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Modification of Nanocellulose with a Xyloglucan—-RGD
Conjugate Enhances Adhesion and Proliferation of Endothelial
Cells: Implications for Tissue Engineering
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This paper describes a novel method for introducing the RGD cell adhesion peptide to enhance cell adhesion
onto bacterial cellulose (BC). BC and cotton linters as reference were modified with xyloglucan (XG) and
xyloglugan bearing a GRGDS pentapeptide. The adsorptions followed Langmuir adsorption behavior, where both
XGs probably decorate the cellulose surfaces as a monolayer. The adsorption maximum of the XGs reached
around 180 mg/g on BC and only about three times as much on cotton linters. The adsorption was verified with
colorimetric methods. The specific surface area of BC measured with XG and XG-GRGDS was about 200 m*/g
and was almost three times less for cotton linters, 60 mZ/g. The difference in the amounts of XGs adsorbed might
be explained by the swollen network of bacterial cellulose and a more exposed and accessible bulk as compared
to cotton linters. The nanocellulose material was modified homogeneously throughout the material, as seen by
the z-scan in confocal microscopy. Moreover, the modification in the water phase, in comparison with organic
solvents, was clearly advantageous for preserving the morphology, as observed with SEM. The modification
slightly increased the wettability, which might explain the decrease in or undetectable adsorption of adhesive
protein shown by QCM-D. Initial cell studies showed that adhesion of human endothelial cells is enhanced when
the BC hydrogel is modified with XG-GRGDS. QCM-D studies further revealed that the cell enhancement is due
to the presence of the RGD epitope on XG and not to a nonspecific adsorption of fibronectin from cell culture
medium. Optimization and proliferation studies of human endothelial cells onto bacterial cellulose modified with
XG-GRGDS are currently being carried out at the Vascular Engineering Center, Sahlgrenska University Hospital,
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Gothenburg.

Introduction

Several polymers are currently used in applications in which
they are in contact with blood, for example, catheters, blood
bags, blood vessel replacements, membranes for dialysis, cardiac
valves, and so on. Despite improvements of the polymers
available and extensively used in contact with blood, they are
still very unsatisfactory. There are as yet problems with protein
adsorption to these materials and compliance mismatch with
the natural blood vessel wall when used as a blood vessel
replacement.’ Both events lead to platelet activation, aggrega-
tion, and, in severe cases, blood clots. Synthetic materials can
be used for larger vessels, but their low hemocompatibility
renders them useless in coronary applications or below-the-knee
arterial replacements. Extensive research and trials have been
conducted to seed endothelial cells onto expanded polytetrafluo-
roethylene (ePTFE) tubes and to make surface modifications
with heparin.> However, problems have been encountered in
keeping the cells or the heparin on the surface in the long term.®”’

Cellulose derivatives such as ethyl, methyl, amino ethyl, and
acetate phtalate are among the polymers that have been
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extensively used in applications such as blood purifier, antico-
agulant, and plasma expander in aqueous systems.®° Cellulose,
especially hydroxypropyl cellulose, is an attractive polymer as
a matrix in applications such as drug delivery for sustained
release dosage.'® Similar to synthetic polymers, cellulose
originating from plants has been modified to achieve satisfying
hemocompatibility.'"'* Another source of cellulose that has
completely different properties than those of plant cellulose is
bacterial cellulose (BC). BC has been shown to be interesting
as a biomaterial, mainly because of its high purity and
biocompatibility and the possibility to mold it into different
shapes for a given application.'*'> BC is an exopolysaccharide
and is produced fairly inexpensively by cultivating A. xylinum.
Compared with plant cellulose, the BC is extruded in its pure
form and is not associated with any other polymers or proteins.
BC can be effectively purified with sodium hydroxide, achieving
endotoxin values compliant with FDA requirements for implants
in contact with blood, that is, <20 EU per device.'® BC contains
99% water and can be seen as a hydrogel, albeit not by definition
as it is not a network of polymer chains that are water soluble.
Despite its low solid content, the ramified network of nanocel-
lulose fibrils provides good mechanical properties.

The great interest in hydrogels for a variety of biomedical
and pharmaceutical applications is based on their commonly
structural resemblance to the extracellular matrix (ECM) of
many tissues, for example, collagen and proteoglycans. With
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Figure 1. Structure of the XGO-succ-GRGDS (n = 1) and XG-GRGDS (n ~ 30, M,, 32000, MW/Mn 1.7) glycoconjugates produced by solid
phase synthesis and XET catalysis. Variable galactosylation of the oligo- and polysaccharide is indicated. At physiological pH (7.4), the R
groups of arginine and aspartic acid will be positively and negatively charged, respectively.

the exception of collagen, cells do not have receptors to hydrogel
forming polymers and thus cannot adhere. Furthermore, because
of the hydrophilic nature of the hydrogels, ECM proteins
containing cell surface receptors, such as laminin, fibronectin,
and vitronectin, typically do not readily adsorb to the gel surface.
This property makes the hydrogel polymer highly biocompatible
because it hinders such cells as platelets from adhering."”

