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a  b  s  t  r  a  c  t

In  biomimicking  the  formation  of collagen  fiber/hydroxyapatite  (HAp)  in  natural  bone,  electrospun
cellulose  nanofiber  (CelluNF)/HAp  composites  were  synthesized  in  simulated  body  fluid  (SBF).  Their  mor-
phology  and  structure  were  characterized  by  SEM,  TEM,  XRD  and  XPS.  CelluNFs  showed  low  bioactivity  in
inducing  the  growth  of HAp.  In  order  to  improve  this  ability,  CelluNFs  were  slightly  phosphorylated  with
eywords:
lectrospinning
anofiber
ydroxyapatite
ellulose biocomposite

a degree  of  substitution  of phosphate  group  of 0.28. The  modified  CelluNFs  were  highly effective  in  guid-
ing  the  HAp  growth  along  the fibers.  The  HAp  crystal  size  in the  composites  was  ca.  24  nm,  and  the  lattice
spacing  of  (2  1 1)  plane  was  2.83 Å. It  was  found  that  the HAps  in the  composites  were  calcium  deficient.
The  CelluNF/HAp  composites  are  highly  porous  materials  with  micro-,  meso-,  and  macro-pores.  A mech-
anism  for  the  HAp  growth  on  CelluNFs  was  presented.  Such  CelluNF/HAp  composites  can  be  potentially
useful  in  the  field  of  bone  tissue  engineering.

© 2012 Elsevier Ltd. All rights reserved.
. Introduction

Synthetic bioactive bone grafts materials have been in a high
emand because of a shortage of autografts and the immuno-

ogical rejection reaction of allografts (Juhasz & Best, 2012). In
imicking the collagen fiber/hydroxyapatite (HAp) composite

tructure of natural bone, several kinds of fibers such as silk
bers, peptide-amphiphile nanofibers, and cellulose nanofibers
ith biocompatibility have been applied to guide mineralization

f HAp to form composite materials. For instance, silk/calcium
hosphate scaffolds with mechanical properties comparable to
ancellous bone were reported for load-bearing osteregenera-
ive applications (Collins et al., 2009). Crosslinked self-assembled
eptide-amphiphile nanofibers directed growth of HAp. In this
omposite the crystallographic c axes of HAp were aligned with
he long axes of the fibers, mimicking that observed between col-
agen fibrils and HAp crystals in natural bone (Hartgerink, Beniash,

 Stupp, 2001).
As far as the stability and mechanical properties are con-

erned, cellulose fiber appears to be a superior choice. Therefore,

he fabrication of cellulose/HAp composite scaffolds is intriguing
o many researchers in recent years (He, Chang, Peng, & Zhang,
012; Wan  et al., 2009; Zimmermann, LeBlanc, Sheets, Fox, &

∗ Corresponding author. Tel.: +86 591 83404938; fax: +86 591 83404938.
E-mail address: haiqing.liu@gmail.com (H. Liu).

144-8617/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2012.07.033
Gatenholm, 2011). The reasons for the selection of cellulose as
supporting scaffolds are: (I) abundance and renewability of this
naturally-occurring polymer; (II) stable good mechanical prop-
erties in physiological environments in vitro and in vivo aging;
(III) negligible foreign body and inflammatory response reactions
in vitro and in vivo applications (Backdahl et al., 2006; Klemm,
Schumann, Udhardt, & Marsch, 2001; Märtson, Viljanto, Hurme,
Laippala, & Saukko, 1999; Rodriguez, Renneckar, & Gatenholm,
2011); (IV) abundant reactive hydroxyl groups on the macromolec-
ular chains; (V) biodegradability by a combination of chemical,
biological and mechanical processes. Though cellulose shows poor
biodegradation in vivo within a short time period of application
such as wound healing, the cellulose material used as a perma-
nent implantable scaffold for tissue engineering is degradable in
the long term. For instance, in an in vivo subcutaneous study in the
rat, it was found that the cellulose sponge completely disappeared
from subcutaneous tissue after 60 weeks (Märtson et al., 1999). The
in vivo biodegradability can be effectively improved by increasing
the amorphous regions (in other words, lowering the crystallinity)
and augmenting the hydrophilicity of cellulose materials (Entcheva
et al., 2004; Miyamoto, Takahashi, Ito, Inagaki, & Noishiki, 1989).
Additionally, the final product of the cellulose degradation process
is glucose—a natural nutrient for the cells, as compared to the acidic

