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ABSTRACT: The future success of physiologically relevant three-dimensional (3D) cell/tissue models is dependent on the
development of functional biomaterials, which can provide a well-defined 3D environment instructing cellular behavior. To establish
a platform to produce tailored hydrogels, we conjugated avidin (Avd) to anionic nanofibrillar cellulose (aNFC) and demonstrated
the use of the resulting Avd-NFC hydrogel for 3D cell culture, where Avd-NFC allows easy functionalization via biotinylated
molecules. Avidin was successfully conjugated to nanocellulose and remained functional, as demonstrated by electrophoresis and
titration with fluorescent biotin. Rheological analysis indicated that Avd-NFC retained shear-thinning and gel-forming properties.
Topological characterization using AFM revealed the preserved fiber structure and confirmed the binding of biotinylated vitronectin
(B-VN) on the fiber surface. The 3D cell culture experiments with mouse embryonic fibroblasts demonstrated the performance of
Avd-NFC hydrogels functionalized with biotinylated fibronectin (B-FN) and B-VN. Cells cultured in Avd-NFC hydrogels
functionalized with B-FN or B-VN formed matured integrin-mediated adhesions, indicated by phosphorylated focal adhesion kinase.
We observed significantly higher cell proliferation rates when biotinylated proteins were bound to the Avd-NFC hydrogel compared
to cells cultured in Avd-NFC alone, indicating the importance of the presence of adhesive sites for fibroblasts. The versatile Avd-
NFC allows the easy functionalization of hydrogels with virtually any biotinylated molecule and may become widely utilized in 3D
cell/tissue culture applications.

1. INTRODUCTION

In the natural milieu within all tissues and organs, majority of
the cells are growing in a three-dimensional (3D) environment
surrounded by the extracellular matrix (ECM). The ECM is
mainly composed of water, proteins, and polysaccharides;
however, each tissue has its unique ECM in terms of
composition and topology, and ECM can serve as a reservoir
for chemical factors important for the tissue, such as growth
factors. The ECM not only provides an essential physical
scaffolding for the cell constituents but also initiates crucial
biochemical and biomechanical cues required for tissue
morphogenesis, differentiation, and homeostasis.1 Therefore,
while 2D cultures are widely used, 3D cultures are needed to
induce correct morphological and physiological responses,
gene expression, cell polarity, and cellular morphology.2

Nowadays, the cultivation of complex artificial tissues such as

organoids, organs-on-a-chip, or 3D tissue models is in urgent
need of suitable 3D cell culture methods.3

Hydrogels are flexible 3D polymer networks capable to
retain a large amount of water in their swollen state.4,5

Hydrogels are made of either natural or synthetic materials,
and they may be cross-linked by covalent bonds or ionic
complexation, via hydrogen bonding and via hydrophobic
interactions.4,6 Owing to their tunability, hydrogels have shown
potential in several biomedical applications, including scaffolds
for tissue engineering,7 drug delivery,8 contact lenses, wound
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healing, and also in diagnostic devices.9 As hydrogels mimic
the natural ECM, they have been largely studied in 3D cell and
organoid culture. In terms of 3D cell culture, the important
parameters of hydrogels include mechanical strength, elasticity,
porosity, ease of functionalization, biodegradability, and cell
compatibility.10,11

A promising natural hydrogel material is nanofibrillar
cellulose (NFC), also referred to as cellulose nanofiber
(CNF). NFC can be extracted from wood or plants by a
combination of mechanical, enzymatic, or chemical treat-
ments.12−15 NFC consists of cellulose nanofibers typically
having a diameter ranging from 3 to 100 nm depending on the
source and processing method, whereas the length is usually in
the micrometer scale.12,16 The surface of cellulose nanofibers is
strongly hydrophilic due to a high amount of hydroxyl groups.
Anionic cellulose nanofibers (aNFC) may be obtained, for
example, by TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl)-
mediated oxidization, which introduces negatively charged
carboxyl groups on the surface of the fibers. This oxidization
reaction also facilitates the disintegration of fibrils, leading to
very thin fibers with a diameter of 3−4 nm.17,18 NFC forms a
hydrogel in water stabilized by weak interactions. However, the
charged carboxyl groups of aNFC enable stabilization of the
hydrogel or modification of the surface of nanofibers by ionic
or covalent cross-linking chemistry.15 Nanocellulose hydrogels
are considered as biocompatible and bioinert materials to
support cell growth and differentiation in a 3D environment
even for several weeks, and they have shown promising results
in numerous applications, including 3D cell and organoid
culture, drug release studies, and 3D printing.19−24 aNFC
hydrogels have been shown to be cytocompatible with human
adipose tissue-derived mesenchymal stem cells25 and to
support the cultivation of human embryonic stem cell-derived
otic neuronal progenitor spheroids, while allowing sustained
release of brain-derived neurotrophic factors from a poly-
hedron delivery system.26

The ability of hydrogels to serve as an optimal template
facilitating cellular responses is a prerequisite for successful 3D
cell culture. Excluding blood cells, most cells in our body are
anchorage-dependent, which means that they must adhere to a
substrate to survive. In the body, this substrate is often an
ECM, a network of insoluble protein biopolymers, which can
contain binding sites mediating interactions with cells.
However, hydrogels intended for cell encapsulation are often
lacking their own binding motifs, and therefore, adhesive
motifs need to be incorporated into hydrogels to allow cell
attachment and mediate cell viability.27 For example, integrin-
binding peptides such as Arg-Gly-Asp (RGD) can be
conjugated into the hydrogel network to render it cell-
adhesive.28,29 Also, proteolytically cleavable peptides (such as
GPQGIWGQ) have been incorporated into synthetic poly-
ethylene glycol (PEG) hydrogels, allowing cell-mediated
degradation by proteases such as matrix metalloproteases.29

In addition to directly conjugating adhesive peptides or
proteins to the hydrogel network, an affinity interaction can be
used to modulate hydrogels. Quite recently Barros et al. used
affinity-based binding to incorporate laminin into synthetic
PEG hydrogels. More specifically, a four-arm maleimide-
terminated PEG macromer (PEG-4MAL) was functionalized
with a mono-PEGylated recombinant human N-terminal agrin
domain to promote high affinity binding of laminin. The
authors showed that affinity-bound laminin PEG-4MAL
hydrogels preserved laminin bioactivity better and enhanced

human neural stem cell proliferation and neurite extension,
when compared to hydrogels with physically entrapped
laminin.30 Another interesting affinity-based system is the
interaction of avidin and biotin, which exploits the high
specificity and extreme affinity (Kd ∼ 6 × 10 −16 M) of avidin
toward biotin.31−33 Avidin coating has already been used with
polystyrene and biodegradable polymers such as poly(L-lactic
acid (PLLA), poly(D,L-lactic acid (PDLLA), and polycapro-
lactone (PCL) to enhance adhesion of biotinylated chon-
drocytes, although the endocytosis of cell membrane-bound
biotin molecules was reported to decrease the binding efficacy
with time. To overcome endocytosis-related issues, the avidin−
biotin system was used in combination with fibronectin (FN)
to provide an integrin-dependent adhesion system. Indeed,
enhanced cell adhesion and spreading of biotinylated
chondrocytes were detected when avidin and FN solutions
were co-adsorbed to PDLLA surfaces.34 Similarly, the presence
of FN has been shown to improve an in vivo osseous healing
process in rabbits, when biotinylated fibronectin (B-FN) was
incubated on biotin-streptavidin-coated titanium implant.35

We previously used the avidin−biotin interaction for hydro-
gels, conjugating avidin to TEMPO-oxidized NFC and then
combining the mixture with alginate and glycerol to obtain a
suitable ink for 3D printing. Avidin retained its biotin-binding
activity during the 3D printing process.36 Also, avidin-
conjugated gellan gum hydrogel has been prepared and
functionalized by biotinylated adhesive ligands such as B-FN
and biotinylated cyclic RGD; this was demonstrated to be a
promising tool for 3D cell culture studies.37 Recently,
Fernandes et al. used avidin and biotinylated multi-arm
PEGs to design affinity-triggered hydrogels. The authors
showed that avidin and PEG-[biotin]4 were capable to self-
assemble instantaneously, and these hydrogels were used to
encapsulate pluripotent stem cells and to induce neural
lineage.38