Because the interactions that lead to surface-induced throm-
bosis occur at the blood—biomaterial interface, surface modifica-
tion is a way to increase hemo-compatibility.'® Among the
different modifications, modifications with polysaccharides such
as heparin have also been widely used to minimize thrombus
formation on artificial organs. A problem, however, has been
that the activity of heparin significantly decreases when it is
directly bound to a surface. To date, the most successful type
of biocompatible surface has been the end-point-attached heparin
surface.'®° Another attractive surface modification has been
to introduce hydrophilic groups that can prevent plasma protein
adsorption, platelet adhesion, and thrombus formation. The
problem has been to get them to remain on the surface for long-
term devices such as vascular grafts. Especially, water soluble
polymers, such as polyacrylamide (PAAm), poly(V,N-dimethyl-
acrylamide) (PDMAAm), poly(ethylene glycol) (PEG), ethyl-
ene—vinyl alcohol copolymer (EVA), and poly (2-hydroxyethyl
methacrylate) (PHEMA), have been grafted onto solid surfaces
to prevent protein adsorption.”'>* Other ideas for modifying a
material to improve its hemocompatibility have to do with
mimicking the biologically inert surface.?® In a blood vessel,
this inert surface is composed of a monolayer of endothelial
cells. Current materials used as vascular grafts, such as ePTFE
and polyester, do not promote adhesion or proliferation of human
endothelial cells. Surface modification has therefore been done
with either fibrinogen, fibronectin, or immobilized RGD (Arg-
Gly Asp), which is the minimal fragment of the active site of
adhesive proteins such as fibrinogen, fibronectin, and the von
Willbrand factor.?®~2

The aim of this study was to surface modify BC with
xyloglucan—-GRGDS (XG-GRGDS) conjugates (Figure 1). Using
aqueous chemo-enzymatic techniques for the surface modifica-
tion of cellulose, in combination with exploiting the well-known
ability of endothelial cells to bind to peptides containing the
RGD epitope, we introduce a specific peptide sequence to
improve cell attachment and proliferation on BC.**! We see
potential applications of this new functional biomaterial as
scaffolds for tissue engineering blood vessels.

Materials and Methods

Materials. BC hydrogel and Whatmann filter paper, grade 1, made
from pure cotton linter used for comparison were investigated in
adsorption studies of Congo Red and XG. Trimethylsilyl cellulose
(TMSC) was used in the adsorption study using QCM-D. The TMSC
was synthesized as described elsewhere and provided by courtesy of
Professor Allan Esker.>? BC was grown statically in a corn steep liquid
medium, described elsewhere,>? using Roux flasks (working volumes
of 100 mL) at 30 °C for 3 days, giving a pellicle of 2 mm. The strain
used for the biosynthesis was Acefobacter xylinum subsp. sucrofer-
mentas BPR2001, trade number: 1700178. The strain was purchased
from the American type Culture Collection. The BC was purified by
boiling in 0.1 M NaOH, 60 °C, for 4 h and, thereafter, repeated boiling
in Millipore water. The material was steam sterilized and stored
refrigerated before use. BC was treated with acetone overnight prior
to freeze-drying and SEM analysis.