byproducts of the biodegradable PLGA scaffolds.

Among the many types of cellulose fibers, bacterial cellulose
(BC) fibers have been particularly studied for applications of fiber
reinforced HAp composites, due largely to their nanometer size

dx.doi.org/10.1016/j.carbpol.2012.07.033
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:haiqing.liu@gmail.com
dx.doi.org/10.1016/j.carbpol.2012.07.033
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Fig. 1. SEM images of (a) cellulose nanofibers (CelluN

10 nm × 50 nm,  thickness × width) and high mechanical proper-
ies. Zimmermann et al. (2011) applied negatively charged BC fibers

o initiate nucleation of calcium-deficient HAp (cdHAp). They found
hat the presence of cdHAp crystals on BC fiber surfaces resulted in
ncreased cell attachment. It was reported that phosphorylated BC
bers could effectively induce the growth of carbonate-containing

ig. 2. SEM images of cellulose nanofibers/HAp composites obtained from growth in 1.5SB
d)  28d-CelluNF/HAp, EDS spectrum of (e) 7d-CelluNF/HAp and (f) SEM image of a fiber w
d (b) phosphorylated cellulose nanofibers (PCelluNF).

HAp to form a 3D BC/HAp nanocomposite network with appro-
priate mechanical performance and good osteoconductivity and

biodegradation (Wan  et al., 2007). These BC/HAp composites can
be used for bone healing applications.

It is been known that natural BC fibers do not offer an ability
to control the scale of the fibers in the nano- to micro-diameter

F for various days. (a) 7d-CelluNF/HAp, (b) 14d-CelluNF/HAp, (c) 21d-CelluNF/HAp,
rapped by HAp.
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egions, while the electrospinning technique can produce con-
inuous fibers with controlled diameter (Rodriguez et al., 2011).
lectrospun cellulose nanofibers (CelluNF) have been readily
btained from hydrolysis of cellulose acetate nanofibers (Greish,
eetani, Al Matroushi, & Shamsi, 2010; Liu & Hsieh, 2002). Their

iameter and alignment can be controlled by adjusting the spinning
olution properties and electrospinning parameters (Liao, Wu,  Wu,
han, & Liu, 2012). So far, electrospun CelluNFs have been used as
caffolds for the growth of HAp in one case only. Renneckar et al.
Rodriguez et al., 2011) reported biomimetic calcium phosphate
rystal mineralization on these scaffolds. They exposed CelluNFs
o carboxymethyl cellulose (CMC) adsorption, in order to gener-
te carboxyl groups on fiber surfaces. It was found that such a
retreatment may  effectively catalyze the calcium phosphate min-
ralization on the fibers. Because the CMC  is physically adsorbed
n the fibers, the HAp crystals wrap around the CelluNFs with a
earl-on-string type of arrangement.

In this work, we intended to chemically modify the electrospun
elluNF surfaces by a phosphorylation reaction. The phosphate
roups may  bond with Ca2+ through coordination bonds, and
hen induce the growth of Ca–P crystals. The morphology, ele-

ental composition and structure of CelluNF/HAp composites
ere characterized by scanning electron microscopy (SEM), trans-
ission electron microscopy (TEM), Fourier transform infrared

pectroscopy (FTIR), X-ray diffraction (XRD) and X-ray photoelec-
ron spectroscopy (XPS). Due to the high HAp induction activity, the
hosphorylated electrospun CelluNF is a good alternative to colla-
en fiber in the biomimetic fabrication of fiber/HAp composites.
uch composites may  be potentially used as bone tissue engineer-
ng materials.

