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Abstract : Hydrogels that are made of natural polymer-based double networks have excellent biocompatibility, low cytotoxicity,
and high water content, assuring that the material has the properties required for a variety of biomedical applications. However,
hydrogels also have limitations due to their relatively weak mechanical properties. In this study, hydrogels based on an alginate
di-aldehyde (ADA) and gelatin (Gel) double network that is reinforced with additional hydrogen bonds formed between the
hydroxyl (-OH) groups of the hyperbranched polymer (HPG) and the functional groups present inside of the hydrogels were
successfully synthesized. The enhanced mechanical properties of these synthesized hydrogels were evaluated by varying the
amount of HPG added during the hydrogel synthesis from 0 to 25%. In addition, magnetite nanoparticles (Fe;O4 NPs) were
synthesized within the hydrogels and the structures and the magnetic properties of the hydrogels were also characterized. The
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hydrogels that contained 15% HPG and Fe;O, NPs exhibited superparamagnetic behaviors with a saturation magnetization value
of 3.8 emu g'. These particular hydrogels also had strengthened mechanical properties with a maximum compressive stress of
1.1 MPa at a strain of 67.4%. Magnetic hydrogels made with natural polymer-based double networks provide improved
mechanical properties and have a significant potential for drug delivery and biomaterial application.
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Figure 1. Scheme of preparing novel natural polymer-based magnetic hydrogels reinforced with hyperbranched polyglycerol (HPG). (A)
Preparation of HPG. (B) Gelatin (Gel). (C) ADA-borax complex. (D) Organization of natural polymer-based hydrogels reinforced

with HPG followed by in-situ formation of Fe;O, NPs.
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Figure 2. (A) 'H-NMR and (B) “C-NMR spectra of the synthesized HPG showing the assignments of characteristic functional groups

of HPG.
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Figure 3. (A) 'H NMR spectrum of Alg and ADA with the assignments of characteristic hemiacetallic protons of oxidized structure of
ADA. (B) FT-IR spectra of the synthesized hydrogels with the assignments of characteristic IR bands corresponding to the
amide bonds of shiff base formed between the aldehyde groups of ADA and amine groups of Gel.

Fo A dH|sto]=et sto]=EA7] 7|57l &5k 2719
B52(5.3, 5.5 ppm)E AL 5 UTH[16]. Borax= FA|H|0]
EQ] slo|e&A 7|57t BAAIE FA5t] olgt dfu]of
Ag FEIE HAA71AL, Geldt ¥Egsto] stol=zd F/dol
o 4= e dHlstolE 715715 S7HIXIH12].

Figure 3BO| A= ADAS} Geldt HPG &F W& &3 89
= WHSAIA wHEolAl sto]E2 o4 ADAS] C=0 7]5719}
Gel9] offl 7]%57]9] ¥hg-o & el shiff §7]2] C=N 7]
5719 B9E7t 3502 eIl oE B3 slo|=2A
of & g AL & 4 AU

3.3. S|O|EZHO| O|M|CHRERX &0l

so|E2AL 33 IR E VA= 248, 7 EYE &
3 mAlthE RS FARITH3]. AAolA ADAS} Gel9] BH&-
o7 g4 sto]l=2Ao] thste] HPG =9, Fe;04 NPs2] =
o A} 5 SEMO]| o8l W&k YA Tlo] 2A 9
T2 7AA Y= 339 vAHEF 2 E ZR15HI T (Figure
4D-F). BE Z-9 slo|E2-ofA] A4 & BSo] HA] A%k
oung R MEYA 25 FAsIAHL & 3o 2
ARt AT 2 E B 715 Aol Bt AYE &5 &
At A7 AolE & o Wk g4 S5 7 S 9L, A9
e EA0 IF= 7I-H(17]. o2’ 33 v 2=
stolEzdo] BASHES stal, &9 FA4lko] 7HssHA s,
29E &9 28 £ 5 FARITHIS)

3.4. Sl0|EEH L Fe3O4 NPs2| MM &tolut 2™ EM
Lty |

A% BEo|A 9F3%0] ADA/Gel/HPG/Fe;0; NPs Blo]=
© Bdo] webd o]go] stol=2A YE AT W

T G7] 20N B w3l o5 Fes0s NP7t A E A

#[3], Figure 4HE B 23 U3 Fe,0, NP7} & H4k519)

== ¢ & Aok o] W TEM oA 2RY ZHT AR =4
7= et 107 + 3.5 nmo]t}.

