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ABSTRACT

ypothesis: The biodegradable and biocompatible hydrogels from bio-based
Hpolymers are widely used in various biomedical applications, including drug
delivery, tissue engineering, and wound healing. This study hypothesizes that
by grafting acrylamide onto kappa-carrageenan and incorporating magnetic Fe,O,
nanoparticles, a hydrogel with improved properties is developed with potential for

broad biomedical applications.
Methods: A nanocomposite hydrogel, K-carrageenan-grafted-polyacrylamide/Fe,O,
(kC-g-PAAm/Fe,0,), was synthesized. The process involved the preparation of
Fe,O, nanoparticles and the modification of kC polysaccharide through acrylamide
graft polymerization. Cross-linking reactions between polymer chains and the
incorporation of Fe,O, nanoparticles in the hydrogel matrix were carried out during
the polymerization process. The chemical, morphological, thermal stability, magnetic
behavior, and porosity properties of the nanocomposite hydrogel were characterized.
Findings: TXRD analysis revealed that the nanocomposite hydrogel exhibited
characteristic peaks corresponding to Fe O, and kC, indicating an improvement
in crystallinity compared to pure kC-g-PAAm. TGA results showed that the
K-carrageenan, nanocomposite had significantly higher thermal stability compared to pure
k-carrageenan, with a residual weight of 21% at 800 °C. VSM analysis demonstrated
superparamagnetic properties, with a saturation magnetization of 12.173 emu g'.
hydrogel nanocomposite, Furthermore, BET surface area analysis indicated that kC-g-PAAm had a specific
graft polymerization surface area of 200.55 m?.g”, significantly higher than that of pure kC, which was
attributed to the three-dimensional network formed through graft polymerization and
cross-linking reactions. Swelling experiments revealed that the kC-g-PAAm hydrogel
absorbed as much as 2200% of water, while the kC-g-PAAm/Fe O, sample showed
a slightly lower swelling capacity of 2080%, due to the nanoparticles restricting the
network's flexibility. Gel content analysis indicated that the retained gel fractions were
74% and 81% for kC-g-PAAm and kC-g-PAAm/Fe,O,, respectively, demonstrating
enhanced network stability in the presence of nanoparticles. These findings suggest
that the synthesized nanocomposite hydrogel exhibits improved properties for

biomedical application.
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Surface area | Pore volume | Pore size
Sample
(m*.g™") (cm’.g") (nm)
kC-g-PAAm 200.553 0.186 37.058
kC-g-PAAm@Fe,0O, 2.361 0.008 137.490
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Fig. 9. The results of the swelling behavior of kC-g-PAAm and :kC-g-PAAm@Fe.O,: (a) swelling in distilled water, (b) swelling

results in the salt solution, (¢) the effect of pH on swelling, and (d) the effect of temperature on swelling (25, 40, and 55 °C).
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Table 2. Comparison of several properties of the kC-g-PAAm@Fe,O, with other similar magnetic hydrogels.

Magnetic Saturation
Sample Thermal stability Swelling Ref.
(emu/g)
kC-g-PAAm@Fe O, 12.73 41% up to 800°C 2080% This work

Magnetic graphene quantum dot/chitosan 2.87 - 90% [42]
CMC/diatomaceous G?I'th grafted with 73 45% up to 800°C 120 /e [37]

acrylamide
Sodium CMC using acrylamide and 0.35 40% up to 600°C 200 g/g [38]

acrylic acid
Magnetic CD/cellulose 15 - 15.6 g/g [43]
Gelatin-based magnetic hydrogels 26 30% up to 650°C 900% [44]