. Experimental

.1. Materials

Cellulose acetate (CA) (M� = 30,000, acetyl content 39.8%) were
urchased from Aldrich, USA. Orthophosphoric acid (85%), triethyl
hosphate, phosphorous pentoxide and hexanol were bought from
inopharm Chemical Regent Co. (Shanghai, China). All chemicals
ere of analytical grade, and were used as received.

.2. Preparation of CelluNF and phosphorylation treatment

CA nanofibers were first fabricated according to our previous
ork (Liao et al., 2012). Briefly, a spinning solution of 20 wt% CA

n 2:1(v/v) acetone/N,N-dimethylacetamide (DMAc) was prepared
nd degassed. It was then filled into a syringe with a stainless nee-
le of gauge 16 (inner diameter 0.8 mm).  A positive electrode was
lamped on the needle and connected to a power supply (DW-
303-IAC, Tianjin Dongwen High Voltage Plant, Tianjin, China).
he grounded counter electrode was connected to cardboard cov-
red with aluminum (Al) foil as a collector. The electrical field
as 0.8 kV/cm. The feeding rate was 12 �L/min monitored by a

yringe pump (TS2-60, Longer Precision Pump Co. Ltd, Baoding,
hina). During electrospinning, the environmental temperature
nd humidity were 27 ± 1 ◦C and 65 ± 3%, respectively. The CA
anofibers were hydrolyzed in 0.05 mol/L NaOH/ethanol solution

or 24 h at room temperature, followed by thoroughly washing with
ouble-distilled (DD) water until the supernatant reached neutral.
hey were freeze-dried to obtain CelluNFs. The dried CelluNFs were

tored in a desiccator until use. Their FTIR spectrum (not shown
ere) confirmed that the absence of absorption peak at 1753 cm−1

or the stretching vibration of carbonyl groups, suggesting that cel-
ulose acetate were converted to cellulose (Rodriguez et al., 2011).
ers 90 (2012) 1573– 1581 1575

To a mixed solvent of H3PO4 (20 mL), ethanol (20 mL), and hex-
anol (25 mL)  in a round bottom flask, 62.5 g of P2O5 was added.
A homogeneous clear solution was  obtained after magnetic stir-
ring for 2 h. 2.0 g of CelluNF, which was sequentially pre-swollen in
ethanol and hexanol for respective 24 h, were soaked in the solu-
tion. The phosphorylation reaction of CelluNF was proceeded under
magnetic stirring for 72 h at 35 ◦C. Then the phosphorylated CelluNF
(PCelluNF) were taken out and thoroughly rinsed with DD water,
followed by vacuum-drying at 40 ◦C for 24 h.

2.3. Biomimetic growth of HAp on PCelluNF

The 1.5 times simulated body fluid (1.5SBF) was prepared as
follows. Sodium chloride (15.5801 g), sodium hydrogen carbon-
ate (0.7057 g), potassium chloride (0.7455 g), disodium hydrogen
phosphate dodecahydrate (1.0744 g), and magnesium chloride
hexahydrate (0.6099 g) were sequentially added and dissolved into
1700 mL  of DD water. Its pH value was  adjusted to 7.4 by 1 mol/L
HCl aqueous solution. Then 0.8325 g of anhydrous calcium chloride
and 0.1420 g of sodium sulfate were dissolved into the solu-
tion. Its pH value was re-adjusted to 7.40 by tris-hydroxymethyl
aminomethane. The final total volume was adjusted to 2000 mL by
adding double-distilled water.