In this proof-of-concept study, we conjugated avidin to aNFC
and demonstrated that the avidin−biotin interaction could be
used to functionalize the avidin-conjugated hydrogel with
biotinylated proteins, providing cell adhesion motifs. We
selected FN and vitronectin (VN) for chemical biotinylation as
both serve as integrin ligands and contain an RGD-sequence.
The performance of Avd-NFC hydrogel functionalized with B-
FN or biotinylated vitronectin (B-VN) was demonstrated in
3D cell culture experiments. We observed a clearly enhanced
cell viability and a more adhesive phenotype of mouse
embryonic fibroblasts (MEFs), when cells were grown within
Avd-NFC in the presence of the anchored biotinylated
proteins compared to Avd-NFC or aNFC hydrogel alone. In
principle, the Avd-NFC hydrogel allows functionalization
virtually by any biotinylated molecule, including peptides,
proteins, antibodies, growth factors, or other bioactive
molecules promoting specific functions. Due to its wide
tailoring capability, Avd-NFC may provide a valuable
alternative to other commonly used and commercially available
matrices, which support complex cell cultures, such as
Matrigel.39 Specifically, in contrast to Matrigel which is
provided with varying concentrations of proteins and growth
factors,40 the Avd-NFC 3D culture setup can provide a
platform to develop a tailored well-defined ECM for the
growth of cells, spheroids, or organoids. These cultures can
then be used for disease modeling, drug screening, or immuno-
oncology applications.
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2. EXPERIMENTAL SECTION
2.1. Materials. The aNFC hydrogel (GrowDex-T) and the

commercially available avidin-conjugated nanofibrillar cellulose (Avd-
NFC) hydrogel (GrowDex-A) were kindly provided by UPM
Biomedicals, Finland. Recombinant charge-neutralized non-glycosy-
lated chicken avidin (CNAvd) having a neutral isoelectric point (pI
6.93) was produced inEscherichia coliand purified by 2-iminobiotin
affinity chromatography, as previously described.41 N-Hydroxysucci-
nimide (NHS), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hy-
drochloride (EDC), Pierce BCA protein assay kit, Ez-Link NHS-LC-
biotin, HABA-dye (4′-hydroxyazobenzene-2-carboxylic acid), and low
retention pipette tips were obtained from Thermo Fisher Scientific
(Waltham, MA, USA). D-biotin was obtained from Fluka Chemie
GmbH (Buchs, Switzerland), and the biotin (5-fluorescein) conjugate
was purchased from Sigma-Aldrich (St. Louis, MO, USA). CellTiter-
Glo 3D cell viability assay was acquired from Promega (Madison, WI,
USA). Black polypropylene 96-well flat bottom plates were purchased
from Greiner Bio-One (Kremsmünster, Austria). The cell culture
media, high-glucose Dulbecco’s modified Eagle medium (DMEM)
supplemented with 1% (v/v) GlutaMax (Gibco), fetal bovine serum
(FBS, Gibco), TrypLe Select (Gibco), and T75 cell culture flasks
were obtained from Thermo Fisher Scientific (Waltham, MA, USA).
Ultra-low attachment 96-well plates were obtained from Corning
(Corning Life Sciences, Tewksbury, MA, USA), and 96-well glass
bottom plates were obtained from Cellvis (Mountain View, CA,
USA). Mini Protean TGX stain-free precast gels were purchased from
Bio-Rad Laboratories (Hercules, CA, USA).
2.2. Conjugation of Avidin to aNFC. CNAvd was covalently

conjugated via amine groups to carboxylic groups on NFC (Figure
1a) using EDC/NHS-chemistry using a protocol previously
described.36 All steps of the conjugation reaction were performed in

a laminar flow hood, and ultrapure water was used to dissolve the
reagents. Lyophilized, endotoxin-free CNAvd was dissolved in
ultrapure water and sterile filtered (0.2 μm) to obtain a concentration
of 1 mg/mL. aNFC hydrogel was used in its initial concentration of
1.0% (w/w). The principle of the conjugation chemistry is shown in
Figure 1b.

Before conjugation, aNFC hydrogel was sonicated to homogenize
the material and separate nanofibrils and aggregates, using a Sonics &
Materials VC 505 sonicator with a 5 mm probe and a 25% amplitude.
The samples were kept on an ice−water bath during sonication to
prevent sample warming, and they were mixed during the sonication
to obtain a homogeneous gel. The sonicated samples were mixed with
an aqueous, sterile filtered (0.2 μm) suspension of EDC and NHS to
achieve a concentration of 50 and 125 mM, respectively, and
incubated at room temperature (RT, 21 ± 1 °C) for 15 min. The pH
of EDC/NHS-activated aNFC was determined to be slightly acidic
(pH ∼ 6). CNAvd protein (1 mg/mL) was added to the activated
aNFC for covalent conjugation, using a ratio of 0.02 g of protein per 1
g of dry matter of nanocellulose. As a control sample, nanocellulose
without EDC/NHS activation was used. The control samples were
diluted with distilled water to the same extent as the activated
nanocellulose before addition of avidin proteins. All reactions were
first mixed well with a spatula and then incubated on a rolling shaker
for 2 h at RT. Finally, the reactions were quenched by adding Tris−
HCl (pH 8) to a final concentration of 20 mM. To remove non-
conjugated avidin and non-reacted reagents, the conjugated product
was washed twice by serially diluting the product in sterile water and
centrifuging at 10,000g for 3 h at 20 °C. The supernatant was
removed, and the hydrogel, now named Avd-NFC, was collected. The
dry matter content of Avd-NFC was determined by comparing the
wet weight of a sample to its dry weight after freeze-drying. The dry
matter content was calculated by eq 1.

Figure 1. Production of avidin-conjugated nanocellulose. (a) Cellulose nanofibers can be produced from wood. Simplified schematic of the
hierarchical structure of cellulose. (b) Reaction scheme for the covalent conjugation of carboxylic groups of anionic nanocellulose with amine
groups of avidin using EDC/NHS-chemistry. (c) Schematic illustration of how the Avd-NFC matrix enables binding of biotinylated molecules.
Figures are not shown in the correct scale.
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= ×Dry matter content (%)
dry weight
wet weight

100
(1)

2.3. Rheological Characterization of Hydrogels. Rheological
measurements were performed with a stress-controlled rotational AR-
G2 rheometer (TA Instruments, UK) using plate geometry (diameter
of plate 20 mm) at 22 °C. Two types of rheological tests were
performed: flow profile measurements and shear stress amplitude
sweep analyses. The flow profile was determined at different shear
rates by gradually increasing the shear stress from 0.1 to 100 Pa. The
yield point was determined as the intersection point between the
linear region and viscosity drop region from the viscosity−shear stress
plot. The shear stress amplitude sweep was measured with gradually
increasing shear stress in the range of 0.01−100 Pa at the frequency of
0.1 Hz. Storage modulus (G′), loss modulus (G″), and yield stress
were determined. Rheological experiments were performed for 0.5%
(w/w) Avd-NFC, 0.5% (w/w) aNFC, and 0.5% (w/w) Avd-NFC
functionalized with B-FN (50 μg/mL) or B-VN (50 μg/mL). Two
parallel measurements were performed for each sample.
2.4. Conjugation Efficiency of Avidin to Nanofibrillar

Cellulose. The conjugation efficiency of avidin to NFC was
determined by gel electrophoresis mobility shift assay, comparing
the Avd-NFC sample to a control sample (CNAvd + aNFC), where
avidin was added to aNFC without any EDC/NHS reagent. In
addition, bare CNAvd was analyzed as well. All samples were analyzed
both in the absence and presence of D-biotin as biotin is known to
stabilize the avidin tetramer. For this, samples were incubated for an
hour at RT with a 10-fold molar excess of biotin, and samples without
biotin were diluted with water to the same extent. A total of three
parts of the sample were diluted with one part of 4 × SDS-PAGE
sample-loading buffer containing 2-mercaptoethanol and heated to 50
°C for 20 min. Then, the samples were loaded to a Mini Protean TGX
stain-free precast gel (Bio-Rad Laboratories, Hercules, CA, USA) in
SDS-PAGE running buffer and run at 300 V for 15 min. This was
followed by silver staining with a Pierce silver stain kit (Thermo
Fisher Scientific, Waltham, MA, USA), and the gel was visualized with
a ChemiDoc MP imaging system (Bio-Rad Laboratories) with Image
Lab software. Theoretically, the amount of avidin loaded on the gel
was 100 ng per sample, and the intensity of the bands on the gel was
comparable to each other (Figure 3a). However, for the purified Avd-
NFC, the amount of non-specifically bound protein removed from the
sample during purification was not considered. The intensity of the
protein band detected on the gel for Avd-NFC was compared to the
control sample using ImageJ-software to determine the conjugation
efficiency of avidin.
2.5. Quantification of the Amount of Avidin in the Avd-NFC

Hydrogel. The amount of functional avidin in the purified Avd-NFC
was determined to assess whether avidin remains functional and
capable to bind biotin after conjugation to aNFC. A biotin (5-
fluorescein) conjugate (B5F, Sigma-Aldrich) was used as it is brightly
fluorescent free in solution, while the fluorescence is dramatically
quenched when bound to avidin.42 Purified Avd-NFC hydrogel was
diluted to 0.2% (w/w) concentration in distilled water. A
concentration series ranging from 0 to 4 μM of B5F was prepared
in PBS, and the dilutions were added to a black 96-well plate (Greiner
Bio-One). Then, Avd-NFC was added to each B5F dilution to obtain
a 0.1% (w/w) final hydrogel concentration. Three parallel samples
were measured for each B5F concentration. The samples were mixed
well on a well-plate shaker, and the fluorescence of the samples was
analyzed with a multilabel plate reader (Envision, Perkin Elmer) using
a monochromator light path. When the fluorescence intensity is
plotted versus the amount of B5F per sample, the intercept of non-
linear and linear part determines the saturation point of avidin-
binding sites, and thus, the concentration of available avidin can be
determined. The amount of B5F [pmol] was plotted against the
maximum emission intensity (Figure 3c). The performance of the
assay was verified by incubating an Avd-NFC sample with a 10-fold
molar excess of D-biotin prior to titrating with B5F. Also, aNFC was
titrated with B5F as a control.

