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ABSTRACT: The use of cellulose materials for biomedical
applications is attractive due to their low cost, biocompatibility,
and biodegradability. Specific processing of cellulose to yield
nanofibrils further improves mechanical properties and suit-
ability as a tissue engineering substrate due to the similarity to
the fibrous structure, porosity, and size-scale of the native
extracellular matrix. In order to generate the substrate,
nanocellulose hydrogels were fabricated from carboxylated
cellulose nanofibrils via hydrogelation using metal salts.
Hydrogels cross-linked with Ca2+ and Fe3+ were investigated
as tissue culture substrates for C3H10T1/2 fibroblast cells.
Control substrates as well as those with physically adsorbed and
covalently attached fibronectin protein were evaluated with X-
ray photoelectron spectroscopy (XPS), Fourier transform infrared (FTIR), and enzyme linked immunosorbent assay (ELISA).
Significantly more cells were attached to surfaces modified with protein, with the highest number of cells adhered to the calcium
cross-linked hydrogels with covalently attached protein.
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■ INTRODUCTION

The primary role of a tissue engineering scaffold is to provide a
three-dimensional foundation to direct cellular attachment,
proliferation, and differentiation, promoting tissue formation.1,2

The choice of acceptable materials is restrictive because the
materials must meet several basic characteristics. First, they
must be biocompatible to the host tissue and not evoke an
immune response. In addition, they should be sufficiently
porous in order to support vascularization, nontoxic, and
biodegradable.3 Further, proper mechanical properties, match-
ing those of the tissue they are replacing, as well as high surface
area and a modifiable surface are important.4−7

Substrates with nanometer-sized features such as nanofibers
or nanofibrils are highly desirable due to their similar size-scale
and physical morphology as the natural collagen fibrils in the
extracellular matrix (ECM).8 The large surface-area-to-volume,
due to the small diameters, is favorable for cell attachment and
surface modification to improve cell adhesion. In addition,
these materials generally have high porosity, which is critical for
cellular infiltration, nutrient diffusion, and waste removal.9,10

Nanofibers are generally formed from drawing, template
synthesis, phase-separation, molecular self-assembly, or electro-
spinning.11

Cellulose from plant sources represents a virtually unlimited
source of renewable material for biomedical applications and
has long been used in sutures and wound dressings.12−14

Although cellulose is biocompatible, biodegradable, and
physiologically inert,15 its use as a tissue substrate has been
limited due to its relatively poor mechanical properties
compared to synthetic polymers.16 The mechanical properties
of single fibrils can be drastically improved via individualization
of the microfibrils into nanofibrils using a variety of methods
such as mechanical treatment, acid hydrolysis, or catalyzed
oxidation.12−14 Cellulose nanofibrils are ca. 5−20 nm wide and
100−300 nm long12,17 and thus are not continuous structures
such as electrospun nanofibers, but they can be fabricated into
3-D scaffolds via freeze- or supercritical-drying or protonation
of the carboxylate groups. The former two methods have poor
durability in water and thus are not suitable for cell culture. On
the other hand, the pH-stability of the hydrogels formed using
the latter method is further strengthened by replacing the
proton with metal ions.18 The resulting material is a hydrogel,
which is one of the most widely used polymer systems in tissue
engineering. They consist of physically cross-linked polymer
chains that are hydrophilic. The mechanical properties, such as
elasticity, can be substantially altered depending on the polymer
chemistry, cross-link density, and metal salt solution.18 In
addition, hydrogels can easily conform to the defect shape,
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making them ideal candidates for injectable wound-healing
materials.19

Although nanocellulose is known to support cellular
growth,20 it lacks biorecognition sites such as proteins or
growth factors that are needed for cell signaling and direction.
In addition, cellular adhesion on the chemically similar alginate
hydrogels has been limited.21,22 The nanocellulose hydrogels
contain many surface carboxylic acids, which are useful for
covalent protein attachment using the carbodiimide coupling
reaction.16 In this work, we explored the covalent and physical
adsorption of the protein fibronectin onto the hydrogel surface
to improve cell adhesion. Carboxylated cellulose nanofibrils
cross-linked with Ca2+ and Fe3+ with nearly an order of
magnitude difference in storage moduli (3.4 and 32 kPa,
respectively)18 were investigated for their ability to support the
growth of C3H10T1/2 fibroblasts.