Fe;0, NPsE TQI3t Slo|E249 XRD #4 ZAijoA
(220), (311), (400), (422), (511), (440) o] A-S3}= 20 = 30.5°,
35.6°, 42.9°, 52.9°, 57.1°, 62.8° oA H-L2EE YEY Ao
o]& &5l Fe;04 NPs7} Slo|EE24 wjEHA Yio] 2 &3t
5o} FAEALS oJu|tth(Figure 4G)[19]. EF 20 = 20.0°
oA Fotal W2 B9 E 7HAH 273 B-%2sol A
o ot A7 E 7HA= AL R Hol=t|, o]A2 At
2 o9 22 Ul JARY] A70[20,2119F O HIAH H &
Y TEASS] so|lE2AR e e 9 IS
"oy o FPETH22].

ADA/Gel/HPGS} ADA/Gel/HPG/Fe;0, NPs SFo] =2 & o] A]
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o, ojnff Blwg F So|EE- = FEFOE 15% HPG
St 7)1&S #8319} Figure SAS 2™ ADA/Gel/HPG 3}
o|E2A0] AL 7|EY =w[12]014 dFFRo] T 3HAY
2ol IS AX= AS FRlstd=Tl, 170 °CR 9] 271 F
F &4 dAoA = F2E ' /7189 59 Sl 9
ADA/Gel/HPGS®} ADA/Gel/HPG/Fe;0,4 NPs 5to|E 2o 4] z}
7+ 7.17, 1241% & £4o] BEEQ T, o]ojA] 170~270 °C
Hejo A 9] ADA AHE £ T@A|[23]19} CO, CO, 59 &3 &
Aol A= 22t 15.93, 20.98%9] F5F <4, 270~340 °C HRolA]
9] Gel AF& B3| dAlo) A=z} 38.02, 40.66% Z2% £-4lo] 3
ZE|Qlt}. HPGE| 9% 9F 400 °C FLo|A] Eoli7} =B =2 [24]
3AA DAl T sige ACoE HRIth ADA/Gel/HPG/Fe;0,
NPs Slo|E2AL2 T @2 2ZofA FARRE 23 IS B
t}. o]o] w3t 2= Wslo] gt nlEE Ve WY 2%
of thsto] Table 19 YEFRTH25]. 2O 2 Fe;0s NPs7}
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Figure 4. Optical micrographs of cylindrical hydrogels: (A) ADA/Gel, (B) ADA/Gel/HPG, and (C) ADA/Gel/HPG/Fe;0s NPs. Cross-
sectional scanning electron microscopy (SEM) images of porous hydrogels: (D) ADA/Gel with an average 3.9 um size of
micropores. (E) ADA/Gel/HPG with an average 4.9 pm size of micropores. (F) ADA/Gel/HPG/Fe;04 NPs with an average
5.2 pm size of micropores. Inset plots show histograms of measured pore size. (G) XRD patterns of the hydrogels showing
the characteristic peaks of Fe;O4 NPs overlayed by peak broadening due to the sub-10 nm size of Fe;O4 NPs and the surrounding
matrix of hydrogels. (H) Cross-sectional transmission electron microscopy (TEM) image of an average 10.7 nm diameter Fe;O4
NPs embedded within the hydrogels. Inset plot shows a histogram of measured Fe;O, NP diameter.