The CelluNFs and PCelluNFs were soaked in 1.5SBF solution
at 37 ◦C for 5, 7, 14, 21 and 28 days. Fresh 1.5SBF solution was
replaced once per day. The samples were taken out and rinsed with
DD water. Finally the CelluNF/HAp composites were freeze-dried.
Accordingly, they were coded as for example 5d-CelluNF/HAp, “5d”
represents five culturing days.

2.4. Characterization

The diameter and morphology of nanofibers and composites
were observed by SEM (JEOL JSM-7500F) and TEM (JEOL JEM-2010).
All samples were sputter-coated with platinum before SEM obser-
vation. For TEM measurement, composite fibers were dispersed
ultrasonically in ethanol and were transferred onto Formvar-coated
copper grids before observation. FTIR spectra were collected on
thermo-Nicolet 5700 spectrometer in KBr form. The XRD patterns
were recorded on X’pert MPD  Pro (Philips) with Cu K  ̨ radiation
(� = 1.542 Å), at 2� angles ranging from 5 to 80◦, accelerating voltage
of 40 kV, emission current of 30 mA and scanning speed of 8 min−1.
XPS was carried out on a PHI 5000 Instrument (ESCA LAB MKII) with
an Al K  ̨ anode. All binding energies (B.E.) were referenced to the
neutral C1s peaks at 284.8 eV. Surface elemental stoichiometries
were determined from the sensitivity-factor-corrected peak-area
ratios, and the software XPSpeak 4 was  used to fit the XPS spectra
peaks. The porosity and specific surface areas were characterized by
nitrogen adsorption–desorption isotherm analysis (Micromeritics
ASAP2020 apparatus at 77 K). The viscosity molecular weight (M�)
of cellulose nanofibers was determined with cadoxen as the solvent
at 25 ◦C by using viscometery according to [�] = 3.85 × 10−2 Mw

0.76

(mL  g−1) (Brown & Wiskston, 1965).

3. Results and discussion

3.1. Morphology of HAp on CelluNFs

Fig. 1a shows SEM images of CelluNFs regenerated from the
hydrolysis of electrospun cellulose acetate nanofibers. In our
previous work we have demonstrated that this is a much easier
method in fabrication of uniform CelluNFs than a direct electrospin-

ning of cellulose solutions in LiCl/N,N-dimethylacetamide (Kim,
Frey, Marquez, & Joo, 2005; Liu & Hsieh, 2002). The CelluNFs are
smooth and circular. They are randomly organized into a highly
porous mat. After surface phosphorylation, PCelluNFs display a
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ig. 3. SEM images of phosphorylated cellulose nanofibers/HAp composites obtaine
4d-PCelluNF/HAp, (d) 21d-PCelluNF/HAp, (e) 28d-PCelluNF/HAp and (f) EDS spect

imilar smooth surface morphology (Fig. 1b) to that of CelluNFs,
uggesting that phosphorylation process does not cause any phys-
cal changes to the fibers. The average diameter of both fibers is
0.56 �m.

Hydroxyl groups are rich on CelluNFs surfaces. They readily
eact with phosphoric acid to form cellulose phosphate in the
ild heterogeneous reaction conditions used in this work. The

ontent of phosphate groups on PCelluNFs was determined to be
.62 mmol/g by the spectrophotometric method of molybdenum
lue (de Magalhaes Padilha, Rocha, Moreira, de Sousa Campos,

 do Carmo Federici, 1997). This corresponds to a degree of
ubstitution (phosphate group) of 0.28, indicating that the phos-
horylation on CelluNFs is slight. Such a small introduction of
hosphate groups onto CelluNFs would not change the main
haracteristics (like mechanical and solvent-resistivity) of cellu-
ose nanofibers. The viscosity molecular weight of the PCelluNF

nd CelluNF was 1.51 × 104 and 1.45 × 104, corresponding to a
egree of polymerization of 81 and 90, respectively. Thus phos-
horylation process indeed caused degradation to the cellulose
ue to hydrolysis. However, such a nanofibrous mat  composed of
 growth in 1.5SBF for various days. (a) 5d-PCelluNF/HAp, (b) 7d-PCelluNF/HAp, (c)
f 21d-PCelluNF/HAp.

degraded PCelluNF is still mechanically strong enough as a scaffold
material.

