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synthesis and application
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Department of Chemistry, College of Sciences, Shiraz University, Shiraz, Iran

Research subject: The use of hydroxyapatite nanoparticles (HAp)
in traditional polymers as reinforcing agent has been reported. While
there are a limited number of reports regarding the effect of HAp mor-
phology on the mechanical properties of the polymeric matrix, no re-
search on this effect on supermolecular polymers has been reported so
far. This study investigates a hypothesis that incorporation of unidirec-
tionally grown HAp nanoparticles (rod-like nanoparticles, rHAp) into
supramolecular polycaprolactone (SPCL) leads to the synthesis of a new
bioactive construct.

Research approach: For this, rHAp nanoparticles were first synthe-
sized by microemulsion method and then functionalized with 2-urei-
do-4[1H]-pyrimidinone (UPy) groups. Moreover, PCL was functionalized
and converted to supramolecular structures by reacting the hydroxyl
terminal groups with UPy groups. Finally, SPCL/rHAp nanocomposites
were synthesized by solution casting method and their structure and
properties were examined using attenuated total reflection-Fourier
transform infrared (ATR-FTIR) spectroscopy, scanning electron micros-
copy (SEM), universal testing machine and simulated body fluid (SBF).
Main results: According to the results, microemulsion is an efficient
procedure for the synthesis of rod-like nanoparticles with high phase
purity. On the other hand, based on the results, it is possible to function-
alize these nanoparticles with UPy. Tensile test showed that by incorpo-
ration of these modified nanoparticles into SPCL, a significant increase
in both elastic modulus and tensile strength can be observed. In fact,
while the initial PCL was a waxy solid, modification with UPy and then
incorporation of modified nanoparticles made it an elastic material.
Finally, the obtained results indicated high bioactivity of supramolec-
ular nanocomposites compared to the sample without filler. Therefore,
supramolecular SPCL/rHAp nanocomposites with bioactive properties
and dynamic character can be used as a suitable replacement for bone
tissue defects.
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Fig. 1. XRD spectrum (A) and FTIR spectrum (B) of rHAp inorganic nanoparticles.
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Fig. 2. SEM (A) and TEM (B) images of rHAp i 1norgan1c nanoparticles.
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of incubation in SBF solution.

Al plzdl g5 UPy (slwog )5 5l oolawl L rHAp
o ol Dl)3g 5L asga FTIR cas -F ISl
slodd 1 odle ol ol o aes o lii ], cal
A by, V\Freem? 54 >0 0 HAD aas i
(s ol 5o JSg 000 5 Sliud (sLrog S

T9—29% as o)_:f(so O yg—0 a—sle wg )L>l.w 4
oa yidw O3 b ol cudladi sy oo ol
J= ol Glojen joba g (G csll ane LS
Dg-bs o0 SBF Jgloo jo alles by o5 el-cjas

FY ok - oo ki 3,1 S gy (sl Ay G (Shpg (oole aolilad


https://arcpe.modares.ac.ir/article-38-54466-fa.html

[ Downloaded from arcpe.modares.ac.ir on 2024-11-24 ]

wolgeds Jedian ) glale o34

cm™) UPy (VY- cm™) b,g C=0 «(YAD: 5 YA\~
s (\WYf+ cm™) C-N VOV« 4§ \OA: AFY. AFD-
aS o boles ogdlcas o (VVYY cm™) C-0-C
d9d> a_>l ;o NCO a8 o wl oz o 398 ca b )0
2 de—Sgaee Loy, 5 Ly UPy o 555 slwes S
Gl SPCL 4y by o 'H NMR Cab o .ol PCL
O 3l AS 0 oo ol a B a0 IS L
Loy 02 gV /Y AV/A O ppm o s JiSKew Loy
e it UPY 05, F 0 05 >g0 sla yisu a

(A)

V555 0ssm )30 Lo UPY lowe S 52>
ol ‘sn 5 ool s olils )| lawes THAP Ly
..\_3.3.[3 YAf.-Y-.. cm” :-\_:.>L§ ) CH\“ 5CHY ‘_gstoe)f
NOAL NOY- AYOY em™ o oAl o cen oD
e rHAp 6La>)5149.il.§ CJ“—“‘ 83, y— UPy
Sga> a >l yo Sllb—wgpnl sl 3 (slm i a8
Jols’ STy, Sl a S 05 el 00y YV« - cm™
el L UPY oI55 JLasl 51,55 5 58 (slmos 5
Cibge oy apl jetaieds .o il o THAP ol,3450