2.6. Biotinylation of Fibronectin and Vitronectin. Both FN
and VN were purified from human plasma. For FN, gelatin affinity
column chromatography was used, whereas VN was purified by
heparin affinity chromatography.43 Purified proteins were dialyzed in
PBS (pH 7) and chemically biotinylated. An amine-reactive
biotinylation reagent, Ez-Link NHS-LC-biotin (Thermo Fisher
Scientific, MA, USA), was dissolved in DMSO to a 10 mM
concentration. A 20-fold molar excess of this reagent was added to
the FN solution and incubated for 30 min at RT. VN was biotinylated
similarly, but a 30-fold molar excess of reagent was used. After
biotinylation, proteins were dialyzed in PBS (pH 7) overnight to
remove non-reacted biotin. The total protein concentration was
determined with a Pierce BCA protein assay kit, and the number of
conjugated biotins per protein molecule was determined according to
the Pierce Biotin Quantitation Kit (Thermo Fisher Scientific), which
is based on a colorimetric detection using HABA-dye and avidin.44

The functionality of B-FN and B-VN was confirmed by coating
standard cell culture-treated 96-well plates with the biotinylated
proteins (10 μg/mL) or non-biotinylated FN and VN and comparing
the growth of MEFs on both surfaces.

2.7. Determination of the Availability of Avidin in the Avd-
NFC Hydrogel for Biotinylated Molecules. The available avidin-
binding sites for larger biotinylated molecules were measured by
indirect assay using B5F (Mw 645 Da) and B-VN (∼75 kDa). Samples
containing Avd-NFC hydrogel 0.2% (w/w) and different amounts of
B-VN were first mixed and incubated for an hour at RT. A
concentration series ranging from 0 to 4 μM of B5F was prepared in
PBS, and the dilutions were added to a black 96-well plate (Greiner
Bio-One). Then, Avd-NFC + B-VN samples were added to each B5F
dilution to obtain a 0.1% (w/w) final hydrogel concentration, and the
samples were analyzed with a multilabel plate reader, as described in
the quantification of the amount of avidin in the Avd-NFC hydrogel
section. Two parallel samples were measured for each B-VN
concentration. The determined values for available avidin were
plotted against the amount of added B-VN, and as each B-VN
contained 10.3 biotins per protein, the measured amount of available
avidin was also plotted against the biotin content of the B-VN (Figure
3d).

2.8. AFM Imaging. Atomic force microscopy (AFM) was used for
the characterization of cellulose nanofibers in aNFC, Avd-NFC, and
Avd-NFC functionalized with B-VN. First, 0.1% (w/w) Avd-NFC was
mixed with B-VN (final concentration, 0.05 mg/mL) and incubated at
RT for 1 h. Prior to imaging, all hydrogel samples were diluted with
water to 0.01% and sonicated for 5 min before spin-coating on freshly
cleaved mica discs. Samples were imaged by a commercial BioScope
Resolve AFM (Bruker Nano Inc, USA) in ambient air using the Peak
Force QNM mode and ScanAsyst-Fluid probe. Images were analyzed
using NanoScope Analysis software version 2.0 (Bruker Nano Inc.,
USA). The height profile was measured as a cross section of the fibrils
on the sites where small spots (presumably protein) were seen on the
fibril, and the height profile of the fibril alone was also measured.
From height profile analysis, mean height ± standard deviation of
plain fibrils or fibrils together with proteins was calculated.

2.9. Cell Studies. 2.9.1. Cell Culture. The MEF cell line was a
kind gift from Dr. Wolfgang Ziegler and has been previously described
by Xu et al.45 Cells were cultured in T75 flasks and maintained in
high-glucose DMEM supplemented with 10% (v/v) FBS and 1% (v/
v) GlutaMax (Gibco) in a humidified incubator at 37 °C and 5%
CO2. For 3D cell culture studies, fibroblasts were detached from the
culture flask via enzyme (TrypLe Select, Gibco) treatment, then
counted and diluted properly before embedding within hydrogels.
The cells were regularly tested negative for mycoplasma contami-
nation. MEFs between passages 10−17 were used for 3D cultivation
in the hydrogels.

2.9.2. Loading Biotinylated Proteins within the Avidin-Con-
jugated Nanofibrillar Cellulose Hydrogel. Avidin-conjugated hydro-
gels [initial concentration 1.0% (w/w)] were first mixed with B-FN or
B-VN and incubated for an hour at RT. As controls, non-biotinylated
FN and VN were used. For biotin-saturated (negative) control, 19
μM D-biotin (meaning a 5-fold molar excess compared to the avidin

Biomacromolecules pubs.acs.org/Biomac Article

https://doi.org/10.1021/acs.biomac.1c00579
Biomacromolecules 2021, 22, 4122−4137

4125

pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.1c00579?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


of Avd-NFC hydrogel) was added and incubated for an hour at RT
with hydrogel. After incubation, the hydrogels were diluted with cell
culture medium before addition of cells. In the final cell−hydrogel
mixture, the concentration of NFC hydrogels (aNFC and Avd-NFC
with and without biotinylated proteins) was 0.5% (w/v). The final
concentration of biotinylated proteins, B-FN and B-VN, was 50 μg/
mL. The final concentration of FBS (Gibco) was 10%.
2.9.3. 3D Cell Culture in the Functionalized Hydrogel.MEFs were

embedded within Avd-NFC hydrogels functionalized with B-FN or B-
VN to a seeding density of 100,000 cells/mL. Cell suspension was
mixed with the hydrogel by pipetting gently up and down a couple of
times until the mixture appeared visually homogeneous. Then, 100 μL
of the cell−hydrogel mixture per well was added to 96-well plates [96-
well glass bottom plate (Cellvis, CA, USA) for Live/Dead analysis and
on ultra-low attachment 96-well plates (Corning, NY, USA) for
CellTiter-Glo 3D cell viability assay]. After 30 min incubation at 37
°C, 100 μL of cell culture medium was gently added on top of the
hydrogel. Samples were incubated at 37 °C and 5% CO2. Every
second or third day, the plates were centrifuged at 100 g for 5 min at
RT, and half of the top layer medium was replaced with fresh cell
culture medium.
2.9.4. Cell Viability Assay. Cell viability was determined by

measuring the cytoplasmic ATP content of metabolically active cells
using a CellTiter-Glo 3D cell viability assay (Promega, WI, USA)
according to the manufacturer’s instructions. The cell viability was
determined on day 0, day 3, and day 7. The well plate was let to
equilibrate to RT, then centrifuged at 200g for 5 min, and 100 μL of
medium was removed from the well and replaced with 100 μL of
CellTiter-Glo-reagent to lyse the cells. The plate was shaken for 5
min, centrifuged again at 200g for 5 min, and then incubated for 30
min at RT. The luminescence was recorded by a Envision multilabel
plate reader (PerkinElmer, MA, USA). The mean of luminescence
values measured for cell-free hydrogels was subtracted as a reference
value. All samples were analyzed in triplicates, and the analysis was
repeated at least in two parallel experiments. The relative
luminescence units (RLUs) on day 3 and day 7 were normalized to
the RLU measured on day 0.
2.9.5. Live/Dead Staining. Cell viability within hydrogels was

determined by Live/Dead staining. For this, 100 μL of cell−hydrogel
mixture per well was added on glass bottom 96-well plates (Cellvis,
CA, USA), and then 100 μL of cell culture medium was carefully
added on top of the hydrogel. The plate was Live/Dead stained after 3
days of cultivation. The plate was centrifuged at 100g for 5 min at RT,
the medium of top of hydrogel was removed, and the samples were
gently washed with PBS. The negative control sample was incubated
with 1% saponin for 30 min, after which it was washed with PBS.
Samples were stained with fluorescent dyes, Calcein AM (2.5 μM),
and propidium iodide (2 μM), for live and dead cells, respectively.
100 μL of dye-PBS solution was added per well and incubated for an
hour at 37 °C and 5% CO2. As reference, the fibroblasts were grown
on the well-plate (glass) bottom.
The stained samples were imaged using a Zeiss LSM 780 laser

scanning confocal microscope (Carl Zeiss AG, Oberkochen,
Germany) using a 25×/0.80, WD 0.57 mm objective and water as
immersion medium. 488 nm and 561 nm lasers were used to excite
Calcein AM and PI, and emission filters were from 493 to 582 nm for
Calcein AM and from 582 to 718 nm for PI. Before imaging, the
intensity of the lasers was adjusted according to the hydrogel sample
containing highest number of live, fluorescent cells, and detector
saturation was avoided strictly. In contrast, a control sample without
any dyes produced insignificant background or autofluorescence. The
imaging parameters were kept constant during a whole experiment to
allow quantitative image analysis. For control samples such as cells
only, Avd-NFC hydrogel with PBS only (no Calcein AM nor PI), and
Avd-NFC hydrogel−cell mixture treated with 1% saponin, a thinner
Z-stack (∼100 μm with interval of 1 μm) was imaged, while for
bioactivated hydrogels with cells, thicker Z-stacks (∼300 μm with
interval of 1 μm) were imaged to be able to observe the growth of
cells inside the hydrogel. Images were taken using Zeiss Zen Black
software and analyzed using ImageJ and Huygens Essential software.

Maximum intensity projections of Z-stacks were prepared. For 3D
views, a 3D viewer plugin was used with volume rendering option.