The CelluNFs were cultured in 1.5SBF to test the HAp growth on
them. Fig. 2 shows the surface morphology of CelluNF/HAp com-
posite fibers. Only a few particles are found on their surfaces on
day 7 (Fig. 2a). An energy dispersive X-ray spectroscopy (EDS) spec-
trum of these particles demonstrates that they contain calcium and
phosphorus elements (Fig. 2e). The mole ratio of Ca/P is 1.41, which
is less than 1.67 of natural bone (Hutchens, Benson, Evans, O’eill,
& Rawn, 2006). More and bigger particles are found on the mat on
day 14 (Fig. 2b). The particle size increases further on day 21 and 28
(Fig. 2c and d). Fig. 2c and d display a special morphology, i.e. HAP
particles on fiber strings. The particle size and morphology vary
greatly, i.e. some grow on CelluNFs, and some use CelluNFs as tem-
plates to form cylindrical HAp (Fig. 2f). Such a random HAp growth
and non-uniform size and morphology of HAp clusters on CelluNFs

are also found on BC fibers (Wan  et al., 2007). The reason is that
these unmodified cellulose fiber surfaces lack effective functional
groups for bonding calcium ions to form nuclei, as will be discussed
in the latter section. The EDS spectrum of the HAp clusters on day
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Fig. 4. TEM (a), HR-TEM (b) and SAED (c) im

8 indicates that they contain calcium and phosphorus elements
not shown here). The Ca/P mole ratio is 1.55, which is still less
han that of natural bone, suggesting that the HAp on CelluNFs is
alcium deficient, which is independent of culturing time.

The morphologies of HAp on PCelluNFs are displayed in Fig. 3.
he fiber surfaces become coarse on day 5 (Fig. 3a). This is due
o large amount of tiny HAp particles (<100 nm)  grow on the fibers
Fig. 3a). On day 7, all PCelluNFs are completely covered with a layer
f flowerlike crystals (Fig. 3b). The average size of PCelluNF/HAp
omposite fibers increases to 0.67 �m,  which is 0.11 �m thicker
han that of PCelluNFs (0.56 �m).  On day 14 and 21, the HAp crystal
ayers become thicker and thicker (Fig. 3c and d), the size of com-
osite fibers further increases to 1.79 and 3.19 �m,  respectively.
ue to fragility of HAp, cracks are observed for the thick HAp layers

Fig. 3d and f). The broken HAp cannot move freely, instead they
re restricted by the core fibers, i.e. which act as supporting scaf-
olds for the HAp. The PCelluNF/HAp composites keep the 3D porous
tructure as that of the PCelluNF mat. From EDS analysis (Fig. 3f),
he Ca/P mole ratio of HAp crystals on PCelluNFs on day 21 is ca.
.57, indicating that these HAps are still calcium deficient. Com-
ared to the poor growth of HAp on CelluNFs, the HAp grows more
asily, quickly and uniformly on PCelluNFs, and each PCelluNF is
ntirely covered with a HAp crystal layer. The growth of HAp layer
n PCelluNFs increases almost linearly with time between 7 and
1 days with a growth constant of ca. 0.18 �m/day. In a similar

tudy, the HAp growth on electrospun cellulose nanofibers could
e enhanced by introducing carboxylate groups onto their sur-
aces through physical adsorption of CMC. A large amount of HAp
blossoms” were formed on cellulose nanofiber surfaces (Rodriguez
nd EDS spectrum (d) of 14d-PCelluNF/HAp.

et al., 2011). In comparison, HAp crystals grow more uniformly on
our phosphorylated cellulose nanofibers than on the CMC  treated
ones.