Table 1. Analysis of TGA measurements of ADA/Gel/HPG-15% and ADA/Gel/HPG-15%/Fe;04

A o E FAFETH22,25-27]. HA 1EA A S A
A= Fes04 NP7} MEAL ASS FLoHA XA 284
IS T 4= gloH, ofo] wet 1EA AREY olsAdo] F7
st d MEAAS AT ZHE-S ok Ao = g A ot
[25,26]. T3t Fe;04 NPs7} YEQT Y5O] ofg FEoA H

NPs hydrogels
Sample Ty (T2 Ty (TP Ty (T) Ty (T Yield (%)
ADA/Gel/HPG-15% 214.8 158.6 214.2 318.6 30.12
ADA/Gel/HPG-15%/Fe3;0, NPs 123.7 138.6 191.8 303.7 36.37

aTemperature of 10% mass loss.

dOnset decomposition temperature.

°The first derivative peak temperature.
dThe second derivative peak temperature.
eAt 593C.

T At EdLsHA 2xHo 23
= 2% HFHeR d2 T2
o] &+

Ao 2 AL .

Z] O
0

7}

2 5519 Ui
7} 30.12%, 36.37%=
HS E3 Fe;0; NPs7} Slo] =240 6.25 wit Latw
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3.5. X7 54 &4

Figure 5BO|A] VSM ZJH|E o|-&sto] 47| E4 45
o] Z}S-A71% = A (M-H hysteresis loop, M-H ZA)S &
T U=, FAOA SIAEHAA F7E ISER] A9k 2
7] 7187178 w9 7hakE FAdo] UEhth ESRRIS K saturation
magnetization, M), Z+FA}SHremanent magnetization, M,), LZ]
T SAEEAA R} ot 4IRS 2] 9 3
ol squareness ratio (M/M,)ol ThalA], Zz+e] Zko] 3.8 emu g,
0.20 emu g £ 7R M/M= 0.0539] 32 71A]=4), o] H]
£9°] 09] 7}771‘5# ARGl 7 AES Aol & 5
ULk 2AAEE 7= A= gEtA o g A A 2

=

o of

N

I WA= S nk 5] Attt AS dAlsH, ol
ot THQe ALE e {go g & | 7] HHE
= HiFEeh o]He YR T J EAHCE Qs oJF
7F AEE AAT T JAFASE A9 YERA] gh=th28).
wtehA] Slo]E 2™ o] AL ADA/Gel/HPG SFo] =2 o
TAEo] stol=gd YR tiEg A P4HE Fe;Os NPs2] &
Aol 71L& = Utk 53], FesOs NPsO] A9 Bt Lhe
A&} =717k 20 nm H[RHRl B9 2/FAHES HA H=H[29],
A% Ax} TEMO & == Uwzto] HH =277} 10.7 nm
o=, o3t Axet YA|ch= AFE YEH. stol=2A
Fe;0; NPs E3149] cé@ 1 ZOABHM,) B HAH (coersive
field, H)Z 7}t 4emu g' @ 14.8 0eCL 2 AR 229 A
BAQ B4 YEPATH22]. ol2et A Z3AIS} gk FeO,
NPsE H1L Q= stol=2d mjER A0 HiAby 7]of wzo
2 FHHEH ol 44 XRD A AT FX|RHh
ApEA7)1 I g 6 Y =2 4 Qe A Al
7191 ZEREE & 4= 919 =1, ADA/Gel/HPG/Fe;04 NPs 5}
olE 24 9] X5}x}5}7} oF 3.8 emu g'o|Yr}. o] L A7) K
7 =55 woMl= #old, EZtE A7) 4R =l
et JFS W) e 71E APAT FolA 10 wik%
Fe;O, NPsE E§SH xanthan gum 7|5H9] O}o]cigoﬂj‘i 2.6
emu g' Zhe 7T B E Qo w[18], PAAT} HEH Fe;0,
NPsE 15 wt% -3t ofAgAE 7|6te] slo]E 2o A= 5.44

