the mold. (F) Leaf channels 
perfused with water colored with a few drops of red food dye for visualization. Viability of the ASCs in the leaf device (G) at day 1. Scalebar 500 μm. (For inter
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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3.3. Leaf made with human adipose tissue 

As a proof-of-concept experiment to demonstrate leaf fabrication 
using various hydrogels depending on the application, we used the 
larger leaf mold to make a leaf using human adipose tissue. The tissue 
was taken from a liposuction procedure, where the resulting lipoaspirate 
was processed using mechanical forces to break down the tissue into a 
homogenous dispersion, using a Lipogems device designed for gently 
harvesting and processing of fat tissue [35,36]. The homogenized tissue 
was mixed with nanocellulose–alginate hydrogel to form an adipo
se–hydrogel. The addition of nanocellulose provides modification of the 
rheological properties for easy extrusion, whereas the alginate offers the 
ability of the hydrogel to be cross-linkable using divalent cations [42]. 
The hydrogel was easily applied to both sides of the leaf mold (Fig. 3A), 
and the leaf could be cross-linked using CaCl2 solution to form a stable 
3D device with internal channels (Fig. 3B and C). The mold was easily 
removed by slowly pulling out the side wings and middle rod, leaving 
intact channels. The fabricated leaf was robust and could be stored in 
HBSS for several days without disintegrating. These results indicated 
that the leaf mold could be used for fabrication of various tissue devices 
depending on the biomaterial used. Both the nanocellulose–alginate 
hydrogel and adipose tissue were successfully cast onto the leaf mold, 
which after cross-linking formed a stable 3D device. 

3.4. 3D-bioprinting of a leaf using hydrogel ink 

The mold-casting process allowed production of reproducible 
hydrogel or adipose leaves; however, the process can be made more 
efficient and automated by the use of 3D-bioprinting technology. 
Therefore, based on the mold design, we developed a g-code (Fig. 4A) 
that could be used to fabricate a leaf by 3D-bioprinting using dual-head 
printing with both structural and sacrificial bioink (Fig. 4B). We printed 
a leaf using a structural bioink (nanocellulose–alginate hydrogel) for the 
body and a sacrificial ink (Pluronic F-127) for the channels. Due to the 
thermo-reversible nature of Pluronic F-127, the channels could be 
evacuated after cross-linking by cooling the leaf (Fig. 4C), which 
transformed Pluronic F-127 into a fluid with low viscosity and ulti
mately left hollow channels inside the device. The resulting prototype 
(or device) was robust and easy to handle, and the sacrificial material 
was evacuated after cooling. No signs of channel collapse or channel 
swelling could be detected. To visualize perfusability, the device was 
perfused with water mixed with food dye using a syringe and 

hypodermic needle (Fig. 4C). The leaf was easily perfused in this manner 
and showed no noticeable leakage. The channels were clearly connected 
and formed an interconnected network within the device. Additionally, 
the device was compatible with a perfusion system that uses a peristaltic 
pump, making it an interesting target for further use in cell studies 
where circulation of cell medium would provide a more natural envi
ronment for cells, such as endothelial cells. 

The results obtained using these 3D bioprinted models demonstrated 
the feasibility and versatility of 3D-bioprinting for fabrication of per
fusable devices with a high degree of accuracy. 3D-bioprinting allows 
production of different vascular models of increasing complexity, which 
after combination with a perfusion system can potentially provide a 
suitable physical environment for endothelial cells. The device could 
also be printed in any size, depending on the application, where the size 
limitation for how small leaf you can print is dependent on the printing 
resolution of the bioprinter used. 

3.5. Surface modification and endothelialization of the device 

Since it was shown preserved viability of the ASC leaf, we wanted to 
investigate the possibility to endothelialise the inside of the channels 
within the leaf. The channels of the small leaf device made from 
nanocellulose-alginate hydrogel by casting were seeded with HUVECs, 
and the medium was changed daily to ensure a constant flow of suffi
cient nutrients to cells in the channel network. Additionally, we assessed 
static culture without perfusion with medium and injecting medium 
with a pipette as culture options. We found that static culture affected 
cell viability in the channels due to restricted flow, which resulted in 
increased cell death. 