Fig. 4 shows TEM images of the 14d-PCelluNF/HAp compos-
ite. The HAp crystal lattice spacing is 0.283 nm (Fig. 4b), which
corresponds to the (2 1 1) crystallographic plane. The brightest
diffraction ring in the selected area electron diffraction (SAED)
image is designated to the (2 1 1) plane of HAp (Fig. 4c), with a
lattice spacing of 0.281 nm.  The EDS spectrum shows that the Ca/P
mole ratio is ca. 1.48.

3.2. Fiber surface chemical structure

The different HAp growth behavior on CelluNF and PCelluNF
must be related to their surface chemical structure. XPS is a very
effective tool in characterizing the chemical structure and ele-
mental composition on fiber surfaces. Compared to CelluNFs, the
survey scan XPS spectrum of PCelluNF (Fig. 5A) shows a new peak
at 133.02 eV of P2p (Cai, Zhang, Zeng, & Sun, 2011). This suggests
that phosphate groups were introduced onto PCelluNFs. For PCel-
luNF/HAp composite fibers, new peaks at 132.93 and 346.97 eV for
P2p of P5+ and Ca2p of Ca2+, respectively, are displayed in its XPS
spectrum (Fig. 5A–C). Therefore, the crystals formed on PCelluNFs
contain P and Ca elements.

The high resolution scan XPS spectra of C1s are shown in Fig. 5B.

They are deconvoluted into three sub-peaks by curve fitting. These
three sub-peaks correspond to three types of carbon-oxygen bonds.
The CelluNF displays peaks at 284.4 (shoulder), 285.9 (strong),
and 287.2 (shoulder) eV for C* C , C* O and O C* O (in
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Fig. 5. (A) XPS survey spectra of CelluNF (a), PCelluNF (b), 1

he anhydroglucose unit rings) (Xu, Zhao, Kang, Neoh, & Li, 2007),
espectively. The corresponding relative carbon content is 10.88%,
3.68% and 15.44% for C* C , C* O and O C* O , respec-
ively. For PCelluNFs, the positions of the three sub-peaks of C1s are
lmost same to those of CelluNF (Fig. 5B inset). However, the peak
ntensity of C* C increases, whereas that of C* O decreases.

he substitution of hydroxyl hydrogens with phosphate groups
hanges the chemical environment of carbon atoms, resulting in

 reduction of peak intensity of C* O , and an increasing of that

ig. 6. XRD patterns of (a) CelluNF, (b) PCelluNF, (c) 14d-CelluNF/HAp and (d) 14d-
CelluNF/HAp.
elluNF/HAp (c). High resolution scan of C1s (B) and O1s (C).

of C* C . For the PCelluNF/HAp composite, the curve fitting gives
three sub-peaks at 284.4, 285.5, and 287.5 eV for C* C, C* O
and O C* O , respectively. Compared to CelluNF and PCelluNF,
the overall intensity of C1s of PCelluNF/HAp greatly decreases. This
is because the outer surface of PCelluNF/HAp composite is com-
posed of a thick layer of HAp, as shown in the SEM images.

A symmetrical and strong O1s peak at 532.28 eV for C O*
is shown in the high resolution scan XPS spectrum of CelluNF
(Fig. 5C). After phosphorylation, the spectrum changes to asym-
metrical for PCelluNF. The main O1s peak still locates at 532.28 eV
for C O* , but a weak shoulder peak appears at 530.82 eV for

P O* (Cai et al., 2011). The oxygen composition in the form
of P O* accounts for 21.64% in the total oxygen ( C O* plus

P O* ), corresponding to a degree of substitution (DS) of phos-
phate groups in the PCelluNF of ca. 0.275, which is close to the value
(0.28) obtained from the spectrophotometric method. For PCel-
luNF/HAp composites, the asymmetrical peak is obviously different
from that of PCelluNF. The peak is deconvoluted into two sub-
peaks respectively located at 530.80 eV ( P O* ) of the phosphate
groups, 532.10 eV ( C O* ) of carbonate groups (Dahle, Voigts, &
Maus-Friedrichs, 2012).

