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Nanocrystalline calcium phosphates
as bone substitution materials and for cell transfection

Prof. Matthias Epple
[nstitute of Inorganic Chemistry, University of Duisburg-Essen,
Campus Essen, Germany

Calcium phosphates are the inorganic constituent of human hard tissue, i.e.
of teeth and bone. Except for the outer layer of teeth ("enamel"), they are
present as nanocrystals within an organic matrix of collagen. Structurally,
biological apatites are hydroxyapatites that contain substitutions of other
ions, mainly of carbonate.!"

For bone substitution, it is important to have a biocompatible and
biodegradable matenial. -Calcium phosphates have an excellent
biocompatibility and show a good on- and ingrowth of bone cells.
However, their biodegradability is sometimes slow, especially if calcined
phases of high crystallinity are used (like sintered bovine bone). This can
be ascribed to a lower solubility of crystalline, stoichiometric
hydroxyapatite in comparison to a nanocrystalline, defect-containing
‘precipitated apatite. Because the resorption occurs by osteoclasts which
form an acidic microenvironment, the solubility in acids is of crucial
importance. .

We have developed a continuous precipitation method which can be used
‘to prepare nanocrystalline calcium phosphates with a carbonate content
comparable to bone mineral. Chemically and crystalligraphically, the
synthetic material is almost identical to the natural biomineral. By cold-
isostatic pressing and subsequent machining, it is possible to prepare
mechanically stable objects that can be used as biodegradable bone
substitution material.** _

As an extension, calcium phosphate nanoparticles were functionalised by
DNA to form a stable colloidal dispersion. This can be used for the
transfection of cells, 1.e. the non-viral transfer of DNA into the cell nucleus.

(1] S. V. Dorozhkin, M. Epple, Biological and medical significance of calcium
phosphates, Angew. Chem. Int. Ed. Engl. 41 (2002) 3130-3146.

[2] D. Tadic, F. Peters, M. Epple, Continuous synthesis of amorphous carbonated apatites,
Biomaterials 23 (2002) 2553 -2559.

(3] D. Tadic, M. Epple, Mechanically stable implants of synthetic bone mineral by cold
isostatic pressing, Biomaterials 24 (2003) 4565-4571.

{4] D. Tadic, M. Epple, A thorough physicochemical characterisation of 14 calcium
phosphate-based bone substitution materials in comparison to natural bone,
Biomaterials 25 (2004) 987-994.



Use of Alginate as the Solubilizing Agent for Preparation of Water-Soluble
Carbon Nanotubes/Nanofibers
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Graduate School of Dentistry, Hokkaido University, Sapporo 060-0810, Japan; IFrontier Research Div., FUIIREBIO Inc., 51 Komiya,
Hachioji, Tokyo 1920031, JAPAN

TNFEBEEAELERAELTAHL,

KEteh—ih o/ Fa—TRUA—RLF/ 7 TFN—EERML . TEM, SEM,

zeta-potential BE, KU Sy FOBOKSERET L, Hitf - #ELA LI DVWTRHLE, COBREEZHETS.

Production of water-scluble carbon nanestructures {carbon
nanotubes, CNTs, and carbon nanofibers, CNFs) is one of the
most important steps towards achieving the goal of
introduction of this fascinating new class of materials to
clinical, food, and the other biologically relevant fields. The
so-called  side-wall functionalization ™ and the
polymer-molecular wrapping >”, are the methods, being used
frequently, for production of the watersoluble carbon
nanostructures. The products obtained with these methods,
however, may not be as biocornpatible as would be desirable.

Here we present a new yet highly effective approach to
production of the water-soluble carbon nanostructures by using
alginate as the solubilizing agent. Alginate is a non-toxic,
naturally occurring linear polysaccharide, found widely in
brown seaweed. [ts wound healing efficacies, immunoadjuvant
effects, together with its gelling properties have generated a
great number of clinical, food, and the other biotechnological
applications.® Our solubilization approach based on alginate
provides advantages over the previous methods 1) that a large
amount, fulldength, pristine form of the water-soluble carbon
nanotubes/nanofibres can be produced in a single step, and in a
very simple manipulation procedure, 2} that the resultant
products are highly desirable for clinical, medical, and the
other biotechnologically relevant operations, and 3) that the
aqueous alginate/carbon-nanostructure complexes can be
rearranged in to films, fibres, beads, at will.