6);479;0 pH slals s £o5 ok, ;»140 3 dids ol le

5 el ST s oy b OLSUSLS s b ek
Sty Cu sl 5b 5 s S 5 Fe,0, wablie 1350 50
kC-g-PAAM@Fe 0, codia g o 508 sl 0S4 T 3 lams
Csllas ola S5 slls pbaasin 5 ool glagsasl sl
U R 5 LAY -t I [ PP
sy WL b8 caslis (ollae bl ol ol
G g 0L oy sl sdosls OLiS ablael )l S5y 50
sl 4 b5 ladlasl STy 5 OLSIS-LI 55 Al b ST
Fe,0, )50 0sls )l 3 .48 e (gdman (§5 sl J5 5,08
Sl 5 0l ey Aol b KC-g-PAAmM J3 5,0 &S5 o
Ao ebliael bl Ol Sllu syl Cxge e sladlas]
SS1as KC-g-PAAM & 505 ls OLE Loy slaiules] =k
ol 53 VoA ssu- kC-g-PAAM@Fe,0, «sai 5 YVor7.
5 okiS  Olyew FeO, &3 sl 5oy ol s S ol e
Sk Sl b Saoda b iSen Sl sdes b
poss a8 apdoe |y Sl (g pdillan) i b J3ssde
S om0 bl Bl IS Glyme pmen ol 0l S WS
e D3l gbls 5 DAl Oak slaaises sl bk
3y bl ool Rl Sily &S As 38 AV 5 VY
G e i ss (65 skt o 5mlS 50l .l D13 50

J..J:Lv alls é&ﬁw) Loy > 6‘”]7“5 LSL‘SJJ-.')[S Ju‘)sda

LE ] AS o yoiia gmo 5 e slas 58 5 il
ool 5 b)) Al 5 d5s,d o5 bes JIOLL 5o
55 UK 53 00 °C 5 ¥ X0 glas e s ailesT ams 4
ilisen (glalos 53 W5 5s o5 il talie LG (@) 4 IS
ol 3L syls 3 s oSl jlle 5 b S 63 i ces
g1 4 T 358 5 ot i ST slad sS05e b (551 oo
2031 o SRl e 5 e 3 05 e Olal U550 oS
Sl s Ol 5 ST S ES o0 2 (S Sl s 58l
Aisu o e b ol Sl s g pdilanl &S 55l e g el
Fe,0, =iy 56 @yl 45 KC-g-PAAM@Fe 0, « j 50lS 5L 53
Osls Sladiped boamlin 55 1 oo s i S o
Gl RIO0°C B Y sams oy 55 ar S1.AS oo 55 5dmme oS 3500
Sei I 5 el SLES J2alS b5 sl slales 53 il
el e e =
6345 Cenl o3 55 Sl s 25l los 4 lem slaslle
KC- ozt b J3 55008 S5 5008 50 sla S35 Y Jsdr )3 )l
Ll odd anslie 4l sadSg 0e & L g-PAAM@Fe,O,
(Yoo b3 pss slls KC-g-PAAM@Fe,0, o 5uelS L
3Ly b S sl s OV emu/g) sl gLl bl
J3oen has o 0L aglis ol ol (Ave °C glas b YY)
bl gLl 55 5 b S ol ol Sl leas Sk

CM‘ )b)}}f L;‘.wl.w

&Y 653-)3T D o)losh it 9o Jbw youly (5391935 9 pole ool alxo ZOA



e QUSTHE-LLS (53593 SaoTJa S Th-Fe, 0, 5591015936 U390 3ud (liduastine 9 dus

g ool (oS 5odn glas S sl sl aile Jl ele
Sl T s O T s (e gt Skl
53 bl 5 sl LIS Gl Ol geay K15 e o)l
(LK, 5 b o sl s isesl) N5 g5l glaedo VT Gl

Ao anils (gles 1S glas oS

ELY
w‘ov\.icbu‘f"‘?'\f AJMC})\aMw;f(INSF))fLS

&Iy

1. Nobakht-Asl F. and K.-T., Synthesis and Characterization of
Magnetic Nanocomposite Hydrogels Based on Modified Xan-
than Gum, /ran. J. Chem. Chem. Eng., 35, 33-38, 2017.

2. Attar-Seydi S.S. and Mokhtari M., Preparation and Character-
ization of Gelatin-Poly(vinyl alcohol) Hydrogel for Fluvox-
amine Maleate Delivery, Iran. J. Chem. Chem. Eng., 42, 19-29,
2024.

3. Dabbaghi A., Jamshidi H., Zohuriaan-Mehr M.J., and Kabiri
K., Ramazani A., Biobased Acids in Production of Hybrid
Superabsorbent Polymer Hydrogels: A Review, lran. J. Polym.
Sci. Technol. (Persian), 34, 207-231, 2021.