■ MATERIALS AND METHODS
Materials. Deionized water with resistance ∼18.2 MΩ was used in

all experiments. Calcium nitrate tetrahydrate and iron(III) nitrate
nonahydrate, N-(3-(dimethylamino)propyl)-N′-ethylcarbodiimide-
(EDC), N-hydroxysuccinimide (NHS), 2-(N-morpholino) ethanesul-
fonic acid (MES), paraformaldehyde, Tween-20, and Triton X-100
were purchased from Sigma-Aldrich and used as received. Dulbecco
Modified Eagle’s Medium (DMEM), fetal bovine serum (FBS), bovine
serum albumin (BSA), 0.25% trypsin-EDTA, phosphate buffered saline
(PBS), micro-BCA protein assay kit, and antibiotic/antimycotic
(Cellgro cat. 30-004-C1) were obtained from Fisher Scientific.
Mouse mAb, clone 17 fibronectin antibody was obtained from
Abcam. Horseradish peroxidase (HRP)-conjugated donkey antimouse
immunoglobulins secondary antibody was obtained from Jackson
ImmunoResearch Laboratories. Rhodamine phalloidin, Amplex Red
Assay Kit, and Human Fibronectin (FN) were obtained from Life
Techologies. C3H10T1/2 fibroblast cells were obtained from
American Type Culture Collection and used at a passage number of
13. Aqueous dispersion of carboxylated cellulose nanofibrils (balanced
with sodium ions) was provided courtesy of the USDA Forest
Products Laboratory (Madison, Wisconsin). The cellulose nanofibrils
(CNF) were produced from wood pulp using the TEMPO oxidation
technique as has been previously described.23

Hydrogelation. CNF hydrogels were produced by addition of a
metal salt solution to the CNF aqueous dispersion as has been
described previously.18 Briefly, the CNF dispersion was stirred to form
a low viscosity liquid, degassed, and then an equal weight of a 50 mM
aqueous solution of metal salt (Ca(NO3)2, or Fe(NO3)3) was added
dropwise without stirring. The resulting hydrogel was soaked and
rinsed with acidic water (pH = 3, Fe3+ hydrogels only) and then
neutral water several times to remove unbound metal ions.
Protein Attachment. The hydrogels were thoroughly rinsed with

PBS and cut to fit into 24-well plates. For the covalent attachment of
protein, the substrates were immersed in a MES buffer containing of 5
mg/mL EDC and 5 mg/mL NHS for 1 h at RT. Substrates were
rinsed with MES buffer and incubated in a 50 μg/mL fibronectin
solution at 4 °C overnight. The protein solution was removed, and the
substrates were washed in a 0.05% Tween 20 solution in PBS with
gentle shaking for 30 min to remove physically absorbed protein.
Previous research has shown that this process removes ca. 93% of
physisorbed proteins.24 Substrates with physically adsorbed proteins
were prepared by immersing the hydrogels in a 50 μg/mL fibronectin
solution at 4 °C overnight. Substrates were then washed thoroughly
with PBS and sterilized overnight by immersing in a sterile solution of
2% antibiotic/antimycotic in PBS. Samples were kept sterile for cell
culture studies or rinsed thoroughly with deionized water and dried for
characterization.
Characterization of Substrates. The morphology of the

hydrogels was examined using a field-emission scanning electron
microscope (SEM, Hitachi S-4700) in the secondary-electron mode,
using a mixture of upper and lower detectors. An accelerating voltage

of 2 kV was maintained in order to prevent surface damage to the
substrate. To prepare the specimens, the hydrogels were solvent-
exchanged stepwise with acetone/H2O (50:50), acetone/H2O
(75:25), and then with acetone for several times to completely
remove water. The acetone gels were then supercritical CO2-dried.
Before observation, the samples were sputter coated with gold−
palladium. Several areas were imaged in order to examine the
uniformity of the nanofibril diameters. Nanofibril diameters were
measured using image analysis software (ImageJ v 1.34, National
Institutes of Health) and were not corrected for the sputter layer
thickness. All samples were prepared and sputter coated at the same
time.

Fourier transform infrared (FTIR) spectra of the dried samples of
CNFs and the CNFs with protein were collected on a Thermo Nicolet
NEXUS 870 spectrophotometer. The samples were obtained by
freeze-drying the hydrogels. Sample pellets were prepared by grinding
with KBr powder with the dried samples and pressing into pellets. The
spectra were acquired in transmission mode on the sample pellets
using 128 averaged scans and 4 cm−1 resolution over the spectral range
4000−400 cm−1. Surface compositional analysis was performed using a
PHI 5700 X-ray photoelectron spectroscopy (XPS) system equipped
with a hemispherical analyzer. Samples were irradiated with a 400 W
nonmonochromatic Al Kα (1486.6 eV) X-ray beam, and analysis was
performed on sample areas of 2 mm × 0.8 mm with a takeoff angle of
45°. The XPS chamber pressure was maintained between 1 × 10−9 and
2 × 10−9 Torr. Elemental high resolution scans were conducted with a
23.5 eV pass energy for the C 1s, O 1s, and N 1s core levels. A value of
284.6 eV for the methylene component of the C 1s spectrum was used
as the calibration energy for the binding energy scale, and all other
spectra were shifted by the corresponding amount. Data were
processed using Casa XPS software v 2.3.15.