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (em™)
o0l dawz Mol THAP Sosxe 356 FTIR Calo (B) 0550 p,89,15 0 UPy o5 5 'H NMR oo (A) ¥ s
Fig. 4. (A) 1H NMR spectrum of UPy group in deuterochloroform; (B) FTIR spectrum of surface-modified rHAp
inorganic nanoparticles.

ab 1, OH 5 UPY (sLaog 5 (s (iiSTy gy 4 45
o2 NMR 5 FTIR slacib ool plo JAYA] 0
03 i Cidgo Loy JeSUg0 pl PCL 4 S 020 0
CHN (s —aic mls Jdow g a4 jo0 ccmlos jo .ol
PCL LS5 000 slaog,5 3l 487 oga > a4 ols Lis
Jolse aily o 45 alesls 2Ty UPY (sLsnos 5 Ly
Sl azr i BB 4SS ol STy St Gl L
=35 4y oo UPY (slsog 5 Ly PCL ,—oidy 3L
a8 s ol g all oly S 5 S
UPY L ol il p s g JSCi oo dal> 4yl PCL
Jas ,dyllanil 5 (lsS (558 sloslo a1, )]
9,08 SLalign JSiS zo—dgh 45 WS s

a3 o a3 ol jhan |y (JoSge l (sloyoni

SPCL/THAp Jed g0yl < jamols o F-Y
L ous (57-E_w C)l_.d rHAp &l,34 50 o 5l o
e nl oy i o izen 5 UPY (slsog S

J_».lm 9 4 ‘UPy LQLQ"’B; l_’ u_’?r.L:_w Cy_»a‘ A9,
ol Al o 1) g, ymais jsma> 2ol 5l o
J—aie Upy (slion— 09,5 4y by e a S ol lis
= ] rHAp Gla_w Mj)m 6@05; 4 oAl
— UPy duoﬁ)f Ja_wj.».a o ble .CHN C_:L».: u,al_w‘
033 (yess VO mmol g7 sga >y &350 s (5,
el (P ZMal (YL sy sams i a S 0l

990 I PCL o Lulis ¥-¥
3,5 CHN 5 FTIR¢ NMR sla 5, L oo jw SPCL
=) PCL L e lie jo 1) (2ol 5l asy =) SPCL
&y9—ody FTIR (el ;o SPCL Lile (sl 2og )5 4 on
Jolis Laals oy Ll ailoai , alls s i gl nald
cm™)CH, 5CH_ «(YY- - cm™) S9! N-H (6l i

oy = (o (oiien (69, S Giag sl ah) o (AR (oele aldlad G P


https://arcpe.modares.ac.ir/article-38-54466-fa.html

[ Downloaded from arcpe.modares.ac.ir on 2024-11-24 ]

wolgeds Jdcan; laee ol 34

4000 3600 3200 2800 2400
Wavenumber (cm™)

2000 1600 1200 80O 400

(B)
+ 3 L A
geg,pép,@;?“?ép,?;pqn;w& nbebnovame Ny~
& (ppm)

0,595 p,85,05 ;0 SPCL sl YH NMR als (B) «SPCL 405 g (J,:5) PCL wiges sl FTIR slocals (A) 0 S
Fig. 5. (A) FTIR spectra of PCL (control) and SPCL; (B) 1H NMR spectrum of SPCL in deuterochloroform.

SRV Sl el a3 8 ey 0y
PCL 5 —ase THAp olgo dax in sl pald a_on
5 ol ATR-FTIR Gl o olsSis |, oTsSgos
s5bar oS osalta 1) ;Lo g0 S jnalS b S
o L3 ba e loacis a S Jb o etk e
OFY 5 £-¥ LYY AFY YA N Af em? sy o
Sk SL8 am by slacda g b 0 oaal i
AVY - YAV TAD: Y em g s o sSge
lpals (yioman 35 e L8 VVES 51T ) OV
4 0lg g0 4 UPY oo S eMol 09,5 5l 0L i
d—ate el sl ey gl e Ly 330 s
30 a2 S |y eaisS pf pandy S iie Jmad g 0l
wWos ,alls VOV 5 VOOF NFY+ NFYD em” >y

