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ABSTRACT: Cellulose regenerated by the viscose process was previously investigated as an
implantable material in orthopedic surgery. It was envisaged to take advantage not only of
its good matching with mechanical properties of bone but also of its hydroexpansivity,
therefore allowing a satisfactory fixation to hard tissue. Both the osteoconduction and the
lack of osteoinduction of this material were demonstrated. Grafting of phosphate groups
was then envisaged as the means to render cellulose more suitable for orthopedic applica-
tions by enhancing its bioactivity. In the present work, the previously optimized phosphor-
ylation reaction was successfully adapted to the surface modification of regenerated cellu-
lose. Modified materials were characterized by XPS, FTIR, and 31P MAS NMR spectro-
scopic studies, and contact angle measurements, revealing the chemical bond between
phosphate groups and cellulose, as well as the hydrophilic nature of phosphorylated
materials, which increases with increasing phosphate contents. Water swelling and resis-
tance to gamma sterilization were assessed as well, showing that phosphorylated materials
swell considerably in water and were not affected when sterilization was carried out under
a nitrogen atmosphere. The increase in surface roughness attributed to chemical modifi-
cation was demonstrated through laser rugosimetry measurements. © 2001 John Wiley &
Sons, Inc. J Appl Polym Sci 82: 3354–3365, 2001

Key words: cellulose phosphates; biomaterials; phosphorylation; H3PO4/P2O5/
Et3PO4/hexanol method; surface modification

INTRODUCTION

To fulfill the specific therapeutic needs of many
existing diseases, new engineered biomaterials

must be developed, specifically conceived for a
required physiological response in vivo. A widely
used concept concerns materials that are able to
mimic living tissues.1,2 Biomimetic materials are
supposed to mimic some specific biological func-
tion. In the present case, it means a material
capable of inducing the regeneration of bone tis-
sue and of ensuring the whole, or at least part, of
its physiological role. In orthopedics, it would be
important to promote and/or accelerate the min-
eralization of decalcified tissues, as well as skel-
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etal implants, to ensure a satisfactory bonding at
the interface between hard tissue and the bioma-
terial.

Polymers may be modified physically, chemi-
cally, or biochemically. Such modifications can
have a significant influence on biological re-
sponses and on materials functionality.3–5 Immo-
bilization of biomolecules, as well as living cells
and microorganisms, on solid or water-soluble
supports, either in a temporary or a permanent
way, is a promising approach for the preparation
of biomimetic polymers. An important feature of
the immobilization is often its attachment via a
spacer group, which imparts greater steric free-
dom and thus greater specific activity.3 Usually,
in the case of biomaterials, the immobilization of
biomolecules or cells to a polymeric support is
preceded by the chemical modification of the sup-
port so as to provide reactive groups (e.g., OOH,
ONH2, OCOOH).3 Several modification tech-
niques have been proposed for this purpose, in-
cluding ionizing radiation graft copolymerization,
plasma gas discharge, photochemical grafting,
chemical modification, and chemical derivatiza-
tion.3–5 The development of surface modification
techniques is making it possible to customize im-
plant surfaces to specific requirements.

In a pioneer study, cellulose regenerated by a
viscose process (CRVt) was successfully investi-
gated as an implantable material in orthopedic
surgery, as a sealing material for the femoral
component in hip prostheses, in place of acrylic
cement.6–10 It was envisaged to take advantage
not only of its good matching with mechanical
properties of bone but also of its hydroexpansiv-
ity, therefore allowing a satisfactory fixation to
hard tissue. The osteoconduction of this material
was also demonstrated.7–9 Nevertheless, a full
bioactive character cannot be attributed to nor-
mally occurring cellulose because of its lack of
osteoinduction.

