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Abstract

Establishing a vascular network in biofabricated tissue grafts is essential for ensuring graft survival.
Such networks are dependent on the ability of the scaffold material to facilitate endothelial cell
adhesion; however, the clinical translation potential of tissue-engineered scaffolds is hindered by
the lack of available autologous sources of vascular cells. Here, we present a novel approach to
achieving autologous endothelialisation in nanocellulose-based scaffolds by using adipose
tissue-derived vascular cells on nanocellulose-based scaffolds. We used sodium periodate-mediated
bioconjugation to covalently bind laminin to the scaffold surface and isolated the stromal vascular
fraction and endothelial progenitor cells (EPCs; CD31TCD45~) from human lipoaspirate.
Additionally, we assessed the adhesive capacity of scaffold bioconjugation in vitro using both
adipose tissue-derived cell populations and human umbilical vein endothelial cells. The results
showed that the bioconjugated scaffold exhibited remarkably higher cell viability and scaffold
surface coverage by adhesion regardless of cell type, whereas control groups comprising cells on
non-bioconjugated scaffolds exhibited minimal cell adhesion across all cell types. Furthermore, on
culture day 3, EPCs seeded on laminin-bioconjugated scaffolds showed positive
immunofluorescence staining for the endothelial markers CD31 and CD34, suggesting that the
scaffolds promoted progenitor differentiation into mature endothelial cells. These findings present
a possible strategy for generating autologous vasculature and thereby increase the clinical relevance
of 3D-bioprinted nanocellulose-based constructs.

Abbreviations EPC endothelial progenitor cell
FACS fluorescence activated cell sorting
3D three-dimensional HBSS Hank’s buffered saline solution
BSA bovine serum albumin HUVEC human umbilical vein endothelial cell
CaCl, calcium chloride NalOy4 sodium periodate
DAC dialdehyde cellulose SVF stromal vascular fraction
DAPI 4’ ,6-diamidino-2-phenylindole ToF-SIMS time-of-flight secondary ion mass
DPBS Dulbecco’s phosphate-buffered saline spectrometry
ECGM endothelial cell growth medium VE vascular endothelial
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1. Introduction

In the field of tissue engineering, vascularisation
remains a major challenge and bottleneck in the
creation of viable, implantable tissues of any lar-
ger dimension. A first step in addressing this issue
involves achieving recruitment and adhesion of
endothelial cells to the tissue-scaffold surface to facil-
itate endothelialisation. Various biomaterials have
been tested for a range of tissue-engineering applica-
tions, with nanocellulose showing great potential due
to its biocompatibility and tuneable chemical, phys-
ical, and mechanical properties [1-8]. As the most
abundant biopolymer found in nature, cellulose is
also highly accessible, as it can be derived from a
wide variety of sources, including plants, bacteria,
and tunicates [9]. As a material, it shows significant
versatility and application potential, including eval-
uations for skin and wound healing; artificial vas-
cular grafts; and cartilage-, bone-, and neural-tissue
engineering [10].

In recent years, nanocellulose has been success-
fully used as a bioink for 3D-bioprinting applic-
ations, with 3D-bioprinted scaffolds dimension-
ally stabilised through chemical cross-linking by
combining nanocellulose with the polysaccharide
alginate, which undergoes sol-gel transition when
exposed to divalent cations (e.g. Ca®") [8, 11-13].
Nanocellulose—alginate bioinks successfully combine
their respective advantageous mechanical and rheolo-
gical properties, particularly the shear-thinning prop-
erties of nanocellulose with the cross-linking abil-
ity of alginate, to provide 3D constructs that can
remain stable under cell culture conditions [14—16].
A major advantage of using nanocellulose in biomed-
ical applications is the limited biomaterial interaction
with cells in vivo as well as low degree of cell adhe-
sion, preventing the elicitation of a strong inflam-
matory reaction and foreign body response [7, 17,
18]. However, the same feature becomes disadvant-
ageous considering vascularisation, as the adhesion
of endothelial cells on nanocellulose in its unaltered
form is difficult [18].

Previous studies attempted to modify cellulose
in order to facilitate cell adhesion, with the addition
of proteins native to the extracellular matrix (ECM)
such as fibronectin and collagen, to scaffolds to pro-
mote attachment by mimicking the natural envir-
onment of cells representing an attractive approach
[18-22]. One method involves the use of readily avail-
able hydroxyl groups on the cellulose glucose sub-
unit, any of which can be oxidised to allow reac-
tions with protein amine groups to form covalent
bonds between cellulose and the protein. In addi-
tion to fibronectin and collagen, laminin is relev-
ant in this context. Previous studies have demon-
strated how laminin promotes neovascularization
and endothelialisation when immobilized on various
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synthetic biomaterials such as polytetrafluoroethyl-
ene, polyvinyl alcohol and polycaprolactone [23-25].
To this date, there is no study accounting for laminin
immobilized on nanocellulose-based hydrogel scaf-
folds, which could be a viable strategy for endotheli-
alisation of nanocellulose.

Isolation of sufficient amounts of cells of a rel-
evant type remains a major challenge within tis-
sue engineering. Isolation of primary cells directly
from patients depends on the general availability and
abundance of cells in the tissue of interest [26]. This
makes adipose tissue highly relevant in this con-
text, given its easy accessibility, ability to be isol-
ated in abundance by liposuction, and the limited
donor discomfort associated with its acquisition.
Additionally, the SVF of adipose tissue represents a
highly diverse cell population that contains fibro-
blasts, pericytes, immune cells, vascular cells, mes-
enchymal stem cells, and various proangiogenic pro-
teins and growth factors [27-29]. This heterogeneity
and the accompanying secretome of the cell popula-
tion make the SVF highly interesting as a cell source
for various applications and a vascularisation tool for
tissue engineering, given its reported ability to spon-
taneously assemble into vascular networks [30].