Micro-BCA Assay. Quantification of protein was determined using
a by difference assay. Gels with physically absorbed protein were
prepared by soaking in protein overnight, rinsed twice with PBS and
the removed protein solution and rinses were combined with an equal
volume of working reagent. Gels with covalently attached protein were
prepared by reacting with EDC/NHS, rinsing with buffer, and then
soaking in a fibronectin solution overnight. To remove unbound
protein, the gels were rinsed 30 min in a 0.05% Tween-20 solution and
then in PBS. The protein soaking and rinse solutions were combined
to serve as the final protein solution for analysis. An aliquot of the
protein solution was diluted into an equal volume of working solution
to serve as the initial protein solution. Samples were analyzed
according to the manufacturer’s instructions. The amount of protein
attached per gel volume was determined by taking the difference
between the initial and final protein concentrations, determined by a
calibration curve.

Determination of Biological Activity of Substrate-Bound
Fibronectin via ELISA. Nanocellulose gels with physically adsorbed
and covalently attached fibronectin, as well as controls, were blocked
with 5% donkey serum and 1% bovine serum albumin in PBS for 2 h at
4 °C, and then rinsed with PBS. The substrates were immersed in
primary antibody solutions specific to FN (mouse mAb, clone 17,
Abcam, 1:250 dilution) overnight at 4 °C. The substrates were rinsed
with 0.05% Tween-20 in PBS for 30 min followed by PBS. The
secondary antibody horseradish peroxidase (HRP)-conjugated donkey
antimouse immunoglobulins (Jackson ImmunoResearch Laboratories)
was diluted 1:10,000 in 5% donkey serum. The substrates were
immersed for 3 h at RT and thoroughly rinsed with 0.05% Tween-20
in PBS followed by PBS. 100-μM Amplex Red reagent (10-acetyl-3,7-
dihydroxyphenoxazine) and 20-μM H2O2 (Amplex Red assay kit,
Invitrogen) prepared in sodium phosphate buffer (0.05 M, pH∼ 7.4)
were added to each sample well. The enzymatic reaction was allowed
to proceed for 30 min at room temperature (RT) protected from light.
Aliquots were taken from each sample well and transferred to a black
96-well assay plate with a clear glass bottom (Corning, Inc.). The
fluorescence intensity was measured using a PerkinElmer Universal
Microplate Analyzer (Waltham, MA) with a 538 nm excitation filter.
The enzymatic activity of HRP was correlated to the biological activity
of substrate-bound protein epitopes following normalization to the dry
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weight of the gel. A minimum of three test samples (n = 3) were
analyzed for each protein-modified substrate.
Culture of Fibroblast Cells. C3H10T1/2 cells were used to study

the ability of the nanocellulose hydrogels to act as tissue substrates.
The cells were cultured in DMEM medium supplemented with 10%
FBS and 1% antibiotic/antimycotic at 37 °C and 5% CO2. Sterile
substrates in 24-well plates were incubated in serum-free medium 2 h
prior to seeding cells. C3H10T1/2 cells were removed from the
growth flask with 0.25% trypsin and seeded on the gels at a density of
5000 cells/well in a 24 well plate in 1% FBS in DMEM. Cells were
allowed to attach to the gel for 2 h before adding 1 mL of medium to
each well.
After day 5 of culture, cellular coverage and spreading was

characterized by staining actin filaments with phalloidin and analyzing
with confocal laser scanning microscopy (CLSM). To prepare samples
for CLSM, the substrates were rinsed thoroughly with PBS and fixed in
4% paraformaldehyde in PBS for 20 min. Substrates were rinsed with
PBS and cells were permeabilized with 0.2% Triton X-100 for 10 min.
Nonspecific labeling was prevented by incubating samples in a
blocking buffer composed of 1% BSA in PBS for 20 min. Samples were
then immersed in rhodamine phalloidin (1:200) in blocking buffer for
1 h. Samples were rinsed thoroughly with PBS and kept in the dark at
4 °C until analysis. Samples were imaged on a Zeiss LSM5 Pascal

equipped with Epiplan-Neofluar lenses. The cells on the substrates
were imaged with a 543 nm laser. A minimum of n = 5 random areas
for each of 3 replicate samples were imaged using the 10× and 20×
objectives. The cell coverage was determined by an image area analysis
of CLSM images using ImageJ software.

Statistics. All data are expressed as mean ± standard deviation
(SD) unless noted. Unpaired Student’s t tests were conducted with a
significance level of p < 0.05 using Origin v 8.5.