To stimulate bone induction by CRV cellulose,
its chemical modification via phosphorylation was
envisaged. Once implanted, phosphorylated cellu-
lose could promote the formation of calcium phos-
phates, thus having closer resemblance to bone
functionality and ensuring a satisfactory bonding
at the interface between hard tissue and the bio-
material. Furthermore, phosphate groups consti-
tute adequate functionalities for specifically bind-
ing biologically active species,11–17 and this can be
used as an advantage for obtaining specifically
customized active surfaces. In a previous work,

the phosphorylation reaction was carried out by
an original reaction route.18,19 Reaction parame-
ters were optimized using microcrystalline cellu-
lose, and cellulose phosphates of high degrees of
substitution were obtained.18,19 Phosphorylated
materials were characterized and were found not
to be cytotoxic, in both cultured human osteo-
blasts and fibroblasts.18–20

In the present work, the technique optimized
for obtaining highly phosphorylated gels, using
microcrystalline cellulose, was applied to the sur-
face modification of CRV cellulose, with the aim of
enhancing its bioactivity. Modified materials
were characterized by XPS, FTIR, and 31P magic
angle spinning (MAS) NMR spectroscopies, and
contact angle measurements. The water swelling
and the resistance of this material to gamma ster-
ilization were also assessed, as well as changes in
surface roughness resulting from chemical modi-
fication.

EXPERIMENTAL

Cellulose regenerated by the viscose process
(CRVt) was a generous gift from Hexabio (Bor-
deaux, France). All chemicals were of research
grade purity and used without further purifica-
tion.

Chemical Modification

Synthesis of Phosphorylated Cellulose

Regenerated cellulose (CRV) discs were machined
from blocks dried in air at room temperature. The
obtained CRV discs (10 3 2 mm) were swollen
consecutively in distilled water, ethanol, and
hexanol, for 24 h, prior to chemical modification.
The phosphorylation reaction was carried out in a
four-neck round-bottom flask equipped with a ni-
trogen inlet, a condenser, a thermometer, and a
mechanical stirrer. CRV discs were dispersed in
30 mL of hexanol and a solution of phosphorus
pentaoxide (50 g) in 37 mL of triethyl phosphate
and 42 mL of 85% phosphoric acid was added
portionwise to the suspension. The reaction was
allowed to proceed at room temperature, under
constant stirring and a nitrogen stream, for 4 h
(P4), 8 h (P8), and 24 h (P24). Phosphorylated
CRV (CRV-P) thus obtained was rinsed with
hexanol and ethanol, washed by Soxhlet extrac-
tion, and then dialyzed against distilled and
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deionized water, at least for 24 h, to wash out the
excess H3PO4, until tests for inorganic phosphate
were negative. The modified materials were then
dried in air at room temperature.

Preparation of the Calcium Salt

The cellulose phosphate calcium salt was pre-
pared by immersing each sample of the phosphor-
ylated materials in 50 mL of a 0.05M CaCl2 aque-
ous solution for 24 h at 37°C.

Characterization

Spectroscopic Analyses

X-ray photoelectron spectroscopy (XPS) analyses
were performed on modified and unmodified cel-
lulose discs using an ESCALAB 220i-XL spec-
trometer (VG Scientific, West Sussex, UK). Spec-
tra from 0 to 700 eV were recorded using the
nonmonochromatic MgKa source at 200 W power.
All binding energies were referred to the carbon
1s component, set to 284.6 eV. The XPS data were
used to determine the chemical composition of the
surface at about 5 nm depth and the chemical
state of P and Ca. Surface etching was performed
softly to eliminate surface contamination and
carry out peak fitting without degrading the
chemical bonding. Fourier transform infrared
spectroscopy (FTIR) spectra were recorded on a
Perkin–Elmer Model 137B Infracord spectrome-
ter (Perkin Elmer Cetus Instruments, Norwalk,
CT). Samples for analysis were scratched from
the surface and prepared as dispersions in spec-
troscopic-grade potassium bromide (KBr). Solid-
state 31P MAS NMR spectra were recorded at 9.4
T with a Bruker DPX-400 NMR spectrometer
(Bruker Instruments, Billerica, MA) operating at
161.97 MHz, using the Bruker’s microprogram zg,
with the following parameters: 1000 scans, a
6.5-ms pulse, with a delay time of 5.0 s, 31 ms of
acquisition time, and a sweep width of 400 ppm.
Studies were carried out at room temperature
with zirconia rotors, using magic angle spinning
rates of 8 kHz. Chemical shifts were determined
using 85% H3PO4 (d31P 5 0 ppm) as an external
reference.