4. Polat T.G., Duman O., and Tung S., Agar/k-Carrageenan/Mont-
morillonite Nanocomposite Hydrogels for Wound Dressing
Applications, Int. J. Biol. Macromol., 164, 4591-4602, 2020.

5. Karoyo A.H. and Wilson L.D., A Review on the Design and
Hydration Properties of Natural Polymer-Based Hydrogels,
Materials (Basel), 14, 1-36, 2021.

6. Afruzi FH., Abdouss M., Zare E.N., Rezvani Ghomi E.,
Mahmoudi Sh., and Esmaeely Neisiany R., Metal-Organic
Framework-Hydrogel Composites as Emerging Platforms
For Enhanced Wound Healing Applications: Material Design,
Therapeutic Strategies, and Future Prospects, Coord. Chem.
Rev., 524, 216330, 2025.

7. Bao Z., Xian C., Yuan Q., Liu G., and Wu J., Natural Polymer
Based Hydrogels with Enhanced Mechanical Performances:
Preparation, Structure, and Property, Adv. Healthc. Mater., 8,
€1900670, 2019.

8. Hafezi M., Khorasani S.N., Khalili S., and Neisiany R.E., Self-
Healing Interpenetrating Network Hydrogel Based on GelMA/

Zb‘\ &Y 53—)3T D ojlass Ra 9 o Jw rosly $I99iss 9 pole (sole Alxe

Sl 5 renl 5 Bl sl Sns Jdse
Ladsr gla e Olyea L8 s KC-g-PAAM@Fe,O,
L;E.:NJL?‘-.;\l{er}jﬁﬂjJJ_}))"Q%L»}J{Q}P“’SJ)JeJL&w‘
j>Q}M&:q‘w.ﬁydﬁ1)r}jsﬁ‘g)¥f
2 Alg e iaelSEl sl olle sa S
4 a8 5sd oslinal gdman lacan Iy sl (gl Bl g
WJGL:.A\)L_' ;}_:J .J\AJL;A b Lo _)'iL“; 9 .,Lj:) o)'b.-\ LAJ}LW
.L:.é.ﬁ j:’ Lﬁ'{‘;ﬁ Ls)bj'fjij“’a; 9 @lﬁ‘)b LSLA"J{JS BE PLEIN Y
LsLAAij u.l.:a‘: L; okl C_,.;”)).:JSJ.:L: Cpmmmat 3 g .th;—

Alginate/Nano-Clay, Int. J. Biol. Macromol., 242, 124962,
2023.

9. Pereira A.G.B., Rodrigues F.H.A., Paulino A.T., Martins A.F.,
and Fajardo A.R.., Recent Advances on Composite Hydrogels
Designed for the Remediation of Dye-Contaminated Water and
Wastewater: A Review, J. Clean. Prod., 284, 124703, 2021.

10. Pahlevanneshan Z., Deypour M., Kefayat A., Rafienia M.,
Sajkiewicz P. , Esmaeely Neisiany R., and Enayati M.S., Poly-
urethane-Nanolignin Composite Foam Coated with Propolis as
a Platform for Wound Dressing: Synthesis and Characteriza-
tion, Polymers (Basel), 13, 3191, 2021.

11. Mehdi Salehi M., Rajabi K., Hassanzadeh Afruzi F., Ganjali
F., Maleki A., and Nazarzadeh Zare E., Highly Efficient
Remediation of Chlorpyrifos and Malachite Green by an
SBA-15 Incorporated Guar Gum-Grafted-Poly(acrylic acid)/
Cobalt Ferrite Matrix for Water Purification, Arab. J. Chem.,
17, 105751, 2024.

12. Hassanzadeh-Afruzi F., Maleki A., and Zare E.N., Novel
Eco-Friendly Acacia Gum-Grafted-Polyamidoxime@Copper
Ferrite Nanocatalyst for Synthesis of Pyrazolopyridine Deriva-
tives, J. Nanostructure Chem., 13, 451-462, 2023.

13. Mokhtari H., Tavakoli S., Safarpour F., Kharaziha M., Bakh-
sheshi-Rad H.R, Ramakrishna S., and Berto F.., Recent
Advances in Chemically-Modified and Hybrid Carrageenan-
Based Platforms for Drug Delivery, Wound Healing, and Tissue
Engineering, Polymers (Basel), 13, 1744, 2021.