3.3. XRD analysis

The XRD pattern of CelluNFs shows characteristic peaks at 2� of
12.1, 21.5, and 23.5◦ for the crystallographic planes (1 0 1), (1 1 0)

and (0 0 2) of cellulose II diffraction (Isogai, Usuda, Kato, Uryu, &
Atalla, 1989) (Fig. 6), respectively. The sharp peak shape indicates
that the crystallinity of CelluNFs is high (Fig. 6a), similar to the result
reported by Gatenholm and coworkers (Rodriguez et al., 2011). This
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Fig. 7. (a) Nitrogen absorption–desorption isotherms and (b) pore size distribution of 14d-PCelluNF/HAp.

Fig. 8. (A) Surface modification of cellulose nanofibers by phosphorylation reaction to make PCelluNF and (B) formation of HAp layer on PCelluNF.



1 Polym

i
n
t
c
o
t
p
c
l
p
l
(
i
l
“
p
l
o
m
l

3

1
w
r
r
i
m
s
p
t
t
d
p
l
m
t
l
m
T
f
a
V
a
(
T
c

3

p
t
c
p
l
v
o
v
h
i
d
a
K

580 K. Li et al. / Carbohydrate 

s due to that the CelluNFs were regenerated from cellulose acetate
anofibers in aqueous solutions. The pattern of PCelluNF is similar
o that of CelluNF (Fig. 6b), suggesting that the phosphorylation pro-
ess did not destroy the crystal structure of CelluNFs. The patterns
f CelluNF/HAp and PCelluNF/HAp (Fig. 6c and d) present charac-
eristic peaks at 26.2, 32.6◦ for (0 0 2) and (1 1 2) crystallographic
lanes of HAp (He et al., 2012), respectively, confirming that the
rystals on the CelluNF and PCelluNFs are HAp. Because the Cel-
uNFs are covered by a thick layer of HAp crystals, the characteristic
eaks of cellulose are not observed on the XRD patterns of Cel-

uNF/HAp and PCelluNF/HAp. The peak intensities of PCelluNF/HAp
Fig. 6d) are stronger and sharper than that of CelluNF/HAp (Fig. 6c),
ndicating that the crystallinity and crystal size of HAp on PCel-
uNF/HAp is larger than that on CelluNF/HAp. According to the
Scherrer equation”, the average crystallite size of HAp in the (0 0 2)
lane is calculated to be 20 and 24 nm for CelluNF/HAp and PCel-

uNF/HAp, respectively. The difference in crystallite size of the HAp
n these two kinds of cellulose nanofibers should be related to the
echanisms of the nucleus formation, as will be discussed in the

atter section of nucleation and growth mechanism.

.4. Pore structure

Fig. 7a shows the N2 adsorption–desorption isotherms of the
4d-PCelluNF/HAp composite. They belong to type IV isotherms
ith type H3 hysteresis when the relative pressure P/Po is in a

ange of 0.6–1.0 according to the IUPAC nomenclature. In a nar-
ow relative pressure P/Po of 0.80–0.95, the N2 adsorption sharply
ncreases. This is a characteristic process of adsorption into the

esopores (Liu, Huang, Xiao, & Liu, 2010). In the relative pres-
ure P/Po of 0–0.5, the N2 adsorption increased slowly with the
ressure, then almost steadied till P/Po of 0.5, suggesting that
he existence of micropores in the composites. Fig. 7b shows
he corresponding pore size distribution (PSD) curve, which was
erived by the Barret–Joyner–Halenda (BJH) method. It reveals a
ore size distribution of mesopores in a range of 2–18 nm, and

arge amount of micropores in a range of 1.03–2.0 nm. These
icro- and meso-pores distribute in the HAp particles. Addi-