■ RESULTS

The diffusion of metal cations into the CNF suspension
induced rapid gelation, as we have previously described.18 The
gels held their shape well and were mechanically robust enough
to cut to fit in well plates and transfer for analysis. To improve
the cellular adhesion of the substrates, the ECM protein
fibronectin was attached either via physical adsorption or
covalent attachment. Figure 1 shows the scheme for covalent
attachment using a carbodiimide coupling reaction.
The oxidized nanofibrils contained surface carboxylate

groups that were activated with EDC/NHS and coupled to
the protein. It was expected that these samples would better

Figure 1. Schematic of covalent coupling reaction for the attachment of protein to nanocellulose hydrogels. (1) Attachment of NHS via EDC
coupling reaction (5 mg/mL, 1:1). (2) Attachment of protein through reaction with amine groups. R denotes H+, Ca2+, or Fe3+.

Figure 2. High-resolution X-ray photoelectron spectra of nanocellulose hydrogels. (A) C 1s of unmodified Ca2+ nanocellulose hydrogel, (B) C 1s of
Ca2+ nanocellulose hydrogel with physically adsorbed fibronectin, (C) C 1s of Ca2+ nanocellulose hydrogel with covalently attached fibronectin, (D)
C 1s of unmodified Fe3+ nanocellulose hydrogel, (E) C 1s of Fe3+ nanocellulose hydrogel with physically adsorbed fibronectin, (F) C 1s of Fe3+

nanocellulose hydrogel with covalently attached fibronectin. The components are C1 (blue), C2 (red), C3 (green), and C4 (cyan).
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serve as long-term cell culture platforms compared to substrates
with physically adsorbed proteins because the proteins would
not leach from the surface over time. However, the covalent
attachment could potentially lock the protein in a biologically
inactive conformation. In addition, potentially less protein
could attach to the surface due to steric hindrance issues. Thus,
both methods of protein attachment were examined to
determine the optimal protein attachment mechanism.
The gels were freeze-dried, and protein attachment was

characterized by XPS and FTIR. While both characterization
methods are qualitative in nature, XPS revealed information
about the relative amount of protein on the surface whereas
FTIR provided information about the protein content
throughout the entire gel. Figure 2 displays the high resolution
XPS C 1s spectra for Ca2+ and Fe3+ cross-linked hydrogels. The
C 1s envelope consisted of 4 major components (with
increasing binding energies): the hydrocarbon (C1), hydroxyl
carbon (C2), carbonyl carbon/amide carbon (C3), and the
carboxylic acid (C4).13,25

The atomic composition of the native and surface-modified
hydrogels is displayed in Table 1. The hydrogel controls

consisted of carbon, oxygen, and the metal ion used to cross-
link the gel. Nitrogen was also observed for the gels with
attached protein. The highest nitrogen-to-carbon ratio (N/C),
indicative of the relative quantity of protein on the surface, was
observed on the Ca2+ gel with covalently attached protein,
followed by the Fe3+ gel with covalently attached protein. The
gels with physically adsorbed protein had significantly lower
nitrogen-to-carbon ratios, with the ratio for the Ca2+ gel higher
than for the Fe3+ gel. A small amount of nitrogen was observed
on the Fe3+ control gel, most likely due to insufficient rinsing of
the iron nitrate salt used for hydrogelation.
The chemical composition of the carbon peak is shown in

Table 2. In general, the carboxylic acid (C4) component
increased with the addition of protein, most likely due to the
addition of aspartic acid side chains (although some of the
carboxylic acids were converted into amide bonds). Likewise,
the amide component (C3) increased for the substrates with
covalently attached protein.
The chemical composition was also evaluated using FTIR.

The results are displayed in Figure 3 and Table 3. Peak fitting
of the υasOCO band at ∼1615 cm−1 revealed three components
for the native Ca2+ and Fe3+ nanocellulose hydrogels, and a
fourth components for an amide II band (P1, blue ∼1550

cm−1) in the protein-modified gels.26 The component at ∼1605
cm−1 (P2, red) represents the O−C−O asymmetric stretch-
ing.18 The component at ∼1650 cm−1 (P3, green) corresponds
to the amide I band as well as adsorbed hydroxyl groups (from
water).26−28 The component at ∼1720 cm−1 (P4, cyan)
denotes the carboxylic acid.29 The amide II composition (P1)
increased with the addition of protein and was highest for the
Fe3+ cross-linked gels with covalently attached protein. There
was also, in general, a slight increase in the amide I (P3) with
increased protein addition, but this is partially masked by the
adsorbed water. The carboxylic acid component (P4) increased
slightly for the gels with covalently attached protein.
Quantification of the protein using a BCA assay was probed

using a by difference assay as described above. The Fe3+ gels
with physically adsorbed protein has 19.2 ± 7.5 μg/cm3 protein
attached, whereas the Ca2+ gel with physically adsorbed protein
had 22.5 ± 6.5 μg/cm3 protein attached. Quantification of the
gels with covalently attached protein was not possible due to
interference attributed to the N-hydroxysuccinimide. An
enzyme-linked immunosorbent assay (ELISA) was used to
measure the biological activity per mg of dry gel as shown in
Table 4. For this assay, the FN monoclonal antibody A17 was
used, which has a high affinity for the 120-kDa cell-binding
domain that encompasses the central RGD integrin-binding
motif. The highest relative bioactivity was observed on the Ca2+