In this study, we evaluated a novel strategy for
autologous endothelialisation of nanocellulose-based
scaffolds using cells from human adipose tissue
(lipoaspirate), including the SVF and EPCs. The find-
ings demonstrated a viable method for promoting cell
adhesion on nanocellulose-based hydrogel scaffolds
through scaffold functionalisation by NalO, oxida-
tion and bioconjugation of laminin as a promotor of
cell adhesion. Moreover, this technique could serve as
atool for guiding the development of autologous vas-
culature within engineered tissues.

2. Material and methods

2.1. Chemicals and materials

All scaffolds were fabricated using 2.5% (w/v; in
water) medical-grade tunicate nanocellulose hydro-
gels (TUNICELL ETC; Ocean TuniCell AS, Norway)
and lyophilized sterile sodium alginate powder
(Pronova SLG100; DuPont NovaMatrix, Sandvika,
Norway) reconstituted in D-mannitol (Sigma-
Aldrich, Schnelldorf, Germany). CaCl, (Sigma-
Aldrich) solution was used for all cross-linking
activities. Bioconjugation was performed using
sodium (meta)periodate (NalO,), HBSS, and nat-
ural mouse laminin (Sigma-Aldrich). Ringer’s acet-
ate (Fresenius Kabi, Halden, Norway) was used to
wash the harvested adipose tissue. For cell culture,
HUVECSs, as well as adipose tissue-derived cell pop-
ulations (the SVF and EPCs), were expanded using
ECGM and supplements (PromoCell, Heidelberg,
Germany; Lonza Group AG, Basel, Switzerland). All
cells were detached using TrypLE solution (Thermo
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Fisher Scientific, Waltham, MA, USA) and DPBS
(Sigma-Aldrich), and viability was assessed using
a LIVE/DEAD cell viability kit (Thermo Fisher
Scientific). Cell fixation and permeabilisation were
performed using 4% paraformaldehyde (pH 6.9)
and Triton X-100 non-ionic detergent (Sigma-
Aldrich), with fluorescence imaging performed using
ActinRed555 ReadyProbes (rhodamine phalloidin)
and NucBlue fixed-cell ReadyProbes reagent (DAPI;
Thermo Fisher Scientific). Blocking for immuno-
fluorescence staining was performed using either BSA
(Sigma-Aldrich) or donkey serum (MilliporeSigma,
Burlington, MA, USA) and the secondary antibodies
donkey anti-sheep AlexaFluor488 and donkey anti-
rabbit AlexaFluor594 (Thermo Fisher Scientific).
Primary antibodies included sheep polyclonal
human-specific CD31 (clone hCD31; R&D Systems,
Abingdon, UK) and rabbit polyclonal VE-cadherin
(Abcam, Cambridge, UK). Fluorescence-labelled
antibodies included CD31 (clone WM59, Horizon
V500; #563454) and PerCP-Cy5.5-conjugated CD34
(clone 8G12; #347222) (BD Biosciences, Franklin
Lakes, NJ, USA). All samples were mounted on
coverslips using either Vectashield antifade mount-
ing medium (VectorLabs, Stockholm, Sweden)
or Invitrogen SlowFade Gold antifade mounting
medium with DAPI (Thermo Fisher Scientific).
For FACS, we used the following fluorescence-
labelled antibodies: FITC-conjugated CD105 (clone
MEM-226; #561443; Thermo Fisher Scientific),
PE-conjugated CD73 (clone AD2; #550257; BD
Biosciences), PE-Cy7-conjugated CD146 (clone
P1H12; #562135; BD Biosciences), APC-conjugated
CD90 (clone 5 E10; #559869; BD Biosciences), APC-
Cy7-conjugated CD45 (clone 2D1; #348815; BD
Biosciences), CD44 (clone G4426, Horizon V450;
#561292; BD Biosciences), CD31 (clone WM59,
Horizon V500; #563454; BD Biosciences), and PerCP-
Cy5.5-conjugated CD34 (clone 8G12; #347222; BD
Biosciences). All solutions were sterile-filtered using a
0.1 um MillexW filter unit (MerckMillipore, Billerica,
MA, USA).

2.2. Preparation of the nanocellulose—alginate
hydrogel

Lyophilised sodium alginate powder was dissolved in
sterile D-mannitol aqueous solution (4.6%, w/v) and
stirred at 300 rpm for 3 h to form a transparent algin-
ate hydrogel (3%, w/v). Sterile tunicate nanocellulose
hydrogel (2.5%, w/v) and alginate solution were com-
bined in an 80:20 ratio (v/v) by transferring the gels
back and forth between two syringes connected by a
Luer-lock adapter (CELLINK, Gothenburg, Sweden)
until a homogenous hydrogel was obtained.

2.3. Scaffold fabrication
Hydrogel scaffolds were prepared by dispensing
nanocellulose—alginate hydrogel in an even layer
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(~1 mm thick) in a Petri dish. Sterile acupunc-
ture needles (d = 250 pm) were placed in parallel
on the hydrogel surface and gently pressed into the
layer using tweezers. The hydrogel layer was cross-
linked by submerging in 100 mM CaCl, solution
for 30 min at room temperature (i.e. 20 °C-25 °C).
The needles were then removed from the cross-linked
hydrogel layer, leaving half-cylindrical indentations
on the scaffold surface that introduced an element of
curvature, which reportedly facilitates endothelial cell
attachment [31]. Circular scaffolds were produced
using a sterile biopsy punch (d = 10 mm) and stored
in 0.1 M CaCl, at 4 °C.

