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Abstract Alpha-tricalcium phosphate can be used as a powder component in the preparation process of
calcium phosphate cements in hard tissue applications. In this study, the mentioned powder was synthesized
through chemical precipitation method using calcium nitrate and diammonium hydrogen phosphate as the raw
materials. The resulting powder was heat-treated at 1250 °C and quenched at the ambient temperature. The
results of X-Ray Diffraction (XRD) analysis and Fourier Transform Infrared (FTIR) spectroscopy confirmed the
formation of crystalline Alpha-tricalcium phosphate phase and presence of P-O chemical groups, respectively.
The Single-component cement was prepared using Alpha-tricalcium phosphate powder with the liquid phase
containing 2.5 % disodium hydrogen phosphate. The resulting cement sample had an initial setting time of
17 + 1 minute and the compressive strength of 21 + 2 MPa. The XRD and FTIR experiments revealed the
formation of a great amount of calcium deficient hydroxyapatite as the resulting cement product. According to
the findings, the cement setting occurred through the hydrolysis of Alpha-tricalcium phosphate powders and the
formation of calcium deficient hydroxyapatite nanoflakes of approximately 500 nm in length. Finally, the cement
acellular bioactivity experiment confirmed that the hydroxyapatite was formed on the outer surface of the cement

during 14 days of immersion in the simulated body fluid.

https://doi.org/10.30501/jamt.2022.293011.1179

URL: https://www.jamt.ir/article 158197.html

1. INTRODUCTION

One of the main reasons why calcium phosphates are
used as the bone fillers and substitutes is to obtain a
bone-like mineral composition and chemical affinity.
Hydroxyapatite is an important mineral component in
hard tissues such as teeth and bone. The synthesis of
hydroxyapatite for biomedical applications usually
requires high temperatures. For this reason, the
produced apatite is very crystalline and insoluble at
physiological pH [1]. One solution to this problem is to
use formulations that react at the room temperature to
produce Calcium Deficient Hydroxyapatite (CDHA)
products. Of note, a-TCP is an unstable phase under
1100 °C that dissolves in water or phosphate solutions
and then precipitates as CDHA, which is known as a
stable component compared to o-TCP. The CDHA
formation at the room temperature allows it to be set by
forming a network of entangled crystals [2, 3]. This
property, along with other advantageous characteristics
such as biocompatibility, workability, injectability,
bioactivity, and resorbability, has made a-TCP cement a
bone replacement material for hard tissue engineering
[4]. Resorbability is considered a desirable characteristic
of implantable materials. Calcium phosphate cements
show low resorption in both passive and active methods.
Passive resorption depends on the chemical

composition, porosity, and crystallinity of the hardened
cement as well as the pH of cement surface and
surrounding tissues interface [5]. Upon controlling the
a-TCP characteristics using the synthesis method, its
resorption rate can be improved. Different methods were
used to prepare a-TCP powder, most of which are based
on a solid-state reaction [3]. In this study, monophasic
a-TCP powder was synthesized through the chemical
precipitation-heat  treatment  process at low
temperatures. The powder was then used to prepare the
single-component a-TCP cement. The synthesis and
physicochemical properties as well as the bioactivity of
the cement were reported in this paper.

2. MATERIALS AND METHODS

In the first step, the a-TCP powder was synthesized
using the chemical precipitation heat treatment method,
as shown in Figure 1. Then, the single-component
cement was prepared using the synthesized a-TCP
powder with the liquid phase containing 2.5 %
Na,HPO4. The cement was prepared by mixing the
powder phase with the liquid phase at the P/L ratio of 2
g/ml to form a homogeneous paste. The phase
composition and microstructure of the synthesized
powder and its hydrated cement were analyzed through
XRD, FTIR, and FE-SEM analyses. The setting times of

(https://doi.org/10.30501/jamt.2022.293011.1179).
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the cement were assessed using the Gillmore needles
(ASTM C266-89) [6]. The porosity of the cement was
measured using Archimedes' principle [7], and the
compressive strength of the cylindrical cement sample
was tested according to the ASTM standard F451 using
a universal testing machine. Kokubo method [8] was

employed to investigate the in-vitro bioactivity via
cement immersion in Simulated Body Fluid (SBF). The
washout of the disc-shaped cement was determined by
measuring the weight loss in a dynamic water
environment [9].

Ca(NO:)2.4H-0 NH.OH
(NHa):HPO, (Solution)

(CalP=15,37°C)  PPH0

-Stirring (1000rpm/2hr)
-Filtered, Washed, Dried (60°C)
-Heat treatment (1250°C/4hr)

-Quenched (room temperature)

Figure 1. Synthesis flowchart of a-TCP powder

3. RESULTS AND DISCUSSION

Figure 2a illustrates the XRD pattern of the
synthesized powder, thus confirming the formation of
the monophasic a-TCP. The X-Ray Diffraction (XRD)
and Fourier Transform Infrared (FTIR) experiments
done on the cement confirmed the formation of high
amounts of Calcium Deficient Hydroxyapatite (CDHA)
(Figure 2b), indicating the conversion of a-TCP to
CDHA. However, the peak related to the a-TCP powder
was almost observed mainly due to the fact that the
hydrolysis reaction was not complete, and a certain
percentage of the remaining unhydrolyzed a-TCP was
identified in the cement. This is completely natural from
the point of view of the dissolution chemistry of raw
materials, as reported by other researches [4]. The XRD
pattern of the cement after 14 days of immersion in the

SBF conformed the formation of HA on the cement
surface (Figure 2c). The intensity of the apatite peaks
increased followed by their immersion in the SBF,
compared to the apatite formed during the cement
setting, thus confirming the re-formation of apatite on
the cement surface during immersion in the SBF
solution. Since the surface of the cement immersed in
the SBF is covered by HA, the peaks corresponding to
the remaining a-TCP powder cannot be; instead, HA can
be observed as the dominant phase on the surface of the
cement. Ginebra et al. also reported the complete
conversion of o-TCP peaks to CDHA for the same
cement mixture after 15 days of immersion in Ringer's
solution [10]. It should be noted that the FTIR analysis
also confirmed the phases identified by XRD among the
chemical functional groups related to each phase.
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Figure 2. XRD patterns: a-TCP powder (a), cement (b), and cement after immersion in SBF (c)

The initial and final setting times of the cement sample
were measured as 17 = 1 and 35 = 2 minutes,
respectively, and its porosity percentage was calculated
as 39.7 % according to the Archimedes’ principle. The
compressive strength of the cement sample was 21 + 2
MPa. The cross-section surface morphology was
investigated using FE-SEM observations (Figures 3a
and 3b). The resulting cement product was found to be
formed as the flake-like nanocrystals on the non-
hydrolyzed a-TCP powder. According to the XRD
experiments (Figure 2c) and results from the chemical
cementation process, the nature of these flake-like
nanocrystals was CDHA. In the set cement sample, the
micrometer porosities with the size of about 2-4 um
were found in the region between particles. The setting

of the cement through the hydrolysis of a-TCP powders
could result in the formation of CDHA nanoflakes of
approximately 500 nm in length. The FE-SEM images
of the cement after immersion in the SBF solution
confirmed the presence of a biomimetic coating with a
granular structure at low magnification (5 kx) and flake-
like nanocrystals at high magnification (25 kx) (Figure
3¢ and 3d). The washout rate of the cement was
measured by its weight loss after 3, 7, 14, and 21 days
of immersion in the SBF. The cement maintained its
cohesion and geometric dimensions without any
significant physical degradation. The minor assessed
washout could be correlated to the ion dissolution and
release.
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Figure 3. FE-SEM images of cement (a, b: before and ¢, d after immersion in SBF)

4. CONCLUSION

The method used in the chemical synthesis made it
possible to obtain the o-TCP compound at a lower
temperature and higher phase purity than those in other
conventional itineraries. The single-component cement
was prepared using synthesized o-TCP with a liquid
phase containing 2.5 % Na,HPO4. The XRD and FTIR
experiments done on the cement sample confirmed the
formation of great amounts of CDHA through the
cementation process. Based on the porosity and
mechanical strength values as well as the results from
acellular bioactivity and washout experiments, it can be
concluded that the single-component o-TCP cement
prepared in this research work can be considered a
suitable candidate for further cellular in-vitro
experiment and in-vivo animal model trial.

5. ACKNOWLEDGEMENT

This research paper is part of a student thesis in
Materials and Energy Research Center (MERC), Karaj,
Alborz, Iran. We hereby thank all the colleagues of the
organisation who helped us in carrying out this research
work.

REFERENCES

1. Almirall, A., Larrecq, G., Delgado, J. A., Martinez, S., Planell, J.
A., Ginebra M. P., "Fabrication of low temperature macroporous
hydroxyapatite scaffolds by foaming and hydrolysis of an a-TCP
paste", Biomaterials, Vol. 25, No. 17, (2004), 3671-3680.
https://doi.org/10.1016/j.biomaterials.2003.10.066

2. Hideki, M., Takafumi, K., "The hydration of a-tricalcium
phosphate", Journal of the Ceramic Association, Vol. 84, No.

10.

968, (1976),
https://doi.org/10.2109/jcersj1950.84.968 209

Carrodeguas, R. G., De Aza, S., "o-Tricalcium phosphate:
Synthesis, properties and biomedical applications", Acta
Biomaterialia, Vol. 7, No. 10, (2011), 3536-3546.
https://doi.org/10.1016/j.actbio.2011.06.019

Dorozhkin, S. V., "Self-setting calcium orthophosphate
formulations", Journal of Functional Biomaterials, Vol. 4,
No. 4, (2013), 209-311. https://doi.org/10.3390/jfb4040209
LeGeros, R. Z., Parsons, J. R., Daculsi, G., Driessens, F., Lee, D.,
Liu, S. T., Metsger, S., Peterson, D., Walker, M., "Significance of
the porosity and physical chemistry of calcium phosphate
ceramics", Bioceramics: Material Characteristics Versus in
Vivo Behavior, Vol. 523, No. 1, (1988), 268-271.
https://doi.org/10.1111/j.1749-6632.1988.tb38519.x

American Society for Testing and Material (ASTM), "ASTM
C266-89 A: Standard test method for time of setting of hydraulic-
cement paste by gillmore needles", West Conshohocken, PA,
(2004). Available at:
https://www.astm.org/DATABASE.CART/HISTORICAL/C266
-04.htm

Xie, Y., Liu, J., Cai, Sh., Bao, X., Li, Q., Xu, G., "Setting
characteristics and high compressive strength of an anti-washout,
injectable calcium phosphate cement combined with
thermosensitive hydrogel", Materials, Vol. 13, No. 24, (2020),
5779. https://doi.org/10.3390/mal13245779

Kokubo, T., Takadama, H., "How useful is SBF in predicting in
vivo bone bioactivity", Biomaterials, Vol. 27, No. 15, (2006),
2907-2915. https://doi.org/10.1016/j.biomaterials.2006.01.017