ol aS 0 oyl aalllas ol Lol Slaal 51 S
CH,

H O HN™ ™=

Ba» L SPCLIrHAp  JsSJg0 ol s 59,015 6L SPCL
PP WL G SIS S P P SV | Y- S VR
FUSS oS e biles cenjalSel ol ool
3 —59y0ep sl S e el sa b ool lis
a9 THAD —w) oo S cuedy 5L8 S i J—ad
Lol jo aBly jo o8- o Loyl Sl g 658
ou—dasbe JeSg0 ul e jaalS gl o Ld oL |ls
ATR-FTIR L_wg laul Jodoe o, Sazn, ol 8 L

| — |-
HO(PO4)sCa100. N~ _~_~~ J_ -k -
T

N>
0 i
Q

H

=2\

CH;

NS0
"o

H

: H o
“_HYNTN\/\/\\/\N/[LO{\./\/\H/O o
erH 0 o ’n

2

SPCLITHAD (s 50 a35m0lS 66 10 (5 pady die) 5 00iiS gy 6 S jiie Juad 10 S55,000 sla S a s o)lge o-f S
Fig. 6. Schematic representation of hydrogen interactions at the interface of reinforcing phase and polymeric matrix in

the synthesized SPCL/rHAp nanocomposite.

FO 1ol - oo oo 2,05 b g (sl 4y o (S oole aolidlad


https://arcpe.modares.ac.ir/article-38-54466-fa.html

[ Downloaded from arcpe.modares.ac.ir on 2024-11-24 ]

wolyeay Juden laboe 350

Lo PCL 55 Je—Sopien (sl slwog S 232l
Slasein ol gy, o 2,5 56 UPY l oslil
Lo THAp la Lo olyde Sb (g5lwsjlg wo)ls SOl
Slas i 5o u.._J)sl U—’I UPy Ls’?r.‘a_w Lgl_m09)f
Sl a s el alhie 0 S o pains p |, SO
o ou S S o Jmad g s ol a ko
ez 5 plerd slowog S L jlas 6 —erh 4

(A)

4000 3600 3200 2800 2400 2000 1600 1200 800 400
‘Wavenumber (cm ")

Elastic modulus (MPa)

G slwoaisS 9l 5l e colaiwl 59 ools
i M5 i S1,35585 ol e 5L il
318 (HeSge pl la b (S ey 59, —
v slojloges ciia -V 5 oV sladsa
ol PCL asiges glym |y miisS a8l ul g slowsS
D20 oo is SPCLITHAD ases g SPCL daiges oo
4S5 s ams oo Gt (g 4 39 sLo loge

@) G

-
X}

e

1Y)

10 E
i

8 - £os
g

6 - £0s
2

4 £ 04
&

5]
=
X

R e e

& 4&3

o5l gl (C) (it il Jlogei g (B) (iluciS Jgaw Jloges SPCLIrHAD (g5 o505 93l 6l ATR-FTIR (oo (A) ¥ IS
i (6 S0l b aw o laslind 5 Bl # L Sile & jgoas s «SPCL s PCL ) o J ;S b anslis 0 SPCLIrHAD (g5
Fig. 8. (A) ATR-FTIR spectrum of synthesized SPCL/rHAp nanocomposite; elastic modulus diagram (B) and tensile

strength diagram (C) of synthesized SPCL/rHAp nanocomposite in comparison with the controls (i.e. PCL and SPCL);

results are mean * standard deviation of three measurements

SEM ,;5Las (B) «SPCL 5 PCL x) Lo S b aslie ;0 SPCLITHAD (500 o550l 5il mlaws jlisey ) 51 SEM 5ol (A) -A S
SBF Jglowo ;o oyaiblss 59, ¥+ 5law (SPCL 3 PCL) J 5 sloasges g SPCLITHAD (g5 o005 550
Fig. 8. (A) SEM images of surface morphology of synthesized SPCL/rHAp nanocomposite in comparison with the
controls (i.e. PCL and SPCL); (B) SEM images of synthesized SPCL/rHAp nanocomposite and control samples (PCL
and SPCL) after 30 days of incubation in SBF solution.