Preparation of Xyloglucan and Xyloglucan-GRGDS. A mixture
(15:7:32:46) of XXXG, XLXG, XXLG, and XLLG xylogluco-
oligosaccharides (XGOs) was obtained by direct treatment of tamarind
(Tamarindus indica) kernel powder (60% XG content, D.N. Palani,
Mumbai, India) by an endo-glucanase digestion, essentially as previ-
ously described.** The XGOs were activated by conversion to the
corresponding 1-deoxy-1-aminosuccinamate derivatives (XGO-succ) via
the 1-deoxy-1-amino-3-glycosides as follows. XGO (1 g, 0.78 mmol)
was dissolved in deionized water (10 mL), followed by an addition of
ammonium hydrogen carbonate (2.5 g). The mixture was then stirred
at 42 °C for 28 h, with a continuous addition of ammonium hydrogen
carbonate to maintain saturation.>> The progress of the reaction was
followed by TLC (70/30 acetonitrile/water). Excess ammonium hy-
drogen carbonate was removed by three cycles of freeze-drying to yield
a white powder consisting of a mixture of XGOs and 1-deoxy-1-amino-
p-glycosides; the extent of conversion was 83%, evaluated by integra-
tion of '"H NMR signals from the anomeric protons of the starting
material and product. The crude product was dissolved in water (10
mL), succinic anhydride (157 mg, 1.57 mmol, 2 equiv) was added,
and the solution was vigorously stirred on a vortex mixer for 10 min.*®
Reversed-phase (C18 silica gel) chromatography using stepwise elution
with water/acetonitrile mixtures containing 0.1% TFA yielded XGO-
succinamate as a white powder (860 mg, 0.63 mmol, 80% yield over
two steps). "H NMR (500 MHz, D,0, 25 °C): § 2.56 (t, J = 6 Hz, 2H,
COCH,CH,COOH), 2.61 (t, J = 7 Hz, 2H, COCH,CH,COOH),
3.24-3.95 (m, H-2 to H-6 of Gal, Glc, 1-deoxy-1-aminosuccinate-Glc
and H-2 to H-5 of Xyl), 4.44-4.50 (m, H-1 of Glc and Gal), 4.85-4.89
(m, H-1 of Xyl), 5.08-5.10 (m, H-1 of Xyl bearing Gal-3(1-2)). ESI-
MS*” XXXG-succ caled [M + 2Na]**, 603.6802; found, 603.7095;
XLXG-succ and XXLG-succ caled [M + 2Na]**", 684.7066; found,

684.7079; XLLG-succ caled [M + 2Na]*", 765.7330; found, 765.74GDV
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The GRGDS pentapeptide was synthesized on a 0.25-mmol scale
using standard solid phase Fmoc chemistry according to the protocol
described by Engfeldt et al.*® with the following exceptions. The Fmoc-
protected amino acids were activated with HBTU and HOBt (both 0.45
M in DMF) in the presence of DIPEA (2.0 M in NMP). Capping steps
were excluded. Following the final Fmoc cleavage step, the peptide
substitution of the resin was determined to be 0.47 mmol/g. XGO-
succ was manually conjugated to the resin bound peptide in a reaction
vessel equipped with a glass filter (pore size P2). XGO-succ (260 mg,
2 equiv) was dissolved in DMF (6 mL) and activated with HBTU (215
mg, 6 equiv) and HOBt (87 mg, 6 equiv) in the presence of DIPEA
(66 mL, 4 equiv). The resin-bound peptide (200 mg, 1 equiv) was then
added. The coupling was terminated after 1 h by the extensive washing
of the resin with ethanol, NMP, DIPEA (5% in DCM), NMP, and DCM
(10 mL each). The resin was subsequently dried under vacuum. The
glycopeptide was cleaved from the resin with simulaneous removal of the
side chain protection groups with 3 mL of TFA/H,O/TIS (95:2.5:2:5) for
30 min at room temperature. The reaction was diluted with water (40 mL),
extracted with tBME (3 x 40 mL), and filtered through glass fibers.
Freeze-drying the aqueous phase yielded a white solid (82 mg, 47%
yield). Under identical conditions, cleavage and deprotection of the
unmodified peptide from 75 mg of resin yielded 15 mg of GRGDS
(90% yield).

GRGDS: '"H NMR (500 MHz, D,0, 25 °C): § 1.52-1.81 (m, 4H, 2
HP-Arg, 2H*-Arg), 2.65 (d, J = 6.5 Hz, 2H, HP-Asp), 3.16 (t, J = 7
Hz, 2H, H®-Arg), 3.80-3.92 (m, 6H, 4 H*-Gly, 2 H-Ser), 4.26 (t, J =
7 Hz, 1H, H*-Arg), 4.35 (t, J = 5 Hz, 1H, H*-Ser), 4.60 (t, J = 6.5
Hz, 1H, H*-Asp). ESI-MS calcd [M + H]™, 490.2376; found, 490.2109.

XGO-succ-GRGDS: ¢ 1.53-1.86 (m, 4H, 2 HP-Arg, 2H* Arg),
2.55-2.60 (m, 2H, H?-Asp), 2.80-2.92 (m, 4H, XGO-NH-COCH,CH,
CO-Gly), 3.12-3.16 (m, 2H, H®-Arg), 3.25-3.98 (m, H*-Gly, H-Ser,
H-2 to H-6 of Gal, Glc, 1-deoxy-1-aminosuccinate-Glc and H-2 to H-5
of Xyl), 4.25-4.30 (m, 1H, H*Arg), 4.34-4.36 (m, 1H, H*-Ser),
4.68-4.74 (m, H-1 of Glc and Gal), 4.87-4.91 (m, H-1 of Xyl),
5.09-5.11 (m, H-1 of Xyl bearing Gal-f(1-2)). ESI-MS: XXXG-succ-
GRGDS caled [M + H + Na]*", 828.2988; found, 828.3080; XXLG-
succ-GRGDS and XLXG-succ-GRGDS caled [M + H + 2Na]*™,
613.8800; found, 613.8911; caled [M + H + Na]*", 909.3252; found,
909.3289; XLLG-succ-GRGDS caled [M + H + 2Na]**, 667.8976;
found, 667.9045; calcd [M + 3Na]**, 675.2249; found, 675.2198; calcd
[M + H + Na]**, 990.3516; found, 990.3554.