Roughness

Surface roughness of the original cellulose and
the modified materials was characterized using a
laser rugosimeter, model Perthometer S3P, from

Perthen (Germany). Each value was the mean of
five measurements.

Hydrophilicity

To determine surface hydrophilicity, contact an-
gle measurements were carried out on modified
and unmodified cellulose samples by the sessile
drop method, at room temperature, using an op-
tical bench-type contact angle goniometer (Model
G23M; Krüss, Hamburg, Germany). Samples
were previously dried at 23°C and 50% relative
humidity, until constant weight was achieved.
Four replicas of each sample were used and at
least two drops of approximately 1 mL of deion-
ized water, ethylene glycol, and diiodomethane
were deposited on each disc, and the static contact
angle was measured for each drop.

Morphology

Scanning electron microscopy (SEM) and energy
dispersive spectroscopy (EDS) analyses were car-
ried out at 15 kV using an S-2500 scanning elec-
tron microscope (Hitachi, Tokyo, Japan). Obser-
vations were processed from sputtered Pd–coated
specimens.

Sterilization Resistance

After packing, samples were gamma-irradiated
for 8.5 h at room temperature, in both the pres-
ence and the absence of oxygen (using nitrogen),
in a CIS Bio-Industries equipment, model IBL
337 (Gif-sur-Yvette, France), loaded with 13,000
Ci of 137Cs, to absorb a total dose equal to 25 kGy.
Resistance to sterilization by gamma-radiation
was assessed by FTIR spectroscopy.

Water Swelling

CRV discs were dried in vacuum at 50°C until
constant weight was attained. They were then
soaked in water, at room temperature, and their
wet mass was weighed at consecutive periods of
time, until equilibrium was reached.

RESULTS AND DISCUSSION

As previously reported, when this phosphoryla-
tion technique was applied to modify microcrys-
talline cellulose, the swelling pretreatment signif-
icantly influenced the resulting products. An ad-
equate swelling pretreatment promoted higher
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modification yieldings by enhancing the accessi-
bility of the materials structure.18 In Figure 1 the
behavior of regenerated cellulose after immersion
in water, ethyl alcohol, and hexanol is shown.
Water is one of the best cellulose swelling
agents21,22 but traces of water are deleterious to
the present reaction.18–20 Therefore, water must
be exchanged before the reaction. However, as
shown in Figure 1(a)–(c), water must be ex-
changed consecutively by ethanol and then hexa-
nol, or otherwise the material cracks. Hence, on
one hand, water was exchanged by ethanol, where
it is soluble. Ethanol, on the other hand, is soluble
in hexanol and was washed by the latter since
hexanol is the solvent of the reaction itself. Hexa-
nol is not a good swelling agent for cellulose but
the material kept its swelling in water after the
exchange in the sequence of ethanol followed by
hexanol.

The calcium salt of cellulose phosphate was
prepared because this is the composition under
investigation for orthopedic applications. Previ-
ous results showed that the calcium salt mineral-
izes to a much higher extent than the materials
that were only phosphorylated.23 Figure 2 indi-
cates the surface chemical composition of the cal-
cium salt of phosphorylated cellulose hydrogels,
obtained by XPS, where it can be seen that with
increasing phosphorylation reaction time, %C de-
creased as %O, %Ca, and %P increased. Table I
shows O/C, P/C, and Ca/C ratios obtained from
XPS data. The decrease in carbon atomic percent-
age and the increase in that of oxygen, with in-
creasing reaction times, seem to be in accordance
with the achievement of surface phosphorylation,
given that for each phosphate group grafted, one
free hydroxyl on the original cellulose is substi-
tuted by two new hydroxyl groups and one phos-
phoryl group; hence, the oxygen content is in-
creased. The XPS survey scan spectra (Fig. 3)
show that, on unmodified cellulose, only C1s and
O1s peaks are present. In addition, on phosphor-
ylated cellulose, phosphorus and calcium were
found. The intensity of phosphorus peaks in-
creased with reaction time. As shown in Figure 2,
after 4- and 24-h treatments, %P and %Ca in-
creased from about 5 to 11, and from about 3 to
10, respectively. P/C and Ca/C ratios evolved fol-
lowing the same pattern (Table I). Peak fitting
was carried out after analyses at low depth so as
not to degrade the chemical bonding. The P2p-
fitted spectrum can be seen in Figure 4. Phospho-
rus species were found at a binding energy of