oy = (o (oiien (59,1 S Giaglr (sl ah) o (g (oele llad G 6


https://arcpe.modares.ac.ir/article-38-54466-fa.html

[ Downloaded from arcpe.modares.ac.ir on 2024-11-24 ]

Jl:.eg,_....i) oJ._HS)J 9 PCL Lrbﬂ?"’f‘ LA_’)WU}’L:
el Loy Kl lee-a ca Mol gumge
ol ojlasl i je8 Lo THAP (gosgs (slwosisS 54
ol yman oy S sl a0 9 (5L8 osds odlcas
colyd joacs slal olde b ol YL el w;
ol b 5l Ceiign Ly SPCL o sSlya l —och
o Qloa C)l-»a‘ UPy sl wog,S Lo D8 a S
sl oty jemelSel cai (5 ,—Sojlul Sl
ol g bl SwlSe alS ] il ea
aS J o adly joasols Lii PCL asgel Ly aslie
G'_“"’)')l_’ g,b‘.llﬁ‘ )e_ALm.:Lc‘@LquQ.:)»)
03B asges L acalie po 1) (590l slace jonslS 5l
Olo oo Bzt ol a a>gi Lo ol s oauS
SPCL/ J5SIs0 5l (slaii j:alS il S 85 4o
—Seelsge i o—bs 9 (Jldi—s; ols> Lo THAD
slaanls sl el (30l Gloed 2l o
4z F I alols jo o Lacy 55l (ol plSxul
BUEUC A ] Y BN KNI OO RPN N e awe
Iy y—oduzn Lo, Loy Jedce ) slooass

o, S

Sloyas
4oy papass jplaleds 5l d Bl 5l ety
5 S bl b 4y (97GCUIM256440 o)les)

wolgeds Jdcan; laee ol 34

59 00iS y ollss ol oy mhw colus i
750k Jevme am oo 5 b oo Bl A e
J—sle oz Glojed S92y Lol 5o & 8ly )0 053 oe
o ol THAp &lyd550 glades Loz y alox
adawlg 4s 008 plaie; S e Jad Coghl g Lag]
Ple—> Sl )5 (B0 Sl gy sLadisy
V] P K S P N POV IS U L ] N - S WE L 93
abaly o bl W84S s bl lnle
G9y = Sladee JLoBu, Lo ol SauScugs 5l
69y e, ol ;b sl adlie s [V FN ] el
Vgl Sjellal oL Sl 5 Ll
ol=is @ d-A Sl 0508 e 8l ol o Slee
sl ;51 o o Lapld mha v LiBu, a5 o 0o
g do d S 0SS o et (5l —ine ,9—bay THAD
adox 5l (=l b ole 0 s SLis oy
Sloymy Gt a0 Slisn 4 Lol
e o (9o SLasn Giores 5 (H9Sdge
oy 4S5 by Wg S o ool Gl oSy
L SPCL/rHAp (slacy;a.malS ol 3z o0l jo .ol
g dad alw Gl —wdige 50 0,05 ol Gue
aloz 5l Lap] (s (oI55 (ot S o 4y
Jr—=5 sladised 5 (HoSg0pnl SmjomalSil o Ld
ailoa—s oa_lles SBF 2l o )'9) Yo oot S

S 5 boles oo eols las oA IS o
r""’) J)_».»S dubs.o.: A_in o ‘)HLSA ool i
PSR LI | PY- 4_a§5)_® 2388 (SPCL 4 PCL

P 2

AaS e ilo 08

Eo— 3l Lodee oo | slo sk EDX sl ) 5
st Lo Lol ol S5 iz il S
o> a S o wl HAp Jlécr oy olydg 56,5 o
g,‘_,.L:lSC}_.ajd_zd_».vuu_"c_:Lu‘ |)4Lu .\_Sb.n
555 6l 1, SPCLITHAD (sl aiy j5melS 5l VL,

G5 Az ¥
60)_3)5 uo|5_> 9 mejw.m).s ¢ Y dsJllas u_>‘ 39

SV ok - o ok 2,1 o Aoy (sl Ay G (Shpg oole aolilad


https://arcpe.modares.ac.ir/article-38-54466-fa.html

[ Downloaded from arcpe.modares.ac.ir on 2024-11-24 ]

wolgeds Jedian ) glale o34

&=l

[1] Weigel T, Schinkel G., Lendlein A., Design
and Preparation of Polymeric Scaffolds for Tis-
sue Engineering, Expert Review of Medical De-
vices, 3, 835-851, 2006.