Chen, F., Song, Z., Liu, Ch., "Fast setting and anti-washout
injectable calcium-magnesium phosphate cement for minimally
invasive treatment of bone defects", Journal of Materials
Chemistry B, Vol. 3, No. 47, (2015), 9173-9181.
https://doi.org/10.1039/c5tb01453k

Ginebra, M. P., Fernandez, E., De Maeyer, E. A. P, Verbeeck, R.
M. H., Boltong, M. G., Ginebra, J., Driessens, F. C. M., Planell,
J. A., "Setting reaction and hardening of an apatitic calcium
phosphate cement", Journal of Dental Research, Vol. 76, No.
4, (1997), 905-912.
https://doi.org/10.1177/00220345970760041201

209-213.


https://doi.org/10.1016/j.biomaterials.2003.10.066
https://doi.org/10.2109/jcersj1950.84.968_209
https://doi.org/10.1016/j.actbio.2011.06.019
https://doi.org/10.3390/jfb4040209
https://nyaspubs.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Daculsi%2C+G
https://nyaspubs.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Driessens%2C+F
https://nyaspubs.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Peterson%2C+D
https://nyaspubs.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Walker%2C+M
https://nyaspubs.onlinelibrary.wiley.com/toc/17496632/1988/523/1
https://nyaspubs.onlinelibrary.wiley.com/toc/17496632/1988/523/1
https://doi.org/10.1111/j.1749-6632.1988.tb38519.x
https://www.astm.org/DATABASE.CART/HISTORICAL/C266-04.htm
https://www.astm.org/DATABASE.CART/HISTORICAL/C266-04.htm
https://doi.org/10.3390/ma13245779
https://doi.org/10.1016/j.biomaterials.2006.01.017
https://doi.org/10.1039/c5tb01453k
https://doi.org/10.1177/00220345970760041201

\—\" g(\i'\ QLLMJL)gv e)Lm.':: L\\ 092 4;3)..;._:” LSL&LS‘)‘)LJ)J“}A ML\.L.,G_B

435’2.3 ‘5\.@')‘9\.'5‘9:“9.4 MM

Journal Homepage: www.jamt.ir

4 Y
U’uu ;m%—-f.ﬁ{
MERC

g S Al

ré_)L,a;-J:a.wA*r)éu fk“'é")""'";fb L\a_L_vJJL@z =0

U'//:’/‘ij/ ‘ij“;j/;‘/j >/ a@j/g wa:t.f J{}AJ‘}J‘U d‘)ju am_j/";/ ;L;f"_{J L;j""‘:-’/" !

U{)'/‘jj‘j/ AC;A‘;J/.J/J J&A cK«i&jj‘: ‘ujM}g J&AJ_}J’[J’ L;)jla' AMJJ? ‘JL”“::./'/) r

Ol Gl S s 5 Slsm oK s gy cati oty lse 5 il (5 9li5 oSy gy bl ™

G3lsb S i ondS (Sl 45 AT 55 (535 55 Oy (Dlid S 5T elS
Slid 035,08 5l 5 S 25 gl 3lm 31 LS 53 (Gl 53 3 55 e ealinl o L
38 15 o Slles G g 4 53 VY00 s Lol o A pma slend s s &

a5 Ji,\.: 'Cﬂj)éﬁm%b}(XRD)w&lwluilﬂ. anﬂ@lzj A3 S pas laee Gy 5

Wlie ams U
VEe /e 8/0q )l
Veva/eVn g :e.\..icj.pl FESRGI PP

VEVYY e b

35 Lb1,P0 lons slaos S sy 5 555k Slis (,.:,“JSL;JJ—LAQJT 56 K5 el i sy (FTIR) HEYS PR LY
Sland O3 gsded (s Lo 3 Y/0 (g5l c_u 56 s olaus mmisé,;—wi 2 el b S5 Olagw (liud malsk;);—wf
g JSLLEe VY Y (gl plSoid s a3 W ) gl (5,8 0l L Jeols Olere LS ag G
2l Oleser Jgamme O s bm&s;,ﬁsp@ggwsb@ oL s LSKESFTIR 5 XRD (gls 2obes Ol
B ; _ 35S b b,
Sl i 5 S5 5 ik oS 5T slasgy SISO G 5l Ol 28 el G s S S 2 b Sl Sk
S5 s bl ol o3l BBl 2egl 000 o B Jgb 4 aedS 35maS L LT oS5
213 OLAS O e sland mle 3 554k 58 55, VE (b 1) Olers () mlas 5o T S 55
https://doi.org/10.30501/jamt.2022.293011.1179 URL: https://www.jamt.ir/article 158197.html
sdidd 5 bl 5 el UL les 4 gl aodio —
- N A T . Y _
5 Al S Sl GBI gles 5o S plagtud e 8 Oyt i oS 3l oslizal |V 51 S5 kil 0 gind
w o T 0 .
J}wébwli\y.s‘j).&ﬁb‘(DCPD) "’“."."'“‘j" J}M ) < QL:A e CIO R PR u—_’,;l") aJ.'..lsj._: J\)_p
% . I . . 1 _
sbr 5 Oslp g SLodsl S e 15 (CDHA) Pords cals s (HA) ool oSoas daolivs
SVl 5 Jad 3 ys Wl e (3,8 STy [V 2158 sype cton 3 it Olyied € OF ol 5 (6% 58 yol
oA R /\ & T L A a . z
B S L Tt ol by Sl S ol 53k 5 el s oS LHA Wy el Ygame ool 3 S 13 anlllan
! Hydroxyapatite
2 Biochemical
3 Polycrystal
4 Physiological

5 Dicalcium Phosphate Dihydrate

6 Calcium Deficient Hydroxyapatite
7 Brown & Chow

8 Hydration

536 (sL.g.» ol o 1 oliKa Sls sige™

YR AAMA I 03 o YIFUYAS £t 0pals a2y lse 5 U (555l aaSiassy 555 5 3lm oliass 2 S 3l Ol l S

a-behnamghader@merc.ac.ir :)KS(»L:;


https://doi.org/10.30501/jamt.2022.293011.1179
https://doi.org/10.30501/jamt.2022.293011.1179
mailto:a-behnamghader@merc.ac.ir
http://journals.merc.ac.ir/
https://www.jamt.ir/
https://doi.org/10.30501/jamt.2022.293011.1179
https://www.jamt.ir/article_158197.html

0 \—\Y L(\i'\ QLLM.:L:) cY e)Lwi L\\ 692 A:.%J,,.:..\i 6@6)}\3})\}AMM/OU&AAJ¢J%J}L€;.— m;-)

5 n bl baas IS 0555 Slas 5k o slaliad a5
5 st S5 dlaulssy CDHA Jpoms | Ol [4]
L8 V] cul g g cdm 3L bl glhls s xils
oslinal 3550 -TCP s 5 a6 8 1 sikisen sla s,
8] Lol S STy w5 ol ST 0,8 s 513
O 5 LT Ol G cpl 3 b,y JSw jo 2, [
Slles los 5 Oy s &S Gl ey Dl 4 5L
sl delr Sl gl s b oanslis 3 S0l SOl
33,5 4 B 0-TCP j3 5 Ol5 o gy ol bosd oo
Oloww (65355 3B Ol poas oddags S 0-TCP s oyl
5 SNt Slepar 5 Wb el GO

238 5 sl s ge Olesw Jlabas s

Ges gy Y
0-TCP 55 4g5 —\-Y

Slr ol Slles —alecd A3, o) )
S S 53 () JSE) A eslinad 0-TCP sy 48
O3a54h p s 30l J ghoms 40 sl T4 [Ca(NO3),.4H0 Merck]
pH ("Ja'” Sly s alsl [(NHg)HPOs Merck] —olans
b s ddeny il (Sl B Db see 4 NHAOH J sl
Oped So) ol ¥ e a4 basdias 2STy bolsus (g5l
(Solelir Y glo Sl eslinad b ol Cosey 23 8 )3
3 VY00 (glos 3ol St 54 i Sl 5 sdiad
Sllae adds o pegpd a3V Gl F 5L e
b)) @b Sl Sl S cer s A >
Sl yoast oy S 3 BUI glos 3 s s (B-TCP
(XRD) " Sl anil 3l gla0sesl b ool sm 5y
S5 Seo (FTIR) P58 bids Fimsp aimcid
e b (FESSEM) U Gl 55 ey G550
A3 ¢l EDS Vil ensl

7 Filter

8 X-Ray Diffraction

° Fourier-Transform Infrared Spectroscopy

10 Field Emission Scanning Electron Microscope
! Energy Dispersive Spectroscopy

Tolind el W sl sty ks Gl
ol (V) 2815 3lae (Cas(POs)) (0-TCP)

3Ca3(PO4)2+ H20 = 3Cas(PO4)s(HPO4)OH o)

JLL 56 S sk VW ov gles i3 s 0-TCP
slad s | ;.j 03 ELS B (aK;A s mena s
Dl edS S CDHA &pmny 5 odd Jor o lind
31 sles ;3 CDHA LS5 S o ey el (55101
o Sk S sbml b 5l Olea B s o o5l
P R Al LA AN BN JL PR NS
RSN U5} ST R VP RIP 31 IMCIVE Bt v PR O
Sled S Gadlers (odrl CllB 5 b
w0 53 Olggial 3ol 5 oS 3l 5 Ol sew |, 0 TCP
[o] casles S = s il e

S5 el dige S LB slpe L b
o5l B LSl se 555 a-TCP LgLaQLQ.,w RGSUH N 15
ol Qb s Jaa Ob s semspll s
o3 Ol e O 4 358 2alS 5 JadlS Sl bl s adlidd
GH30 93 A 3 Slaed edS Gadlecs [V] Conl &S Ly
o dld e Cdasl Bl ol sl dle 5 Jles e
PH 5 55k Ol o Jodsd coddoen Olocw pliand S 5
315 (Ko OF GBI Gl 5 Ologs how oy Sls 56
S syt sl Sk By ks st V]
©0/0 550> PH sbwl L FlaelSol gl L Tl gt s
TAY a3 o il 531 Olege el Sl s

L5150 0-TCP (sladlogms 353 5,150 38 Ly
oS Slallog 3L Ol gl (55l Gl (ool 3150
55U Lol sl dmes mlsae B sba Slils
S A That IS 5 Tlaad e SISl (e S
sl by (S o sy -TCP &3 Gl bl s CDHA