gel with covalently attached fibronectin, which correlates well
with the XPS and FTIR data. However, the Fe3+ gel with
covalently attached fibronectin had lower bioactivity than the
substrates with physically adsorbed protein, although it had
more protein attached according to XPS and FTIR.
After surface modification, the gels were solvent-exchanged

with acetone followed by supercritical CO2 drying prior to SEM
analysis. This drying process was found to best preserve the
morphology of the nanofibrils for the SEM studies. A fine
network of interconnected nanofibrils with open pore
structures was observed for both control and protein-modified
gels (see Figure 4). Nanofibril diameters were measured using
ImageJ software and ranged from 16 to 23 nm with the coating,
which is in the range of single nanofibrils. The pore size of the
surface layer is 94.9 ± 51 nm, measured from SEM images. In
all cases except for the Fe3+ gels with covalently attached
protein, the diameters were significantly larger for the protein-
modified fibrils (p < 0.05). Moreover, the fibril diameters for
the Ca2+ gel with covalently attached protein were significantly
larger than those of the gels with the physically adsorbed
protein (p < 0.05).
After verifying protein attachment and the preservation of

the nanofibril size and hydrogel porosity, the cell adhesive
properties of the substrates were probed with fibroblast cells.
Fibroblasts synthesize precursors to the ECM and collagen,

Table 1. Atomic Composition of Native and Modified
Nanocellulose Hydrogels As Determined by X-ray
Photoelectron Spectroscopy

XPS atomic percentagea

surface chemistry C O N Ca2+ Fe3+ N/Ca 100

Ca2+ control 53.7 45.8 0.5 0
Ca2+ w/physisorbed
fibronectin

56.8 40.6 2.4 0.2 4.3

Ca2+ w/covalently
attached fibronectin

57.8 36.3 5.8 0.1 10.0

Fe3+ control 51.6 47.0 0.4 1.0 0.8
Fe3+ w/physisorbed
fibronectin

54.7 43.7 0.9 0.7 1.6

Fe3+ w/covalently
attached fibronectin

54.7 40.3 4.3 0.7 7.8

aSome contaminants were observed (Na, Cl, Si) and were not
included in the calculations in the table.

Table 2. Carbon Chemical Composition of Native and
Modified Nanocellulose Hydrogels As Determined by X-ray
Photoelectron Spectroscopy

XPS C 1s percentage

surface chemistry C1 C2 C3 C4

Ca2+ control 38.1 38.7 15.2 8.1
Ca2+ w/physisorbed fibronectin 34.6 50.0 9.0 6.4
Ca2+ w/covalently attached fibronectin 22.5 50.4 15.7 11.4
Fe3+ control 29.0 50.4 15.6 5.0
Fe3+ w/physisorbed fibronectin 24.0 50.9 15.6 9.5
Fe3+ w/covalently attached fibronectin 23.9 45.4 18.2 12.5

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am506007z | ACS Appl. Mater. Interfaces 2014, 6, 18502−1851018505



maintain the structural integrity of connective tissue, and play
an important role in wound healing, and thus, they are a
suitable cell line to evaluate the efficacy of CNF as tissue
substrates. Cellular attachment and spreading of fibroblasts was
accessed after 5 days. This time point was found to be optimal
for accessing the effects of substrate chemistry based on
previous cellular assays. Attachment studies have been assessed
by others at a wide range of time points from as short as 4 h to

18 days.22,30,31 Although several different time points would
have been helpful in understanding cellular attachment and
proliferation kinetics, a single time point still allowed evaluation
and comparison of the cellular attachment and spreading on
each of the six different substrates and one of the first evidence
that demonstrate the use of metal cation cross-linked
nanocellulose as cell culture substrates.
Figure 5 displays representative images of C3H10T1/2 cells

grown on the hydrogels for 5 days. Very little cellular
infiltration into the 3D hydrogels was observed, most likely
due to the nanometer-sized pores. The unmodified Ca2+

nanocellulose hydrogel (Figure 5 A) appears to be the least
favorable for cell attachment and spreading. Very few cells are
attached, and the cells have a predominantly round shape,

Figure 3. FTIR spectra of υasOCO band at 1615 cm−1 for nanocellulose hydrogels. (A) unmodified Ca2+ nanocellulose hydrogel, (B) Ca2+

nanocellulose hydrogel with physically adsorbed fibronectin, (C) Ca2+ nanocellulose hydrogel with covalently attached fibronectin, (D) C 1s of
unmodified Fe3+ nanocellulose hydrogel, (E) Fe3+ nanocellulose hydrogel with physically adsorbed fibronectin, (F) Fe3+ nanocellulose hydrogel with
covalently attached fibronectin. Scale bar denotes 0.045 absorbance units.