oft

=740l FE Mz dd

A 719k 2Hg stelerAe] Az 17

emu g'o XSRS} ZhE ZHATH2S]. olet WA F 6.25
wi% Y W 3.8 emu g Fofl ok £ =R AT 2
et W PS W NP FF2 ¢ W5ole &5 ¥ &2
Ap71 28} g2 7H B3 o] e A| stol=2d FAH
of et 7] BAe] ZAZ QU5 AR 2719] Fe04 NPse]
=] (YA B 7] 142 nm, E3PASE 37 emu g'[30],
A Bt 371 10 nm, Z3FAFSE 56.42 emu g '[31])°]] M3 &
A8] RARE, o] ZIPAEL 2 A5 F/dE Y ¥ (magnetic
resonance imaging, MRI), A}7]- 2 Q ¥ (magnetic hyperthermia,
MH) o} Z2 A7 Hx 987 7|goA A7 A d5=
B9l S&3] &TH18,25,32].

ES} Figure 5BQ] 1] LojjA] E3} & A= 008 Fol=
d =AY Wool HANL oujshs Het ARASE M,
Zo] 242+ 14.85 Oe 2 0.20 emu g'0 82 2 2 7HRA =T,
o] g0l 224 A}l YA} ek A Eak). ofE A
g 59 58§ 2opllA AREsH | fsiM e dAE A1l 9
3 #4 B= ol &, A7l HlofgtE w A& Foi
2 A= AS AP Al A[ATIE FABHA @l &8
BHIE FAISH] HsiAe 23S 7Pk {33, 34]. o
A A Ule YRS EURE o=z Aol A2 o] A
PARE SEI] w2 ZPAS} g2 7 87 ofy=t A
A7) BEE E ¢ e 4ES 7 5 S5t st A
A g o B oFE A7 AAC AFgE Aor Helth
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3.6. HPG &0l M2 7[AX 24

HPGO] 3o w2 E409] IS AR AsiA &4
3t ADA/Gel/HPG 3Slo|=g249] 71412 B4 WsAd S
23] = s 245197 0)S £ 92 A= Figure 6
S9-g JA UrEMO*E} Figure 6A2] 5-8-1g 4
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Figure 5. (A) TGA graphs of ADA/Gel/HPG and ADA/Gel/HPG/Fe;05 NPs hydrogels showing the thermal stability. (B) Field-dependent
magnetization (M-H) curve of ADA/Gel/HPG/Fe;04 NPs hydrogel. Inset image shows remnant magnetization (M;) and coervice

field (H;) values of ADA/Gel/HPG/Fe;0, NPs hydrogels.
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Figure 6. (A) Strain and stress curves of the hydrogels as a function of HPG content (0 ~ 25%). (B) Strain and stress curves of the
swollen hydrogels of 15 and 20% HPG content with and without embedded Fe;O4 NPs within the hydrogels.
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Table 2. Maximum compressive strength, strain, and Young’s
modulus of ADA/Gel/HPG hydrogels as a function of
HPG contents

(% of total p Strain (%) modulus
monomer) strength (X103 MPa)
(MPa)
0 80.8 88.9 7.8
57.6 88.0 7.2
10 26.0 83.8 8.5
15 111.3 88.9 13.4
20 108.1 88.9 9.3
25 14.0 83.2 6.3

k2 sto|=2 Ao HIs|A 15% TF F= 2318 © F7t
gt FE2 7=, ol diF wEolA HPGY F75] B
stol=24 715717F =84 7 ade] S7HE 4oVl 9
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AAE F7Ysto] Ade ME9] A HBE 80%olA A &
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0.15 MPa Htfj ¢= A== 7]'1113:][36], ADA/Gelo]] AEZ2Q
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MPa £ 7HTH37]. T3 WA sto|=2 4 90] UukzQl Z|tf
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3.7. ADA/Gel/HPG/Fe304 NPs SIO|EZ2HIO| 7[AIX 24
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15, 20% HPG -5 sto] =243} of7]o] Fe;04 NPsE =QI3H
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2, 72 2742 ¢35}t 25, 20% HPG 3% slo|lE 2 e 72
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oF Aestoitt.