The final XG-GRGDS glycoconjugate was prepared using XG endo-
transglycosylase (XET)-mediated coupling?® as follows. Tamarind XG
(Megazyme, Ireland) was dissolved in water (2 mg/mL), and 200 mL
was mixed with XGO-succ-GRGDS (100 mL, 2 mg/mL in H,0), H,O
(50 mL), and a solution of the P#rXET16A% enzyme (0.4 units/mL,
50 mL in 100 mM NaOAc, pH 5.5). The reaction was terminated after
35 min by heating the solution to 85 °C for 1 h. Denatured enzyme
was removed by filtration on a glass fiber filter, and the product was
precipitated from the filtrate by the addition of ethanol (3 vol). The
precipitate was collected on a glass fiber filter and redissolved by stirring
and gentle heating of the filter in water (20 mL). The resulting solution
was freeze—dried to yield 390 mg of XG-GRGDS. Analysis by HP-
SEC in DMSO, as described in ref 29, indicated that the product had
a M, value of 32000 (M, /M, 1.7). Unmodified XG with a similar
molecular mass (M., 36000, M, /M, 1.5) was produced using the same
procedure, except that XGOs were substituted for XGO-succ-GRGDS.

Adsorption of Congo Red. The specific surface area of BC and
cotton as a reference was evaluated by determining the maximum
amount of adsorbed Congo Red dye (Direct Red 28, Purchased from
Riedel-de Haén, Germany) following the procedures of Inglesby and
Zeronian.*>*! A total of six Whatman papers No. 1 and six BC gels
were used at each adsorption concentration. The cellulose materials
were exposed to Congo Red in 4 mL of aqueous solution containing
0.5, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, and 5.0 (w/w) of Congo red and
dyed for 24 h at 60 °C with a liquid ratio of 100:1. NaCl (20% w/w)
was added as an electrolyte. The residual concentration [E, mg/mL] of
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Congo Red was calculated from the UV adsorption at 492 nm using a
standard curve. The amount of Congo Red adsorbed on fiber [A, mg/
g| was calculated from the difference in adsorption at 492 nm of the
solution before and after the binding reaction, divided by the mass of
fiber per volume of solution.

Adsorption of XG and XG-GRGDS. The specific surface areas of
BC and cotton linters as a reference were evaluated by determining
the maximum amount of XG and XG-GRGDS adsorbed. A total of
six Whatman papers No. 1 and six BC gels were used at each adsorption
concentration. The cellulose materials were immersed in 4 mL of
aqueous solution containing 5, 10, 15, and 20% (w/w) of XG or XG-
GRGDS. The XG adsorbed was measured by the colorimetric method
described by Kooiman.** A total of 200 uL was withdrawn at various
time intervals from O to 48 h and mixed with 1 mL of a 5:1 solution
of 20% (w/v) Na,SO, and triiodide solution (0.5% 1, + 1% KI). The
residual concentration [E, mg/mL] of XG was calculated from the
adsorption at 620 nm using a standard curve. The amount of XG
adsorbed on the fiber [A, mg/g] was calculated from the difference in
adsorption at 620 nm of the solution before and after the binding
reaction, divided by the mass of fiber per volume of solution.

Specific Surface Area. The specific surface area of cotton linters
and BC derived from adsorption of Congo Red versus XG and XG-
GRGDS was calculated using equation 1 derived from Langmuir’s
adsorption theory:**

El_ 1 IE
(Al ~ KlA] [A]

M

max max

where [E] (mg/mL) is the concentration of adsorbate at adsorption
equilibrium, [A] (mg/g cellulose sample) is the amount of adsorbate
adsorbed to the cellulose surface, [A,,,,] (mg/g cellulose sample) is
the maximum amount of adsorbate adsorbed to the cellulose surface,

and K, is the adsorption equilibrium constant. The specific surface,
Ayp» 1s expressed as:
[A]xNAA
Asp = "“’TACR 2)
10°°M,,