[2] Sadat-Shojai M., Controlled Pattern of Cell
Growth in Modulated Protein Nanocomplexes:
Regulating Cells Spreading in Three Dimen-
sions, Materials Today, 21, 686-688, 2018.
[3] Nair L.S. Laurencin C.T, Biodegradable
Polymers As Biomaterials, Progress in Polymer
Science, 32, 762-798, 2007.

[4] Kouya T, Tada S.I., Minbu H., Nakajima Y.,
Horimizu M., Kawase T, Lloyd D.R., Tanaka T,
Microporous Membranes of PLLA/PCL Blends
for Periosteal Tissue Scaffold, Materials Letters,
95, 103-106, 2013.

[5] Hooshmand-Ardakani A., Talaei-Khozani T,
Sadat-Shojai M., Bahmanpour S., and Zarei-fard
N., In Vitro Characterization of Multilamellar Fi-
bers with Uniaxially Oriented Electrospun Type
I Collagen Scaffolds, Advances in Materials Sci-
ence and Engineering, 2020, 1-13, 2020.

[6] Sahoo N.G., Pan Y.Z,, Li L., He C.B., Nanocom-
posites for Bone Tissue Regeneration, Nano-
medicine, 8, 639-653, 2013.

[7] Bosman A.W,, Sijbesma R.P,, Meijer E.W,, Su-
pramolecular Polymers At Work, Materials To-
day, 7, 34-39, 2004.

[8] Mehmanchi M., Shokrollahi P, Atai M., Omid-
ian H., Bagheri R., Supramolecular Polycapro-
lactone Nanocomposite Based on Functional-
ized Hydroxyapatite, Journal of Bioactive and
Compatible Polymers, 27, 467-480, 2012.

[9] Sadat-Shojai M., Ghadiri-Ghalenazeri S., A
Modular Strategy for Fabrication of Responsive
Nanocomposites Using Functionalized Oligo-
caprolactones and Hydroxyapatite Nanopar-
ticles, New Journal of Chemistry, 44, 20155-
20166, 2020.

[10] Folmer B.],, Sijbesma R.P,, Versteegen R.M,,
Van der Rijt J.A.J., Meijer E.W,, Supramolecular
Polymer Materials: Chain Extension of Teleche-
lic Polymers Using a Reactive Hydrogen-Bond-
ing Synthon, Advanced Materials, 12, 874-878,
2000.

[11] Cho Y.S,, Choi S., Lee S.H., Kim K.K,, Cho Y.S,,
Assessments of Polycaprolactone/Hydroxyapa-
tite Composite Scaffold with Enhanced Biomi-
metic Mineralization by Exposure to Hydroxy-
apatite via a 3D-Printing System and Alkaline
Erosion, European Polymer Journal, 113, 340-

348, 2019.

[12] Sadat-Shojai M., Calcium Phosphate Re-
inforced Polyester Nanocomposites for Bone
Regeneration Applications, in: Depan, D. (Ed.),
Biodegradable Polymeric Nanocomposites:
Advances in Biomedical Applications, Taylor &
Francis Publisher (CRC Press), USA, 1-34, 2015.
[13] Wutticharoenmongkol P, Pavasant P, Su-
paphol P, Osteoblastic Phenotype Expression of
MC3T3-E1 Cultured on Electrospun Polycapro-
lactone Fiber Mats Filled With Hydroxyapatite
Nanoparticles, Biomacromolecules, 8, 2602-
2610, 2007.

[14] Thomas P.C., Thomas S.P, George G., Thom-
as S., Kuruvilla J., Impact of Filler Geometry and
Surface Chemistry on the Degree of Reinforce-
ment and Rhermal Stability of Nitrile Rubber
Nanocomposites, Journal of Polymer Research,
18, 2367-2378, 2011.