2.4. Scaffold oxidation by NalO,4

To evaluate the optimal NalO, concentration for
oxidising the scaffold without compromising scaffold
integrity during cell culture, an oxidation assay was
performed during which the scaffolds were treated
with NalO, at different concentrations. Briefly, the
scaffolds were washed in sterile deionised water,
with excess moisture removed by blotting with fil-
ter paper. Solutions at four different NalO,4 concen-
trations (0.05, 0.025, 0.01, and 0.005 M) were pre-
pared by dissolving sodium (meta)periodate powder
in deionised water. A portion (100 pl) of each solu-
tion was then applied to the blotted scaffolds in the
dark, and oxidation was allowed to occur at room
temperature, with sampling performed in triplicate
after 1 h, 2 h, and 3 h. The reaction was terminated
by repeatedly rinsing with deionised water. The oxid-
ised scaffolds were incubated for 24 h in ECGM at
37 °C under 5% CO; and 95% relative humidity, after
which they were optically and manually evaluated for
their structural integrity as a function of NalO, con-
centration and reaction time.

2.5. Laminin bioconjugation to the scaffold surface
Laminin solution was prepared by diluting 1 mgml ™!
of natural mouse laminin solution in HBSS to
obtain a 100 pg ml~! solution. Scaffold oxidation
was performed (as described in section 2.4) using
0.025 M NalO, for 1 h. Oxidised scaffolds were rinsed
repeatedly in HBSS, blotted dry with filter paper, and
then treated with 100 pl of laminin solution. Treated
scaffolds were then incubated at 37 °C under 5%
CO; and 95% relative humidity for 24 h to facilitate
bioconjugation. After incubation, excess protein solu-
tion was removed by aspiration, followed by repeated
rinsing with HBSS.

2.6. ToF-SIMS analysis

To verify bioconjugation and evaluate the effects of
elevated NalO, concentration and oxidation time on
the amount of bound protein, laminin-treated scaf-
folds were analysed by ToF-SIMS, with the presence
of amino acids used to confirm amounts of bound
protein. Scaffolds were treated with NalO, according
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to the protocol described in section 2.4 at concen-
trations of 0.025 M and 0.05 M, respectively, for 1 h
or 2 h, followed by bioconjugation (as described in
section 2.5). After bioconjugation, the scaffolds were
repeatedly washed with deionised water and dried on
an aluminium sheet at 37 °C overnight. The dried
scaffolds were analysed using untreated scaffolds as
negative controls. ToF-SIMS analysis was performed
using a J105 3D chemical imager (Ionoptika Ltd,
Eastleigh, UK) designed for the analysis of biological
samples [32, 33]. The J105 uses a quasi-continuous
primary ion beam and a buncher that focuses the
secondary ions before injection into a reflectron ToF
analyser. The mass spectra were acquired using a
40 keV gas cluster ion beam of CO;, with an approx-
imate gas cluster size of 6000. The primary ion cur-
rent measured into a Faraday cup was 13 pA. From
the mass spectra, the intensities of peaks assigned to
the immonium ion of different amino acids accord-
ing to the Mascot database were cumulated, and rel-
ative signal intensity as a function of treatment was
compared between groups [34]. Depth analysis was
performed over an area of 300 um? x 300 um? for 32
layers, with an accumulated primary ion-dose density
of 1.5 x 10'* ions cm 2. All analyses were performed
in positive-ion mode.

2.7. Mechanical analysis by nanoindentation

The effects of bioconjugation on the mechanical
properties of the scaffold were evaluated by meas-
uring stiffness by nanoindentation. Because scaf-
fold stiffness is an important factor in the adhe-
sion and functionality of endothelial cells, it is
relevant to determine changes in this property fol-
lowing bioconjugation [35]. Scaffolds were treated
with 0.025 M NalO, for 1 h, followed by laminin
bioconjugation for 24 h at 37 °C. After treat-
ment, the bioconjugated samples were stored in
HBSS. Nanoindentation was performed using a
PIUMA nanoindenter (Optics11 Life, Amsterdam,
Netherlands). The samples were mounted in a glass
Petri dish using a small drop of tissue glue and
covered with HBSS. The indentations were performed
at room temperature using a probe with a tip radius
of 8.5 um and a stiffness of 54.3 N m~!. All meas-
urements were performed in indentation mode with
an indentation depth of 1 um. The data were fit-
ted according to a Hertz model, with the effective
Young’s modulus (E.g) of the samples subsequently
calculated.

2.8. Evaluating the effects of bioconjugation on cell
adhesion

2.8.1. HUVEC culture

Primary HUVECs were cultured using ECGM
(PromoCell, Heidelberg, Germany). Briefly, 25 ml of
medium was transferred to a 150 cm? vented cell cul-
ture flask and incubated at 37 °C under 5% CO, and
95% relative humidity for 30 min. One vial containing
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cryogenically preserved HUVECs (1 x 10° cells) at
passage three was quickly thawed in a 37 °C water
bath, transferred by pipette to the cell culture flask,
and placed in an incubator at 37 °C under 5% CO,
and 95% relative humidity. The medium was changed
every 2 d, and the cells were cultured until reaching
80% confluence, after which they were split.