where M, is the molecular weight of Congo Red (653 g/mol), XG
(36000 g/mol), and XG-GRGDS (32000 g/mol), N, is Avogadro’s
constant, and Ay, is the area occupied by one Congo Red (1.73 nm?),
XG (69 nm?), and XG-GRGDS (61 nm?). Values for Congo Red were
calculated by Ougiya et al.** Values for XG and XG-GRGDS were
derived by presuming a linear decrease in the occupied area of an XG
with molecular weight, that is, extrapolating from Ougiya et al. Values
of Ay ranged from 1870 nm? for high molecular weight XG (980 000
g/mol) to lower molecular weight XG, that is, 32000 and 36000 g/mol.
Scanning Electron Microscopy (SEM). SEM was used to study
the surface morphology of the unmodified and modified cellulose
materials. The BC materials were quenched in liquid nitrogen prior to
freeze-drying. The surfaces were then coated with gold before analysis.
This was done with a Zeiss DSM 940A operated at 10 kV.
Confocal Laser Microscope. Confocal microscopy equipped with
a fiber coupled Ar Kr laser was used to study the morphology of BC
in its wet state and the modification throughout the gel. Filters were
chosen with regard to the emission wavelength of the dye [A., = 495
nm and A,,, = 516]. The wet BC samples were fluorescently labeled
by a fluorescently labeled XG (XG-FITC). XG-FITC was synthesized
as described elsewhere and provided by courtesy of Dr. Qi Zhou, KTH
Biotechnology.?® The wet gel was stained for 24 h with a stock solution
of 2 mg/mL XG-FITC. After staining, excess XG-FITC was removed
by placing the samples in deionized water with mild stirring overnight.
Electron Spectroscopy for Chemical Analysis (ESCA). The
chemical composition of BC was determined with ESCA before and
after surface modification with XGs. The materials were oven-dried at
30 °C after modification and prior to the measurements. A Quantum
2000 from Physical Electronics was used for the measurements.** The
area analyzed was 500 x 500 #m? and the beam size was 100 um.

The angle between the sample and the detector was 45 °C. The pe@DV



3700 Biomacromolecules, Vol. 8, No. 12, 2007

intensities were measured and curve fitting was done using MultiPak
software from Physical Electronics. Characteristic ESCA spectra of
cellulose has one peak at 286.7 eV corresponding to carbon single-
bonded to oxygen and one at 287.9 eV corresponding to carbon bonded
to two oxygens. The relative amounts of different bound carbon were
calculated with Gaussian curve fitting of the highest resolution Cls
peak. The different positions of the C-C, C-O, O-C-0O, and C=0 or
O-C=0 were 285.0 £ 0.2 eV, 286.7 £ 0.2 eV, 281.1 £ 0.2 eV, and
289.4 £ 0.2 eV, respectively.

Dynamic Contact Angle toward Water. Static contact angle
measurements were made on six oven-dried cellulose films, unmodified
as well as modified with XG or XG-GRGDS. A 5 uL liquid droplet
was applied to each cellulose surface. The contact angle, 6., was
measured using a goniometer by registering the angle formed between
the solid and the tangent to the drop surface.

Protein Adsorption using Quartz Crystal Microbalance with
Dissipation Monitoring (QCM-D). A QCM-D instrument was used
(Q-sense AB, Goteborg, Sweden) to study the adsorption of proteins
to the cellulose surface as an effect of surface modification. The model
cellulose surfaces were prepared on gold-plated QCM-D crystals.
Surfaces were cleaned in an UV/ozone chamber for 10 min, followed
by immersion in a 5:1:1 mixture of Milli-Q water, H,O, (30%) and
NH; (25%) for 10 min at 70 °C. The surfaces were washed with Milli-Q
and dried with nitrogen. Trimethylsilyl cellulose (1 mg/mL in toluene)
was spin-coated onto the gold surfaces at 4000 rpm, 1 min. The
trimethylsilyl groups were cleaved away and cellulose was generated
over hydrochloric vapor (10% solution). Measurements were made at
the third overtone (15 Hz). A change in f reflects the amount of mass
coupled to the surface of the crystal. For thin, evenly distributed, rigid
films, an adsorption induced frequency shift (Af) is related to the mass
uptake as described with the Sauerbrey equation®

m _ Cf
A n @)

r

where m is the mass (ng), A is the area (cm?), n, is the overtone number
(=1,3,...),and C is the mass sensitivity constant (17.7 ng/cmZ/Hz).
Measurements were made in triplicate. XG and XG-GRGDS were
adsorbed at a concentration of 2 mg/mL. After each adsorption followed
a desorption step with water before the cell culture medium was
introduced. The same culture medium used in cell seeding was used to
study protein adsorption. To elucidate whether the modification with
XG-GRGDS resulted in an increase in protein adsorption (and
particularly of fibronectin, which is a cell adhesion protein bearing an
RGD motif) from the cell culture medium, an antibody against
fibronectin (Fibronectin antibody (Biotin; ab6584), Abcam) was
introduced after the introduction of the cell culture medium. After all
adsorptions followed a desorption step with water.