Fe;04 NPs2 E=QI3t stoj=2Ado] AL 7129 o 4=
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= HEE 47 124%, 102% 57t AW 45 dTe 47

2.6, 1.5 MPaz Zashs Ag2 B o#% @42 Fei04



HEA ERZEAEMHPG) F3HE E9l 71A1A 240 FgE M= A L&A 7N A ste|l==do AlE 19

NPso| AZA} 7t 29t HIEA0] Hla-s/dE st e
o= FAett 122 7t YEYAY] F2o] A Ule
UAE AFdshd Seet ARt FEHE JEA; Aroof] B2
Aol BA ol dAQl AAdo] AEIL o]t AW 27
o] 7HiEE o 38 HEE st YA Pl B2
A= solERAY &S fEtke 59 E4Z Bt
LA At mWEhA Fes04 NPs| o] S7Hda5= 1%
Eof I WY Eo] KT Hadke AR AlRETH38]. E
daHeR W2 7t Aol g4Ee] stol=rde 71l
o] ARl A Ut & =2 AdolA dojxl JE
= Z17k9] HPG &9 sto] 20| A Fes0s NPsE =AY
7] A3t FoA vt 9EZ 7H AR SHHUS Ed
Fe;04 NPs9| 9]0 & sto]=2 o] A &% e H4dt
QAR o2t SAHFZ 7|0 A YAE EYsHA e
et stol=2Ae] YA 243 vstRE W vsstA
W, "R ¥ U2 e 7R AeE gE A

ook b oy Rl

2 dFolME Alst dAH|C]E(ADA)SL et (Gel)o] ¥
got= olF HIEY 7I8te] stoj=2Ao] tfe] 4k7] 7
5718 7ML HPGE 7kelol 4 AT 7IWe] 7l Ag
2 7IA =/0] 3 A ALEA 7N se| =S AT
Ho= ghgstlet. At AIRE2 borax &9 2] F:E9F ADA,
Gelo] =S B3 2Fa}3laL, sfol=24 g4o] Badt
Al 2AEFA 12 wi%, 40:602] ADA:Gel, 0.025 M borax
Sd)ye EEotoinh g 7144 =40 283 HPG| o
g2 0~25% WA= A7l 15%Y 1 =0 BEA1714]
2 20A HPE 88.9%OA HH = A7} 1113 MPa
2 7P =0 Wad Stol =282 HPG & 15%Y o W
FE 55%NA Hd ¥F A 3.7 MPaE 7HATH ER, FesOs
NPsZ o] =& W2l in-sine FHOE FHote] A4o]
offl dd JIEA sho|=ErAE deFor skt 107
+ 3.5 nm I7]|2 & BAME Fe;04 NPs= in-situ H'H O 2 5}o]
=24 i ZYSIAS 1) 67.4%2 271 HPEL M
o A o2 ghash Ao o= A= 1.1 MPag 7HIT. ©]
] FE2 ADA/Gel/HPG-15%%2} ADA/Gel/HPG-15%/Fe;O4 NPs
oA Z+z} 0.0283 MPa%} 0.0300 MPaZ AR 3h& 7HA| D=
W FARE 71A14 248 7HIHAL & 5 ok §AE stol
=23} Fe,0, NPs £81& £3] AH4o] Fojgl sto|szae
t5dE 7H2 T, Fes0s NPsE QIS 73 A/do] Fois]
A g solmgdo] W Fag I vErih
Fe;0, NPs £9S Ed] AAJo] Hole sloj==2Ao] x7]3H
54 242 5 3.8 emu ¢ 9] 3G} g 7= 2A
A Btk FdE 7IAH 245 2R A7 545 7t
Ae a4 A A2 716k sto|=2d 2 22 oFE 94,
i, 9 o] Mgkt 7154 F22 Hof A7) i 24
o ofs A Ala" 8 oot A 2R 380l 7R
Ao R Hlth

—_

@)

!