133.7 eV. Furthermore, XPS data showed that
P2p and Ca2p (347.4 eV) positions (the most
prominent peaks that do not exist on unmodified
cellulose) remained unchanged, independently of
the phosphorus content, and the relative separa-
tion between their binding energies was approxi-
mately the same as that found for calcium phos-
phates.24–27 This fact indicates that the chemical
modification is homogeneous for varying reaction
times. Binding energy positions for P2p were in
the range usually found for calcium phosphates,
that is, hydroxyapatite (the mineral of bone).24–27

Similarly to these structures, in the present case,
the oxygens of the phosphate hydroxyl groups are
probably chelated by ionic bonds to the calcium
ions.

EDS microanalysis was carried out along the
diameter of surface-phosphorylated discs, using a
magnification of 31000, and the atomic percent-
age of phosphorus was determined, as shown in
Figure 5. It can be seen that the reaction is ho-
mogeneous along the surface in that low standard
deviations were obtained using different areas of
independent samples. However, EDS data cannot
be compared to XPS data because, in the former,
data correspond to a much thicker layer and not
only to the outermost one. Results obtained by
EDS must be considered semiquantitative. The
depth of phosphorylation also increased with in-
creasing reaction time, as can be seen in Figure 6.
Phosphorus depth profiles were obtained by EDS
microanalysis, along a cross section, as a function
of reaction time.

An ideal solid surface would be homogeneous
in molecular composition and smooth at the mo-
lecular level.28–32 However, real surfaces are het-
erogeneous, as well as appreciably rough and
complex in topography. Contact angle measure-
ments are usually the means to determine surface
free energy of solids, recurring to the Young equa-
tion, and assuming that the surface is appreciably
close to an ideal one. Roughness is among the
factors that must be considered before using the
Young equation and the relationship established
therein. The effect of roughness on contact angles
has been widely recognized to affect the contact
angle and hence surface free energy.5,28–32 The
influence of biomaterials’ surface roughness on
their functionality has been demonstrated as well
in a number of independent studies, pointing out
the relevance of knowing the roughness of a can-
didate material for biomedical applications.5,33–36

Laser rugosimetry measurements were then car-
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ried out to determine the surface roughness of
prepared sample discs (Fig. 7). It was shown that
prepared surfaces are significantly rough. Discs
were cut from cast cylinders and the roughness
found reflected the effect of the cutting operation.
Samples were not subsequently polished so as to
avoid contamination of the surface. The phos-
phorylation reaction roughened the surface, al-
though no significant differences were found as a
function of reaction time.

As a consequence of the rough nature of pre-
pared surfaces, surface free energies were not
determined. In the present work, the main pur-
pose of contact angle measurements was to assess
comparative changes in hydrophilicity resulting
from surface phosphorylation. Contact angle mea-
surements confirmed the moderate hydrophilicity
of regenerated cellulose hydrogels obtained by the
viscose process. The relatively low contact angle
(; 32°) in water obtained for unmodified regener-
ated cellulose was further decreased after phos-
phorylation (4 h) and higher phosphate contents
further decreased it, although difficult-to-mea-
sure low angles were obtained for 8- and 24-h
treatments (Fig. 8). A similar behavior was found
using ethylene glycol, which is another polar liq-
uid. When an apolar liquid was used (i.e., di-
iodomethane) the initial contact angle remained
unchanged, according to the fact that polar solids

Figure 1 SEM micrographs of the surface of unmod-
ified regenerated cellulose hydrogels (CRV) dried in air,
after immersion in: (a) hexanol, (b) ethanol followed by
hexanol, and (c) water, followed by ethanol and finally
hexanol.