Wide Angle X-ray Scattering (WAXS). Freeze-dried pellets of BC
were pressed into pellets with a diameter of 1 cm. X-ray diffraction
patterns were recorded on a Siemens D5000 diffractometer. A Cu Ka
anode with a wavelength of 1.54 A was used. The scanning was made
through 260 = 5-30°. The intensity of the crystal diffraction peak of
the amorphous diffraction was measured. The relative crystallinity was
determined as the ratio between the crystal part and the total part
according to Hermans and Weidinger.*®

Cell Seeding. Endothelial cells (HSVECs) were isolated from healthy
parts of human saphenous veins using an enzymatic method.*” Cells
were cultured in M199 (PAA Laboratories GmbH, Linz, Austria)
supplemented with 20% fetal bovine serum (FBS; PAA Laboratories
GmbH) with 1.7-3.4 g/dL albumin and a total protein content of 3—4.5
g/mL, penicillin—streptomycin (100 U/mL; PAA Laboratories GmbH),
1.2 mM L-glutamine (PAA), bovine brain extract (75 mg/500 mL;
prepared in the laboratory), and heparin (13 U/mL; Leo Pharma, Malmg,
Sweden) and kept at 37 °C in a humidified incubator with 5% CO,.
Prior to cell seeding, BC was modified overnight with xyloglucan and
XG-GRGDS corresponding to 15% of the dry weight of BC. The
modified cellulose was washed 2x with PBS before cell seeding.

Bodin et al.
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Figure 2. SEM images of cotton linters (A), magnifications at x2000;
BC (B), BC modified with XG-GRGDS (C), and BC after treatment in
acetone (D), magnifications at x5000. Cotton linters have a fibre size
of around 6 um, compared with nanofibrils of 70-100 nm in BC.
Untreated BC has the greatest number of pores <1 um. Treatment
of BC with XG-GRGDS in an aqueous phase does not affect the
morphology. The pore size is the same as that in untreated BC, that
is, <1 um. Acetone treatment of BC results in a shrunk network and
pores of <0.5 um.

For assessment of cell morphology and adhesion, HSVECs were
seeded on pieces of modified and unmodified BC at a density of 3 x
10° cells/cm?. Samples were removed for evaluation at days 1 and 3.
Cells were fixed in 3.7% formaldehyde and permeabilized in 0.2%
Triton X-100. To visualize f-actin, cells were stained with phalloidin
conjugated to Alexa Fluor 546 (Molecular Probes, Inc., Eugene, OR,
U.S.A.). The nuclei were counterstained with DAPI (Sigma-Aldrich
Sweden AB, Stockholm, Sweden). The specimens were mounted in
Slowfade Antifade mounting medium (Molecular Probes, Inc.) and
analyzed with a Zeiss LSM 510 Meta (Carl Zeiss, Gottingen, Germany).
Pictures were captured digitally. The statistical significance was tested
by ANOVA. P < 0.05 was considered significant. Field size, n = 6.

Results and Discussion

Morphology. The morphology of cotton linters and BC
differs in many respects. The cotton linters are composed of
fibers whose surface is covered by microfibrils. The size of the
fiber is about 6 um (Figure 2A). BC on the other hand is a
swollen three-dimensional network consisting of nanofibrils of
a size of 70-100 nm (Figure 2B). Modifying BC with XG in a
water phase did not alter the morphology (Figure 2C). This is
not the case if modification is done in organic solvents, for
example, acetone, where the network clearly shrinks; compare
Figure 2B and 2D. To preserve the network of BC, modification
in water is preferable. A z-scan in confocal of modified BC
with fluorescent XG (XG-FITC) reveals that the nanocellulose
material is modified homogeneously throughout (Figure 3).

Specific Surface Area. The specific surface area of the
different cellulose substrates was measured using the method
of dye adsorption. Yoshida et al. demonstrated that the Langmuir
isotherm can be utilized satisfactorily for the adsorption of direct
dyes onto cellulose at low dye concentrations.*® If the adsorb@DV
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Figure 3. Confocal image of BC modified with XG-FITC. The left image is a cross section of the BC gel, and the arrow indicates the Z-scan
direction through the material. The images clearly show that the cellulose is modified throughout the gel.

dye follows the Langmuir isotherm, it has been adsorbed as a
monolayer, and the specific surface area can be measured from
the maximum adsorption of the dye. The direct dye in this study
was Congo Red, and the area occupied by one molecule was
calculated by Ougiya et al. to be 1.73 nm*.*° The surface area
of disintegrated BC with direct dye has been reported by Ouigiya
et al. As the present study was conducted on nondisintegrated
BC, there was a desire to measure the specific surface area of
the gel.