Table 3. Chemical Composition of υasOCO Band at 1615
cm−1 for Nanocellulose Hydrogels as Determined by FTIR

FTIR 1615 cm−1 peak fitting
percentage

surface chemistry P1 P2 P3 P4

Ca2+ control 44.4 49.3 6.3
Ca2+ w/physisorbed fibronectin 1.1 48.4 47.1 3.3
Ca2+ w/covalently attached fibronectin 5.1 32.3 55.4 7.1
Fe3+ control 61.6 33.5 4.9
Fe3+ w/physisorbed fibronectin 2.4 41.7 52.1 3.8
Fe3+ w/covalently attached fibronectin 9.7 29.5 53.9 6.9

Table 4. Biological Activity of Fibronectin Protein as
Determined by ELISAa

surface chemistry
relative bioactivity per mg of substrate

(AU)

Ca2+ w/physisorbed fibronectin 0.136 ± 0.001
Ca2+ w/covalently attached
fibronectin

0.325 ± 0.23

Fe3+ w/physisorbed fibronectin 0.199 ± 0.25
Fe3+ w/covalently attached
fibronectin

0.017 ± 0.03

aFluorescence was corrected by subtracting control values and
normalized to the dry weight of the nanocellulose gel, n = 4.

Figure 4. Scanning electron microscopy images of Ca2+ and Fe3+

cross-linked nanocellulose hydrogels. (A) Unmodified Ca2+ nano-
cellulose hydrogel, (B) Ca2+ nanocellulose hydrogel with physically
adsorbed fibronectin, (C) Ca2+ nanocellulose hydrogel with covalently
attached fibronectin, (D) unmodified Fe3+ nanocellulose hydrogel, (E)
Fe3+ nanocellulose hydrogel with physically adsorbed fibronectin, (F)
Fe3+ nanocellulose hydrogel with covalently attached fibronectin. Scale
bar denotes 2 μm.
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indicating little interaction or contact with the surface. A similar
number of cells attached to the Ca2+ nanocellulose hydrogel
with physically adsorbed fibronectin (Figure 5 B), but there is
an increased percentage of cells spreading or extending their
cytoplasm and deviating from round morphology. The cells
behaved much differently on the Ca2+ nanocellulose hydrogel
with covalently attached protein (Figure 5 C)a very dense
layer of spread cells covered the surface. Overall, the spreading
of the cells on the Fe3+ nanocellulose hydrogels was improved
compared to the Ca2+ cross-linked gels (Figure 5 D−F). Very
few cells with round morphology were observed on the Fe3+

gels, particularly those with attached protein. The number of
cells attached on the Fe3+ nanocellulose hydrogels was
improved with protein attachment albeit not drastically. The
cellular coverage, determined by an image analysis of the
fraction of the image occupied with cells and indicative of the
number of cells adhered and degree of cellular spreading, was
also examined. Cellular coverage increased with protein
modification, but unlike the Ca2+ cross-linked gels, the highest
coverage occurred on the Fe3+ gels with physically adsorbed
protein. Indeed, very low cell coverage was observed on all
except the Ca2+ gels with covalently attached protein and the
Fe3+ gels with physically adsorbed protein (see Figure 6A). The
percentage of spread cells was improved in all cases with the
attachment of protein (Figure 6 B). The percentage of cells
spread was fairly high for all of the Fe3+ gels, ranging from 68.1
± 13.5% for the unmodified gel to 92.5 ± 11.2% for the gel
with physically adsorbed protein. For the Ca2+ gels, the
percentage of spread cells ranged from 14.4 ± 10.8% for the
unmodified gel to 97.9 ± 3.9% for the gel with covalently
attached protein. The gels with the highest percentage of
spread cells followed the same trend as the number of cells
adhered, with the Ca2+ gels with covalently attached protein
and the Fe3+ gels with physically adsorbed protein being most
favorable for cellular extension.

■ DISCUSSION
In this work, we were interested in probing the efficacy of
nanocellulose hydrogels cross-linked with either Ca2+ or Fe3+ as

tissue engineering substrates. Due to the low cellular adhesion
observed on native polysaccharide materials (alginate),21,22 we
explored a method to modify the surface with protein. The XPS
results suggested that the Ca2+ and Fe3+ gels with covalently
attached protein had the highest protein surface concentrations.
Thus, the highest levels of cellular attachment and spreading
were expected on these materials due to the high concentration
of biomolecules such as arginine−-glycine−aspartic acid
(RGD) cell-adhesive motifs. The cellular assay, which directly
probes bioactive protein on the surface, confirmed this trend
only for the Ca2+ gel, which had the highest cell coverage and
percentage of spread cells. However, the ELISA suggested that
less of the protein covalently attached on the Fe3+ gels was
biologically active, compared to the other protein-modified gels,
providing a possible explanation for the reduced cellular
adhesion on this substrate. The cellular coverage was
significantly lower for all of the Fe3+ gels compared to the
Ca2+ gel with covalently attached protein. In addition, the Fe3+