2.9.6. Western Blot Analysis. The cells cultivated within hydrogels
were collected on day 3 and day 7 for Western blot analysis. The well
plate was centrifuged at 100g for 5 min, and 100 μL of medium was
removed from the top of the hydrogel. Then, 50 μL of 2 × Laemmli
sample buffer containing 2-mercaptoethanol was mixed with hydrogel
to lyse the cells. The plate was centrifuged again at 200g for 5 min,
and the samples were collected in tubes. The cell lysates were boiled
at 100 °C for 10 min and run on an SDS-PAGE to separate proteins.
A wet blot system was used to transfer the separated proteins from gel
onto a polyvinylidene fluoride membrane. The membranes were
immunostained with antibodies against phosphorylated focal adhesion
kinase (FAK pY397) (Abcam) and actin (Millipore). The details of
antibodies are listed in Table S1. Primary antibodies were diluted in
5% BSA-TBS, 0.05% NaN3, and 0.1% Tween 20 and incubated with
membranes overnight at +4 °C with gentle shaking. The membranes
were washed four times with TBS and 0.05% Tween 20. Appropriate
secondary antibodies (LI-COR) were diluted in 5% BSA-TBS, 0.05%
NaN3, 0.1% Tween 20, and 0.01% SDS and incubated with blots for
an hour at RT on a shaker. The membranes were washed four times
with TBS and 0.05% Tween-20 and flushed once with TBS after
which a LI-COR imaging system was used to detect the bound
antibodies. The antibody intensities were analyzed using Image Studio
Lite and ImageJ, and FAK pY397 values were divided by actin
intensities. This Western blot analysis was repeated three times using
parallel samples of two independent experiments. The ratio of
intensity (FAK pY397/actin) of each sample was normalized against
that of Avd-NFC to allow the comparison of parallel experiments.

2.9.7. Statistical Analysis. The statistical significance of differences
was assessed by one-way analysis of variance (ANOVA) with
Bonferroni’s multiple comparison test in GraphPad Prism 5.02
software. P < 0.05 was considered statistically significant. In all figures,
ns = not significant; * = p < 0.05; ** = p < 0.01; and *** = p < 0.001.

3. RESULTS AND DISCUSSION

3.1. Avidin-Conjugated Nanofibrillar Cellulose Re-
tains Its Hydrogel Properties. After the covalent con-
jugation process of CNAvd and aNFC, the product was
washed, and the dry matter content was determined. The
obtained Avd-NFC formed a thick hydrogel, having a dry
matter content of 2.2% (w/w) allowing handling with a spoon.
For further studies, the product was mixed with sterile water
and diluted to a dry matter content of 1.0% (w/w) to obtain a
homogeneous product suitable for pipetting. Avd-NFC forms a
transparent hydrogel, similar to the starting material aNFC.
The rheological properties of 0.5% (w/w) hydrogels were

measured in the shear mode for all samples at a temperature of
22 °C. The viscosity of all samples decreased when higher
shear rates were applied (Figure 2a), which is a typical
behavior for shear-thinning materials. The viscosity of 0.5%
(w/w) aNFC at low shear rates was ∼3000 ± 900 Pa·s,
whereas that for 0.5% (w/w) Avd-NFC was ∼ 14,700 ± 2900
Pa·s. Therefore, conjugation of avidin to nanocellulose
increased the viscosity of the Avd-NFC hydrogel at low
shear rates. This may be due to the increase in the molecular
weight of the polymers, but noncovalent interactions between
avidin and nanocellulose may contribute as well. However,
when the shear rate was increased, aNFC was found to be
more elastic at higher shear rates before the final rupture of the
gel. The yield point, which indicates the flow initiation at the
level of applied stress, was 10.0 ± 0.0 Pa for aNFC, whereas
that for Avd-NFC was lower, 1.4 ± 0.2 Pa.
All samples were also subjected to shear stress amplitude

sweep analyses, and shear storage (G′) and loss (G″) moduli
were measured as a function of shear stress (Figure 2b,c). In
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the linear viscoelastic region (LVR), where the moduli are
independent of the applied shear stress, G′ was higher than G″
for all samples, which indicates the elastic response to be
stronger than the viscous one, which is typical for solid and gel-
like structures. For aNFC, G′ was 9.4 ± 0.8 Pa and G″ was 3.2
± 0.2 Pa, whereas for Avd-NFC, G′ was 9.5 ± 2.6 Pa and G″
was 1.9 ± 0.3 Pa. Outside the LVR, both the moduli started to
decrease for both samples, indicating the breakdown of the gel
structure. Surprisingly, the increase in the viscosity observed
after conjugation of avidin (∼3000 Pa·s for aNFC and 14,700
Pa·s for Avd-NFC) was not reflected in the storage modulus

(G′), probably due to the disruption of the fibrillar network
structure as a result of avidin conjugation.
We also studied how functionalization via biotinylated

proteins affected Avd-NFC. While the changes were modest,
we found that functionalization of Avd-NFC via B-FN
decreased the storage modulus by 48%, as compared to Avd-
NFC (Figure S1d,e). Functionalization of Avd-NFC with B-
VN caused only minor change into storage modulus (increase
by 10%) compared to Avd-NFC alone (Figure S1d,f). Since
FN is a large protein with capability of forming fibrils while VN
is a globular soluble protein, it is logical that FN conjugation
leads to more significant changes in rheological properties of
the hydrogel.

3.2. Verification of Covalent Bonding of Avidin to
aNFC. The formation of covalent bonds between avidin
(CNAvd) and aNFC was verified by SDS-PAGE mobility shift
assay followed by silver staining. CNAvd is a tetrameric protein
(size of tetramer ∼56 kDa) containing several surface-exposed
amine groups and may form one or several covalent bonds
with the carboxyl groups of aNFC. When a covalent bond is
formed between CNAvd and aNFC, the large molecular size of
the Avd-NFC complex results in a very low mobility in the gel
electrophoresis. Although being a tetramer, CNAvd may
dissociate into monomers at elevated temperatures under
reducing conditions, and in this case, monomers without
covalent bond to aNFC are capable to penetrate the gel.
Indeed, partial dissociation of CNAvd into monomers was
detected on SDS-PAGE (Figure 3a) for Avd-NFC, control
sample (CNAvd + aNFC), or bare CNAvd, which were heated
to 50 °C for 20 min in the presence of 2-mercaptoethanol and
SDS. However, incubating samples with a 10-fold molar excess
of D-biotin before SDS-PAGE sample preparation stabilized
the avidin tetramer,46 and only tetramers were detected on the
gel, as expected. For the Avd-NFC sample, analyzed in the
presence of biotin, only a faint band of tetramers was detected
on the gel, representing CNAvd tetramers with none of the
four subunits covalently conjugated to aNFC. The conjugation
efficiency of CNAvd tetramers was determined to be 86 ± 1%
by comparing the intensities of the protein tetramer bands
migrating into the gel from Avd-NFC [conjugated (1.), Figure
3a] and control sample (Figure 3a) in the presence of biotin.
Avd-NFC samples were also analyzed on SDS-PAGE after
purification. Purified and diluted [1.0% (w/w)] Avd-NFC
samples were loaded on the gel in similar quantity (2.a, Figure
3a) or two-times lower amount (2.b, Figure 3a) compared to
the conjugated Avd-NFC (1., Figure 3a). The amount of non-
conjugated, soluble protein in the purified product appeared to
be decreased after washing. However, the intensity of protein
bands from the purified products is not directly comparable to
those of control sample as the dry-matter content and gel
composition changes during the purification process, while
possible non-bound proteins and non-reacted reagents are
being removed.

3.3. Amount of Functional Avidin Present in the
Avidin-Conjugated Nanofibrillar Cellulose Hydrogel.
The amount of functional CNAvd in Avd-NFC was
determined by titration of small aliquots of B5F to diluted
Avd-NFC. In the absence of avidin, the fluorescence of B5F
was linearly dependent on its concentration, but when B5F
bound to avidin, the fluorescence dramatically quenched and
only a very small increase in fluorescence was detected after
each titration (Figure 3b,c), as previously reported.47 In fact,
the early part of the titration curve shows a nonlinear response,

Figure 2. Characterization of aNFC and Avd-NFC hydrogels. (a)
Viscosity as a function of the shear rate for aNFC and Avd-NFC. (b)
Dynamic shear stress amplitude sweep analyses of aNFC and (c) Avd-
NFC samples. Storage (G′) and loss modulus (G″) are shown as a
function of the shear stress. Rheological characterization was
performed for hydrogels at 0.5% (w/w) concentration, and the
results for two parallel samples, 1 and 2, are shown.
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which most likely reflects the quenching arising from two
factors: (1) the binding between B5F and avidin and (2)
quenching due to B5F bound to adjacent binding site in
tetrameric avidin.48 After all biotin-binding sites being
saturated with B5F, the fluorescence started to increase
linearly (Figure 3c). When the fluorescence intensity was
plotted against the amount of added B5F, the intersection of
non-linear and linear part determined the saturation point of
avidin-binding sites, and thus, the amount of functional avidin
within each sample was determined. For control samples,
aNFC and Avd-NFC incubated with 10-fold molar excess of
D-biotin compared to ligand-binding sites of avidin, the
fluorescence was linearly dependent on the concentration of
B5F, suggesting the absence of nonspecific binding between
B5F and NFC (Figure 3c). When the amount was calculated
per known mass and volume of hydrogel, the result of
functional avidin was 11.4 ± 0.2 μmol/L of hydrogel at 1.0%