[15] Sadat-Shojai M., Moghaddas, H., How Ge-
ometry, Size, and Surface Properties of Tailor-
Made Particles Control The Efficiency of Poly
(3-Hydroxybutyrate-Co-3-Hydroxyvalerate)/
Hydroxyapatite Nanocomposites, Journal of Ap-
plied Polymer Science, 137, 49810, 2020.
[16] Catros S., Guillemot F, Lebraud E., Chan-
seau C., Perez S., Bareille R., Amédée ]., Fricain
J.C., Physico-Chemical and Biological Properties
of a Nano-Hydroxyapatite Powder Synthesized
at Room Temperature, Innovation and Research
in BioMedical engineering, 31, 226-233, 2010.
[17] Padmanabhan S.K., Balakrishnan A., Chu
M.C,, Lee YJ., Kim T.N., Cho S.J., Sol-gel Synthe-
sis and Characterization of Hydroxyapatite Na-
norods, Particuology, 7, 466-470, 2009.

[18] Blackwood D, Seah K., Electrochemical Ca-
thodic Deposition of Hydroxyapatite: Improve-
ments in Adhesion and Crystallinity, Materials
Science and Engineering C, 29, 1233-1238,
20009.

[19] Stulajterova R, Medvecky L, Effect of Cal-
cium Ions on Transformation Brushite to Hy-
droxyapatite in Aqueous Solutions, Colloids and
Surfaces A, 316, 104-9, 2008.

[20] Ali A.E, Alrowaili Z.A., El-Giar E.M., Ahmed
M.M., El-Kady A.M., Novel Green Synthesis of
Hydroxyapatite Uniform Nanorods via Micro-
wave-Hydrothermal Route Using licorice Root
Extract as Template, Ceramics International,
47, 3928-3937, 2021.

[21] Prakash V.C.A., Venda I., Thamizharasi V.,

oy = (o (oiien (69,1 S Giag sl ah) (A9 (oole aldad G A


https://arcpe.modares.ac.ir/article-38-54466-fa.html

[ Downloaded from arcpe.modares.ac.ir on 2024-11-24 ]

Sathya E., A New Attempt on Synthesis of Spher-
ical Nano Hydroxyapatite Powders Prepared by
Dimethyl Sulfoxide-Poly Vinyl Alcohol Assisted
Microemulsion Method, Materials Chemistry
and Physics, 259, 124097, 2021.

[22] Sun Y., Guo G., Tao D., Wang Z., Reverse Mi-
croemulsion-Directed Synthesis of Hydroxyap-
atite Nanoparticles Under Hydrothermal Con-
ditions, Journal of Physics and Chemistry of
Solids, 68, 373-377, 2007.

[23] Kokubo T., Takadama H., How Useful is SBF
in Predicting in Vivo Bone Bioactivity? Bioma-
terials, 27, 2907-2915, 2006.

[24] Pang Y.X., Bao X,, Influence of Temperature,
Ripening Time and Calcination on the Mor-
phology and Crystallinity of Hydroxyapatite
Nanoparticles, Journal of the European Ceramic
Society, 23, 1697-1704, 2003.

[25] Person A., Bocherens H., Mariotti A., Re-
nard M., Diagenetic Evolution and Experimen-
tal Heating of Bone Phosphate, Palaeogeog-
raphy, Palaeoclimatology, Palaeoecology, 126,
135-149, 1996.

[26] Sadat-Shojai M., Moghaddas H., Modulated
Composite Nanofibers with Enhanced Structur-
al Stability for Promotion of Hard Tissue Heal-
ing, Iranian Journal of Science and Technology,
Transaction A, Science, 45, 529-537, 2021.

[27] Li G., Wie ].]., Nguyen N.A., Chung W.]., Kim
E.T, Char K, Mackay M.E., Pyun ]., Synthesis,
Self-Assembly and Reversible Healing of Su-
pramolecular Perfluoropolyethers, Journal of
Polymer Science Part A: Polymer Chemistry, 51,
3598-3606, 2013.

[28] Xu S., Chang P, Zhao B., Adeel M., Zheng S.,
Formation of Poly(e-Caprolactone) Networks
via Supramolecular Hydrogen Bonding Inter-
actions, Chinese Journal of Polymer Science, 37,
197-207, 2019.

P ol - o i 50 e Giagd (ol Ay (o (B9 R (ale aolilad

wolgeds Jdcan; laee ol 34


https://arcpe.modares.ac.ir/article-38-54466-fa.html
http://www.tcpdf.org