substrates with physically adsorbed protein (and significantly

Figure 5. Confocal laser scanning images of C3H10T1/2 cells on Ca2+

and Fe3+ cross-linked nanocellulose hydrogels. (A) unmodified Ca2+

nanocellulose hydrogel, (B) Ca2+ nanocellulose hydrogel with
physically adsorbed fibronectin, (C) Ca2+ nanocellulose hydrogel
covalently attached fibronectin, (D) unmodified Fe3+ nanocellulose
hydrogel, (E) Fe3+ nanocellulose hydrogel with physically adsorbed
fibronectin, (F) Fe3+ nanocellulose hydrogel with covalently attached
fibronectin. Scale bar denotes 200 μm.

Figure 6. Interaction of C3H10T1/2 cells on Ca2+ and Fe3+ cross-
linked nanocellulose hydrogels. (A) Cellular coverage as determined
by image area analysis. Error bars denote mean ± standard deviation
(*p < 0.05 compared to controls, **p < 0.05 compared to Ca2+ Phys-
FN, *** p < 0.05 compared to Fe3+ Cov-FN, #p < 0.05 compared to
Fe3+ Phys-FN). (B) Percentage of cells deviating from round
morphology. Error bars denote mean ± standard deviation (*p <
0.05 compared to Ca2+ control, **p < 0.05 compared to Ca2+ Phys-
FN, ***p < 0.05 compared to Fe3+ Control, #p < 0.05 compared to
Fe3+ Cov-FN). Ca2+ control = unmodified Ca2+ nanocellulose
hydrogel; Ca2+ Phys-FN = Ca2+ nanocellulose hydrogel with physically
adsorbed fibronectin; Ca2+ Cov-FN = Ca2+ nanocellulose hydrogel
with covalently attached fibronectin; Fe3+ Control = unmodified Fe3+

nanocellulose hydrogel; Fe3+ Phys-FN = Fe3+ nanocellulose hydrogel
with physically adsorbed fibronectin; Fe3+ Cov-FN = Fe3+ nano-
cellulose hydrogel with covalently attached fibronectin.
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lower N/C ratio) had significantly higher coverage and
percentage of spread cells compared to the Fe3+ substrates
with covalently attached protein and the Ca2+ with physically
adsorbed protein. The ELISA showed higher protein bioactivity
for the Fe3+ substrates with physically adsorbed protein
compared to covalently attached protein but similar bioactivity
to the Ca2+ gels with physically adsorbed protein.
Machida-Sano et al. has reported differences in hydro-

phobicity of Ca2+ and Fe3+ cross-linked alginate gels, with the
latter being more hydrophobic and having a better adsorption
of serum proteins such as vitronectin.21 Higher levels of cell
adhesion were observed on the Fe3+ substrates compared to
Ca2+ substrates with physically adsorbed proteins such as in the
aforementioned study, which is in agreement with our results.
The percentage of fibroblast cells spread ranged from 14.3% to
88.5% on the iron cross-linked alginate gels with 5 μg/mL
fibronectin and 5 μg/mL fibronectin with 5 μg/mL vitronectin,
respectively. We observed similar levels of spread cells on Fe3+

cross-linked nanocellulose gels with physically adsorbed
fibronectin to the latter sample (92.5 ± 11.2%). It should be
noted though that besides using a different polysaccharide
matrix, our samples were treated with an order of magnitude
higher concentration of fibronectin (50 μg/mL) and all cellular
assays were done in the presence of 1% FBS which contains
vitronectin.
Although the cellular assay was done in low serum conditions

(1% FBS), as mentioned above there was still a small amount of
serum proteins present that could have adsorbed preferentially
on the surface of the Fe3+ gels during culturing, thus improving
the favorability of the Fe3+ substrates over the Ca2+ for cell
attachment in general. However, we found from the ELISA that
the conformation of proteins on Fe3+ gel with covalently
attached protein was less bioactive compared to the physically
adsorbed conformations. Zhang et al. has reported reduced
activity of covalently attached fibronectin on aminated
polyethylene terephthalate due to fibrillogenesis and blocked
access of the RDG motifs. Consequently, cell adhesion was
improved on the surfaces with physically adsorbed fibronec-
tin.32 However, the Ca2+ gel with physically adsorbed protein
had a high XPS N/C ratio, and similar bioactivity as determined
by the ELISA, but very little cell attachment and spreading.
Possibly reduced serum protein adsorption caused decreased
cellular adhesion. Salmero ́n-Sańchez et al. found that
fibronectin fibrillogenesis and resulting bioactivity can be
controlled by chemistry of the substrate surface. In some
cases, the fibrillated fibronectin exhibited higher bioactivity
compared to the globulin form.33 The influence of material
surface chemistry and protein attachment mechanisms play an
important yet complex role in the resulting bioactivity of the
attached protein.
Based on our previous FTIR analysis, Fe3+ gels were expected