14. Hassanzadeh-Afruzi F., Forouzandeh-Malati M., Ganjali F.,
Mehdi Salehi M., Maleki A., and Nazarzadeh Zare E., Carra-

geenan-Grafted-Poly(acrylamide) Magnetic Nanocomposite



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

S Obled 9 93l o3y akh 8

Modified with Graphene Oxide for Ciprofloxacin Removal
from Polluted Water, Alexandria Eng. J., 82, 503-517, 2023.
Salehi M.M., Hassanzadeh-Afruzi F., Heidari G., Maleki A.,
Nazarzadeh Zare E., In Situ Preparation of MOF-199 into
the Carrageenan-Grafted-Polyacrylamide@Fe,0, Matrix for
Enhanced Adsorption of Levofloxacin and Cefixime Antibiotics
from Water, Environ. Res., 233, 116466, 2023.

Meena R., Prasad K., Mehta G., and Siddhanta A.K., Synthe-
sis of the Copolymer Hydrogel k-Carrageenan-Graft-PAAm:
Evaluation of Its Absorbent and Adhesive Properties, J. Appl.
Polym. Sci., 102, 5144-5152, 2006.

Gupta A.K. and Gupta M., Synthesis and Surface Engineering
of Iron Oxide Nanoparticles for Biomedical Applications,
Biomaterials, 26, 3995-4021, 2005.

Sun C., Lee J.S.H., and Zhang M., Magnetic Nanoparticles in
MR Imaging and Drug Delivery, Adv. Drug Deliv. Rev., 60,
1252-1265, 2008.

Shen Z., Wu A., and Chen X., Iron Oxide Nanoparticle Based
Contrast Agents for Magnetic Resonance Imaging, Mol
Pharm., 14, 1352-1364, 2017.

Rezanejad-Borji Q. and Hosseini S.S., Synthesis of Iron
Nanocomposite Hydrogel and Investigation of the Release of
Anticancer Drug Doxorubicin, /ran. J. Chem. Chem. Eng., 38,
67-78,2019.

LiJ., Celiz A.D., Yang J., and Yang Q., Wamala I. , Whyte W.,
Seo B.R., Vasilyev N.V. , Vlassak , Suo Z., and Mooney D.J.,
Tough Adhesives for Diverse Wet Surfaces, Science, 357, 378-
381,2017.

Fahmy H.M., Aly A.A., Sayed S.M., and Abou-Okeil A.,
K-carrageenan/Na-Alginate Wound Dressing with Sustainable
Drug Delivery Properties, Polym. Adv. Technol., 32, 1793-
1801, 2021.

Ozbas Z.,0zkahraman B., Bayrak G., Kili¢ Siiloglu A., Pergin
I., Boran F., and Tamahkar E., Poly(vinyl alcohol)/(hyaluronic
acid-g-kappa-carrageenan) Hydrogel as Antibiotic-Releasing
Wound Dressing, Chem. Pap., 75, 6591-6600, 2021.
Yilmaz-Aykut D., Torkay G., Kasgoz A., Shin S.R., Bal-
Ozturk A., and Deligoz H., Injectable and Self-Healing Dual
Crosslinked Gelatin/Kappa-Carrageenan Methacryloyl Hybrid
Hydrogels via Host-Guest Supramolecular Interaction for
Wound Healing, J. Biomed. Mater. Res. Part B: Appl. Biomater-.,
111, 1921-1937, 2023.

Deng Y., Huang M., Sun D., Hou Y., Li Y., Dong T., Wang
X., Zhang L., and Yang W., Dual Physically Cross-Linked

26.

27.

28.

29.

30.

31.

32.

33.

34.