Medium was injected extremely slowly to the main inlet to avoid 
disturbing cell attachment and proliferation in the channel network. 
Previous studies have demonstrated the importance of slow perfusion of 
medium for effective endothelialization [22,43]. Future work should 
evaluate the effectiveness of connecting the leaf to a perfusion system to 
mimic the shear stress encountered in blood vessels in order to improve 
potential endothelialization. Vascular endothelial cell function is 
heavily affected by the hemodynamic forces of blood flow, which directs 
vascular development, vascular endothelial cell morphology, pheno
type, and overall cell behavior [44]. 

Nanocellulose scaffolds have previously been shown to have low cell 
attachment [26]. In order to increase the cell attachment to the 
nanocellulose-alginate hydrogel channels, the channel surfaces were 

Fig. 3. Leaf made from human adipose tissue (A) Adipose nanocellulose–alginate casted inside a leaf mold. Side view (B) and top view (C) of an adipose leaf after 
cross-linking and mold removal. 
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treated using oxidation and laminin bioconjugation. The treatment was 
assessed by comparing viability and attachment of endothelial cells in
side the channels between untreated leaves (Untreated Ctrl), leaves with 
laminin coating (C-Laminin) and surface treated leaves with oxidation 
and laminin (OX/B-Laminin). Viability assessment in the channel net
works was performed on days 4, 7 and 14 post-seeding with live/dead 
staining. 

On day 4 post-seeding (Fig. 5), all groups showed HUVEC attachment 
to the walls and areas of endothelial lining in the network channels. 
Untreated Ctrl samples showed lower viability and only local attach
ment of cells in the channels whereas C-Laminin samples showed more 
endothelialized areas, but less tubular-network formation compared to 
the OX/B-Laminin samples. OX-B-Laminin samples showed to have most 
endothelial layer-like areas to cover channel walls on day 4 (Fig. 5A). 
Similar trend continued to day 7 (Figs. 5B) and 14 (Fig. 5C), as the 
Untreated Ctrl samples showed a low number of cells and only minimal 
and local areas with cells on the channel walls. On day 7, C-Laminin and 
OX/B-Laminin samples showed clear cell linings on the channel walls 
and more endothelialized areas, but C-Laminin showed lower cell 
viability and some clumps of dead cells. By day 14, the C-laminin 
samples showed to have lower cell viability whereas the OX/B-laminin 
showed very good cell viability and cell coverage in larger areas in the 
channel network. 

Additionally, the leaf devices underwent immunofluorescence 
staining on day 4 post-seeding for the endothelial cell marker CD31, the 
tight junction marker VE-Cadherin, BM protein laminin and endothelial 
progenitor cell marker CD34 to visualize endothelialization and 
communication of the attached HUVECs in the channel network of the 
leaf device. 

These results agreed with those from live/dead cell staining on day 4, 
C-Laminin and especially OX/B-Laminin samples showed (Fig. 6A) evi
dence of better endothelialization, cell junctions and increased viability 
as compared with Untreated Ctrl samples. hCD31 was expressed all of 
the groups, but clearer in both of the laminin groups, to show intercel
lular tight junctions for paracellular exchange of ions and solutes be
tween confluent cells [45,46] the transmembrane protein vascular 
endothelial, VE-Cadherin, was only slightly expressed for adherens 
junctions in all of the groups. It is an important parameter for contact 
integrity and adhesive interactions between endothelial cells [47]. The 
absence of stronger and more organized indication of VE-cadherin could 
be due the lack of flow in the culture conditions as it has been shown that 
interactions between endothelial cells increase via VE-cadherin in the 
presence of flow through mechanotransduction [48]. 

The results showed that laminin (Fig. 6B) was expressed in the 
laminin groups slightly more compared to the Untreated Ctrl. This 
supports the results that the use of laminin, either by coating bio
conjugation has aided the endothelialization process compared to the 
untreated sample and could indicate that the present endothelial cells to 
have started to produce their own laminin. CD34 was stained to observe 
if the cells would have expressed vascular endothelial progenitor cell 
phenotypic properties for angiogenesis and it was slightly expressed in 
the laminin groups compared to the Untreated Ctrl. It could too early on 
day 4 for the HUVECs to acquire such phenotype and also, CD34 is 
mostly observed in small and newly formed vessels [49] whereas the 
channel network in the leaf device simulates larger blood vessels than 
capillaries. 

Overall, these results from live/dead and immunofluorescent stain
ing emphasized the importance of biomaterial surface modification and 
immobilization of proteins by bioconjugation to the surface of the 
nanocellulose–alginate hydrogels to allow longer-term cell attachment 
and endothelialization potential. 