Sl Jlss (Kos Bb 5l g e (st Sen Sl

! Hydrolysis

2 Alpha-Tricalcium Phosphate
3 Macrophages

4 Osteoclasts

3 Clusters

¢ Agglomerates



\-\Y g(\i'\ ‘_;l:.wb)d‘ a)la..f: AR 6,93 wj.:w_ 6@6)‘3[;5}:\};1 MM/QUK&A)G.J%J\;L@;- V.:>) h

oliag Gl 4 olg 5 sl 58 Ol
Soay )l eslizel L 5 ASTM? C266-89 s ,luticsl _ulul
DS 0L a3l nl s (6 Sa3 5 pekS Gla0; s
Slorw 503 555 O35 obila Bl BT (agy 55 A
Sl Cslie Glaegs 3 osaste el alsa
sad S5y Oisw 3l A 0lled L yse s 5 2L
INT 3550 Al 28 Gle

ol eddag Sl dpe ol Lo
b (ahs & a3 5 VA gl o gl ) 31kl
VoL ce e Loglis fw\ S SelLl ol Kaws
LSS5k a0 talesl s (6 SesIl adds e e
A

Ologws ¢ AR 23T Lyl 3 Jladiess o)l Gl
Sles s LS eu'l;‘-rjf J=ls 53 5 a5 44k 4 SBE s
SBF Jgloes .23 8 513 55, V8 oo a0 o ks 453 YV
NS P PP VRIS PO F A (N PO W - SP SCIS IS § SN
Chﬂwuc,éq).ﬁ&i}dméb;):jwaﬁiﬁjg«
G S kg SBF o (gosabs 5l dn Ole
Y] @ S 513 ) 2,550 FE-SEM

GRS b Sl w508 Jei] 4 Sl
oo el Y a8 ek Ol oty 53 035 Jials ol i
S a5 8 i e Saws DYl oy ol o
1) Wslas & a5l 5 05 233 b ke O s (s55ab 8
VX s ol I e (WL %) O)s SalS Aoy
3 wyed adsl 035 Wo alalyinlys s alws 55, Y) 508
VX il 3 b s Sl eSSl L 5ed 05 Wi
FOWE TS LR Y]
Wo—W,

WL% = (—) X 100

Ve (V) dslxa

amy Vgl Lol s cele ¥ Sla oo 4 ges
Wary) odaSast w508 053 5 05 L3 esede

Jsbl oo Cole Y8 Cde 4 Jloww €sad .03 (5,805l

4 American Society for Testing and Materials
3 Gillmore Needles
¢ Shaker Incubator

Ca(NO3), 4H,0 |

Ca/P=\/° ||

(J sl | = NH4OH
(NH:)HPO; |
YV eC 5> pH~#

CR——

. B

S0 yS il
o
FaoC o 0,8 oSiio

ol oldee sl L

RN

abl gles [0 0000 s

a-TCP |

J

u‘lL—“"ﬁ‘:“ L;AJ&.J}M) LIL))‘U(I*TCP)Jﬁ)LML}}\jA A JSA:J

Oloss dogs —Y-Y
0l 32 0=TCP 535 Olasns (55052 U 4 shaeay
5B esls e i e SIS Ol colu £ Sty
Olgeas doys 16 NaHPO; Jyows 5l eslical b mls
50-TCP ;35 Olawws 4 Sl A 4 5,8 sdmslis
S ol et b byl PIL=Y o 4 sl 3G
JSagslal stl G skis LG J s (65l oSl O 505 plon]
S5 sl sasl sl 55 5 e ke d a3 5 VA gl
£10 gLl 54 k4 Ko i il & Caglie
O belS Cgr Jool (Lo sad den A (5,8 IB e Lo
Vo sk LTOG s s cela YE Seny 3,8 b

v\.&ﬁﬁjbéwjﬁmlﬁw 4.?;)2“\/ ‘_;LGJ)M)J

ehaasio —Y-¥
5 el o-TCP ¥ alidcsn, 5 3k ol
ab o> sk Sl A 5 3 @-TCP Sl sldags Ol
FTIR XRD (slagsesl law s (SBF) TOu sdig luans

Lds o, » EDS ;5 FE-SEM

' Oven
2 Morphology
3 Simulated Body Fluid



\% \—\Yg(\i'\dmu)c\‘ é‘)LmA:'A\\

693 wj.:...i 6@6)}@})\}AMM/OUKAAJ¢J%J}L€.? V‘:’)

el LB XRD 3l 5581 53 (5,8 juSly Os lelS
(0-TCP) Olagws a5l o3lo a5 b g3 0 (SO, 03 g2 500l .o
oSty das e DL &Sl sdalise LB meS ol L
33 0355815 0-TCP 5l (o ys 5 o355 JolS Sl
Il e 45&\.(;(;);!0_:1 2l 3y Olewns  gemen
9 QL&:&?J ﬁlﬂu BEEE S &:._b ‘ybLS CJ)\J 4.:))\ J\jﬂ
LS}K'“ (C—Y> Jg.& [0] J}.\Z& o> ]:.7 szbu“ QY_’M
ISE s o OLES 1 SBF s (65 54k 48 51 das Oleew XRD
ol gLl BB Ol o CLl S g s 5L
Sy HA Lug 50 mhe 003 sdidsy b rones
BL) &_JLP )lﬁ 9 g:,\.m.:a Ls.iL‘AL.JJJJE o-TCP 44)‘ osle L" ‘bff
4 0-TCP oy o8 Las Jal, s ‘\f.\ e

5 oS Do Ws s S T, b 53 sosabse
3 0-TCP O 5sllyden Sl 4 bg e Olaws 0SS

sl CDHA J yuams 3l

S Hgas LS 35 b s 4 SlS b1 b s bl
g 0l Cobae 53 oS JHll Bl 5l dey 5 45 ol
ALl e s (5 S 3l (Waa) eddig sl sad O
Jodss s s J Ul s (Waap) @505 o34k 58 O35

IVE] s anlone (V) aslae Sl osbizal b Ologes

(Wsat_wdry)

X 100
(Wsat_Wsusp)

Porosity (%) = (V) dslxe

CJQ}@L‘S—\“

Sl andl il N
sy 3 g Sl el 3 S (Y IS
i s S pl s e OLES
Sl S L s aS e aub 1, a-TCP 5L

Sl Sldes 5l aa |,
IRy
sdasolis oS Sy oyl cdlee JCPDS (sTEA-++9)
AL B-TCP L HA Ll Sl oS slasl il i
odalie (W5 g0 slml 03 55 o e (3B LS il )3 &)
Slow same XRD S (V) S8 o5
5l Ay CDHA & -TCP L .das e OLES | eisbon]

150 () i

100+ s a
e al | ans)fle
odeatud & Al A58

1004 (o

Intensity

1I‘ Le"‘iw wmmwa' Yot i e ot

s a-TCP
" o CDHA
[ﬁ o HA

10 20 30
20 (degree)

d}-fu.l‘).}MJJ\)QY“‘OL«})‘@LA@#J}.&Q)[}-‘
&SJ}LM}J‘J:JJWCDHA 4;}1 J:’;) f)J 4.L>-JA BE

2 Ringer’s Solution

40 50 60

=S 855k 55 Lo i sdes  sbay 0-TCP ilS

53 0TCP jsgy o by (2815 il Al o 53 353 00
Y aS sl aalsl Sle3 U cpl 5 558 0 J xS gl bl
@yl -TCP lys Glbl ,s CDHA ol LS5 sudan

! Ginebra



\-\Y g(\i'\ dl:\.AMJb)‘Y a)la..f: AR 6,93 wj.:w_ 6&6))@}3\}A MM/QUK.«A)GJ%J\;L@;- V.:>) A

St izen 5 (OH L2LLS Lo Shads 8 Ly o
VereoNYerem? 50— e om T esgde 3 P-O il )|
) Olaew FTIR il (==7) S5 VA 5 W] 5550 40
5B LSS e e 0L SBE s (o5abss 555 )8 Sl A
el Ll JB Olosws elae 3 w3y S CUT S 5 s
Sl el S HA jlstle aasiie ol glajls il cpl s
o35 3 COS» Sl S & by ol slaly &b
Sl S O O 35l el sdalie LB VE e =V0r s om!
Jdsey SBF s a3 J S ol eSoodes Slle s
DA-Y+] el SBF Jgome 3 Sl S slady o
il ;5 &S P-O 5 OH HPOZ w0 by e ol slajly
@ fﬂ gl oo o dis 55 Wsad (pl 5 (i sdalis CDHA
ST bl sdiasolis pdes glajly ol &S ool S3

Ll

4 355 0 0-TCP vl Ce o 51 208 s ldslw] CDHA

XS o J S 1y CEST [aSly B 5855l 45 pae ol
N

“rp JdS F s p i YT
Iy o i 0-TCP 34 FTIR ib (Y s
slaslg cab ul s s e Ol ol Olles 5l ds
53 0558 S8 95 Goyb 31 o-TCP jlstle aasiie ol
5 (va) PO Olaml ies ae Loo¥V-lee em’!
35 o0 Al ((v3) P-O 0Ll 228 ae LAgE—\ +Viem!
Aoz o 0L |y Olepw FTIR cids (m¥) S0 [\ 5 £ ]
sbebs G b 5 CDHA s 5 LI pslie bl o
5 AV e essdme 53 HPOGS @ by o ol slayls

i’j-’j‘) Yove cm’! 63 9o 2 OH- ‘_;aJo- )‘j‘ ARCRN

N e e T ' Sl
< . /[~
= . "' |
F;;" 3\ /Jpo‘g. PO, - PO,*
é == S oy N A
g —— \ f
g (=) OH K0 “;E“\\\ .ﬁpo;\ (POg?
73] '\ | \
= If [
E \\ PO, * \ﬂll
= HPO\};DX " po, PO,
- e A *'J/ﬁpo, PO.>
(=) \ =3 H;0 co,? | e
b // C’ ;2'\ f 3 [
T oMo uill ¥ »U
\J Po.j.Polg'
S . H ¥ y T HPO,” Lok Fig
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (¢cm-1)
SBF L3 5554k 58 335 V8 3l dms Oles (& eOlogr (& o 2w 0-TCP 35, (il FTIR O3l ¥ UK

oL ol 09051 5 S Ol (g S o3l —¥-Y

Oige b oddg Soslil olg 5 a5l 5,5 ol
YOEY 5 W) i ia eddag Slaw 4500 53 5alS
(st_(x:.wl Shls sdiag Sl dged oomen g adds
Sy KUK Y £ Y (g les

(V) dsd> s HA 5 0-TCP olamt] i glaly

Lo 5l edidr Of @ b e gla)ly ol sl 4D
w by caban a3 Vo em! Y e-YVer cm! s
sl )34k 58 Olowws s CDHA jloww James @-TCP 35
& kle CDHA 5 sl SHA [YA] Lledalis LG SBF s
(el 3508 31 55 CDHA 48 &5l ol L s Is HA L 4l
HA Jle s Olo S 0 o3l s Sl S HA



q \-\Y ;(\i'\ ‘_)L“.MJU) Al A)Lo.-: AR 693 42.9}.:.:._{ 6@6})@)3\}AMM/O‘)KAAJ¢J.3JJL€.? V.:>)