Figure 2 P, Ca, O, and C atomic percentages of un-
modified and phosphorylated cellulose, obtained by
XPS, plotted as a function of the phosphorylation reac-
tion time.
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do not influence apolar liquids.28 These values
clearly demonstrated the high hydrophilic nature
of cellulose phosphates but must be analyzed
carefully. Surface roughness strongly influences
the drop contact angle and, for rough surfaces (as
it is the case in here), the Young equation is no
longer valid.28–32 Results are nevertheless com-
paratively valid but should not be considered as
absolute. To obtain more precise data, dynamic
contact angle measurements on smoother sur-
faces must be carried out and roughness taken
into account.

Although CRV swells considerably in water, this
material does not regain its total water-sorption
capacity after drying. After drying the first time,
CRV swells up to approximately 60 wt % (Fig. 9)
and this value remains unchanged for further dry-
ings. This behavior is probably the result of the loss
of structural water on the first drying. Although
regenerated cellulose is not a thermoplastic poly-
mer, the role of water in this material is similar to
that of a plasticizer, that is, when the material is
dried it is no longer comparable to a hydrated elas-
tomer but, rather, becomes comparable to a brittle
material. OH groups bound to water molecules
through hydrogen bonds and free or weakly bound
water are also present. Phosphorylated cellulose
gels absorbed considerably higher amounts of water
compared to nonmodified cellulose, which was con-
firmed when phosphorylation was achieved in the
bulk modification of microcrystalline cellulose.18 In
the present case, phosphorylation is restricted to
the surface layer of regenerated cellulose and thus
the effect of increased water-sorption ability was
hardly noticeable, in absolute values. Nevertheless,
a small increase in total water sorption was ob-
served for phosphorylated materials (Fig. 9). The
kinetics of absorption was also accelerated for phos-

Table I Surface Chemical Composition of
Untreated (CRV) and Phosphorylated Cellulose
(CRV-P), at Varying Reaction Times, Obtained
by XPS

Material

Element/C Ratio

O/C P/C Ca/C

CRV 0.43 0 0
CRV-P4 0.41 0.08 0.05
CRV-P8 0.73 0.17 0.14
CRV-P24 1.04 0.28 0.27

Figure 3 XPS survey spectra of unmodified and phosphorylated materials. (a) CRV;
phosphorylated cellulose (CRV-P) at different reaction times: (b) 4 h, (c) 8 h, and (d)
24 h.
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phorylated materials, the highest rates of which
were found in the materials with the highest phos-
phate contents. Water sorption of CRV is closely
related to its amorphous regions. Probably, surface
phosphorylation promoted a slight increase in the
amorphous-to-crystalline ratio, thus improving its
water sorption. However, we demonstrated previ-
ously that the increase in water sorption should not
be attributed only to a decrease in crystallinity,
given that the water swelling of phosphorylated
materials was higher than that of amorphous cellu-
lose.18

After incubation in phosphate-buffered saline
(PBS), no considerable effect of phosphorylation
on pH variation was observed, compared to that of
unmodified regenerated cellulose (Fig. 10). In-
creasing phosphate contents promoted a slightly
lower initial pH, which after 3 days, attained
equilibrium pH (7.4). Because CRV-P is an acidic
material, due to phosphate functionalities, its
presence in a biological environment could be del-
eterious if not readily neutralized.

The FTIR spectra of phosphorylated samples
(Fig. 11) showed the presence of a phosphate es-
ter. A sharp peak at 1383 cm21 can be attributed
to PAO stretching.37–39 Smoothing of the free OH
groups at 3200–3600 cm21 and COH groups at
2950–2850 cm21 was also observed, which can be
associated with a decrease in crystallinity. A
sharp peak at 1750 cm21 was also present on
unmodified cellulose, which is generally assigned
to the carbonyl band (CAO),40 indicating oxida-
tion to some extent. In addition to the functional
group absorptions, a peak was observed at 2350
cm21, which is attributed to the COO stretch of
carbon dioxide in the background.

Sterilization is a critical step in the validation of
a medical device,41 and gamma-radiation is gener-
ally designated as the most adequate method for
cellulose sterilization, although chain scission may

Figure 4 XPS high-resolution spectra of the P2p position on phosphorylated cellulose.