Sodium alginate (viscosity and pH of an aqueous
solution containing 10 mg/ml of sodium alginate at 20 C was
found to be 300 — 400 cP and 6.0 — 8.0, respectively) used
throughout this study was obtained from Wako Chemical
Industries (Osaka, Japan). Single-walled type of the carbon
nanostructures (SWCNT, length: 2-5 pm) and the multi-walled
carbon nanostructures (MWCNT, length: 5-20 pm, diameter:
10 - 40 nm) were obtained from NanoLab (Brighton, MA) and
MTR Co., Ltd. (Ohio), respectively. Herringbone-structure
carbon nanofibers (length: 2-10 pm, diameter: 50 — 300 nm)
was the gift and was kindly donated by Tohoku University
(Sendai, Japan). The carbon nanostructures were firstly
dispersed in aqueous alginate solutions by using a high-shear
mixer. The aqueous alginate solutions contained sodium
alginate in a concentration range 0.1 mg/ml to 40 mg/ml. These
alginate/carbon-nanostructure mixtures were then incubated at
40 C for several days and black uniformed dispersions were
obtzined. Forty millilitres of a dispersion coataining 0.25

mg/ml of MWCNT and 20 mg/m! of sodium alginate was
centrifuged at 4000 rpm for 30 min and black residues being
separated from the aqueous phase was observed. After
repeating the cycle of dispersion/centrifugation on the residue,
the amount of amorphous carbon removed was found to be 3.2
mg. The very dilute alginate/MWCNT aqueous solution is
visually transparent, and no precipitation was observed up
prolonged standing at room temperature.

Firstly, we used transmission electron microscope (TEM,
Hitachi H-800) to observe the water-scluble carbon
nanostructures involved in the aqueous alginate solutions. Fig.
1 shows a typical TEM image, in which, twisted and wiggled
MWCNTs were clearly observed. Similar results were also
observed for the alginate/SWCNT, alginate/CNF agueous
solutions.

Next, we used FTIR and zeta potential analysis for study
of the interactions occurring between the carbon nanostructures
and alginate. A hundred millilire of am aqueous
alginate/MWCNT solution (30 ng/ml of MWCNT; 0.3 mg/ml
sodium alginate) was filtrated by passing them throvgh two
stacked polycarbonate filters of 1 pm pore size using a
high-pressure vesicle extruder to remove the excess of sodium
alginate. The isolated MWCNT (black colloids) were dried at
50 C and were then analysed using FTIR in the solid state
using the potassium bromide (KBr) pellet method. Dlagnosuc
bands of algmatc centring at 3415, 1625, 1430 and 1250 cm™
were observed.

MWCNT with the excess of sodium alginate being
removed were redispersed in deionized water and were then
analysed for measuring their zeta potential by using an
electrophoretic light scattering spectrophotometer (ELS-8000,
Otsuka Electronics). The zeta potential values, {, are calculated
from  the  particle  velocities based on the
Helmholtz-Smoluchowski equation ({ = 4mun/D, where,
H, n, and D represent the electrophoretic mebility, viscosity,
and the dielectric constant of the liquid in the boundary layer,
respectively). The average value of three measurements of the
zeta potential for the alginate-modified MWCNT is found to be
-66.94 +0.35 mV, indicating the alginate-modified MWCNT
are highly negatively charged.

The same electrophoretic light scattering spectrophotometer
was also used for assigning the length of the alginate-modified
MWCNT based on the Einstein-Stokes equation. The average
value of three measurements was found to be 122242 +
717.00 nm.



It is evident that the carbon nanostructures are highly
negatively charged and containing alginate, suggesting
complexes of alginate/carbon-nanostructure are formed by
physically associating the carbon-nanostructures with alginate.
The alginate molecules establish a highly hydrophilic terminal
domain of the alginate/carbon-nanostructure complexes; this
results in bringing solubility to the carbon nanostructures
toward the aqueous solutions. Figure 2 shows SEM images of
the freeze-tried alginate/MWCNT complexes.

The water-soluble carbon nanostructures prepared using
alginate as the solubilizing agent can be processed further in to
filens, fibres and beads, by using calcium ions or the other
divalent or trivalent cations as the coupling ions. Figure 2
shows the typically film and fibre products obtained by using
Ca® as the coupling ions.  Study on the potential applications
of the alginate/carbon-nanostructure complexes to medical,
food, and the other biologically relevant field is underway and
the data will be reported in subsequent publications.
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Figure 1. TEM image of an aqueous alginate/ MWCNT

solution sample. The TEM grid was immersed in the
aqueous alginate/MWCNT sclution for few second and
was then air-dried. TEM (Hitachi H-800) operated at 200
kV was used. Scale bar, 15.54 nm.
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Figure 2 Photos of the alginate/ MWCNT composite film
{right-one} and fibre (lefi-one) prepared using Ca®* jons as the
coupling ions.
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1. #8
Tl 14 EEOHE_EIHFERRERIIZBNT, BB A—RF /) Fa
7% Spark Plasma Sintering (SPS) #% AW TE{L L=gkHz >\ TEIBAE
BAEITV, #E# Td 5 phenol resin BAEFEESHIZEET IR ESENH D Z &
HE L. SER, BAMORBEHRICT LIRS, #eMEaxvEik
{&, phenol resin 35 X U’F LW & &#F & LT polycarbosilane % AV 7= B{bi& %
RL, £EESHEERELL.