A straight line was obtained from eq 1, suggesting that the
adsorption of Congo Red onto both substrates followed the
Langmuir model. The Congo Red, thus, most likely adsorbs as
a monolayer onto both cellulose surfaces. The adsorption
maximum (A,,,,) calculated from the slope value reached 47
mg/g for both surfaces. The specific surface area of BC (79
m?/g) is more or less the same as that of cotton linters (72 m*/
g) (eq 2). The specific surface area of cotton linters corresponds
quite well to values found in the literature for dye adsorption
studies,*®*! while the specific surface of BC was somewhat
lower than reported values.** This difference was expected,
however, as the BC in this case was not disintegrated and most
likely had a surface less exposed for adsorption.*?

XG and XG-GRGDS also followed Langmuir adsorption
behavior. The adsorption maximum (A,,,,) of XG and XG-
GRGDS reached about 180 mg/g on BC and only about three
times as much on cotton linters, see Figure 4B,C. The specific
surface area of BC measured with XG and XG-GRGDS was
about 200 m?/g and was almost three times less for cotton linters,
60 m?/g. Both cellulose surfaces conform to a linear relationship,
with larger surface areas corresponding to higher amounts of
absorbed XGs.

The difference in the amount of adsorbed XGs can probably
be explained by the swollen network of BC and a more exposed
and accessible bulk compared to cotton linters. The difference
in the specific surface of XG onto the two cellulose substrates
might also be due to differences in crystalline structure. BC
and cotton linters have the same crystal structure, that is,
cellulose I, see Figure 5, and the relative crystallinity is 70%
for both substrates. However, the materials have different
amounts of the crystalline sub allomorphs (Io or 1), being 60%
10/40% 18 in BC and only 30% I10/70% I in cotton linters.
This may influence the physical properties of the cellulose as
the allomorphs have different crystal packing, molecular
conformation, and hydrogen bonding.

It is known that the size of the adsorbate molecule has a
significant influence on the accessible surface area, which leads
to the conclusion that less of the cellulose surface is available
for adsorption of XGs. The Congo Red molecule is about 2.5
nm in length along its longitudinal axis, while a fully extended
XG backbone with DP 26 is around 30 nm.” The surface area
of cotton linters is higher with Congo Red compared with XG,
as expected. The reverse is seen for BC, however, where the
surface area measured with XG is larger than that measured
with Congo Red. An explanation for this might be the swollen
network of BC. The adsorption of polymeric XG to a cellulose
surface has been shown to occur with only five XG oligosac-
charides. The rest of the XG backbone can form “loops” and
“tails” that stick out into the solution.”' This implies that more
XG can be adsorbed on a smaller surface. It is possible that
steric effects prevent greater adsorption on cotton linters that

are less swollen than BC. CDV
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Figure 4. (A) Langmuir adsorption isotherm of BC (a) and cotton
linters (¢) dyed with Direct Red 28 (Congo Red), (B) BC adsorbed
with XG (¢) and XG-GRGDS (a), and (C) cotton linters adsorbed with
XG (*) and XG-GRGDS (a). Both substrates reach an adsorption
maximum, A,.., of 47 mg/g Congo Red to the cellulose surface. The
Amax for XG on BC was slightly lower, 170 mg/g, than XG-GRGDS,
190 mg/g. The Aax for XG-GRGDS on cotton linters was slightly
lower, 46 mg/g, than for XG itself, whose maximal adsorption is 58

mg/g.

ESCA. ESCA shows that the surface was modified with XGs.
A slight increase in the amount of carbons bound to oxygen
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Figure 5. Crystallinity of BC, cotton linters, and lyocell. BC and cotton
linters have a relative crystallinity of 70-80% and a crystal structure
of cellulose I. Lyocell is regenerated cellulose and has a crystal
structure of cellulose 1.
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Figure 6. QCM adsorption isotherm of cell culture medium onto
cellulose (=), adsorption of XG onto cellulose (---) followed by cell
culture medium. XG-GRGDS adsorption onto cellulose (—- -) followed
by cell culture medium. The arrows represent water wash. Protein
(100 ng/cm?) is adsorbed to the model cellulose surface. XG adsorbs
at 230 ng/cm? and XG-GRGDS adsorbs at somewhat less, 100 ng/
cm?. XG adsorption did not give an increase in protein adsorption.
XG-GRGDS gives less protein adsorption (50 ng/cm?) than unmodi-
fied celluloses. 1gG against fibronectin did not adsorb, which indicates
that the proteins adsorbed are not the fibronectin adhesion protein.

from the side groups of XGs can be seen. It is impossible to
quantify the amount of GRGDS, however, probably as the size
of the group is small and might be embedded and pointing
toward the interior of the gel when oven-dried. There are also
traces of nitrogen in the XG and cellulose themselves, which
further complicates the characterization.