Figure 5 EDS %P data obtained along the diameter
of surface phosphorylated cellulose, as a function of
reaction time.
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Figure 6 Depth of phosphorylation as a function of reaction time, as determined by
EDS with image analysis techniques: (a) CRV-P4, (b) CRV-P8, and (c) CRV-P24. [color
figure can be viewed in the online issue, which is available at www.interscience.wiley.
com.]
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occur.42–44 The effect of gamma sterilization on ma-
terials structure was assessed by FTIR spectros-
copy on powdered samples scratched from the sur-
face (Fig. 12). It can be seem that gamma steriliza-
tion did not promote structural changes, detectable
by FTIR, on unmodified or phosphorylated cellu-
lose, when a protected atmosphere was used (nitro-
gen). On the contrary, an oxidizing atmosphere pro-
moted oxidation of the surface, as was demon-
strated by the presence of carbonyl bands found at
1750 cm21 in materials sterilized in air.

The 31P MAS NMR spectrum of CRV-P (Fig.
13) exhibited a broad signal at 4.6 ppm. This

chemical shift value is generally expected for 31P
in phosphate functionalities,45–48 which, in con-
junction with previous evidence, confirmed that
phosphate groups are chemically bound to the
material. MAS rate variation showed that sym-
metrical side bands were rotational bands result-
ing from powder anisotropy. The small sharp
peak observed at 27.0 ppm indicates that more
than one type of phosphate group is present in
phosphorylated CRV. When 31P MAS NMR was
used to characterize phosphorylated cellulose gels
obtained by chemical modification of microcrys-
talline cellulose,18 this peak was not observed,
suggesting that it may be ascribed to the interac-
tion of phosphate ions with residues present in
CRV’s structure. Yokogawa et al.49 recently re-
ported similar findings when phosphorylating
chitin fibers by the urea/H3PO4 method. In that

Figure 7 Roughness of unmodified and phosphory-
lated cellulose at different reaction times. Ra (black),
mean roughness; Rz (white), roughness depth (mean
peak-to-valley height).

Figure 8 Contact angles of CRV (t 5 0) and CRV-P,
as a function of duration of the phosphorylation reaction,
using liquids with different polarity: water (circles), eth-
ylene glycol (squares), and diiodomethane (triangles).

Figure 9 Swelling of CRV and CRV-P at different
reaction times: 4, 8, and 24 h.

Figure 10 pH variation as a function of time of im-
mersion of CRV and CRV-P in phosphate-buffered sa-
line (PBS, without calcium and magnesium).
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case, it was speculated that the second small
peak, found at 29.9 ppm, was attributable to the
ammonium hydrogen phosphate formed.49 In the
present case, ammonium-containing chemicals
were not used.

CONCLUSIONS

The surface modification of regenerated cellulose
hydrogels (CRV) was successfully carried out by

phosphorylation, homogeneously, as demon-
strated by XPS, FTIR, EDS, and 31P MAS NMR
spectroscopic analyses. Surface chemical modifi-
cation by phosphorylation was optimized in terms
of swelling pretreatment. The moderate hydro-
philicity, determined by contact angle measure-
ments, as well as water sorption of CRV were
further increased through phosphorylation, and
those effects were directly dependent on the phos-
phate content. Phosphorylation increased surface
roughness but did not affect the sterilization re-

Figure 11 FTIR spectra of (a) CRV and (b) CRV-P8.

Figure 12 FTIR spectra of gamma-sterilized samples: (a) CRV; (b) CRV-P; CRV-P
sterilized in (c) nitrogen atmosphere and (d) oxidizing atmosphere.
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sistance of CRV, if a nitrogen atmosphere was
used. The high ability of phosphorylated cellulose
to bind calcium ions was also demonstrated.
Chemical bonding between calcium and phos-
phate functionalities resembled that usually
found in calcium phosphates present in bone tis-
sue, as demonstrated by XPS data.

Regenerated cellulose hydrogels have some
physicochemical properties that make them ade-
quate materials for biomedical applications, that
is, biocompatibility associated with moderated
hydrophilicity and water sorption similar to that
of living tissues. Surface modification via phos-
phorylation endows CRV cellulose with different
characteristics that can be used satisfactorily for
biomedical applications, such as functionalization
through grafting of the negatively charged and
reactive phosphate groups, as well as cation ex-
change ability, high hydrophilicity, and water
sorption.
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