Axs ol i 54 5l FE-SEM a8 (-E) K

S5 aS gk 4 53 VY00 Glos ys Sl > Sl
S5 5 o3l s e OLES 1y eddesls jge e Nee
A S Vv 5 Olese (5505 36 Ol seas eddag o-TCP
S Sl Olows ()bt mhaw jgeal (-f) SOl
S R PR W WS | PO Ch.ﬂ CH PSS mldosy,
OLas gzt JS2) Olops e shalls o y poal s 0
5003 ST pme Gos B a-TCP )3 o 45 das o
S s e lS L aS ol 0ble 3L 0-TCP (03 S5 5815 5
G sl Llds 0Ll Ol (g3, s Ki5 CDHA
S e b 5o ey S Yob o 5 o311 L (g 205 S
CDHA (sbacs )5l o lalad o3 (g a5l sla b
paFie s 534S ysbOles iy, BB el [ SUS
5 o3l Gl o TCP s o 3 O CAU I
gl SBoeass 5 A4S e sbml | CDHA gla s st
ol A b asde Olee S Col b it
sdalin LU (>-¢) J.{.w 53 &S Sl jagl 00 sl

[\ 5 V0THA 5a-TCP o35 3yl slade N gl

-1 Wl
(em) Ll doly L)
HA a-TCP
5y sy PO (01)
fry
£y PO4 (12)
YA
RAR
IRA R VY-
Vo) VYoo
VoFA V-AF PO: (v3)
ARYAN V-YO
M a9
Y- AY
OA- hay
0y OAY
PO4 (v4)
g ovyY
AR AYAR
rov- - OH (v1)

5 (FE-SEM) Oliws 55 5y S o g8y S —£-Y
EDS

fes
E -
®

C,.MS«.: dﬁld (C JKX &L""fjf L: QL@.;.« f)b- Cb.w (u OKX L;v‘l.a.o.f)j Lv e.\a:aj?«w o—TCP )Jﬁ: (J‘ FE-SEM J:'JL“J .i JS;;

L CDHA BLEE) \/0 J"‘J’ o-TCP DL Ca/P A:M«v.l .MJL;O

sslezal L Ca/P 535 Jlade s 315 1,8 1/0=V/Y 05 gds

50 52w 0-TCP & g0l 53,8 (¢l EDS Qyﬂ @Ld

QLJQ b P} 9 = LS J..pLF _;j& ‘OT )‘ °J":'4':‘:€3 QL":‘""



\—\Y ;(\i'\ ‘_)\2.\..‘4[3) cY AJL‘»; s\\ e)jé wj.:...i 6@6))@)3\}AMM/O‘)KAAJ¢J.3JJL€.? V.:>) \'

oA ool WY K (LS Ll s s o
SBF 3 (gusabsé 55, V8 5l e a8 S 0 gy Oyt
IV 53Y] ol Lasieis LG
< 3a5 e 5 FESSEM 5l (o 5 o) IS
s e 0L SBF s (gyab s 505 Ve Sl da | Slees
s s o =l (55,5 45 s oo DL = wlidicsn
XRD 53051 45 Sl 0k oty bl S 3 3 sl
Fole spim EDS 05e5l S o B 1) padse nl 3
G 0330 S JISEDS 53 sz o 0L | i 5 oS
Slisen ol | a5 by S HA (6l J gere jlAie 51 Ca/P
sl g0 (S5 edesls (i (M Sy b ad sy
L oedeSon s Aile s (sla sl 5l glasid (m0) IS 5o
wl p Sl s ol ¢l aib SIS Slio
ool sdalie JBSBF s (6 5ab 56 55, V8 5l ey -TCP

b s & b sSy Sliges Jdow EDS 0l Sl
s Ol 03 55 on o3linal iy Ol po SO 2o
a-TCP (5|, EDS (sla_soia ;3 Ca/P s ¢ 5 ooty
EDS s 5l eslizal . Colall a3l5 5lds 5| 25 CDHA
A 038 awlie bosl e WIS e 4SO s
U-TCP €505 53 )3 i 5 andS ol 4 by o S
oeia (o=8) 5 (5-8) s K& 53 5 54 CDHA
Slosw w305 53 Ca/P s CDHA LS55 L oS 555 4
Ll o OBl 6l 5lin 50 ed e Lol 4Bl 153
3L 0l el o ys /0 NagHPOs i S Jylome 32 b

SBF ;5 Jlbdcay) owyp—0-Y

wlolis LB SBF 3 (gysabss 5l e bl aS s

SBF s (sos4b 58 55, V8 ) sy Ol

S el ol S 5es s olis bl el S5 Olanws
dLQ.:M cbjj DL 45 &:».w‘ Q;.;Jw‘-;’.y‘}l? 9 t\\)] (_ﬁ‘)k;“ﬁslﬁi M

IYY 9 YY] MJL;G 'C_; Ok 092

i

[}
i

H

B

D38 Al s s
s

ra

0 ‘ \
3 7 14 21
(Ga5) (50 4k s D)

03 Gl 5o 5l A Olenws ‘;P;’JIA{CMJU.&W.-\‘}Q
il glagle; 53 aie ol

Olorr Gl & Caglin ) p 1Y
oJ))T(W)J@)buwwéfluTb@)ua@t&
Oley il b das o OLis owe S sboles ol ol
DMie i oS edd iy O3y S Oy csuseb s
.C.a.«:\b.iﬁj})\’\ )\M‘M)JVLJ;\JJL{JL“Q)}J;AS
Olows 8l Ol b Spi0] daly 45 Aas e OLES owes
das e OLis laie OT 55 (gysab s 35, Y) 5VE VX 5l e
&LAJJJM\MLffﬁnd))JALSb}JJNaMW



\\ \—\Y L(\i'\ QL:.M.:U) cY e)Lwi L\\ 692 4:.9),.:..\{ 6uéjjuj>\fmu~a.§/ob&aﬁje.&.b% r.:p-)

AL S by s Dl Ol (ke b Olares
SBF L.:}M B &Lo.:.w 45)&.; L;Lxﬁ&:ﬁm.i) By 'MJ@

s e 0L 1) Glaw 4 ped ) Sl oS ooten S5

St Jdss o bl opes 5o Shlesl ol
L;uﬂ? 0 Al apd e gduaid Olgaal ol wdige
oS sl Sl glade 5 Il sla ilesl (sin

el 303550 b 5 Sledb

81 el =0
s o gean 4abOLL 5 i ol Wl ]
G5 5 2l oKiasn Colex L oS Sl (6583 ghaie s
plamil 53 48 Olejle e S 5 ol ol 03 | |

M‘u&d‘b)ﬂjﬂcxbfwd)li ‘)LAULAJ}:. U'i‘

e

1. Almirall, A., Larrecq, G., Delgado, J. A., Martinez, S., Planell, J.
A., Ginebra M. P., "Fabrication of low temperature macroporous
hydroxyapatite scaffolds by foaming and hydrolysis of an a-TCP
paste", Biomaterials, Vol. 25, No. 17, (2004), 3671-3680.
https://doi.org/10.1016/j.biomaterials.2003.10.066

2. Brown, W. E., Chow, L.C., "Dental resptorative cement pastes",
U.Ss. Patent 4518430 A, (1985).
https://www.freepatentsonline.com/4518430.html

3. Hideki, M., Takafumi, K., "The hydration of a-tricalcium
phosphate", Journal of the Ceramic Association, Vol. 84, No.
968, (1976), 209-213.
https://doi.org/10.2109/jcersj1950.84.968 209

4. Carrodeguas, R. G., De Aza, S., "o-Tricalcium phosphate:
Synthesis, properties and biomedical applications", Acta
Biomaterialia, Vol. 7, No. 10, (2011), 3536-3546.
https://doi.org/10.1016/j.actbi0.2011.06.019

5. Dorozhkin, S. V., "Self-setting calcium orthophosphate
formulations", Journal of Functional Biomaterials, Vol. 4,
No. 4, (2013), 209-311. https://doi.org/10.3390/jfb4040209

6. Valle, S., Mino, N., Munoz, F., Gonzalez, A., Planell, J. A.,
Ginebra, M. P., "In vivo evaluation of an injectable macroporous
calcium phosphate Cement", Journal of Materials Science:
Materials in Medicine, Vol. 18, (2007), 353-361.
https://doi.org/10.1007/s10856-006-0700-y

7. LeGeros, R. Z., Parsons, J. R., Daculsi, G., Driessens, F., Lee, D.,
Liu, S. T., Metsger, S., Peterson, D., Walker, M., "Significance of
the porosity and physical chemistry of calcium phosphate
ceramics", Bioceramics: Material Characteristics Versus in
Vivo Behavior, Vol. 523, No. 1, (1988), 268-271.
https://doi.org/10.1111/j.1749-6632.1988.tb38519.x

8. Shimazaki, K., Mooney, V., "Comparative study of porous
hydroxyapatite and tricalcium phosphate as bone substitute",
Journal of Orthopaedic Research, Vol. 3, No. 3, (1985), 301-
310. https://doi.org/10.1002/jor.1100030306

9. Montufar, E. B., Traykova, T., Gil, C., Harr, 1., Almirall, A.,
Aguirre, A., Engel, E., Planell, J. A., Ginebra. M. P., "Foamed
surfactant solution as a template for self-setting injectable
hydroxyapatite  scaffolds for bone regeneration", Acta
Biomaterialia, Vol. 6, No. 3, (2010), 876-885.
https://doi.org/10.1016/j.actbio.2009.10.018

10. Asadi Tabrizi, R., Zamanian. A., Hesaraki. S., "Effects of time,
temperature and precursor on solid state synthesis of o-TCP",

bL"‘:"‘"J’.‘J".‘?MJ; 4.'\.»&\?;6 —V—Y‘
Oeomed S alre Loy YAV WY) dslae 5 eslanad
I da,s YN 5 YAA XVA 5o e 5 5 00 KX
ol Sl LS 55 (il L s ds s s e OLES
33 S gl sus Bld o s o5 el 03 S 1o

ol Ol S il

S w4

b as Col bt s dul b )3 sddiebnil (5515
S (§ s S5 o sl b 5 S (les 53 0-TCP .S 5
53 adslesle Ol geay oS 5 (pl 558 4 Jsline sla o) &
S sbolen 5,8 o 13 eslitul 5550 2SS Ol 4
Sl 53 S Aas e LS FE-SEM 5 FTIR XRD il
5 CDHA b Ligh o O has 5 o-TCP il
Ayl e Bl Lol SOl ol i g a3
el ol i Sl u i el CDHA (sla 5k
2 a5 Ok s 53 oa Slied odS Gladlen S i
Sl S (Sa0lers 5 ol XS Sl AT )5
& yod o 53 CDHA |25 5 0-TCP oSOl amsi s
w5 Oblt Vb O3 51 o 1 sles s 53l Y sane
CDHA U awslis 53 0-TCP iy S 4 4 5L .S
Plomil Ll 55 o ol Lo 5 Olazs law » CDHA S5
Aas :alS |, o-TCP