10.

11.

4 A

o] =2 FAte VEATAEAECE)Y AEe T

References

Xing, W., Ghahfarokhi, A. J., Xie, C., Naghibi, S., Campbell,
J. A, and Tang, Y. “Mechanical Properties of a Supramolecular
Nanocomposite Hydrogel Containing Hydroxyl Groups
Enriched Hyper-Branched Polymers,” Polymers, 13(5), 805
(2021).

S5, 2, AT, S SRAL o] §3 FBAY 7]
%, News & Information for Chemical Engineers, 28(2),
171-177 (2010). https://www.cheric.org/research/tech/periodicals/
view.php?seq=820146

Jahanban-Esfahlan, R., Derakhshankhah, H., Haghshenas, B.,
Massoumi, B., Abbasian, M., and Jaymand, M., “A bio-inspired
magnetic natural hydrogel containing gelatin and alginate as
a drug delivery system for cancer chemotherapy,” Int. J. Biol.
Macromol., 156, 438-445 (2020).

Huang, X., Zhang, Y. X., Li, F., Zhang, J., Dai, Y. H., Shi,
M. Q., and Zhao, Y. X., “Highly efficient alginate-based
macromolecular photoinitiator for crosslinking and toughening
gelatin hydrogels,” J. Polym. Sci., 58(10), 1439-1449 (2020).
Hu, X. S., Liang, R, Li, J., Liu, Z. P., and Sun, G. X,
“Mechanically strong hydrogels achieved by designing
homogeneous network structure,” Mater. Des., 163, 107547
(2019).

Dehbari, N., Tavakoli, J., Khatrao, S. S., and Tang, Y., “In
situ polymerized hyperbranched polymer reinforced poly
(acrylic acid) hydrogels,” Mater. Chem. Front., 1(10), 1995-
2004 (2017).

Mathew, M., Rad, M., Mata, J., Mahmodi, H., Kabakova, I.,
Raston, C., Tang, Y., Tipper, J., and Tavakoli, J., “Hyper-
branched polymers tune the physicochemical, mechanical, and
biomedical properties of alginate hydrogels,” Mater. Today
Chem., 23, 100656 (2022).

Sirivat, A., and Paradee, N., “Facile synthesis of gelatin-coated
Fe;04 nanoparticle: Effect of pH in single-step co-precipitation
for cancer drug loading,” Mater. Des., 181, 107942 (2019).
Okochi, M., Takano, S., Isaji, Y., Senga, T., Hamaguchi, M.,
and Honda, H.,“Three-dimensional cell culture array using
magnetic force-based cell patterning for analysis of invasive
capacity of BALB/3T3/v-src,” Lab Chip., 9(23), 3378-3384
(2009).

Shi, Q., Liu, H,, Tang, D. D., Li, Y. H., Li, X. J., and Xu,
F., “Bioactuators based on stimulus-responsive hydrogels and
their emerging biomedical applications,” NPG Asia Mater., 11,
64 (2019).

Sunder, A., Hanselmann, R., Frey, H., and Miilhaupt, R.,
“Controlled synthesis of hyperbranched polyglycerols by



20

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

. HFX

ALd - gALS - AAE -9 E - e

o

A%

ring-opening multibranching polymerization,” Macromolecules,
32(13), 4240-4246 (1999).

Resmi, R., Parvathy, J., John, A., and Joseph, R., “Injectable
self-crosslinking hydrogels for meniscal repair: A study with
oxidized alginate and gelatin,” Carbohydr. Polym., 234, 115902
(2020).

Holter, D., Burgath, A., and Frey, H., “Degree of branching
in hyperbranched polymers,” Acta Polym., 48(1-2), 30-35
(1997).