to have more free carboxylic acid groups to covalently bind
protein,18 but less protein was attached compared to the Ca2+

gels based on XPS results. Transmission FTIR, which probes
the bulk chemical information, suggested similar amounts of
protein in both gels based on fitting of the amide I and amide II
bands. Thus, the protein is potentially binding differently to the
Fe3+ gels and cross-linking two or more fibrils, rather than
binding to a single fibril. If this was the case, there could
potentially be less protein detected in the uppermost surface of
the gel.
Based on our previous modeling, the binding energy of

trivalent cations was significantly higher than for divalent

ions.18 Thus, Fe3+ ions are expected to be more difficult to
replace in the protein coupling reaction, which is confirmed by
the smaller relative decrease in Fe content after protein
attachment compared to Ca content as determined by XPS.
The trivalent ions such as Fe3+ are predicted to form complexes
with 2 or 3 fibrils, whereas the divalent ions like Ca2+ form
either intrafibril cross-links or cross-links between 2 fibrils,
which accounts for the differences in modulus observed.18

Thus, if there is a high concentration of interfibril cross-linking,
the fibrils will be slightly closer together in the Fe3+ gels, which
could mean potentially different binding conformations for the
protein. As discussed previously, the protein may be binding to
multiple fibrils in close proximity rather than a single fibril.
Therefore, the protein may have a different conformation and
resulting bioactivity and could account for varied surface
concentrations of protein observed. In the case of physically
adsorbed protein, the counterion need not be replaced, and
thus the protein may take on a different conformation and
corresponding bioactivity based on the local hydrophobic and
electrostatic forces. In addition, the effects of metal ion
chelation, particularly for Fe3+ could play an important role in
protein conformation and bioactivity. Due to the ca. 100 nm
pore size, minimal cell infiltration occurred and thus the 3D gel
essentially acted as a 2D substrate. Thus, the amount of surface
protein as determined by XPS is perhaps more relevant than
the FTIR analysis, although, certainly, the most relevant assays
were the ELISA and cellular assays, which probed the amount
of protein in its biologically active form.
Our studies focused on in vitro assays in order to gain a basic

understanding of how cells might respond to nanocellulose
wound dressings in vivo. Fibroblasts are widely used in in vitro
studies to assess cellular attachment. Certainly, in vitro
conditions do not replicate in vivo situations due to a great
number of factors that would have to be taken into
consideration. However, in vitro assays are useful to screen
new biomaterials, thereby limiting the number of in vivo assays.

■ CONCLUSIONS
Nanocellulose hydrogels were fabricated from wood pulp using
a TEMPO oxidation technique and then gelled by the addition
of metal salts. The hydrogels were then modified with the ECM
protein fibronectin to improve their cell adhesive properties for
use as tissue substrates. C3H10T1/2 cells were grown on the
surface for 5 days, and the best cellular attachment and
spreading was observed on the Ca2+ cross-linked gels with
covalently attached protein, followed by the Fe3+ cross-linked
gels with physically adsorbed protein. The cellular adhesion was
minimal on unmodified hydrogels, and in all cases, it was
improved with the attachment of protein. The percentage of
cells spread was higher for Fe3+ cross-linked gels compared to
the Ca2+ gels (except for the Ca2+ gel with covalently attached
protein), possibly due the increased hydrophobicity and greater
adsorption of serum proteins.
Due to the nanometer size pores in the nanocellulose

hydrogels, minimal cellular infiltration was anticipated. Thus,
the cells were expected to remain predominantly on the surface
of the gels. Indeed, we observed minimal penetration into the
nanoporous network with cells infiltrating only in the top ca. 50
to 100 μm of the substrate. In order for cells to truly infiltrate
into a substrate and form complex tissue, the pore sizes need to
be on the order of the cell body diameter.34 Thus, new methods
are needed to increase the porosity of the hydrogels if such
materials are to be used for this purpose. In their current state,
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the hydrogels still possess many of the desired characteristics
for a tissue substrate and with protein modification successfully
supported the growth of fibroblasts. Thus, these hydrogels are
suitable for biomedical applications in which cellular infiltration
is less critical such as bandages or wound healing materials. In
addition, due to their high surface area and porosity, they could
also find applications in drug delivery, filtration, and catalysis.
Additional biological/medical applications of nanocellulose are
expected, too, due to the natural abundance and low-cost of
their production compared to other biocompatible polymers.
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