Il Jals o1 Jaes 53 4l 5,8 Oloww 2815
SsapsY ol oile 3L 0-TCP 5CDHA Sl J pams
Gy 4 e Bl e o ile 3L 0-TCP oSl 45 ol
4 das e LS S i & aaslis s 5 55 CDHA sme
ol (Ko &S CDHA luie 3| CDHA ;5 a-TCP sl
B33 el sl 2y S ey o B 3 Todone
Sl il Slalles 3 (Hsab g8 Sl day Slarw 4 g0
n sl 5 bl Sl e Sl das e 0L 2alS
R pl Rl 3 5d e Bad (6o 5ab g8 Sl iy Slars 4 gl
A sse Oless 51 S by 5 Dol by e 2l 055
led o SRl Jdsw) Oleswr 3 05750 Jods


https://doi.org/10.1016/j.biomaterials.2003.10.066
https://www.freepatentsonline.com/4518430.html
https://doi.org/10.2109/jcersj1950.84.968_209
https://doi.org/10.1016/j.actbio.2011.06.019
https://doi.org/10.3390/jfb4040209
https://link.springer.com/journal/10856
https://link.springer.com/journal/10856
https://doi.org/10.1007/s10856-006-0700-y
https://nyaspubs.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Daculsi%2C+G
https://nyaspubs.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Driessens%2C+F
https://nyaspubs.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Peterson%2C+D
https://nyaspubs.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Walker%2C+M
https://nyaspubs.onlinelibrary.wiley.com/toc/17496632/1988/523/1
https://nyaspubs.onlinelibrary.wiley.com/toc/17496632/1988/523/1
https://doi.org/10.1111/j.1749-6632.1988.tb38519.x
https://nyaspubs.onlinelibrary.wiley.com/toc/17496632/1988/523/1
https://doi.org/10.1002/jor.1100030306
https://doi.org/10.1016/j.actbio.2009.10.018

\-\Y ;(\i'\ QL:M..:U) Al e)Lwi AR 693 wf:.d_ 6uéjjujé\fmu~a_§/ob&mﬂsje.&x% V‘:,) \Y

18.

19.

20.

21.

22.

23.

Bandyopadhyay, A., Bose, S., (ed.), Academic Press, (2013), 11-
47. https://doi.org/10.1016/B978-0-12-415800-9.00002-4

Berzina-Cimdina, L., Borodajenko, N., "Research of calcium
phosphates using fourier transform infrared spectroscopy",
Theophile, T., Infrared Spectroscopy - Materials Science,
Engineering and Technology, IntechOpen, (2012), 123-148.
https://doi.org/10.5772/36942

Ramanan, S. R., Venkatesh, R., "A study of hydroxyapatite fibers
prepared via sol-gel route", Materials Letters, Vol. 58, No. 26,
(2004), 3320-3323. https://doi.org/10.1016/j.matlet.2004.06.030

Montel, G., Bonel, G., Heughebaert, J. C., Trombe, J. C., Rey, C.,
"New concepts in the composition, crystallization and growth of
the mineral component of calcified tissues", Journal of Crystal
Growth, Vol. 53, No. 1, (1981), 74-99.
https://doi.org/10.1016/0022-0248(81)90057-9

Gil, F. J,, Padro’s, A., Manero, J. M., Aparicio, C., Nilsson, M.,
Planell, J. A., "Growth of bioactive surfaces on titanium and its
alloys for orthopaedic and dental implants", Materials Science
and Engineering: C, Vol. 22, No. 1, (2002), 53-60.
https://doi.org/10.1016/S0928-4931(01)00389-7

Feng, B., Guolin, M., Yuan, Y., Changshen, L., Zhen, W., Jian, L.,
"Role of macropore size in the mechanical properties and in vitro
degradation of porous calcium phosphate cements", Materials
Letters, Vol 64, No. 18,  (2010),  2028-2031.
https://doi.org/10.1016/j.matlet.2010.06.008

Lu, J., Descamps, M., Dejou, J., Koubi, G., Hardouin, P., Lematre,
J., Proust, J. P., "The biodegradation mechanism of calcium
phosphate biomaterials in bone", Journal of Biomedical
Materials Research, Vol. 63, No. 4, (2002), 408-412
https://doi.org/10.1002/jbm.10259

11.

12.

13.

14.

15.

16.

17.

Advanced Ceramics Progress, Vol. 1, No. 1, (2015) 36-39.
https://www.sid.ir/en/journal/ViewPaper.aspx?id=458574

American Society for Testing and Material (ASTM), "ASTM
C266-89 A: Standard test method for time of setting of hydraulic-
cement paste by gillmore needles", West Conshohocken, PA,
(2004). Available at:
https://www.astm.org/DATABASE.CART/HISTORICAL/C266-
04.htm

Kokubo, T., Takadama, H., "How useful is SBF in predicting in
vivo bone bioactivity", Biomaterials, Vol. 27, No. 15, (2006),
2907-2915. https://doi.org/10.1016/j.biomaterials.2006.01.017

Chen, F., Song, Z., Liu, Ch., "Fast setting and anti-washout
injectable calcium—magnesium phosphate cement for minimally
invasive treatment of bone defects", Journal of Materials
Chemistry B, Vol. 3, No. 47, (2015), 9173-9181.
https://doi.org/10.1039/c5tb01453k

Xie, Y., Liu, J., Cai, Sh., Bao, X., Li, Q., Xu, G., "Setting
characteristics and high compressive strength of an anti-washout,
injectable  calcium  phosphate cement combined with
thermosensitive hydrogel", Materials, Vol. 13, No. 24, (2020),
5779. https://doi.org/10.3390/ma13245779

Ginebra, M. P., Fernandez, E., De Maeyer, E. A. P, Verbeeck, R.
M. H., Boltong, M. G., Ginebra, J., Driessens, F. C. M., Planell, J.
A., "Setting reaction and hardening of an apatitic calcium
phosphate cement", Journal of Dental Research, Vol. 76, No.
4, (1997), 905-912.
https://doi.org/10.1177/00220345970760041201

Ginebra, M. P., Fernandez, E., Driessens, F. C. M., Planell, J. A.,
"Modeling of the hydrolysis of a-tricalcium phosphate", Journal
of the American Ceramic Society, Vol. 82, No. 10, (1999),
2808-2812. https://doi.org/10.1111/j.1151-2916.1999.tb02160.x
Sampath Kumar, T. S., "Physical and chemical characterization
of  biomaterials”, Characterization of  Biomaterials,


https://www.sid.ir/en/journal/ViewPaper.aspx?id=458574
https://www.astm.org/DATABASE.CART/HISTORICAL/C266-04.htm
https://www.astm.org/DATABASE.CART/HISTORICAL/C266-04.htm
https://doi.org/10.1016/j.biomaterials.2006.01.017
https://doi.org/10.1039/c5tb01453k
https://doi.org/10.3390/ma13245779
https://doi.org/10.1177/00220345970760041201
https://doi.org/10.1111/j.1151-2916.1999.tb02160.x
https://doi.org/10.1016/B978-0-12-415800-9.00002-4
https://doi.org/10.5772/36942
https://doi.org/10.1016/j.matlet.2004.06.030
https://www.sciencedirect.com/science/article/pii/0022024881900579#!
https://www.sciencedirect.com/science/article/pii/0022024881900579#!
https://www.sciencedirect.com/science/article/pii/0022024881900579#!
https://www.sciencedirect.com/science/article/pii/0022024881900579#!
https://doi.org/10.1016/0022-0248(81)90057-9
https://doi.org/10.1016/S0928-4931(01)00389-7
https://www.sciencedirect.com/science/journal/0167577X
https://www.sciencedirect.com/science/journal/0167577X
https://doi.org/10.1016/j.matlet.2010.06.008
https://onlinelibrary.wiley.com/journal/10974636
https://onlinelibrary.wiley.com/journal/10974636
https://doi.org/10.1002/jbm.10259

Journal of Advanced Materials and Technologies (JAMT): Vol. 11, No. 2, (Summer 2022), 13-26

Journal of Advanced Materials and Technologies

Materials and Energy
Research Conier

Journal Homepage: www.jamt.ir MERC

Research Note Article - Extended Abstract

Investigation of Glass Preparation using Processed Nepheline Syenite from

Kaleybar, Iran

Aida Faeghinia "*' *

Assistant Professor, Department of Ceramic, Materials and Energy Research Center (MERC), Karaj, Alborz, Iran

*Corresponding Author’s Email: a.faecghinia@merc.ac.ir (A. Faeghinia)

Paper History:

Received: 2021-04-05

Revised in revised form: 2021-05-12
Scientific Accepted: 2021-05-21

Keywords:
Nepheline,
Glass,
Structure,
Processing

Abstract In this study, the change of the structure of Nepheline (Neph) (including two minerals, syenite and
microcline) was studied, using hydrothermal and milling methods by the 2 % mol. soda (NaNeph) and 30 wt %
lime (CaNeph), respectively. The X-ray diffraction and Raman spectra show that, the structure of the microcline
phase in the (CaNeph) sample remained stable but the structure of Nepheline was somewhat degraded. The main
characteristic XRD peaks of Nepheline in the NaNeph sample at 28° stayed compared to the CaNeph one.
According to Raman spectroscopy the structural order of alumina-silicate rings in CaNeph sample was higher
than Neph due to the 3 hs. milling and entering of the alkaline earth elements into the ring structure. Finally,
Nepheline bearing glass samples with chemical composition of 6 wt % ALO3-65.5 wt % Si0,-13 wt % Na,O-16
wt % CaO were used. The amounts of used Nepheline in the composition of glasses were 25 to 38 % by weight
(depending on the final composition). The difference in thermal behavior of GCaNeph, GNaNeph and GNeph
glasses was compared by means of thermal analysis (DTA/TG) and volumetric change (dilatometry). The glass
transition temperatures were 25, 37 °C increased in GCaNeph and GNaNeph compared to Neph samples (without
processing) respectively. The chemical resistance of GCaNeph and GNaNeph glasses in the present work was 4
times higher than GNeph. The density of GCaNeph glass in the present work was 0.9 g/cm?® higher than GNeph.
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1. INTRODUCTION

The effect of the compositions of the GNeph,
CaGNeph, NaNeph Nepheline bearing glasses on the
thermal and chemical properties as well as the density of
the resulting glass has been widely studied in recent
years. In line with those research studies, the present
study utilized Nepheline syenite collected from
Kaleybar area, Iran, to devise a formulation of a type of
glass with casting capacity. To this end, the physical
properties of glass, including density and transition
temperature, were investigated by partial crushing of
Nepheline with lime. The idea of crushing Nepheline in
the presence of lime was inspired by a pervious study on
the extraction of potash from Nepheline [1-3]. The
maximum wight percentage of Nepheline used in glass
industry is 11 %. However, the current research
attempted to increase this amount with the objective of
increasing the chemical resistance, which in turn
increased its consumption in industry. Consequently, the
sales market of Nepheline in the glass production
industry increased as the chemical resistance increased.