(w/w) concentration. The concentration of functional avidin
can be expressed in another way as 0.16 mg/mL of Avd-NFC
hydrogel at 1.0% (w/w) concentration, or 0.016 g or avidin per
1 g of dry matter of hydrogel. When considering the initial
amount of avidin used in the conjugation reaction was 0.02 g
or avidin per 1 g of dry matter of nanocellulose, we conclude
that at least 80% of avidin become conjugated. However,
during the protein expression, a small fraction of the binding
sites of the avidin tetramer become saturated by endogenous
biotin, and for avidin produced inE. coli,it has been shown that
purified protein contained about 3.7 free biotin-binding sites
per tetramer.49 When taking this into consideration, we can
estimate that the purified product contained ∼0.017 g avidin
per 1 g of dry matter of nanocellulose, and therefore, the
estimated yield would be 85%. Overall, the conjugation
reaction is efficient as the yield is between 80 and 85%,
which is well in-line with the SDS-PAGE analysis results,

Figure 3. Determination of the biotin-binding capacity of the Avd-NFC. (a) SDS-PAGE analysis of covalent conjugation of CNAvd to aNFC.
Covalently conjugated Avd-NFC samples were analyzed directly after conjugation (1.) and after purification (2.a and 2.b), together with a control
sample in which CNAvd was mixed with aNFC without EDC/NHS activation (CNAvd + aNFC). Also, the CNAvd protein alone was analyzed in
parallel. All samples were analyzed in the absence (−) and in the presence (+) of free D-biotin. Samples were heated at 50 °C for 20 min in the
presence of 2-mercaptoethanol and analyzed by electrophoresis followed by silver staining. M is the molecular weight marker. (b) Schematic
illustration of the principle of the biotin-5-fluorescein (B5F) binding assay to quantify the amount of active avidin in Avd-NFC samples. In the
direct assay, Avd-NFC is titrated with B5F, whereas in the indirect assay, Avd-NFC is first loaded with biotinylated molecules and then titrated with
B5F. Figures are not shown in the correct scale. (c) Quantification of the amount of active avidin (CNAvd) in Avd-NFC samples. Avd-NFC
samples were diluted in distilled water and titrated with B5F. As a control, Avd-NFC was incubated with a 10-fold molar excess of D-biotin before
titrating with B5F, and as a negative control, aNFC was titrated with B5F. Maximum fluorescent intensity is plotted vs. the amount of added B5F
(pmol). The amount of active avidin is determined from the intersection of polynomial and linear trendlines. The measured values are shown as
mean ± SD for three parallel samples. (d) Amount of available avidin for biotinylated conjugates was determined by indirect B5F assay using
samples containing Avd-NFC and increasing amount of B-VN (50, 70, and 90 pmol). The measured data points are shown for two parallel analysis
of each sample. As each B-VN contained 10.3 biotins per protein, the measured amount of available avidin is also plotted against the biotin content
of the B-VN.
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indicating 86 ± 1% coupling efficiency of CNAvd tetramers to
nanocellulose.
3.4. Avd-NFC Hydrogels Enable Biofunctionalization

by Biotinylated Proteins. 3.4.1. Biotinylation of Fibronec-
tin and Vitronectin. In order to functionalize Avd-NFC
hydrogels for cell culture, we selected two proteins, FN and
VN, which both have important roles in integrin-mediated cell
adhesion. FN and VN were purified from human plasma and
chemically biotinylated using amine-reactive biotinylation
reagents, and the degree of biotinylation was determined
using HABA-dye and CNAvd. The biotinylation reaction
resulted in 12.5 mol of biotins per mole of FN and 10.3 mol of
biotin per mole of VN. Both biotinylated proteins (B-FN and
B-VN) were functionally active as standard cell culture surfaces
coated with them supported the growth of MEFs similarly as
the surfaces coated with non-biotinylated FN and VN controls
(results not shown).
3.4.2. Loading Capacity of the Avd-NFC Hydrogel for

Biotinylated Proteins. The avidin tetramer has four identical
ligand-binding sites, which are arranged in a pairwise manner
on opposite sides of the tetramer. D-biotin (Mw 244.31 Da)
and small biotin conjugates such as B5F (Mw 645 Da)
efficiently bind to the avidin tetramer in a non-cooperative
manner. However, due to steric hindrance, larger biotin
conjugates bind in an anti-cooperative manner, that is, the
third and the fourth ligand associate more slowly and
dissociate much faster than the first two ligands.47,50

Consequently, we were interested whether all four biotin-
binding sites of the avidin tetramer are available for larger
biotinylated conjugates, when avidin is covalently conjugated
to cellulose nanofibers as in Avd-NFC, as the attachment may
cause steric hindrance for the binding. We quantified the
available avidin-binding sites for larger biotinylated proteins by
an indirect assay (Figure 3b) using B5F (Mw 645 Da) and B-
VN (Mw ∼75 kDa), as described above. The amount of free
avidin-binding sites decreased as the amount of added B-VN
increased, as expected (Figure 3d). Using a linear trendline (y
= −1.19x + 127.93) applied to the measured data points of
added B-VN, we calculated that when y = 0, x = 107.5 pmol.
This value represents the maximum binding capacity of 100 μL
of 0.1% Avd-NFC hydrogel for B-VN, accounting also for the
potential steric blockage of binding of B5F caused by B-VN.
When considering that B-VN contained 10.3 mol of biotins per
mole of VN, we plotted the amount of available avidin against
the biotin content of the sample (Figure 3d). Again, we applied
linear trendline (y = −0.12x + 127.93) to the data points and
calculated that when y = 0, x = 1066.1 pmol. This is the
theoretical maximum amount of biotins needed to saturate all
available binding sites in Avd-NFC (0.1%). When the
measured available CNAvd after addition of biotins of B-VN
was normalized to the available CNAvd in Avd-NFC (0.1%),
the results indicate that about 8.2 times molar excess of biotin
compared of available avidin should be added to saturate all
binding sites of Avd-NFC. However, full saturation may not be
reached using large proteins. This is partially because the
binding sites within the avidin tetramer are located as pairs,
where two binding sites are in proximity. Populating both these
two binding sites simultaneously with large biotinylated
protein would be unlikely, and this phenomenon has been
demonstrated previously with biotinylated PEG polymers: Ke
et al. reported that the binding numbers of biotinylated PEG/
avidin conjugates are highly dependent on the PEG chain
length, which decreased from about four to one when the

molecular weight of the PEG increased from 588 to 5000 Da.51

Moreover, large particle, even flexible one, acts as entropic
spring and therefore causes repulsion of the binding. Our
results were well in line with previous findings of anti-
cooperative binding of larger biotin conjugates to the avidin
tetramer due to steric hindrance.47 In summary, it is expected,
that one avidin tetramer is not able to simultaneously bind four
large biotinylated molecules, and this has to be taken into
consideration when planning the experiments.

3.5. Avd-NFC Preserved Fiber Structure Similar to
aNFC. When diluted (0.01%) aNFC and Avd-NFC samples
were analyzed with AFM, the topography images (Figure 4a,b)
revealed that both samples contained individual fibrils. In the
case of Avd-NFC, some small bright spots were located here
and there along the fibrils, presumably conjugated avidin
proteins. Height profile analysis indicated that the mean height
of the fibrils in aNFC was 2.5 ± 0.8 nm (n = 6). Similarly, in
Avd-NFC, the mean height of plain fibrils was 2.5 ± 0.5 nm (n
= 6), whereas the mean height of the fibrils in the presence of
conjugated avidin was slightly increased to 3.0 ± 0.7 nm (n =
6). Thus, conjugated avidin only slightly increased the fiber
height. The size of the avidin tetramer in solution has been
determined by X-ray diffraction to be about 5 × 5 × 4 nm3.52

However, generally dry samples appear smaller (height and
width) on AFM analysis compared to the native wet samples
due to dehydration. Indeed, using AFM, Shao et al. reported
that after drying with nitrogen gas, the height of the avidin
tetramer was about 2.5−3 nm on the silicon surface,53 and our
findings are well in line with that. All samples showed some
height variation within single fibrils, which may be attributed to
intrinsic structure of the fibrils, such as twisting. However, we
noticed that on the Avd-NFC sample, avidin protein was
typically located on the side of the fibril rather than on top of
it, and therefore, an increased fibril width rather than height
was observed.
When Avd-NFC was functionalized with B-VN, even larger,

very bright spots were clearly visible along Avd-NFC fibrils
(Figure 4c). Here again, the mean height of plain fibrils was 1.9
± 0.2 nm (n = 8), whereas that of the Avd-NFC fibrils with
bound B-VN was notably higher, 5.1 ± 0.8 nm (n = 8). The
size of the CNAvd tetramer is ∼56 kDa, whereas that of B-VN
is ∼75 kDa. Based on the location of large spots along the
fibrils and the resulting increment of fibril height, we assume
that B-VN was bound to Avd-NFC fibrils via avidin−biotin
interactions.