3.6. In vivo evaluation of the oxidized nanocellulose-alginate hydrogel 

To study the oxidized nanocellulose-alginate hydrogel combined 
with bioconjugated laminin in vivo, the leaf device design was simplified 
to an open half-channeled circular disc model, surface treated and 
seeded with HUVECs. The circular scaffolds were transplanted subcu
taneously four days post-seeding to Rag1 KO mice and harvested on day 
33 post-transplantation (Fig. 7). In all experimental groups, the scaffolds 
had attached to the surrounding tissue, and especially tightly in the OX/ 
B-Laminin group. Some thin vascularization was visible around some of 
the scaffolds. All the scaffold had seemed to keep their shape well 
throughout the experiment, except a Cell-free Ctrl scaffold had broken 
down slightly and lost its round shape. 

The harvested scaffolds were cryosectioned to observe the cross- 
sections of the circular disc scaffolds. The samples were embedded in 
OCT the way that the open half channels were positioned orthogonally 
to the cutting surface but the surrounding tissue upon harvest made 
positioning the scaffolds correctly quite challenging. This way it was 
possible to stain and observe the cells in the half-channels. The sections 
were stained with hCD31 and mCD31 to study the cells on the surfaces of 
the scaffolds, if they were the seeded HUVECs and/or cells from the 
mouse. hCD31 was not visible in the samples which would indicate that 
the HUVECs were not present at day 33 post-transplantation, and DAPI 
indicates presence of mouse nuclei in the samples rather than human 

Fig. 4. Leaf fabrication using 3D-bioprinting technology. A CAD was created using the mold for casting. (A) The final design of the leaf, with the bulk of the leaf in 
red, and channels shown in blue. (B) A dual-head 3D bioprinter used to print the bulk of the leaf using nanocellulose–alginate ink and sacrificial ink (Pluronic F-127) 
for the channels (red). (C) A finished leaf with the sacrificial ink removed. The leaf was perfusable with water colored using a few drops of red food dye for 
visualization (pictures at the bottom). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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cells. In addition, we could observe some mCD31 positive staining co- 
localized with DAPI, however, we might also have some unspecific 
mCD31 in these samples. Overall, all groups, Untreated Ctrl, C-Laminin, 
OX/B-Laminin and Cell-free Crtl showed similar results. It seemed that 
host animal cells grew well on the surfaces on the transplanted bioma
terial and also if there were openings in the material, the cells seemed to 
grow into the material, but no other ingrowth was observed. 

3.7. Flow simulations 

To assess the possibility of connecting the leaf to a perfusion biore
actor, the leaf design was evaluated with water at room temperature and 
with respect to the flow parameters inside the channels. Wall shear stress 
is a parameter used to evaluate forces parallel to the vessel wall and 
assess how flow might affect cell attachment to the wall. To understand 
the parameters influencing flow, we investigated three different channel 
geometries. The first was the same design used for printing the 3D mold 
that consisted of straight channels with one inlet and one outlet and 
where the side channels were considered to be closed at the ends. The 
second geometry consisted of cone-shaped side channels, and the third 
geometry involved the design using the cone-shaped side channels but 
with no open geometries (the ends of the channels were connected to the 
inlet and outlet). Fig. 8 shows the simulated wall shear stress and flow 
field for each of the leaf designs. The relatively high Reynold’s number 
and momentum-dominated flow indicated that the highest velocities 
occurred in the central channel. Additionally, the large angle of the 
lateral channels resulted in unwanted recirculating regions and creeping 
flow; therefore, the geometric configuration was not optimal. Future 
simulations should apply geometrical optimization to minimize recir
culation in the identified regions and improve flow in the lateral chan
nels. Interestingly, the wall shear stress did not appear to be affected by 
recirculation and the flow-separation area, given that it increased along 
with the flow velocity. However, this does not suggest an absence of risk 
for developing arteriosclerosis, given that this is a condition that appears 
when endothelial cells are exposed to uneven wall shear stress over 
extended periods of time. 