2. MATERIALS AND METHODS

The ball-to-powder ratio was chosen to be 10:1. In this
respect, 50 grams of Nepheline powder and lime was
mixed with 500 grams of alumina balls at 250 rpm and

kept for three hours. The ratio of the Nepheline powder
to calcium hydroxide powder was 70:30 % by weight.
In the second sample, 4 grams of 2 M soda solution was
mixed with 4 grams of Nepheline powder with a total
volume of 30 ml in an autoclave at the temperature of
80 °C for five days and then, the desired powder was
washed three times with distilled water. Finally, it was
placed in the dryer at the temperature of 80 °C.

3. RESULTS AND DISCUSSION

Figure 1 makes a comparison of all three samples of
raw Nepheline namely Neph, CaNeph (milled with
lime), and NaNeph (autoclaved with soda). The
broadening of some main peaks resulted from the
reduction in the crystallites in the milled sample can be
seen in Figure 1.

Some peaks related to lime Ca(OH), overlap with
those of Nepheline. To identify the peaks of lime in the
sample, the diffraction pattern of this sample is
illustrated along with the standard card of lime in Figure
2.

The comparison and magnification of the XRD results
of the two samples of CaNeph and Neph resulting from
Figure 2 are presented in Figure 3 along with the
standard cards of lime and Nepheline in the range of 20
angles equal to 15 to 45 degrees.

Please cite this article as: Faeghinia, A., "Investigation of glass preparation using processed Nepheline syenite from Kaleybar, Iran", Journal of
Advanced Materials and Technologies (JAMT), Vol. 11, No. 2, (2022), 13-26. (https://doi.org/10.30501/jamt.2021.276618.1159).
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Figure 1. XRD results of all three raw Nepheline samples Neph, CaNeph, and NaNeph
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Figure 2. XRD results of the CaNeph, NaNeph, and Neph samples along with the JCPD standard cards of Microcline minerals and
Nepheline minerals and Ca(OH): at all diffraction angles
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Figure 3. Comparison and magnification of the XRD results from two CaNeph and Neph samples along with the standard cards of
lime and Nepheline in the angle range of 20 = 15 to 45 degrees. Here, the decrease in the mineral intensity of Nepheline in the
CaNeph sample was determined at the angles related to flash

A comparison of the XRD diffraction results of all
samples in Figure 1, 2 and 3 were made according to
which, some microcline crystal plates were expanded at
the angles of 26 and 28 degrees, and some Nepheline
plates were lost at the angle of 27 degrees XRD of the
CaNeph sample. The intensity of the diffraction peaks in
Figures 2 and 3 that show the height of the peaks
corresponding to the main angles of Nepheline mineral
in the hydrated sample was reduced. In addition, the

height of the main peaks related to Microcline (MIC) in
the hydrated sample at the angles of 18, 38, and 29
degrees were completely reduced.

4. CONCLUSION

The present study investigated the structure of
Nepheline in Kaleybar region, Iran, composed of two
minerals, i.e., syenite and microcline, using the
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hydrothermal and grinding methods in the presence of
soda and lime, respectively. Raman Spectroscopy and
X-Ray Diffraction (XRD) were employed to evaluate
the changes in the soil structure and finally, all three
samples were used in the composition of glass, and the
physical-chemical properties of the obtained glass were
studied. The height of the peak corresponding to the
principal angles of the Nepheline mineral in the
hydrated sample was slightly changed. However, the
intensity of the main peaks related to microcline in the
hydrated sample decreased at the angles of 21 and 28
degrees. In the sample ground with lime, the height of
the main peak corresponding to the mineral Nepheline
in the system was much lower than that of microcline
(compared to raw Nepheline). In other words, the
microcline of the system formed a solid solution. While
its structure and amount did not change followed by its
reaction with lime, the Nepheline structure was
destroyed due to the reduction of the main peak of
Nepheline at 27 degrees in this sample the microcline
structure in this system would be degraded. In general,
the following remarks can be made:

1) The chemical resistance of the GCaNeph GNaNeph
glasses produced in the present work was four times
higher than the glasses produced with Neph Nepheline
alone.

2) The density of the GCaNeph glass structure
produced in the present work was 0.9 g/cm? higher than
that of the GNeph sample.

3) The structural order of the alumina silicate rings in
CaNeph Nepheline was higher than that of Neph
Nepheline due to the grinding and the introduction of
alkaline earth and alkaline into the ring structure.
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Abstract  The main objective of this research was to fabricate a flexible Multi-component Nanocomposite
(MN) cover with high efficiency to absorb Electro-Magnetic Waves (EMW). For this purpose, nine MNs
containing Carbon Nanotubes (CNTs), core-shell structure of Polyaniline-Fe;O4 (PANI), and Nickel Nanowires
(NiNW) were prepared with different weight percentages of 2, 4, and 6 with the thickness of 2 mm within the
waterborne polyacrylic. Then, their structural characteristics were investigated through Field-Emission Electron
Microscopy (FE-SEM). The protection value of the covers against EMW were measured using a Vector Network
Analyzer (VNA) machine at the frequency range of 8-12 GHz. The results revealed that followed by an increase
in the concentration of the fillers, they formed a dense and conductive network within the matrix, thus leading
to more interaction by EMW and eventually more absorption. The simultaneous presence of all three of EMW
absorbtion enhancers including CNTs, PANI, and NiNW offered a more effective shielding than that in both
single and double components by improving the matrix electrical and magnetic conductivity. Finally, the
evaluations proved that the nanocomposite containing the mentioned three fillers with the wight percentage of
6 wt % and effective shielding of 22 dB exhibited the most ideal performance between other nanocomposites

over the X-frequency range.
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1. INTRODUCTION

The electromagnetic radiation emitted by the
electronic devices causes an increase in the magnetic
pollution which in turn has adverse effects on the
electronic systems and human health [1, 2]. Effective
shielding covers are one of the well-known methods for
reducing the unfavorable impacts of this radiation that
are also regarded as an efficient method for suppressing
the radiation of electromagnetic waves and protecting
the equipment [3]. Great interests have been taken in the
polymeric nanocomposites due to their significant
efficiency in shielding against the electromagnetic
radiations. Carbon nanotubes are known as the
conductive fillers that are widely applied due to their
high surface-to-volume ratio, very low permeability,
unique electrical conductivity, and low mass density [4].
In addition to the carbon nanotubes, some other
materials such as polyaniline, iron oxide, and nickel can
be used for the fabrication of the electromagnetic wave
shields owing to their high conductivity and suitable
magnetic properties [5, 6]. Many research studies have
been conducted to develop a method and find the
suitable materials for preparing an effective
electromagnetic shield [7, 8]. To the best of our
knowledge, the effect of the application of

multicomponent fillers on the function of the
electromagnetic properties of flexible nanocomposites
has rarely been investigated. In this regard, the present
research aims to propose a method for producing nature-
friendly multi-component flexible, low thickness, and
high efficiency electromagnetic shields. To this end, a
multi-component nanocomposite consisting of carbon
nanotubes, nickel nanowires, and polyaniline core-shell
nano-structure with iron oxide within the flexible
waterborne polyacrylic matrix was prepared with
different concentrations. In this regard, attempts were
made to investigate the effects of each component of the
nanocomposite as well as their combination on the
overall effective shielding, absorption characteristics,
and reflection of waves in the frequency range of 8-12
GHz.

2. MATERIALS AND METHODS

In order to prepare the polyaniline-Fe3O4 core-shell
structure, in-situ synthesis [9] was taken into
consideration. Nickel nanowires were synthesized based
on the method proposed in [10]. To achieve a high
dispersion degree and reduce the re-agglomerates, the
carbon nanotubes were functionalized [11]. To fabricate
the nanocomposites, first, 2 mL of 50 % waterborne
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polyacrylic with 6 mL of distilled water (with a ratio of
1:3) was diluted. The low viscosity of the matrix
facilitates the efficiency enhancement in the function of
ultrasonic waves in both spreading and dispersing of
nanoparticles. Next, the nanomaterials with different
weight percentages were added to the prepared matrix.
Then, the suspensions were sonicated for 10 minutes at

the power of 50 watts. The obtained mixtures were
individually poured into a silicone mold with the
dimensions of 22.8 x 10.1 x 2 mm. The samples were
then kept at the ambient temperature for 12 hours to dry
completely. The shielding performance of the samples
were measured by a VNA machine in the frequency
range of 8-12 GHz.

Table 1. Nanocomposite shields prepared with different concentrations and compositions

Number of filler components | Nanocomposite covers | MWCNT (W%) NINW (W%) | Fe304-PANI (W%)

No. 1 6% _ _

Single component No. 2 6 %
No. 3 _ _ 6 %
No. 4 6 % 6 % _

Duple component No. 5 6 % 6 %
No. 6 6 % _ 6 %
No. 7 2% 2% 2%

Three components No. 8§ 4%, 4%, 4%,
No. 9 6 % 6 % 6 %

3. RESULTS AND DISCUSSION

Figure 1 individually demonstrates the shielding
components of each prepared specimens including
absorption loss, reflection loss, and total shielding (EMI
SE). This figure makes a comparison of the obtained
results and according to the results, nanocomposite No.
9 exhibited the best performance with the highest total
effective shielding value equal to 22 dB. High weight
percentage of the fillers within this sample increases the
probability of electromagnetic waves interacting with
the conductive fragment, thus enhancing the EMI SE
[11]. Moreover, formation of the conductive network by

carbon nanotubes and nickel nanowires in higher
concentrations is another reason based on which we can
justify our findings. Obviously, a decrease in the
concentration would reduce the interaction of
electromagnetic waves with conductive fragments,
hence a reduction in the effectiveness of EMI SE.
Introduction of any further individual filler could not
enhance the shielding as much as addition of
multicomponent composition could do. In summary, it
can be concluded that application of only single-
component nanoparticle materials such as iron oxide and
nickel nanowires cannot provide the desired shielding
against electromagnetic waves [12-14].
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4. CONCLUSION