2.8.2. Cell seeding on the bioconjugated scaffolds

Bioconjugated scaffolds were prepared by treatment
with 0.025 M NalO, for 1 h, followed by the addi-
tion of 100 pug ml~! of natural mouse laminin for
24 h (as described in sections 2.4 and 2.5). Treated
scaffolds and untreated controls were placed in a 48-
well plate, covered with 300 ml ECGM, and incub-
ated at 37 °C under 5% CO, and 95% relative humid-
ity for 30 min. HUVEC:s at passages four through six
were detached by trypsinisation. After aspiration of
the medium from the incubated scaffolds, 100 pl of
cell suspension was seeded onto the surface at a cell
density of 9 x 10° cells cm~2. The cell-laden scaffolds
were incubated overnight at 37 °C under 5% CO,
and 95% relative humidity to allow cell attachment
prior to adding 500 ml of fresh ECGM per well. Cells
were maintained in static culture for 1 week (the day
of seeding was denoted as day 0), with the medium
changed every 2 d. For each treatment, samples were
collected in triplicate at days 1, 3, and 7 post-seeding.

2.8.3. Viability assay

Assay of HUVEC viability on the bioconjugated scaf-
folds was performed using a LIVE/DEAD cell viabil-
ity kit. Briefly, cell medium was aspirated, and scaf-
folds were washed with HBSS and incubated at 37 °C
for 15 min. LIVE/DEAD stain was prepared by mix-
ing calcein-AM and ethidium homodimer-1 at a 1:1
ratio (v/v) and diluting with HBSS. The stain (150 pl)
was applied to each scaffold and incubated for 15 min
at 37 °C, after which they were washed twice in HBSS
for 15 min at 37 °C to remove excess dye. Cells were
imaged at 10x using an Olympus TH4-100 fluores-
cence microscope (Olympus, Hamburg, Germany).
Viable cells were imaged by excitation at 488 nm and
dead cells at 570 nm. Images were further processed
using Image]J software (National Institutes of Health,
Bethesda, MD, USA) to reduce background fluores-
cence and create composite images enabling visual-
isation of live and dead cells on each scaffold.

2.8.4. Confocal imaging

To study HUVEC morphology and overall surface
coverage on the bioconjugated scaffolds, cell-laden
scaffolds prepared and cultured for 1, 3 and 7 d
were stained with DAPI and rhodamine—phalloidin
to allow imaging of nuclei and actin filaments and
study by confocal microscopy. Sample preparation
was performed by washing the scaffolds twice with
HBSS and fixation in 4% paraformaldehyde sup-
plemented with 20 mM CaCl, for 20 min at room



10P Publishing

Biomed. Mater. 18 (2023) 045028

temperature. Scaffolds were then rinsed twice with
HBSS and permeabilised in 0.1% Triton X-100 in
HBSS for 30 min. After rinsing twice with HBSS,
actin filaments were stained by adding two drops of
ActinRed555 ReadyProbes to each well for 30 min at
room temperature. After rinsing with HBSS, cell nuc-
lei were stained using NucBlue fixed-cell ReadyProbes
for 5 min at room temperature. Washed and stained
scaffolds were mounted on a glass slide with a cov-
erslip using Vectashield antifade mounting medium.
Cells were imaged using an LSM 710 NLO upright
confocal microscope and ZEN Blue software (Zeiss,
Oberkochen, Germany).

Immunofluorescence staining was performed to
evaluate the expression of the endothelial cell marker
CD31 and VE-cadherin. Cell-laden scaffolds at days
3 and 7 post-seeding were fixed, and nonspecific
sites were blocked using 1.5% donkey serum in
DPBS for 1 h. All solutions were supplemented
with 20 mM CaCl, to maintain scaffold integrity.
Scaffolds were incubated with sheep polyclonal anti-
human CD31 (5 pg ml™!) and rabbit polyclonal VE-
cadherin (1:300) overnight at 4 °C. Scaffolds were
then washed with PBS and incubated for 2 h at
room temperature with secondary antibodies (don-
key anti-sheep AlexaFluor488 (1:800) and donkey
anti-rabbit AlexaFluor594 (1:800)) diluted in 1.5%
donkey serum in PBS. The scaffolds were washed in
PBS and mounted on a glass coverslip with SlowFade
Gold antifade mounting medium with DAPI for nuc-
lear counterstaining. The samples were then imaged
with an Axio Observer inverted microscope (Zeiss)
and ZEN Blue software using z-stacks (6—-12 pm slice
steps).

2.9. Autologous endothelialisation

2.9.1. Ethical approval

Human adipose tissue was harvested from a healthy
donor using power-assisted liposuction and Klein’s
tumescent solution. The tissue was used in this study
after approval from the Regional Ethics Committee
of Gothenburg (Dnr: 624-16) and receiving written
informed consent for the donor(s). All collected tissue
samples were deidentified after donation. All experi-
ments were performed in accordance with the declar-
ation of Helsinki as well as current national guidelines
and regulations.

2.9.2. Isolation of the SVF and EPCs

The harvested lipoaspirate was processed using
a Celution automated closed system (Cytori
Therapeutics, Austin, TX, USA) for extraction of the
SVE. The tissue was transferred to the accompanying
sterile disposable container and then to the closed
processing canister, where it was washed with 37 °C
Ringer acetate, weighed, and treated with Celase
enzymatic reagent under mechanical agitation. After
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digestion, the concentrated SVF suspension (5 ml)
was extracted using a sterile syringe. Viability and
cell number were evaluated using a NucleoCounter
NC-200 system (ChemoMetech, Allerod, Denmark).