ionally, among the PCelluNF/HAp fibers the mats naturally form
arge amount of interconnected macropores of several to tens of

icrometer in diameter, as shown in their SEM images (Fig. 3).
hese PCelluNF/HAp composite fibrous mats are promising scaf-
olds due to their hierarchical porosity including macro-, meso-,
nd micro-pores (García, Izquierdo-Barba, Colilla, de Laorden, &
allet-Regí, 2011). These different scale pores are beneficial to the
dhesion, proliferation and migration of cells, and to the mass
nutrients and metabolites) transportation through the scaffolds.
he Brunauer–Emmett–Teller (BET) analysis showed that the spe-
ific surface areas of the composite are 51.08 m2/g.

.5. Mechanism of nucleation and HAp growth

The formation of HAp crystals on CelluNFs involves two  sequent
rocesses, i.e. nucleation and growth. This nucleation is referred
o the calcium immobilization. Due to different efficiencies in the
apturing of calcium ion, the functional groups on fiber surfaces
lay key roles in the nucleation. The hydroxyl groups on Cel-

uNFs interact with calcium ions through ion-dipolar forces. It is
ery weak, resulting in low efficient nucleation by the trapping
f calcium ions, and therefore the HAp growth on CelluNFs is
ery poor (Fig. 2). Therefore, though CelluNF possesses abundant
ydroxyl groups, they are not effective binding groups for calcium
ons. However, little amount of carboxylate groups would be intro-
uced onto the CelluNFs because of occurrence of cellulose scission
nd aerobic oxidation in the alkaline hydrolysis process (Knill &
ennedy, 2003; Rodriguez et al., 2011). These negatively charged
ers 90 (2012) 1573– 1581

carboxylate groups can bind the positively charged calcium ions
through coordination bonds to form calcium carbonates, which
then act as nuclei inducing the growth of HAp, but only a small
amount of HAp crystals formed and wrapped a few CelluNFs at day
14 (Fig. 2b). Therefore, in SBF, CelluNFs only show slight HAp induc-
tion activity, similar to other cellulose materials (Märtson et al.,
1999). A weak activity in forming of HAp crystals was  observed for
unmodified BC fibers (Wan  et al., 2007).

Phosphorylation of CelluNFs changes their surface chemistry
(Fig. 8A). As indicated by the XPS spectrum, phosphate groups were
detected on PCelluNFs surfaces (Fig. 5A). Through ionic interactions,
phosphate groups can easily capture calcium ions in SBF to form
calcium phosphate (Ca–P) nuclei, and induce the growth of HAp
crystals. As shown in the SEM images of PCelluNF/HAp composites,
HAp crystals grow into cylindrical layers on each PCelluNF, suggest-
ing that the PCelluNFs are highly bioactive. A schematic diagram of
the PCelluNF/HAp composite is shown in Fig. 8B.

4. Conclusions

Electrospun CelluNFs and their slightly phosphorylated prod-
ucts were evaluated as templates to induce biomimetic growth
of HAp crystals. We  found that the unmodified CelluNFs showed
very low bioactivity toward the HAp growth, whereas the slightly
phosphorylated CelluNFs were highly active with an ability to inter-
act with Ca2+ ions to form Ca-P nuclei. HAp crystals in uniform
size and morphology were grown on the modified CelluNFs. The
as-obtained HAp is calcium deficient with part of the phosphate
groups substituted with carbonate and phosphite groups. The Cel-
luNF/HAp composites had mesopores in a range of 2–18 nm,  and
large amount of micropores in a range of 1.03–2.0 nm, in addi-
tion to many pores in the micrometer range formed among fibers.
The specific surface areas of the composite were 51.08 m2/g. The
high HAp induction bioactivity of the phosphorylated electrospun
CelluNFs makes them applicable in the biomimetic fabrication of
fiber/HAp composites. Such composites may  be promising bone
tissue engineering materials.
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