In this research, the flexible and effective
electromagnetic shields were fabricated using a single-
and multi-component fillers. The evaluations showed
that the simultaneous addition of 6 % of three fillers, i.e.,
carbon nanotubes, nickel nanowires, and Fe;O4-PANI,
could increase the total shielding up to 22 dB. This
achievement was attributed to an increase in the
effective interaction between the electromagnetic waves

and nanoparticles and formation of a conductive
network by nanotubes and wires.
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Abstract  Energy storage is one of the most important issues in the scientific community. Among the other
significant concerns in this field are the economic and environmental issues. Chemical deposition has attracted
the attention of a number of researchers owing to its advantages such as its binder-free, fast, and simple electrode,
compared to the electrochemical synthesis, as well as its one-step production and coating. In this research, a
coating of Nickel hexacyanoferrate nanoparticles (NiHCF) was deposited on a Stainless-Steel Mesh (SSM)
substrate through the chemical deposition method. The electrode was analyzed through X-Ray Diffraction
(XRD) and Field Emission Scanning Electron Microscopy (FE-SEM) methods based on which, the presence of
nickel hexacyanoferrate nanoparticles on the substrate was confirmed. The electrochemical performance of the
binder-free NiHCF electrode as the supercapacitor electrode in a solution containing 0.5 M sodium Sulfate
(NaOH) aqueous electrolyte (vs. Ag/AgCl) electrode was evaluated using the cyclic voltammetry and
galvanostatic charge/discharge tests. According to the findings, the mentioned electrodes were characterized by
a high specific capacitance of 465.7 F g and current density of 1 A g, an appropriate rate capability and
structure. The current research primarily aimed to obtain an electrode with high specific capacity and acceptable

stability, and the obtained results highlighted its wide applications as the supercapacitor.

https://doi.org/10.30501/jamt.2022.338552.1222

URL: https://www.jamt.ir/article 164802.html

1. INTRODUCTION

Among different types of energy storage,
supercapacitors have drawn considerable attention
owing to their high-power capability, good cyclic
stability, high charge/discharge speed, and low
maintenance costs in industrial applications. In
supercapacitors, electrodes are made of carbon materials
with a large surface area, oxides, sulfides, ceramics, and
conductive polymers. Due to their high specific surface
area, the nanostructured active materials can shorten the
path of ion and electron transfer and consequently
increase the kinetics of electrochemical reactions [1].
The transition metals of hexacyanoferrates are also
important materials that are widely used in the charge
storage owing to their specific three-dimensional and
porous structures [2]. In this regard, transition Metal
Hexacyanoferrates (MHCFs) with the general chemical
formula of AyMxk [Fe(CN)g]i.mH2O (where A is alkali
metal cation, M is transition metal cation, and h, k, and
I are the stoichiometric numbers) [3-5]. This study used
nickel as the transition metal due to its high capacity in
cation storage and ion exchange selectivity, and
potassium as an alkali metal cation. This compound
belongs to the category of polynuclear compounds and
insoluble multivalent [6]. In this research, for the first
time, the chemical deposition method and stainless-steel

mesh substrate were simultaneously utilized in the
construction of nickel hexacyanoferrate supercapacitor
electrode.

2. MATERIALS AND METHODS
2.1. Materials

All used materials (Nickel(II) nitrate hexahydrate,
potassium hexacyanoferrate, hydrochloric acid, acetone,
ethanol, sodium sulfate, EDTA
(ethylenediaminetetraacetic acid)) were purchased from
Merck, Germany, and laboratory graded.

2.2. Experiments

Prior to coating, the substrate must be cleansed of any
contamination. In order to coat the nanoparticles of
nickel hexacyanoferrate on the stainless-steel mesh, it is
necessary to prepare two aqueous solutions. The first
solution contains 1.7 ml of hydrochloric acid, 35.3 ml of
distilled water, 0.1 gr of EDTA powder, 0.291 gr of
Nickel(II) nitrate hexahydrate salt. The second solution
is prepared in the same way as the first solution with the
difference that 0.329 gr of potassium hexacyanoferrate
was used instead of EDTA and Nickel(Il) nitrate
hexahydrate. The chemical deposition was created in the
temperature range of 40 °C and 50 °C by successively

(https://doi.org/10.30501/jamt.2022.338552.1222).

Please cite this article as: Farahani, F., Fazlali, A. R., Kazazi, M., "Chemical deposition of nickel hexacyanoferrate nanoparticles on a stainless-steel
mesh substrate for supercapacitor application", Journal of Advanced Materials and Technologies (JAMT), Vol. 11, No. 2, (2022), 45-56.

2783-0829/© 2022 The Author(s). Published by MERC.
This is an open access article under the CC BY license (https://creativecommons.org/licenses/by/4.0/).


https://doi.org/10.30501/jamt.2022.338552.1222
https://doi.org/10.30501/jamt.2022.338552.1222
https://en.merc.ac.ir/
https://creativecommons.org/licenses/by/4.0/
http://journals.merc.ac.ir/
http://www.jamt.ir/
mailto:a-fazlali@araku.ac.ir
https://doi.org/10.30501/jamt.2022.338552.1222
https://www.jamt.ir/article_164802.html
https://orcid.org/0000-0003-0436-6221
https://orcid.org/0000-0001-8970-2479
https://orcid.org/0000-0002-2928-2545

F. Farahani et al. / Journal of Advanced Materials and Technologies (JAMT): Vol. 11, No. 2, (Summer 2022), 45-56 46

immersing the substrate in the heater. At the end, the thin
films of NiHCF layer were washed with distilled water,
and the prepared electrode was dried. The structure of
the created coating was analyzed based on the XRD, FE-
SEM, and FT-IR analyses. The electrochemical
performance of the supercapacitor electrode was
investigated using Cyclic Voltammetry (CV) and
charge/discharge.

3. RESULTS AND DISCUSSION

3.1. Characterization and electrochemical
performance evaluation of the electrodes

The XRD pattern demonstrates the card number
(JCPDS No. 00-051-1897) as well as the crystalline
surfaces of the nickel hexacyanoferrate nanoparticle
(Figure 1a) [7]. The image obtained from the FE-SEM
is characterized by a dense and coherent structure
consisting of a large number of interconnected
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nanoparticles. In order to better investigate the
hexacyanoferrate nanoparticles, Fourier Transform
Infrared (FT-IR) spectroscopy was used (Figure 1b).
The chemical structure of the NiHCF electrode was also
elaborated using Fourier Transform Infrared (FTIR)
spectroscopy. The peaks 0f 2099 cm™ and 2165 cm™! can
be attributed to the stretching vibration of the C=N
group in the nickel hexacyanoferrate structure [8]. A 0.5
M NaOH aqueous electrolyte was utilized to evaluate
the supercapacitor performance of the produced NiHCF
electrode, electrochemical properties of the electrodes,
and Galvanostatic Charge-Discharge (GCD) in a three-
electrode configuration cell (Figure 1c). As observed in
Figure 1d, the GCD curves have relatively good
symmetry which completely matches the oxidation-
reduction peaks of the CV curves.

Table 1 presents a summary of a comparison of the
results from this study and those from other ones.
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Figure 1. (a) XRD pattern of NiHCF electrode, (b) FT-IR images of NiHCF electrode, (c) Cyclic voltammetry curves of NiHCF
electrode, and (d) Charge/discharge diagram of NiHCF at current densities of 1, 2, 5, and 10 A/g

Table 1. Comparison of results with other researches

Reference Capacity retention Current capacity 1 A g*! Electrode
This work 40.5%in 10 A g'! 456.7F g! NiHCF
[7] 76.8%in3 A g 127.1C ¢! Ni2CoHCF
[8] 479 % in20 A g 730F g! PANI/MnHCF
[9] 66.7 % in 10 A g'! 367F g! MnHCF

4. CONCLUSION

In conclusion, the binder-free NiHCF electrodes of the
nanoparticles were provided using the chemical method
in this study. Through the XRD patterns and FE-SEM

methods, NiHCF nanoparticles were found deposited on
the substrate. The results confirmed the good
pseudocapacitive performance of such electrodes in 0.5
M NaOH with a higher specific capacitance of 465.7
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F g'! and stability of 40.5 % at the current density of 1
A g’!. Therefore, it can be concluded that this material
can be appropriately used in supercapacitor applications.
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Abstract  In the present study, gelatin/chitosan/zinc oxide hydrogels were prepared through solvent casting
method in combination with lyophilization. In addition, the effects of adding 1.5 wt % zinc oxide nanoparticles
on the microstructural and physico-chemical characteristics of genipin-crosslinked scaffolds were evaluated. The
porosity of the newly formed hydrogels increased from about 93 up to 94 % (P < 0.05). Images taken by a
Scanning Electron Microscope (SEM) illustrates the formation of a porous microstructure of distinct
interconnected holes with an average size of 200 microns. Water absorption capacity of nanocomposite
hydrogels at room temperature and 37 °C decreased from 1043 to 988 and 1206 to 1040 %, respectively;
however, a significant increase in their initial swelling rate was observed. Upon adding nanoparticles, the in vitro
degradation of scaffolds occurred faster than usual. According to the findings of this research,
gelatin/chitosan/zinc oxide hydrogels which is characterized by favorable microstructural characteristics (i.e.,
uniform distribution of interconnected pores) and high initial swelling rate can be used as a potential substrate
in the field of tissue engineering.
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1. INTRODUCTION

Hydrogels are among the important components used
in tissue engineering applications and drug release
systems due to their structural similarity with the
extracellular matrix, biodegradability, good stability,
hydrophilicity, high porosity, interconnected pores, high
swelling capacity, and ability to retain abundant water
[1, 2]. Among the natural polymers, gelatin obtained
from acid/alkaline hydrolysis or thermal degradation of
collagen has been widely used in recent years [3]. The
mechanical properties and stability of gelatin scaffolds
can be improved by creating crosslinked networks [4],
combining gelatin with other polymers such as chitosan
[5] and adding inorganic nanoparticles or carbon
reinforcements [6, 7]. Herein, the unique therapeutic
properties of zinc oxide nanoparticles such as
antibacterial, antimicrobial, anti-inflammatory,
antidiabetic, and anticancer properties [8] prompted us
to study the role of zinc oxide nanoparticles in adjusting
the physical and microstructural properties of
gelatin/chitosan hydrogels.

2. MATERIALS AND METHODS

Gelatin powder (G, pig skin, bloom number: 90-130)
was purchased from Merck (Germany). Medium-
molecular weight chitosan (C) with a deacetylation
degree of 75-85 % was purchased from Sigma-Aldrich
(Germany). Genipin (GP) and zinc oxide nanoparticles

(ZnO NPs, 50-100 nm) were obtained from China and
Armina Co. (Tehran, Iran), respectively.

2.1. Fabrication of gelatin/chitosan/zinc oxide
hydrogels

Chitosan and gelatin were first dissolved separately in
1 % acetic acid solution, followed by mixing with the
gelatin to chitosan weight ratio of 3:2. Then, 1.5 wt %
zinc oxide nanoparticles were gradually added to the
polymer solution and mixed for four hours. Followed by
adding genipin (1.5 wt %) and mixing the components
for two more hours at the room temperature, the
hydrogels were cast into a suitable mold and kept in the
air at 24 + 0.5 °C. Finally, the solvent (here, water) was
removed using a freeze dryer (model FD-10, Pishtaz
Equipment Co., Iran). Table 1 lists the samples under
study in this research.

Table 1. Sample codes and the weight percentage of

components
Sample code G:C GP (wt %) | ZnO (wt %)
X-GC 3:2 1.5 0
X-GCZ 3:2 1.5 1.5

2.2. Characterization of hydrogels

The prepared hydrogels were analyzed using FTIR,
SEM, liquid displacement method, and gravimetric
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analysis. All data were reported as the mean + Standard
Deviation (SD) of at least three independent
measurements.