2.9.3. FACS

To further separate and characterize the SVE cells
were sorted by flow cytometry using the follow-
ing anti-human monoclonal antibodies: anti-CD105,
-CD73, -CD34, -CD146, -CD90, -CD45, -CD44,
and -CD31 (BD Biosciences, Franklin Lakes, NJ,
USA; Thermo Fisher Scientific, Waltham, MA, USA).
Flow cytometric analysis was performed using the
FACSAria IIu cell sorter system with FACSDiva
software (BD Biosciences). Instrument parameter
settings, as well as cytometer setup and tracking
runs, were performed according to manufacturer
guidelines prior to analysis. The SVF was character-
ized based on composition with respect to the cell
types and EPCs (CD347CD457) isolated from the
SVEF by FACS. After sorting, the SVF and EPCs were
cultured at a seeding density of 5700 cells cm™2 in
ECGM for 2 weeks (as described in section 2.8.1).

2.9.4. Adipose tissue-derived cell seeding on
bioconjugated scaffolds

Unsorted SVF and EPCs cultured for 2 weeks, respect-
ively, were seeded on bioconjugated scaffolds, as
described in section 2.8.2 (n = 7 scaffolds/group),
with HUVEC-laden bioconjugated scaffolds used as
a positive control, and untreated scaffolds used as a
negative control for all groups. Cells were cultured
for 3 d (the day of seeding was denoted as day 0),
and cell viability was assessed by LIVE/DEAD assay
(as described in section 2.8.2).

2.9.5. Confocal imaging of cell-laden scaffolds
Fixation, permeabilisation, and staining of nuc-
lei (DAPI) and the cytoskeleton (rhodamine-
phalloidin) were performed on SVF-, EPC-,
and HUVEC-laden bioconjugated constructs.
Additionally, immunofluorescence staining was per-
formed using fluorescence-conjugated anti-human
antibodies CD31 (5 ul) and CD34 (20 ul), as
described in section 2.8.3, except for the use of 1%
(w/v) BSA instead of the blocking solution. Stained
cells were imaged using an IN Cell Analyzer 6000
confocal microscope (GE Healthcare, Pittsburgh,
PA, USA) to analyse both cell-surface coverage and
morphology.

2.9.6. Statistical analysis

The total number of cell nuclei were quantified using
Image] software for image analysis. Statistical ana-
lysis was performed to assess and compare cell dens-
ities between groups. Significant differences between
cell types were calculated using a Kruskal-Wallis test,
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whereas differences in cell density between treated
and control surfaces were calculated using a Mann—
Whitney U test. All calculations were performed
using Excel (v.2108; Microsoft Corp., Redmond, WA,
USA), with a p < 0.05 was considered significant.

3. Results and discussion

3.1. Scaffold design and oxidation assays

Oxidation assays showed that a range of NalO, con-
centrations demonstrated negligible effects on scaf-
fold integrity, as all replicates remained structurally
intact for up to 3 h during oxidation. However, oxid-
ation of the scaffolds in the presence of 0.025 M
NalO, resulted in signs of disintegration after 2 h,
whereas total solid-to-gel transition occurred after 1 h
at 0.050 M NalOQy for all replicates (figure 1). At an
oxidation time >1 h at 0.050 M NalQOy, we observed
complete scaffold disintegration prior to incubation
in cell medium. Although the highest level of oxid-
ation would most likely be achieved at the highest
NalO, concentration and oxidation time, this result
suggested this as impractical, given the disintegrated
state of the scaffolds under these conditions. These
findings identified the optimal condition as oxidation
in the presence of 0.025 M for 1 h to preserve scaffold
integrity.

Although nanocellulose oxidation by NalO, is
not the only option for generating reactive groups
for bioconjugation, use of other oxidising agents,
including (2,2,6,6-tetramethylpiperidin-1-yl)oxy,
ozone, and hypochlorite, mainly target amorph-
ous regions of the cellulose material and potentially
lead to heterogeneous results [36, 37]. NalO, mainly
targets crystalline regions within the cellulose, and
NalO, oxidation is highly specific, in that it cleaves
the C2-C3 bond of the glucose subunit. This res-
ults in the formation of two aldehyde groups per
unit and conversion of cellulose to DAC and sub-
sequent immobilisation of proteins by the form-
ation of stable covalent bonds between aldehydes
and amine groups [38, 39]. Given that this treat-
ment can be conducted under relatively mild condi-
tions without compromising cellulose morphology,
NalO, oxidation presents a significant advantage for
bioconjugation [40, 41]. Additionally, using NalOy4
on cross-linked scaffolds subjects alginate to oxid-
ation, which emphasizes the need to optimize this
treatment to ensure the retention of scaffold cross-
linking (figure 1(A)). Depending on the application,
it might be beneficial to avoid subjecting the algin-
ate to oxidation altogether, as partial oxidation by
NalO,4 reportedly accelerates alginate degradation
in vitro [42]. One approach to possibly adapting this
method to avoid alginate exposure to oxidation is
to perform this activity prior to hydrogel prepara-
tion (i.e. bulk oxidation of the nanocellulose fibrils
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rather than the cross-linked nanocellulose—alginate
scaffolds) in order to generate DAC without com-
promising scaffold integrity.

3.2. ToF-SIMS analysis of protein bioconjugation
ToF-SIMS analysis revealed several peaks character-
istic to amino acids on the bioconjugated scaffolds in
the mass spectra (figure S1). The presence of these
peaks confirmed successful bioconjugation, given
that the untreated controls demonstrated ~1000-
fold lower respective signal intensities for the same
peaks. Additionally, the cumulative signal intensit-
ies for these peaks at layers 1, 2, and 20 were higher
for scaffolds treated with 0.050 M NalO, than those
with 0.025 M (figure 2(A)). This was not surprising,
given that the oxidation level and thus scaffold alde-
hyde content would logically be higher as a result of
the higher NalO,4 concentration and, therefore, create
more available binding sites for proteins at the scaf-
fold surface. Although the higher NalO4 concentra-
tion produced a higher signal intensity, both groups
demonstrated cumulative signal intensities within the
same range (1 x 10%).