Sarker, B., Zehnder, T., Rath, S. N., Horch, R. E., Kneser, U,
Detsch, R., and Boccaccini, A. R., “Oxidized Alginate-Gelatin
Hydrogel: A Favorable Matrix for Growth and Osteogenic
Differentiation of Adipose-Derived Stem Cells in 3D,” ACS
Biomater. Sci. Eng., 3(8), 1730-1737 (2017).

Sarker, B., Singh, R., Silva, R., Roether, J. A., Kaschta, J.,
Detsch, R., Schubert, D. W., Cicha, 1., and Boccaccini, A. R.,
“Evaluation of Fibroblasts Adhesion and Proliferation on
Alginate-Gelatin Crosslinked Hydrogel,” PLoS One, 9(9),
€107952 (2014).

Gomez, C. G., Rinaudo, M., and Villar, M. A., “Oxidation of
sodium alginate and characterization of the oxidized
derivatives,” Carbohydr. Polym., 67(3), 296-304 (2007).
Zheng, S., Shin, J. Y., Song, S. Y., Yu, S. J., Suh, H., and
Kim, I,
Hydrogels for the Removal of Heavy Metal lons,” J. Appl.
Polym. Sci., 131(16), 40610 (2014).

Ribeiro, M., Boudoukhani, M., Belmonte-Reche, E., Genicio, N.,
Sillankorva, S., Gallo, J., Rodriguez-Abreu, C., Moulai-Mostefa,
N., and Banobre-Lopez, M., ‘“Xanthan-Fe;O, Nanoparticle
Composite Hydrogels for Non-Invasive Magnetic Resonance

“Hexafunctional Poly(propylene glycol) Based

Imaging and Magnetically Assisted Drug Delivery,” ACS Appl.
Nano Mater., 4(8), 7712-7729 (2021).

Si, S., Kotal, A., Mandal, T. K., Giri, S., Nakamura, H., and
Kohara, T., “Size-controlled synthesis of magnetite nanoparticles
in the presence of polyelectrolytes,” Chem. Mater., 16(18),
3489-3496 (2004).

Lee, J., Isobe, T., and Senna, M., “Preparation of ultrafine Fe;O4
particles by precipitation in the presence of PVA at high pH,”
J. Colloid Interface Sci., 177(2), 490-494 (1996).

Cullity, B. D., “Elements of X-ray Diffraction,” Addison-Wesley
(1956). Publishing Company. https://books.google.co.kr/books?id
=XJVCgGFTODMC

Sivudu, K. S., and Rhee, K. Y., “Preparation and characterization
of pH-responsive hydrogel magnetite nanocomposite,” Colloids
Surf. A., 349(1-3), 29-34 (2009).

Wang, H. C,, Chen, X. Q., Wen, Y. S., Li, D. Z., Sun, X.
Y., Liu, Z. W., Yan, H. Q., and Lin, Q., “A Study on the
Correlation between the Oxidation Degree of Oxidized Sodium
Alginate on Its Degradability and Gelation,” Polymers, 14(9),
1679 (2022).

Shen, Y. Y., He, G. J., Guo, Y. S., Xie, H. J., and Fang, W.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

J., “Modified Hyperbranched Polyglycerol as Dispersant for
Size Control and Stabilization of Gold Nanoparticles in
Hydrocarbons,” Nanoscale Res. Lett., 12, 525 (2017).
Pooresmaeil, M., Mansoori, Y., Mirzacingjad, M., and
Khodayari, A., “Efficient Removal of Methylene Blue by Novel
Magnetic Hydrogel Nanocomposites of Poly(acrylic acid),”
Adv. Polym. Technol., 37(1), 262-274 (2018).

Kirchberg, S., Rudolph, M., Ziegmann, G., and Peuker, U. A.,
“Nanocomposites Based on Technical Polymers and Sterically
Functionalized Soft Magnetic Magnetite Nanoparticles:
Synthesis, Processing, and Characterization,” J. Nanomater.,
2012, 670531 (2012).