3. RESULTS AND DISCUSSION

FTIR analysis of X-GC and X-GCZ hydrogels (Figure
1) indicated that with the addition of ZnO NPs, the
intensity of N-H bending vibrations decreased
markedly, and a small shift in the position of 1518, 1160,
and 1030 cm! was also noticed. These changes confirm
the formation of physical interactions between gelatin
and/or chitosan and ZnO NPs.
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Figure 1. FTIR patterns of the crosslinked gelatin/chitosan
and gelatin/chitosan/ZnO hydrogels

Upon adding ZnO NPs, the porosity of X-GC
hydrogels substantially increased (Figure 2). In our
hypothesis, Zn*" ions and hydrated ZnO NPs surrounded

Frequency [%]

the functional groups of gelatin and chitosan, which
consequently  prevented  the formation of
gelatin/chitosan polyelectrolyte or covalent bonds
among the polymers and genipin.

Porosity [%]

X-GC X-GCZ

Figure 2. A comparison of the porosity of X-GC and X-GCZ
hydrogels (*: P < 0.05)

The SEM micrograph of X-GCZ hydrogels confirms
the formation of a porous microstructure of
interconnected pores mainly in the range of 150-250 pm
(Figure 3). The highest water absorbency of these
hydrogels at 37 °C appeared in a shorter period of time,
compared to the GC scaffolds (10 versus 45 minutes
(Figure 4)), which can be justified by the higher porosity
and lower rigidity of ZnO-containing hydrogels.
Further, the decrease in the swelling ability of X-GCZ
can be attributed to the interaction between the
hydroxyl, carboxyl, and amino functional groups of the
polymers and hydrated metal oxide nanoparticles or zinc
ions, which prevented the formation of the maximum
number of covalent bonds with genipin molecules.
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Figure 3. SEM micrograph and pore size distribution of X-GCZ hydrogels

1200 A

1000 A

800 -

600 A

400 4

200 4

Water absorption [%]

0 10 15

BX-GC @ HT

*
mX-GCZ @ HT 1296
1040
30 45 60 75 24h
Time [min]

Figure 4. A comparison of the water absorption capacity of X-GC and X-GCZ hydrogels at 37 °C in PBS (*: P <0.05)
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4. CONCLUSION

In the present research, gelatin/chitosan/zinc oxide
nanocomposite hydrogels were prepared through the
solvent casting method combined with freeze-drying.
The microstructure and porosity of the prepared
hydrogels indicated the formation of uniform,
interconnected macropores as well as rapid water
absorption capacity. These scaffolds can be potentially
used in the controlled delivery of therapeutic
compounds.
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P aper History: Abstract Injectable hydrogels that mimic heart tissues can be considered a promissing perspective towards
Received: 2022-01-12 the future developments of cardiac tissue engineering. This study aims to fabricate an injectable, thermosensitive
Revised in revised form: 2022-04-24 hydrogel consisting of chitosan/gelatin/glycerol phosphate. Due to their unique electro-conductivity
Scientific Accepted: 2023-01-29 . . . h . . .
characteristic, hydrogels can provide a suitable environment to accelerate cardiac cell proliferation.

Keywords: Polyaniline/multi-walled carboxylated carbon nanotube (PAni/c-MWNT) was prepared using Sodium Dodecyl
Chitosan/Gelatin, Sulfate (SDS) emulsion. To prevent the interaction between the PAni/c-MWNT nanocomposite and hydrogel,
PAni/c-MWNT, the nanocomposite was coated with gelatin to form polyaniline/carboxylated carbon nanotube/gelatin
Thermosensitive Conductive (PAni/c-MWNT/G). The PAni/c-MWNT/G nanocomposite was then dispersed to provide electrical signals
Hydrogels, throughout the hydrogel. The gelation time, gel temperature, and mechanical properties of the hydrogel were

Cardiac Tissue Engineering measured using a theometer. FTIR spectroscopy results revealed that the interaction between the aniline and

¢-MWNT/G could change the position of the quinone and benzene peaks. The conductivity of hydrogel-
containing nanocomposite was found to be higher than that of ¢-MWNT and PAni. Scanning Electron
Microscopy (SEM) confirmed the uniform distribution of PAni/c-MWNT/G nanocomposite throughout the
hydrogel. The degradation rate of conductive hydrogel is lower than that of pure hydrogel. The MTT assay test
showed the biocompatibility of the cell-hydrogel. Finally, Mesenchymal Stem Cells (MSCs) were cultured in
the hydrogels for 14 days. Cell adhesion, cell viability, and proliferation were also examined. This study utilized
PAni/c-MWNT/G, for the first time, to enhance the electro-conductivity of chitosan/gelatin/glycerol phosphate
hydrogel. This conductive thermosensitive injectable hydrogel can be used to regenerate cardiac tissue and other
electroactive tissues.

https://doi.org/10.30501/jamt.2023.311513.1199 URL: https://www.jamt.ir/article 166486.html

1. INTRODUCTION with a polymer matrix is a suitable method for
enahncing the properties of these materials [4, 5]. The
present study investigated the design, fabrication, and
evaluation of the injectable polymer scaffolds
containing mesenchymal cells optimized with
nanocomposites to increase their conductivity.

Tissue engineering is an emerging topic in medical
engineering that has shown great promise to develop
biological substitutes for damaged tissues, implants, and
prostheses. Biomaterials play an important role in tissue
engineering. For instance, polymeric scaffolds have
attracted much attention due to their unique properties

including high surface-to-volume ratio, high porosity 2. MATERIALS AND METHODS

with very small pore size, biodegradability, and suitable In this study, first, carboxylated Multi-Walled
mechanical properties [1, 2]. One of the most important Nanotubes (MWNTSs) were prepared based on the
challenges in preparing a scaffold for heart regeneration insturctions given in the previous research. Then,
is ensuring its ability to transmit electrical pulses polyaniline-carboxylated carbon nanotube
between heart cells. A variety of methods have been nanocomposite was prepared through the emulsion
investigated so far to produce a steerable scaffold. In method. In addition, SDS was wused as an
research, scaffolds based on chitosan, fibrin, and poly- emulsifier/doped agent and followed by adding
caprolactone are usually used for heart reconstruction ammonium persulfate to the mixture, the polymerization
[2, 3]. Polyaniline is a conductive polymer that is reaction started. Chitosan/gelatin and beta-glycerol
generally characterized by three structures. Formation of phosphate gel were prepared in the next step.
nanocomposite materials by mixing carbon nanotubes Subsequently, PAni/c-MWNT nanocomposite was

Please cite this article as: Kazemi, M., Chogan, F., Rezayan, A. H., Mehdinavaz Aghdam, R., Ahmadi Tafti, S. H., "Injectable thermosensitive
hydrogel (chitosan/gelatin/B-glycerol phosphate) reinforced with polyaniline/carboxylated carbon nanotube/gelatin containing stem cells for cardiac
tissue engineering", Journal of Advanced Materials and Technologies (JAMT), Vol. 11, No. 2, (2022), 71-87.
(https://doi.org/10.30501/jamt.2023.311513.1199).
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added to chitosan/gelatin gel, and the final product was
prepared [6-8]. Finally, FTIR, sample electrical
conductivity, rheological properties, morphology, water
absorption, hydrogel degradability, cell viability, and
cell adhesion were investigated to evaluate the
composite structure and properties.

3. RESULTS AND DISCUSSION

Since the gelation process in hydrogel depends on the
interaction between the glycerol phosphate salt and
protonated chitosan, salt concentration was investigated
as one of the effective factors in this process. The results
indicated that upon increasing the salt concentration, the
solution pH would increase while the gelation time
would decrease. A solution of 2.5 % (w/v) of chitosan,
0.8 % (w/v) of gelatin, and 7 % (w/v) of glycerol
phosphate was prepared, considering the gelling time (3
minutes) and an acceptable cost of this system for
injection in the desired place. FTIR spectral analysis
cofirmed the interaction between polyaniline and carbon
nanotubes that ultimately increased the electrical
conductivity in PAni/c-MWNT [9]. The conductivity of
the nanocomposite was 65-70 % higher than that of
polyaniline, thus having a significantly increased
conductivity compared to the carbon nanotube. To date,
no study has ustilized PAni/c-MWNT/G nanocomposite
as a material for scaffold conductivity and as a
conductive material in  chitosan/gelatin/glycerol
phosphate injection gel for making conductive scaffold
and application in cardiac pacemaker area. According to
the results from different research studies, the value of
internal longitudinal and transverse cell conductivity
was in the range of 0.36-0.6 S/cm, and that of
longitudinal and transverse external conductivity of the
cell in the range of 0.24-0.62 S/cm [10]. Fabrication of
scaffold with the weight percentage of 7 % by bringing
the conductivity value close to 0.7 S/cm provided the
conditions for the growth and regeneration of the heart
cells. Examination of the rheological properties of the
samples showed that after placing the sample in the
rheometer and raising the temperature, it would be
gelled at 32 °C. The gelatin in this gel intensifies the
hydrogen bonds between the chains, helps the chitosan
chains come closer to each other, and ultimately leads to
the gel formation. Analysis of nanocomposite
distribution by SEM confirms that nanotubes are well
distributed throughout the scaffold. The observations
also showed the porous structure of the scaffold with
interconnected holes. The study of hydrogel degradation
showed that the degradation rate of the pure scaffold was
faster than that of the conductive scaffold. While 60 %
of the hydrogel had been destroyed after four weeks, the
conductive scaffold had a lower degradability rate, i.e.,
only 25 % weight reduction. The results from the
scaffold water absorption capacity showed that the water
absorption rate was quite fast in the first 20 minutes.
However, after that time, the rate of water absorption
capacity decreased. @ The biocompatibility of
chitosan/gelatin hydrogel has been proven in other
reports using different cell lines. This study investigated
the biocompatibility of chitosan/gelatin scaffold
containing PAni/c-MWNT/G nanocomposite on
HUVEC cells (NCBI C554). In this study, as in previous

studies, no significant difference was found between the
viability of cells in the sample and control groups. The
adhesion test results confirmed that the system supports
adhesion, proliferation, and cell growth. The results
showed that the cells were well placed on the scaffold
that ensured their proper adhesion and morphology with
the control condition.

4. CONCLUSION

In this research, an injectable temperature-sensitive
hydrogel composed of chitosan and gelatin was
combined with PAni/c-MWNT/G nanocomposite and
investigated to be applied in the cardiac pacemaker
fields. In addition to the electrical conductivity, both
gelation time and structural analysis were investigated.
According to the results from the PAni/c-MWNT
nanocomposite investigation, this nanocomposite, as a
generator of conductive electrical currents, can create a
new path for use in the field of heart tissue.
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