Depth profiling of the relative signal intensity for
m/z 70 (a mass-to-charge ratio associated with sev-
eral different amino acids) revealed similar profiles
for the bioconjugated groups and a consistently low
signal intensity for untreated samples. Signal intens-
ity as a function of scaffold layer showed a rapid
decline along with increasing layers, confirming that
the protein content was significantly associated with
the scaffold surface (figure 2(B)). Despite the appar-
ently higher amount of conjugated protein on scaf-
folds treated with a higher NalO,4 concentration, the
oxidation assay demonstrated that this treatment was
not practically feasible due to the loss of structural
integrity (figure 1(A)). Because we detected com-
parable amounts of protein on samples treated with
a lower NalO, concentration and showing retained
scaffold structure, this demonstrated 0.025 M NalO,
as a suitable treatment for bioconjugation.

In this study, we used NalO4-mediated biocon-
jugation to enhance cell adhesion via immobilisa-
tion of laminin as a constituent of the ECM, facilit-
ator of cell adhesion according to its role as a ligand
for integrins in the cell membrane, and inducer of
their organisation into tube-like structures [43, 44].
NalO4-mediated bioconjugation has been used to
create biodegradable bacterial cellulose materials, as
well as for immobilizing proteins and antibodies onto
cellulose hydrogels. Furthermore, such immobilisa-
tion is compatible with retained enzyme function and
an important factor in preserving the bioactivity of an
immobilised protein [39, 44—46]. The results demon-
strated the successful NalO4-mediated bioconjuga-
tion of laminin onto nanocellulose—alginate scaffolds
and its likely retention of function post-conjugation.
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0.050 M 0.025M 0.010 M 0.005 M

Figure 1. Oxidation of cross-linked nanocellulose—alginate scaffolds. Oxidation of cross-linked scaffolds was performed using

various NalOy concentrations (0.005, 0.01, 0.025, and 0.05 M) for 1 h, 2 h, and 3 h, respectively, followed by incubation in ECGM
for 24 h. Control samples represented un-oxidized nanocellulose—alginate scaffolds. The treatment generating the highest degree
of oxidation (i.e. the highest NalO4 concentration and longest reaction time) at which all replicates retained structural integrity
was defined as optimal (identified as 0.025 M NalOy for 1 h) (A). Schematic illustration and final scaffold after cross-linking with

CaCl, according to brightfield imaging (4 x magnification) of the half-cylindrical indentations (B).
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Figure 2. ToF-SIMS analysis of oxidised and bioconjugated nanocellulose—alginate hydrogels. Bar graph showing the cumulative
relative signal intensities of the peaks for major amino acids (m/z 70, m/z 86, m/z 110, m/z 120, m/z 136, and m/z 159) for layers 1,
2, and 20 detected on control (untreated scaffolds) and scaffolds oxidised with 0.025 M NalO4 and 0.05 M NalQO, for 1 h,
respectively. Error bars represent standard deviations (n = 3) (A). Depth profile showing the signal intensity of m/z 70 (amino
acid peak) as a function of layer depth in the material (C). Bioconjugation of proteins to the surface was successful after oxidation
using both 0.025 M and 0.05 M for 1 h, with no difference in depth observed according to increased NalO4 concentration.

3.3. Mechanical properties of the bioconjugated
scaffolds

Figure 3(A) shows scaffold stiffness as a function
of treatment, with similar stiffness levels observed
for all three treatment profiles. We observed a
slight decrease in surface stiffness in the oxidised
group, which was likely a consequence of par-
tial surface degradation caused by broken covalent
bonds within both the nanocellulose and the algin-
ate. However, this decreasing trend in stiffness was
counteracted by the effects of laminin bioconjuga-

tion, which promoted reacquisition of stiffness to
levels comparable with those observed in the control
group.

Despite the changes in stiffness resulting
from treatment, there was no statistical difference
between groups. Because scaffold stiffness influences
endothelial cell behaviour, we speculated that any
positive impact on endothelial cell adhesion as a res-
ult of bioconjugation would be attributable to the
bioconjugation protocol and not the altered mechan-
ical properties of the scaffold.
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Figure 3. Mechanical properties of oxidised and protein coated nanocellulose—alginate hydrogels measured using a nanoindenter.
(A) Stiffness was measured for untreated scaffolds, scaffolds oxidised with 0.025 M NalOj, for 1 h and bioconjugated scaffolds
oxidised with 0.025 M NalOy for 1 h followed by laminin bioconjugation for 24 h. Three samples for each group were measured,
and three indentations per sample was performed. Error bars show standard deviation. (B) Examples of three untreated control

scaffolds in 100 mM CaCl,.
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Figure 4. Viability assay and confocal imaging of HUVECs on half-channel nanocellulose—alginate scaffolds. Viability was

assessed using LIVE/DEAD staining of cells cultured on bioconjugated scaffolds (0.025 M NalO4/1 h; 100 pg ml~! laminin/24 h)
(A)—(C) or untreated scaffolds (D)—(F) for 1, 3 and 7 d in static culture. Coverage of cells cultured on bioconjugated (G)—(I) and
untreated (J)—(L) scaffolds for 1, 3 and 7 d was assessed by confocal microscopy imaging of cell actin filaments (red) with nuclei
counterstaining (blue). Analysis revealed near total coverage on day 1 by cells cultured on the bioconjugated scaffolds, as well as
their high degree of viability (green). Decreased confluence was observed over time; however, cells on the bioconjugated scaffolds

demonstrated a higher retention rate relative to those on untreated controls.