Contact Angle. The contact angle toward water is somewhat
lower when modified with XG (29 £ 4.8) and XG-GRGDS
(32 +£ 5.8) as compared with that of the unmodified BC (44 +
5.3). The relatively high contact angle toward water of unmodi-
fied BC is due to the compact structure, few pores for capillary
forces and few available hydroxyl groups because of the high
crystallinity. Modification with XGs increases the number of
available hydroxyl groups and, thereby, decreases the contact
angle toward water. Introducing a GRGDS did not result in a
decrease in wettability; still, the contact angle was lower than

that of unmodified cellulose. CDV
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Figure 7. Confocal microscope images of ECs on unmodified BC (A), XG-modified BC (B), and XG-GRGDS-modified BC (C). It is clear that the
cell adhesion and spreading of ECs increases when BC is modified with an adhesion peptide.
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Figure 8. Box plot (n = 6) of the number of cells on unmodified BC
(BC), XG-modified BC (XG), and RGD-modified BC (RGD). The line
dividing the box is the median value being 34 for BC, 15 for XG, and
77 for RGD. The adhesions of cells are significantly higher on RGD-
modified BC compared to unmodified and XG-modified BC.

Protein Adsorption. The aim of the modification was to
improve human endothelial cell adhesion by introducing a cell
specific peptide at the surface. After modification, the material
was placed in cell culture medium during cell seeding. The cell
culture medium contains a mixture of proteins, including the
cell adhesion protein fibronectin bearing a RGD motif. To
elucidate whether the modification with XG-GRGDS resulted
in an increase in protein adsorption (and particularly in
fibronectin) from the cell culture medium, adsorption studies
were done on model cellulose surfaces using QCM-D. Around
100 ng/cm? of proteins from the cell culture medium was
adsorbed to an unmodified cellulose surface (Figure 6). When
XG was first adsorbed, no proteins were adsorbed. When the
cellulose was modified with XG bearing the adhesion pentapep-
tide, less protein was adsorbed (50 ng/cm?) as compared to
unmodified cellulose. Antibody IgG against fibronectin was
introduced after modification with XG-GRGDS and cell culture
medium. IgG against fibronectin did not adsorb, which indicates
that the proteins adsorbed are not the fibronectin adhesion
protein, or at least not in an activated form. This would thus in
later studies of cell proliferation and adhesion tell us that any
possible enhancement of endothelial cell adhesion is due to the
presence of the RGD epitope on XG and not to a nonspecific
adsorption of fibronectin from the cell culture medium. The
decrease in contact angle after modification with XG-GRGDS,
as mentioned above, might also be correlated to the decrease
in protein adsorption after modification.

Cell Adhesion. Initial cell adhesion studies showed that the
adhesion of cells occurred more rapidly and was better on the
XG-GRGDS-modified cellulose than on the unmodified and
XG-modified celluloses. Confocal microscopy images show that
there is a greater number of cells on the modified surface and
that the extension and adhesion are more developed, see Figure
7. Quantitative data is shown in Figure 8, where the box plot
illustrates the data set from six different samples. The median
value of cells on BC modified with RGD was 77, on unmodified
BC the value was 34, and the value was only 15 when BC is
modified with XG. The adhesions of cells are significantly
higher on RGD when compared to unmodified and XG-modified
BC.

Conclusion

This paper describes a new method to modify cellulose
nanofibrils with unaffected morphology of the nanofibril net-
work. BC was successfully modified with XG-GRGDS, as
verified using colorimetric methods. The amount adsorbed
reached a maximum of 190 mg/g. The nanocellulose material
is modified homogeneously throughout the material, as seen by
SEM and z-scan in confocal microscopy. Moreover, the
modification in the water phase in comparison with organic
solvents was clearly advantageous for preserving the morphol-
ogy. The modification increased the wettability, which might
explain the decrease or negligible amount of adsorbed protein
shown by QCM-D. Initial cell studies have proven that the
adhesion of endothelial cells is improved when the BC hydrogel
is modified with XG-GRGDS. The increased cell adhesion was
not due to nonspecific adsorption of fibronectin from the culture
medium, as demonstrated by QCM-D, but instead to the specific
presentation of the RGD epitope by XG. Optimization and
proliferation studies of endothelial cells onto BC modified with
XG-GRGDS are currently being done at the Vascular Engineer-
ing Center, Sahlgrenska University Hospital, Gothenburg.
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