3.8. Future perspectives 

In the various experiments that have been included in this paper, we 
show the versatile nature of the designed biomimetic leaf device. The 
device can be fabricated in different sizes with different fabrication 
methods and the flexibility opens up for the possibility to be used in 
different application areas. We show that cells can stay viable in the leaf 
for up to 14 days, however this time period is likely to be extended by 
the use of a perfusion bioreactor. This allows for the use in e.g. drug 
screening studies where cell response to different drugs can be better 
assessed due to more natural culturing conditions inside the 3D leaf. It 
also provides a platform to study co-cultures of endothelial cells and 
other cell types by having endothelial cells attach in the channels and 
mixing other cell types in the bulk of the hydrogel-alginate leaf. The 
ability to maintain viable cells within the leaf also opens up for the 
ability to be used as a cell delivery device in vivo. To be able to become a 
successful cell delivery device it needs to be able to support viability of 
cells within the material as well as allow for the ability to vascularize the 
device. When placed in vivo the device needs to be connected to the 
existing vascular systems and support endothelialization by allowing 
endothelial cell attachment, something we show is possible by using 
chemical modification inside the channels. As an example, the device 
could be used for delivering insulin producing islets of Langerhans for 
the treatment of diabetes. The islets would be placed inside the leaf and 
the channels would allow for nutrients to reach all parts of the device as 
well as simplifying the secretion of insulin to the surrounding tissue. 

Fig. 5. Live/dead cell staining of the endothelialized leaf devices with FDA/PI. 
Samples were imaged on days 4 (A), 7 (B) and 14 (C) to evaluate endotheli
alization and cell viability in the different experimental groups. Untreated Ctrl, 
untreated nanocellulose–alginate leaf devices; C-Laminin, leaf devices with only 
a laminin coating; and OX/B-Laminin, oxidized leaf devices with bioconjugated 
laminin. Scalebar: 500 μm. Lines have been added to indicate where the 
channels are located inside the leaf device. 
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Fig. 6. Immunofluorescence staining of the endothelialized leaf devices. Staining was performed on day 4 post-seeding. Staining targeted the endothelial cell marker 
A) hCD31, the tight junction marker VE-Cadherin (VE-Cad) and B) BM protein laminin and endothelial progenitor cell marker CD34. Untreated Ctrl, untreated 
nanocellulose–alginate leaf devices; C-Laminin, leaf devices with only a laminin coating; and OX/B-Laminin, oxidized leaf devices with bioconjugated laminin. 
Scalebar: 100 μm. 
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4. Conclusion 

In this study, we described the design and biofabrication of a leaf- 
inspired device that can be fabricated using two different techniques. 
The device can be made using both a 3D-printed mold that can be easily 
removed after casting using different hydrogels or by 3D-bioprinting of 
the entire device using a combination of bioink and sacrificial ink. Both 
methods allowed fabrication of a robust 3D device with interconnected 
and perfusable channels. The casting method offers a rapid, highly 
reproducible, and simple fabrication method, whereas the 3D-bio
printing method allows for a greater ability to control and easily 
change the leaf design. As a proof of concept, we showed that the leaf 
could be made using by adding adipose tissue or adipose derived stem 
cells inside the hydrogel before casting. Furthermore, the inside surface 
of the channels can be chemically modified using sodium periodate 
oxidation, followed by bioconjugation with laminin in order to improve 

endothelial cell attachment. The results demonstrated that endothelial 
cells remained viable inside of the laminin-bioconjugated channels for 
up to 4 days, as these surfaces promoted HUVEC attachment and 
endothelialization. The treated surfaces were also shown to be 
biocompatible in vivo Furthermore, flow simulations in the channels 
suggested the possibility of geometrical optimization to provide an 
optimal design to allow for laminar flow inside the channels, which 
would support device connection to a bioreactor for expanded assess
ment of endothelialization potential. This design has potential as device 
to promote safe delivery of cells in vivo while simultaneously supporting 
their sustained viability through endothelialization. These results sug
gest the proposed device as a first step towards the creation of larger 
tissue devices for in vivo use, as well as application as a perfusion 
bioreactor allowing in vitro study of organ development and drug 
screening. 

Fig. 7. Subcutaneous transplantation, harvest and immunofluorescent staining of the half-channeled circular scaffolds. A) Half-channeled scaffolds were cultured 
until day 4 with HUVECs, followed by subcutaneous transplantation to Rag1 KO mice and harvested on day 33 post-transplantation. Staining targeted hCD31 and 
mCD31 on 20 μm frozen cross-sections. B) Greater areas shown from the scaffolds to identify 1) cells inside the biomaterial, 2) the biomaterial and 3) surrounding 
tissue from the animal. Scalebar 500 μm. Squares indicate in C) areas shown for more detailed staining results. Scalebar 100 μm. 
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