3.4. HUVEC viability and adhesion

The results of viability assays and fluorescence ima-
ging to evaluate cell morphology are shown in
figure 4. Cells cultured on untreated scaffolds gen-
erally adhered near the edges of the scaffold and the
premade indentations and did not appear to associ-
ate strongly with the scaffold surface (figures 3(B)—(I)
and (D)—(I)). Additionally, we observed aggregates of

cells adhering to each other rather than to the mater-
ial, which appeared to become even more appar-
ent over time (figures 4(D)—(I)-III). Similarly, the
untreated scaffolds were characterized by a relatively
high degree of nonviable cells, as well as low degree
of scaffold surface coverage. By day 7, only sparse
distributions of cells displaying a round morphology
remained adhered to the scaffold. These observations
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Figure 5. Immunofluorescence staining of HUVECs cultured on half-channel nanocellulose—alginate scaffolds. HUVECs were
cultured on untreated nanocellulose—alginate scaffolds (A)—(E); (K)—(O) and laminin-conjugated scaffolds (F)—(]); (P)—(T).
Staining was performed on days 3 (A)—(]) and 7 (K)—(T) post-seeding. Area of magnification is denoted by a white square to
show cell—cell interactions. Cells were stained with the endothelial cell marker CD31 (green) and the tight junction marker
VE-cadherin (VE-Cad; red) combined with DAPI for nuclear staining (blue).

confirmed the poor adhesive properties of nanocellu-
lose, as described by Bodin et al [18].

By contrast, cells cultured on bioconjugated scaf-
folds formed nearly confluent layers of apparently
viable cells that displayed a cobblestone morphology
on culture day 1 (figures 4(A)—(I) and 5(C)—(I)). This
near total confluence of the scaffold surface was not
sustained over the course of the entire culture time
and began to decline by day 3. On day 7, the major-
ity of cells was located within the half-cylindrical
indentations of the scaffold, with a fragmented cell
layer also visible on the flat areas of the construct.
Despite this time-dependent decrease in confluence,
the numbers of viable cells remained higher relat-
ive to those on the control surfaces, where almost no
cells remained adhered to the surface on the final day.
Moreover, cells maintained an outstretched morpho-
logy and displayed tube formations (figures 4(A)—(I),
(B-1I), and (CI)), representing a cellular response to
angiogenic signals present in the environment and
a precursor to remodelling of the cell layer to form
capillary-like structures [47]. These findings sugges-
ted that laminin bioconjugation to nanocellulose—
alginate hydrogel scaffolds increased cell retention
and viability for up to 1 week in vitro and elicited

an angiogenic response from cells on the treated
scaffolds.

Previous studies demonstrated the positive effects
of similar types of bioconjugation on the adhesive
properties of nanocellulose scaffolds. Zheng et al [20]
observed an increased cell adhesion and proliferation
on bacterial nanocellulose membranes bioconjugated
with collagen using NalO, oxidation. Additionally,
Kuzmenko et al [21] demonstrated how cova-
lent binding of fibronectin and collagen promotes
endothelial cell attachment to cellulose surfaces. In
contrast to our studies, both Wen and Kuzmenko
used nanocellulose membranes whereas we used a 3D
bioprintable nanocellulose—alginate hydrogel. In the
present study, we demonstrated that laminin biocon-
jugation enhanced endothelial cell adhesion for up
to 1 week in vitro. Moreover, despite an observed
decrease in confluence, cell adhesion remained higher
on bioconjugated scaffolds relative to untreated con-
trols. The decrease in confluence is likely attributable
to scaffold disintegration due to accelerated alginate
degradation as a known consequence of partial algin-
ate oxidation [42]. Furthermore, it is possible that this
effect could be avoided by performing oxidative treat-
ment prior to hydrogel preparation. Additionally, this
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Figure 6. Surface coverage and morphology of adipose tissue-derived cell populations cultured on bioconjugated scaffolds.
Confocal imaging of actin filaments (orange) to visualize overall cell-surface coverage of the SVF (A)—(C) and EPCs (D)—(F) on
bioconjugated (B), (E) and untreated (A), (D) scaffolds. Areas marked with white squares are presented at 10X magnification (C),
(F) to allow visualisation of cell morphology along with counterstained cell nuclei (blue). Analysis revealed near total cell coverage
on bioconjugated scaffolds, whereas cells on control surfaces formed aggregates, indicating limited interaction with the scaffold.

may possibly mean that the effects of the bioconjuga-
tion with respect to increased cell adhesion might be
retained for even longer periods of time. These find-
ings showed that laminin bioconjugation enhanced
cell adhesion, suggesting that optimizing this method
might prolong the effects of this protocol on cell
adhesion. Additionally, the nanocellulose—alginate
hydrogel has suitable properties for 3D bioprinting,
which further supports the potential for regener-
ative applications. The ability to both manipulate
tissue architecture through 3D bioprinting as well as
increasing the bioactivity of the material itself could
possibly enhance vascularization in more physiolo-
gical conditions.

Figure 5 shows immunofluorescence results tar-
geting cells on bioconjugated and untreated scaf-
folds for 3 and 7 d in static culture. On day 3, some
endothelial cells expressed CD31 in the bioconjug-
ated group (figure 5(F)), whereas the control samples
showed fewer attached cells with a rounder cell mor-
phology and lower viability (figure 5(A)). The differ-
ence between groups was more pronounced on day
7, at which time larger endothelial layers in the half-
channels exhibited stronger CD31 expression on the
laminin-conjugated surfaces (figure 5(P)), whereas
the controls showed few cells and no tight junc-
tions (figure 5(K)). Despite that the overall VE-
cadherin expression was observed to be low for both
groups, there was still a noticeable higher level of
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expression on days 3 and 7 for the laminin-conjugated
samples compared to the untreated samples. VE-
cadherin expression is an important parameter that
describes the status of cell-cell interactions, and
previous studies report increases in VE-cadherin-
mediated VE cell interactions in flow cultures as a res-
ult of mechanotransduction [48, 49]. These findings
indicated that laminin bioconjugation promoted the
expression of cell markers typically associated with
healthy endothelium.