Xu, J. H,, Wang, P., Zou, Y. J., Zhang, S., Huang, C. X., Liu,
L., Yu, J., and Fan, Y. M., “One-Step Preparation of Fe;O./
Nanochitin Magnetic Hydrogels with Remolding Ability by
Ammonia Vapor Diffusion Gelation for Osteosarcoma
Therapy,” Biomacromolecules, 23(3), 1314-1325 (2022).
Singh, A. K., Srivastava, O. N., and Singh, K., “Shape and
Size-Dependent Magnetic Properties of Fe;Os Nanoparticles
Synthesized Using Piperidine,” Nanoscale Res. Lett., 12, 298
(2017).

Li, B. Q., Jia, D. C., Zhou, Y., Hu, Q. L., and Cai, W., “In
situ hybridization to chitosan/magnetite nanocomposite induced
by the magnetic field,” J. Magn. Magn. Mater., 306(2), 223-227
(2006).

Bertolucci, E., Galletti, A. M. R., Antonetti, C., Piccinelli, F.,
Marracci, M., Tellini, B., and Visone, C., “Chemical and
Magnetic Properties Characterization of Magnetic Nanoparticles,”
2015 leee International Instrumentation and Measurement
Technology Conference (I2MTC), 1492-1496 (2015).

Joshi, R., Singh, B. P., and Ningthoujam, R. S., “Confirmation
of highly stable 10 nm sized Fe;O4 nanoparticle formation at
room temperature and understanding of heat-generation under
AC magnetic fields for potential application in hyperthermia,”
AIP Adv., 10(10), 105033 (2020).

Patil, R. M., Shete, P. B., Thorat, N. D., Otari, S. V., Barick,
K. C, Prasad, A., Ningthoujam, R. S., Tiwale, B. M., and Pawar,
S. H., “Superparamagnetic iron oxide/chitosan core/shells for
hyperthermia application: Improved colloidal stability and
biocompatibility,” J. Magn. Magn. Mater., 355, 22-30 (2014).
Chomoucka, J., Drbohlavova, J., Huska, D., Adam, V., Kizek,
R., and Hubalek, J., “Magnetic nanoparticles and targeted drug
delivering,” Pharmacol. Res., 62(2), 144-149 (2010).
Medeiros, S. F., Santos, A. M., Fessi, H., and Elaissari, A.,
“Stimuli-responsive  magnetic  particles for biomedical
applications,” Int. J. Pharm., 403(1-2), 139-161 (2011).
Xu, X. W., Jerca, F. A., Van Hecke, K., Jerca, V. V., and
Hoogenboom, R., “High compression strength single network
hydrogels with pillar[5]arene junction points,” Mater. Horiz.,
7(2), 566-573 (2020).

. Wang, K. Y., Jin, X. Y., Ma, Y. H, Cai, W. J., Xiao, W.



37.

HEA ERZEAEMHPG) F3HE &9l 71A1A B4 FdE M= A L&A 71N A stel=z2do Az 21

Y., Li, Z. W., Qi, X, and Ding, J., “Injectable stress relaxation
gelatin-based hydrogels with positive surface charge for
adsorption of aggrecan and facile cartilage tissue regeneration,”
J. Nanobiotechnology, 19(1), 214 (2021).

Jing, Y. D., Mahmud, S., Wu, C. F., Zhang, X. M., Su, S.
P., and Zhu, J., “Alginate/gelatin mineralized hydrogel modified
by multilayers electrospun membrane of cellulose: Preparation,

38.

properties and in-vitro degradation,” Polym. Degrad. Stab., 192,
109685 (2021).

Haider, H., Yang, C. H., Zheng, W. J., Yang, J. H., Wang,
M. X,, Yang, S., Zrinyi, M., Osada, Y., Suo, Z. G., Zhang,
Q. Q., Zhou, J. X, and Chen, Y. M., “Exceptionally tough
and notch-insensitive magnetic hydrogels,” Soft Matter, 11(42),
8253-8261 (2015).