2. BB LUHE
1) ¥

(1) #BEMEEFHRVELHEI LU phenol resin Z &4 & LTHWEZE
btk CGRILKBEBRITHEREE L Y 8t5)

EL4E 20-50nm, £ & 5. m BT MWCNTSs I2 E &G, 0% (NBM), 25% (25PR),
50 %(SOPR)> phenol resin &¥& A& L, HERSE 80MPa, $ERAIRME 1000COKHT
SPS S IZTHERE L, 1X1X5mm (23R L7-.

(2) polycarbosilane ##E&H & L TAWVWEELE RiLXEFRFELELY
fit5) |

MWCNTs(NanoLab #-80) 2 E & T, 5% (SPCS), 15% (1SPCS), 25% (25PCS)
® polycarbosilane RS L, #HEREE 120MPa, BEEEIRE 12000C D&M T SPS #
MBI THERE L.



2) H&

8 W Wistar REEMET v N2 EREM & LTHY, 25 HBT CHEMETH
BizAiyr o VEEREL, MEZEBALE. BeM 2 S T2V E{LER LT phenol
resin ZFEESH & LTHW-EEKIZ OWTIEEASE 1 BT, polycarbosilane %
ekt e LTAVWEE(LEIZ W TIEA 2 B% THBEMEELE L HICHHL,
R U A TEERME 2 TROICTEICRER, ARV AST 74 08
#H#1TV, HE L% UMEFAICHRPE LT, M, polycarbosilane {239 5K
SRR BFT B 1%, polycarbosilane DA DWT HREHEEIZEBAL, BELE.

3. #HE
1) BEEMEEERVEEE XU phenol resin &4 & L TRV ZELE

NBM i3, BRSO ZVGEEMEZBREEEAHEBIIER STV, &
SHEBENITIIMERRCREEMRAZHBE I, —HBoMEREICIE, R
PEM#RAED 5z (Fig. 1,2). phenol resin 2 & ¢r 25PR 35 J U 50PR %, NBM
ICHEBET B &R VRSB L v HE STV, BEREEROM
Bk L UERMMEIX, NBM B LE<, S0PR BEICIE, Y ~"ERIBES
Ef, PR OEFENEZWVTH A, $HEAEORIERISITIEY VE A % 7~ L7z (Fig.
3,4). NBM, 25PR 8L T 50PR OWVWTFhOFFITEBNTS, MEEHETHE
BHRBNHEBIOMAR 2ER T/ 07 7y —URBES M.
2) polycarbosilane & # L L TRV = BULKIZ N T

PCS DHDBAIZENTIE, PCS BHIBEOKRE ZOBEIL, BELRBRME
MRS I TV, MAOHEA I, MEME, SEFHERLX
VCEMILE 2 SEE T LRE R NFEGICEDR, PCS REICIIZHDEY
EMaABEah. BESCHFPHROBELR Y DOBORERGIIRES 2N
~7=(Fig. 5, 6). CNT OFEAH L LTPCS # AV =54, PR LFEEkIZ, PCS D
BENEL LD EABBBOREITR ROEAMERLILAY, PR ZRAWESE
A LB LRECEREDOEZIIRMTIAR -7 (Fig. 7-10).

SPCS, 15PCS 3 X TR 25PCS DWW TFhicB Ty, FAEOEESHENICRE O
MAEZBRELEv /vy 7 —URBEINLE, ZOBITIIHARLRERIRDL
iz ho = (Fig. 11-13).



4. BE
1) BEbEicnd 345NN T

EAMEE T\ NBM ICBWTEEARESBD bhfd, BLEORE
MR L UELEN DO oBBRSHES R, LaL, BEAYHORITE
LTIEBMTHY, +oErEeE2ETHILOEEZLND.
2) HEMOEEBIZOWT

FEoEENLLELNR L ST, PR, PCS & HiZ CNTs DFEEHME LTH
WTELEZER LR FABGICEA LSS, a8RCE U TEABEMEMICTRE
RERTD I LARENT. ZhUE, PR OZOEARRIIT > TRV, PCS
DHDBAEE RN, BEMEFOLOITEBRENHY, CNTs LHEEL SPS T
B L7 L BILEREICESH, H3VEESHMORIENEEL, REL
BT HD ERREENT. £z, PCS OAHABALLBELHBL, BlED
135 RREIES THh o T L 1E, CNTs & DEAICLY PCS HBWIFZEFNK
EMOBENEL e oo lnd LB SN DM, CNTs & PCS ®° PR & DEED
2K EL, BAMOBE I AERECBMBRLED TSEORNEZETILO
EEZLND.
3) BEMOBEILONT

LSEOEERIZBVTHL, PCS & PR & OEARIME L UBEREELRZD T
Link, BREMOBERRU ThHo THEMARLBITTERWA, #A 2 BO
PCS It AREDOREITEA 18D PR X VEERZ &b, PCS DERME
X PR & RA%EAMEWZ LRI E T,
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