3.5. Viability, confocal imaging, and quantification
of adipose tissue-derived cells

For both EPCs and the SVF seeded on bioconjugated
scaffolds, we observed an overall high degree of viabil-
ity on day 3 in vitro, which agreed with previous find-
ings related to HUVEC-seeded scaffolds (figure S2).
Confocal imaging on day 3 revealed a high level of
confluence on the bioconjugated scaffolds along with
near total coverage of cells (figure 6), which demon-
strated an outstretched cobblestone-like morphology
and no clear differences between cell types in terms of
either morphology or confluence (figures 6(B), (C),
(E), and (F)). By contrast, the untreated scaffolds
showed low cell coverage and aggregates of densely
packed cells rather than cells adhering to the scaffold
(figures 6(A) and (D)). These findings agreed with
previously described observations of HUVEC-coated
scaffolds and confirmed that laminin bioconjugation
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Figure 7. Immunofluorescence staining of CD31 and CD34 on EPCs cultured on bioconjugated scaffolds. Confocal images (20 x
magnification) showing staining of CD31 ((A); green), CD34 ((B); red), nuclei ((C); blue), and merged + actin filaments ((D);
orange). Cells expressed both CD34 and CD31, indicating that EPCs differentiated into mature endothelial cells.
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Figure 8. Cell density according to scaffold treatment and cell type. The bar graph (top) shows the average cell density (cell

nuclei cm~2) on bioconjugated (A) and untreated scaffolds (B). The average cell densities on the bioconjugated scaffolds coated
with SVE, EPCs (n = 6) and HUVECs (n = 3) were 66 006, 51077 and 43 192 cells cm ™2, respectively. The corresponding cell
densities on the untreated controls were 188, 134 and 367 cells cm~2. The box plot (bottom) shows the distribution of data points
for bioconjugated (C) and untreated (D) scaffolds seeded with the SVF, EPCs, or HUVEC:s after 3 d of culture. For all cell types,
bioconjugated scaffolds displayed a higher cell density relative to that on untreated scaffolds.

enhanced the adhesive properties of the scaffold for
multiple cell types.

We identified positive immunofluorescence
staining for CD34 and CD31 on EPCs present
on bioconjugated scaffolds after 3 d of culture
(figure 7). Given the importance of CD31 as a
marker of mature endothelial cells, this result sug-
gested that the EPCs had begun to differentiate,
and that laminin bioconjugation promoted the dif-
ferentiation of EPCs isolated from adipose tissue
into mature endothelial cells. This is particularly
promising for the pursuit of an autologous source
of endothelial cells for tissue-engineering applic-
ations and vascularisation of biofabricated tissue
grafts.
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Figure 8 describes the differences in average
cell density between the bioconjugated SVF-, EPC-,
and HUVEC-laden scaffolds and untreated scaffolds.
Kruskal-Wallis analysis revealed no significant dif-
ference in cell density between the bioconjugated
and untreated scaffolds according to cell type, sug-
gesting that the choice of cell type for seeding and
in vitro culture did not affect cell adhesion regard-
less of treatment. Additionally, we confirmed a signi-
ficant increase in cells density on the bioconjugated
scaffolds relative to the untreated scaffolds, which
supported the importance of the bioconjugation
protocol.

The SVF is an important component of research
targeting the in vitro creation of vascularized tissues
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due to its diverse cell composition and ease of isol-
ation. Additionally, its relevance within the field of
regenerative medicine has been emphasized due to its
native population of mesenchymal stem cells, which
is significantly larger than that found in bone mar-
row and plays a major role in paracrine signalling in
native adipose tissue through the secretion of growth
factors, cytokines, and other signalling molecules
[49]. Clinically, use of the SVF has been assessed
for multiple applications, including wound healing,
scar treatment, and various orthopaedic procedures
[50]. Additionally, a previous report demonstrated
the ability of the SVF to self-assemble into func-
tional vasculature, which is partially attributable to
the paracrine signalling of native immunoregulat-
ory cells [26-29]. The present findings offer insight
into additional applications of the SVF to harness
its inherent vascularisation potential for endotheli-
alisation by separating EPCs for in vitro expansion
and subsequent seeding of nanocellulose-based scaf-
folds for tissue engineering. Given the ease with which
the SVF can be isolated via standard liposuction and
large volumetric tissue yields, these characteristics
support the relevance of adipose tissue as an auto-
logous cell source for generating a vascularized tissue
graft in vitro.

4. Conclusions

In summary, we functionalised nanocellulose hydro-
gel scaffolds via laminin bioconjugation to promote
the adhesion of cells sourced from adipose tissue.
In vitro studies confirmed significant elevations in
the viability and confluence of cells cultured on the
bioconjugated scaffolds, as well as maturation of SVF-
derived CD34™ EPCs into CD31% endothelial cells.
These findings demonstrated the utility of laminin
bioconjugation to support cells isolated from the SVF
of adipose tissue and suggest this as a viable strategy
for generating autologously endothelialised scaffolds.
Furthermore, the results promote the development
of fully vascularized scaffolds for tissue-engineering
applications.
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