3.6. Avd-NFC Hydrogels are Cytocompatible with
MEFs. Previously, NFC and aNFC hydrogels have been shown
to be cytocompatible in several studies.19,20,23,25,26 To assess
the biocompatibility of Avd-NFC hydrogel, MEF cells were
embedded within hydrogels to a seeding density of 100,000
cells/mL and cultured on ultra-low attachment 96-well plates
with a layer of cell culture medium on top. The relative
number of viable cells within samples was determined by
CellTiter-Glo 3D cell viability assay at the beginning of the
experiment (day 0) and after 3 or 7 days of culture. The
original data of two independent experiments is shown in
Figures S2a,b. The RLUs of three parallel samples on day 3
and day 7 were normalized by setting the luminescence values
on day 0 to 1. The mean values of normalized samples are
shown in Figure 5c. As low adhesion well plates do not support
cell attachment, cells seeded directly on the plate could not
adhere and eventually died during the assay. Therefore,

Biomacromolecules pubs.acs.org/Biomac Article

https://doi.org/10.1021/acs.biomac.1c00579
Biomacromolecules 2021, 22, 4122−4137

4129

https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c00579/suppl_file/bm1c00579_si_001.pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.1c00579?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


samples containing cells but no hydrogel were used as a
negative control for the assay.
The number of living cells increased within all hydrogels

during the 7-day cultivation period, indicating that all the
studied hydrogels were cytocompatible and provided suitable
3D matrix supporting cell proliferation (Figures 5c and S2).
Significant differences were not seen between Avd-NFC and
aNFC. Within Avd-NFC, the number of living cells increased
1.9 ± 0.2 times during 3 days and 6.6 ± 1.0 times during 7
days, whereas within aNFC, the number of living cells

increased 2.4 ± 0.3 times during 3 days and 7.0 ± 0.6 times
during 7 days (p > 0.05, n = 6 for each time point/sample). In
this study, we used DMEM devoid of biotin; however, FBS
contains biotin. As Avd-NFC is capable to bind biotin and this
could have negative effect for cells, we tested whether the
addition of 19 μM D-biotin (5-fold molar excess compared to
avidin in the final hydrogel) to Avd-NFC before the addition
of cells affected the cell viability on Avd-NFC. However, we
observed no notable differences compared to Avd-NFC as the
number of cells in Avd-NFC in the presence of biotin
increased 2.0 ± 0.1 times after 3 days and further increased 8.2
± 0.9 times after 7 days. Therefore, we concluded that the
presence of avidin or its capability to harvest biotin from cell
culture medium did not affect the growth of the fibroblasts,
and Avd-NFC is equally well suited for fibroblast culturing as
aNFC.

3.7. Avd-NFC Hydrogel Functionalized with Biotiny-
lated Adhesion Proteins Promotes Proliferation of
Fibroblasts. To study whether the availability of cell adhesion
sites within a 3D hydrogel matrix had an effect on cell growth,
we functionalized Avd-NFC with B-FN or B-VN before
embedding cells. Nanocellulose hydrogels have been studied in
different 3D cell culture applications, and depending on the
cell type, the cell seeding densities varied between 10,000 and
9 × 106 cells/mL.19,20,25 In our initial cell viability experiments,
we used a cell seeding density of 1 × 106 cells/mL and noticed
that the cell growth was especially high in the presence of B-
VN. Therefore, we selected Avd-NFC functionalized with B-
VN to test four different cell seeding densities; 100,000;
250,000; 500,000; and 1 × 106 cells/mL. We found out that
cell viability was significantly increased in the lowest cell
seeding density (Figure S3a,b), suggesting that with the higher
cell densities, cells may suffer from lack of growth area or
nutrients. For example, with a seeding density of 1 × 106/mL,
the number of viable cells increased 2.9 ± 0.2-fold in 7 days,
whereas with a seeding density of 100,000 cells/mL, the
number of viable cells increased even 13.1 ± 0.7-fold in 7 days.
Based on these results, we selected a cell seeding density of
100,000 cells/mL for further cell viability analysis.
With Avd-NFC functionalized with biotinylated adhesion

proteins, we observed a notably higher cell growth during the
test period than within Avd-NFC alone. In the presence of B-
FN, the number of viable cells was 3.0 ± 0.5 times higher on
day 3 and even 13.7 ± 3.4 times higher on day 7 compared to
the initiation of the experiment on day 0 (Figure 5c). These
values are significantly higher (p < 0.05, n = 6 on day 3; and p
< 0.001, n = 6 on day 7) than those observed for Avd-NFC
alone. In the presence of B-VN, the change was more dramatic
as the number of viable cells increased 4.2 ± 0.8-fold in 3 days
and 20.0 ± 4.5-fold in 7 days (p < 0.001, n = 6, when
compared to Avd-NFC), showing that the presence of
adhesion proteins can strongly promote cell proliferation.
Both FN and VN provide RGD-cell attachment sites for
adhesion-dependent cells. However, in order to physically
mimic natural ECM and for the cells to experience the
required mechanical cues, the adhesion molecules should be
linked to the substrate. To evaluate whether the cell
proliferation was due to increased cell adhesion, we used
soluble, non-biotinylated FN and VN together with Avd-NFC
to control the effect of the soluble adhesion molecules. In the
presence of soluble FN, we observed a 2.4 ± 0.5 and 7.7 ± 1.3-
fold increase in cell viability on day 3 and day 7, respectively.
These values are much lower than those observed in the

Figure 4. Topography of functionalized nanocellulose fibers. AFM
analysis of cellulose nanofibers of (a) aNFC, (b) Avd-NFC, and (c)
Avd-NFC functionalized with B-VN. AFM topography image (1 μm
× 1 μm), magnified image (200 nm × 200 nm), and a height profile of
fibrils corresponding to the lines in the magnified image are shown for
each sample. A continuous line corresponds to the profile of a plain
fibril, and a dotted line corresponds to the profile of a fibril together
with a spot on it, where presumably avidin is conjugated to the fibril
in (b), or where B-VN is bound to the Avd-NFC fibril (c).
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Figure 5. Culturing of fibroblasts in 3D hydrogels. When Avd-NFC hydrogels were functionalized with B-FN or B-VN, enhanced cell adhesion and
spreading were detected. (a) MEFs were embedded within biofunctionalized hydrogels and applied onto a well plate. A layer of medium was added
on top of the hydrogel. (b) Schematic of fibroblasts within different kinds of hydrogels. In the absence of adhesive cues, cells proliferate but do not
find adhesion sites from Avd-NFC hydrogel, whereas biofunctionalized Avd-NFC hydrogel in the presence of biotinylated adhesion protein (B-FN
or B-VN) provides adhesion sites for fibroblasts. (c) CellTiter-Glo 3D cell viability assay was used to determine the relative number of viable cells
within different hydrogels. A cell seeding density of 100,000 cells/mL was used, and cell viability was determined on day 0 and after 3 and 7 days of
cultivation. The RLU values on day 3 and day 7 of each sample were normalized by setting the luminescence values detected on day 0 to value 1.
The bars are shown as mean ± SD for six parallel samples of two independent experiments, except Avd-NFC + biotin (control), for which the mean
± SD is calculated from three parallel samples of one experiment. Statistical analysis was performed by comparing to Avd-NFC using one-way
ANOVA and Bonferroni’s multiple comparison test, * = p < 0.05; ** = p < 0.01; and *** = p < 0.001. (d) Confocal microscopy imaging of MEFs
within 0.5% (w/v) hydrogels stained with Calcein-AM (green, live cells) and propidium iodide (magenta, dead cells). Cells were embedded in
different hydrogels (aNFC, Avd-NFC, Avd-NFC + B-FN, and Avd-NFC + B-VN) using a seeding density of 100,000 cells/mL and cultivated for 3
days. A differential interference contrast image of one Z-plane, a maximum intensity projection of Z-stack, and a 3D view are shown for each
sample. The scale bars are 100 μm.
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presence of B-FN. In fact, the cell viability in the presence of
soluble FN does not significantly differ from Avd-NFC alone
(p > 0.05, n = 6). Therefore, immobilization of B-FN to Avd-
NFC was required for the enhancement of cell viability, further
verifying that the effect was due to increased cell adhesion. For
the soluble VN control, we observed a 3.8 ± 1.1 and 14.0 ±
2.8-fold increase in cell viability after 3 and 7 days, respectively,
suggesting that even soluble VN can enhance cell viability (p <
0.001, n = 6, when compared to Avd-NFC alone). After 3 days
of culture, the number of viable cells is very similar in the
presence of B-VN or in the VN control. However, after 7 days,
B-VN cells showed higher cell viability (20.0 ± 4.5) than the
soluble VN control (14.0 ± 2.8).
In the course of this study, an Avd-NFC hydrogel produced

by similar principles to our Avd-NFC became commercially
available (GrowDex-A, UPM Biomedicals, Finland). We
performed cell viability experiments and analyzed the effect
of biotinylated adhesion proteins to the growth of MEFs
within GrowDex-A as well. The results of a representative
experiment are shown in Figure S4. The growth of cells within
GrowDex-A had a similar trend to Avd-NFC hydrogels. Within
plain GrowDex-A, the number of live cells increased 1.9 ± 0.2-
fold on 3 days and 3.9 ± 0.4 times on 7 days. When GrowDex-
A was functionalized with biotinylated adhesion proteins (B-
FN and B-VN), the cell proliferation increased. After a 3-day
cultivation, the increment in cell number was not yet
statistically significant, but after 7 days, significant differences
were observed. For example, in the presence of B-FN, the
number of viable cells increased 2.2 ± 0.3-fold on 3 days and
6.7 ± 1.1-fold on 7 days (p < 0.01, n = 3, when compared to
GrowDex-A). For GrowDex-A + FN (control), the number of
live cells increased 1.8 ± 0.1-fold on 3 days and 3.8 ± 0.6-fold
on 7 days, indicating the growth of cells to be very similar to
GrowDex-A alone. Within GrowDex-A + B-VN, the cell
proliferation was further increased; the number of live cells
increased 2.5 ± 0.1-fold on 3 days and 9.2 ± 0.4-fold on 7 days
(p < 0.001, n = 3, when compared to GrowDex-A). However,
the proliferation of cells in the presence of VN seemed to be
more or less independent of adhesion as a non-biotinylated VN
control produced an effect similar to B-VN. This may reflect
the differences between these integrin ligands. Adhesion on FN
has been found to be dependent on the mechanical load, while
VN appears to support integrin binding during early
adhesion.54 The results obtained with GrowDex-A further
indicated that the adherence of cells to their surroundings
supports their survival and proliferation in a 3D environment.
Substrate modulus may also influence on fibroblast

behavior.55 When cultured in a relatively soft environment
(E < 5 kPa), fibroblasts are quiescent, while increased stiffness
enhances cell proliferation and induces expression of α-smooth
muscle actin. Simultaneously, in 3D culture, increasing the
hydrogel stiffness of covalently linked hydrogel may cause a
negative effect on fibroblast proliferation.56 When it comes to
the current study, aNFC and Avd-NFC are weak hydrogels as
they are not chemically or ionically cross-linked, and therefore,
their stiffness is considered too low to induce fibroblast
activation.
3.8. Avd-NFC Hydrogels Functionalized with Biotiny-

lated Proteins Enhanced Spreading of Fibroblasts into
the Hydrogel. Fluorescence staining and confocal imaging
were used to visually study the distribution and morphology of
the MEFs cultured within different NFC hydrogels, as shown
in Figure 5d. In order to assess cytotoxicity, Live/Dead

staining was used, and most cells were alive in all tested
conditions, indicating that avidin conjugation to cellulose
nanofibers was not harmful for the cells, and all studied
hydrogels were cytocompatible. The control sample, cells only,
is shown in Figure S5. The negative control sample, Avd-NFC
treated with 1% saponin, showed high number of dead cells
(results not shown). When Avd-NFC was functionalized with
biotinylated proteins, B-FN and B-VN, cells were growing
deeper inside the hydrogel, and the morphology was more
elongated than with cells cultured in hydrogels without
adhesion proteins. In the presence of B-FN and B-VN, cells
also seemed to form more contacts with each other. Again,
very similar findings were observed within GrowDex-A
hydrogel as the number of live cells deeper inside the hydrogel
seemed to increase when B-FN or B-VN was present (Figure
S5). These results support our hypothesis that anchored FN
and VN provide adhesion sites for MEFs and support their
proliferation in 3D.
For 3D cell culture experiments, we chose to use the

biotinylated proteins B-FN and B-VN in a final concentration
of 50 μg/mL to measure their influence on cell growth and
morphology within a 3D sample after extended culture. Both
FN and VN are present in normal plasma at high
concentrations (FN, ∼300 μg/mL57 and VN, 200−400 μg/
mL58). As we used cell culture medium supplemented with
10% FBS, this alone does provide roughly a 20−40 μg/mL
concentration of these proteins. Both FN and VN contain one
RGD sequence. However, the proteins differ from each other
in terms of their size as FN is a dimer consisting of ∼220 kDa
monomers, whereas VN has a molecular weight of ∼75 kDa.
Therefore, at a final concentration of 50 μg/mL, the molar
concentration of RGD sequences provided by them was 0.23
μM in the case of B-FN and 0.67 μM in the case of B-VN
(Table 1). As a result, at a 50 μg/mL concentration, B-VN

provides 2.9 times higher molar amount of RGD-sequences
than B-FN, which could partly explain the higher viability of
MEFs in samples containing B-VN as the cells may find more
adhesion sites in those hydrogels. However, the biotinylated
proteins used have other differences as well. B-FN contained
12.5 biotins per monomer (∼220 kDa), whereas B-VN
contained 10.3 biotins per protein (75 kDa). Cellular FN
may be assembled into an insoluble fibrillar network,59 whereas
VN is quite globular protein. Therefore, the distribution of the
different sized and different kinds of biotinylated proteins may
differ to some extent, which could reflect changes in cell
viability as well. The final concentration of avidin (CNAvd) in

Table 1. Concentration of Different Components of aNFC,
Avd-NFC, and Avd-NFC Hydrogels Functionalized with B-
FN or B-VN

concentration

avidin
biotinylated
protein

sample

dry matter
content of
hydrogel (%,

w/v) (μM) (mg/mL) (μM)

number
of

biotins
per

protein

aNFC 0.5
Avd-NFC 0.5 5.7
Avd-NFC + B-FN 0.5 5.7 0.050 0.23 12.5
Avd-NFC + B-VN 0.5 5.7 0.050 0.67 10.3
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all our studied hydrogel samples [0.5% (w/w)] was 5.7 μM,
whereas the concentration of biotin was 2.9 μM when hydrogel
was functionalized with B-FN (50 μg/mL) or 6.9 μM when
functionalized with B-VN (50 μg/mL). Although the total
concentration of biotin in the B-VN sample was a bit higher
than the amount of avidin, we are convinced that B-VN was
efficiently bound because each VN contained ∼10 biotins.
Previously, Broguiere et al. studied cultivation of epithelial

organoids in fibrin matrices. Based on the physical properties
of the studied hydrogels, they selected a fibrin concentration of
3 mg/mL and found that fibrin gel supplemented with 10%
Matrigel had a similar colony formation efficiency than pure
Matrigel, whereas the efficiency of the fibrin matrix alone was
significantly lower. Interestingly, 3 mg/mL fibrin gel provided
∼35 μM RGD sites, whereas Matrigel supplement (10%)
provided only additional 0.7 μM RGD sites. The authors
further analyzed fibrin matrices supplemented with different
ECM components and identified that laminin-111 was the
main ECM component needed for colony formation as 3 mg/
mL fibrin matrix with 0.5 mg/mL laminin supplement led to
stem cell proliferation and formation of rounded cysts, while a
further increase in the laminin supplement to a concentration
of 2 mg/mL (corresponding to ∼2.2 μM concentration)
produced results comparable to pure Matrigel.60 Also in
hydrogels, the concentration of immobilized RGD peptides has
been studied. Enemchukwy et al. cultivated epithelial cells
within RGD-conjugated PEG-4MAL hydrogels and found that
during a 2-day cultivation, cell proliferation was insensitive to
the RGD concentration (0−2 mM), whereas at least 2 mM
concentration was needed to support the cyst formation in 10
days within hydrogels.61 Recently, Curvello et al. cultivated
small intestinal organoids within nanocellulose hydrogels
conjugated with RGD peptide (2 mM) and further mixed
with glycine. They found that RGD did not influence overall
cell viability but was needed to support organoid development
and bud formation.62 In our studies, we observed a remarkable
increase in the proliferation of MEFs in Avd-NFC hydrogel in
the presence of B-FN and B-VN at a concentration of 50 μg/

mL, corresponding to a RGD concentration of only 0.23 or
0.67 μM, respectively.
In addition to the importance of the RGD concentration,

also the conformation of the RGD peptide affects the binding
of cells. For example, Wacker et al. cultivated epithelial cells on
RGD peptide-containing PEG hydrogels and found that cells
showed higher initial adhesion strength on cyclic RGD,
whereas linear RGD peptide produced increased focal
adhesion formation and better long-term adhesion in flow.63

Kumagai et al. again investigated mouse B16 melanoma cells
on FN-coated wells and found that cyclic RGD inhibited cell
attachment at a 20-fold lower concentration than the linear
form.64 Kapp et al. performed a systematic comparison by
ELISA-like solid phase binding assay and measured the binding
affinity of a wide range of RGD ligands to the RGD-binding
integrins αvβ3, αvβ5, αvβ6, αvβ8, α5β1, and αIIbβ3. Their
work showed that the binding affinity for these ligands strongly
varied among different integrins.65 These studies and our
results suggest that both concentration and conformation of
cell adhesion motifs within hydrogels may be largely cell type-
and application-dependent, and therefore, further studies are
required. The Avd-NFC material presented here offers an
attractive platform to build suitable environments for various
needs by only changing the biotinylated compounds.

3.9. Fibroblasts Cultivated within Hydrogels in the
Presence of Anchored Adhesion Proteins Showed
Increased Adhesion. Cell adhesion to the surrounding
matrix is a very complex process, where integrins play a central
role. Integrin-mediated cell adhesion regulates several dynamic
cellular processes such as cell migration, phagocytosis, growth,
and development.66 Integrins are large transmembrane
proteins, which consist of α- and β-subunits assembling into
heterodimers.67 In their active state, the extracellular part binds
to proteins of the ECM or proteins on other cells, whereas the
intracellular part is connected to the actin cytoskeleton via
several adapter and signaling proteins. In vertebrates, 18 α and
8 β-subunits can assemble into 24 different receptors with

Figure 6. Analysis of FAK phosphorylation in 3D cell cultures. (a) Example of a Western blot used for quantification of FAK pTyr397. (b)
Quantification of FAK pTyr397 levels from three parallel Western blots. For each sample, the ratio of intensity (FAK pTyr397/actin) was
normalized against that of Avd-NFC. Bars represent mean ± standard deviation from three parallel analysis performed for samples collected after 7
days of cultivation. Statistical analysis was performed by comparing to Avd-NFC using one-way ANOVA and Bonferroni’s multiple comparison test,
* = p < 0.05; ** = p < 0.01; and *** = p < 0.001.
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different binding properties.67 For example, αVβ3 integrin can
bind to multiple ECM proteins including VN and FN.54

As discussed above, the presence of B-FN within Avd-NFC
hydrogels increased cell proliferation ∼13.7 ± 3.4-fold in cell
viability assays, whereas soluble FN could increase cell
proliferation only ∼7.7 ± 1.3-fold, quite similar to Avd-NFC
alone (6.6 ± 1.0-fold), suggesting that the increase in cell
growth was due to better adhesive properties of the hydrogel.
However, the presence of B-VN increased cell proliferation
∼20.0 ± 4.5-fold, whereas also soluble VN increased cell
proliferation ∼14.0 ± 2.8-fold, suggesting that cells can take
advantage of FN and VN differentially. Indeed, it has been
shown that αVβ3 integrin binding to FN is force-dependent
and would thus require anchoring of FN, whereas VN binding
happens already under low-force conditions and may be
adhesion-independent.54

To analyze the cell adhesion in more detail, we collected
samples of cells cultured within different hydrogels after 3 or 7
days and performed Western blot analysis and immunolabeling
against a cell adhesion marker, FAK pY397. If force-dependent
adhesion maturation takes place, we should see an increase in
the phosphorylation status of FAK at Y397. A representative
Western blot is shown in Figure 6a, and blots from replicate
experiments are shown in Figure S6a,b. We analyzed the ratio
of intensity of FAK pY397 versus actin in the samples and
normalized them against Avd-NFC (Figure 6b). This ratio was
∼1.5 ± 0.3-fold higher (p < 0.05, n = 3) in Avd-NFC + B-FN
compared to plain Avd-NFC, whereas in Avd-NFC + FN
(control), the ratio was about 1.2 ± 0.3 times higher (p > 0.05,
n = 3) than that in Avd-NFC. In Avd-NFC + B-VN, the ratio
of FAK pY397 versus actin was even 2.0 ± 0.1 times higher (p
< 0.001, n = 3) compared to Avd-NFC, while it was ∼1.2 ± 0.3
times higher (p > 0.05, n = 3) for Avd-NFC + VN (control)
compared to plain Avd-NFC. Thus, FAK pY397 was elevated
in the presence of the biotinylated adhesion proteins, B-FN
and B-VN, indicating that cells were able to attach to the
anchored adhesion molecules and thus receive correct
mechanical signals, whereas soluble VN and FN controls
both showed lower levels of FAK pY397, similar to Avd-NFC
alone. As the samples were cultivated on low adhesion well
plates where cells were not able to attach, cells alone showed
significantly lower level of FAK pY397 compared to samples
where cells were embedded in hydrogels.
3.10. Potential Applications of Avd-NFC in 3D Cell

and Tissue Culture. The natural ECM is a network of
insoluble proteins and biopolymers, which contains binding
sites mediating interactions with cells as most cells require
adhesion to substrates for survival and correct function. The
recent progress in 3D spheroid and organoid culture has been
largely based on the use of biological basement membrane
extracts such as Matrigel or similar products to support three-
dimensional cell growth. Because of the animal-derived origin,
the exact composition of the biological matrices is not always
known, and they can have batch-to-batch variations, which
may pose reproducibility problems in research.68 Therefore,
several natural and synthetic hydrogels have been studied as
alternatives. However, as most hydrogels lack cell adhesion
motifs, those need to be incorporated into hydrogels to allow
cell attachment and mediate cell viability.27

The avidin−biotin interaction in hydrogel biofunctionaliza-
tion offers the advantage of flexibility as Avd-NFC allows the
straightforward and easy functionalization of hydrogel with
different biotinylated molecules. As each tissue has its unique

composition of ECM,1 various 3D cell/tissue culture
applications may require numerous different cues to be
studied. With Avd-NFC, it would be even possible to study
a mixture of different biotinylated ligands, which would
however require careful optimization. Moreover, while the
incorporation cell adhesion motifs into the hydrogel matrix is
clearly important in modulating cell attachment, the spacing of
cell adhesion motifs may also be important. For example, on
2D surfaces, cells are known to be highly sensitive to
interligand spacing, which may alter cell morphology or
differentiation.27 In line with this are observations that 3D cell
culture within PEG hydrogels modified with RGD motifs do
not support cellular interactions below a certain RGD
concentration.29 However, the role of precise ligand spacing
in 3D networks has been explored only recently.27 In addition,
the spacing may depend on the ligand used. For example, when
using RGD peptides for hydrogel functionalization, higher
molar concentration may be needed compared to the FN or
VN used in this study. One of the advantages of Avd-NFC is
that the concentration of biotinylated molecules, that is
adhesive motifs, may be easily adjusted and studied in more
detail according to the specific needs. Moreover, there are
numerous biotinylated chemicals and proteins readily available
in the market, and a vast amount of biotinylation tools
available for the preparation of novel biotinylated molecules.69

Biotin is a chemically inert, non-toxic, and rather stable
molecule, which can be covalently attached to various
biomolecules with high efficiency using mild chemical reaction
condition. Also, site-specific biotinylation can be achieved
posttranslationally using a biotinylation tag (AviTag).70,71 In
addition to proteins and small molecules, also whole cells can
be biotinylated and could be directly applied on Avd-NFC. For
example, biotinylated chondrocytes have been studied on
avidin-coated polystyrene, PLLA, PDLLA, and PCL surfaces.34

The avidin−biotin interaction is based on extremely high
affinity and specificity, which guarantees that biotinylated
proteins can be very efficiently bound to the Avd-NFC
hydrogel. We compared the results obtained with Avd-NFC
functionalized with B-FN and B-VN to controls where FN and
VN were simply mixed with Avd-NFC. Although in the control
samples, the adhesion proteins may also be simply adsorbed or
physisorbed to Avd-NFC, most likely the physisorption is not
very efficient, and at least some portion of the protein will stay
freely floating within the hydrogel. Indeed, FN-mediated
adhesions are known to be mechanically active as the cells
need to pull on the molecule and sense the ECM via this
interaction, and here, we were unable to reproduce the effect
that B-FN had on cell proliferation simply by mixing soluble
FN with the hydrogel. Our results of cell viability studies
demonstrated that fibroblasts were proliferating more
efficiently in Avd-NFC and GrowDex-A hydrogels in the
presence of B-FN or B-VN, when compared to their non-
biotinylated controls, FN or VN. In addition, there was a
marked increase in the adhesion maturation marker FAK
pY397 in cells cultivated within Avd-NFC + B-FN or especially
within Avd-NFC + B-VN compared to control samples
containing Avd-NFC and non-biotinylated FN or VN (Figure
6). Especially, the specificity and efficacy of affinity-based
avidin−biotin interaction make it a cost-efficient approach, as
the used bioactive agent is efficiently bound to Avd-NFC
hydrogel. According to our unpublished stability analyses, Avd-
NFC hydrogel retains its biotin-binding capacity well over 1
year when stored at +4 °C or at RT. Simultaneously, it is
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known that the avidin−biotin bond is very stable. Therefore,
Avd-NFC hydrogel provides a robust platform for experiments
lasting for weeks or even months.

4. CONCLUSIONS
We showed that conjugation of avidin on aNFC allows the use
of the avidin−biotin interaction to functionalize the avidin-
conjugated hydrogel (Avd-NFC) with B-FN and B-VN,
providing cell adhesion motifs. The Avd-NFC hydrogel
functionalized with B-FN or B-VN was successfully used in
3D cell culture experiments using MEFs. Cell adhesion studies
verified that B-FN or B-VN were anchored into the hydrogel as
the cells were able to produce force-dependent adhesions. We
observed higher cell proliferation rates when biotinylated
proteins were bound to the Avd-NFC hydrogel than that seen
in cells cultured in Avd-NFC alone. As Avd-NFC hydrogel
would allow functionalization virtually by any biotinylated
molecule, it may find its use in various 3D cell culture
applications.
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Heiser, L.; Weißenbruch, K.; Krübel, S.; Franz, C. M.; Hytönen, V. P.;
Wehrle-Haller, B.; Bastmeyer, M. Induction of ligand promiscuity of
αVβ3 integrin by mechanical force. J. Cell Sci. 2020, 133, jcs242404.
(55) Smithmyer, M. E.; Sawicki, L. A.; Kloxin, A. M. Hydrogel
scaffolds asin vitromodels to study fibroblast activation in wound
healing and disease. Biomater. Sci. 2014, 2, 634−650.
(56) Bott, K.; Upton, Z.; Schrobback, K.; Ehrbar, M.; Hubbell, J. A.;
Lutolf, M. P.; Rizzi, S. C. The effect of matrix characteristics on
fibroblast proliferation in 3D gels. Biomaterials 2010, 31, 8454−8464.
(57) Pankov, R.; Yamada, K. M. Fibronectin at a glance. J. Cell Sci.
2002, 115, 3861−3863.
(58) Preissner, K. T.; Seiffert, D. Role of Vitronectin and Its
Receptors in Haemostasis and Vascular Remodeling. Thromb. Res.
1998, 89, 1−21.
(59) Wierzbicka-Patynowski, I.; Schwarzbauer, J. E. The ins and outs
of fibronectin matrix assembly. J. Cell Sci. 2003, 116, 3269−3276.
(60) Broguiere, N.; Isenmann, L.; Hirt, C.; Ringel, T.; Placzek, S.;
Cavalli, E.; Ringnalda, F.; Villiger, L.; Züllig, R.; Lehmann, R.; Rogler,
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