&Y 653-)3T D o)losh it 9o Jbw youly (5391935 9 pole ool alxo

- QUL b 359 30T oS Tk Fe 0, Hiaissolsil UJg)aud lduasuine 9 dnd

k-Carrageenan-Based Double Network Hydrogels with Superi-
or Self-Healing Performance for Biomedical Application, ACS
Appl. Mater. Interfaces, 10, 37544-37554, 2018.
Hassanzadeh-Afruzi F., Dogari H., Esmailzadeh F., Maleki
A., Magnetized Melamine-Modified Polyacrylonitrile (PAN@
melamine/Fe,0,) Organometallic Nanomaterial: Preparation,
Characterization, and Application as a Multifunctional Catalyst
in the Synthesis of Bioactive Dihydropyrano [2,3-c]Pyrazole
and 2-Amino-3-cya, Appl. Organomet. Chem., 35, 2021.
Lakouraj M.M., Hasanzadeh F., and Zare E.N., Nanogel and
Super-Paramagnetic Nanocomposite of thiacalix[4]arene Func-
tionalized Chitosan: Synthesis, Characterization and Heavy
Metal Sorption, lran. Polym. J., 23, 933-945, 2014.

Beigi P., Ganjali F., Hassanzadeh-Afruzi F., Salehi M.M., and
Maleki A., Enhancement of Adsorption Efficiency of Crystal
Violet and Chlorpyrifos Onto Pectin Hydrogel@Fe,O,-Benton-
ite as a Versatile Nanoadsorbent, Sci. Rep., 13, 10764, 2023.
Tabatabaeian R., Dinari M., and Aliabadi H.M., Cross-Linked
Bionanocomposites of Hydrolyzed Guar Gum/Magnetic
Layered Double Hydroxideasan Effective Sorbent for Methylene
Blue Removal, Carbohydr. Polym., 257, 117628, 2021.
Hassanzadeh-Afruzi F., Salehi M.M., Ranjbar G., Esmailzadeh
F., Hanifehnejad P., Azizi M., Eshrati Yeganeh F., and Male-
ki A., Utilizing Magnetic Xanthan Gum Nanocatalyst for the
Synthesis of Acridindion Derivatives via Functionalized
Macrocycle Thiacalix[4]arene, Sci. Rep., 13, 22162, 2023.
Wang W.-N., Widiyastuti W., Wuled Lenggoro 1., Oh Kim T.,
Okuyama K., Photoluminescence Optimization of Luminescent
Nanocomposites Fabricated by Spray Pyrolysis of a Colloid-
Solution Precursor, J. Electrochem. Soc., 154, J121, 2007.
Akhtar K., Khan S.A., Khan S.B., and Asiri A.M., Scan-
ning Electron Microscopy: Principle and Applications in
Nanomaterials Characterization, In Handbook of Materials
Characterization, Springer International, Cham, 113—-145, 2018.
Hassanzadeh-Afruzi F., Maleki A., and Zare E.N., Efficient
Remediation of Chlorpyrifos Pesticide from Contaminated
Water by Superparamagnetic Adsorbent Based on Arabic
Gum-Grafted-Polyamidoxime, Int. J. Biol. Macromol., 203,
445-456, 2022.

Zheng Y., Yang J.,Yang R.,Wang A., Dengb B., Peng F., Pend
Y., He L., and Fu L., Novel Carrageenan/Reduced Graphene
Oxide/Ag Composite as Adsorbent for Removal Methylene
Blue from Aqueous Solution, Dig. J. Nanomater. Biostructures,
10, 349-357, 2015.

&7



35.

36.

37.

38.

39.

- QWS- b (53392 3o T sS Tk Fe,0, 55980550 Ujo)r3ud (bdsasuiio 9 dns

Fanourakis S.K., Barroga S.Q., Perez J.V.D., He L., Rodrigues
D.F., In Situ Polymerization of Polypyrrole and Polyaniline on
the Surface of Magnetic Molybdenum Trioxide Nanoparticles:
Implications for Water Treatment, ACS Appl. Nano Mater., 4,
12415-12428, 2021.

Poursadegh H., Barzegarzadeh M., and Amini-Fazl M.S., Mag-
netic Graphene Quantum Dot/Chitosan Bionanocomposite
Hydrogel Beads for Drug Delivery System: Synthesis and Ap-
plication, Iran. J. Polym. Sci. Technol. (Persian), 36, 409-420,
2023.

Ghasemzadeh Mohammadi H., Jamshidbeigi S., and Dargahi
M., Nanomagnetic Hydrogels Based on Carboxymethylcel-
lulose/Diatomaceous Earth Grafted with Acrylamide for
Adsorption of Cationic Crystal Violet Dye. lran. J. Polym. Sci.
Technol. (Persian), 31, 171-185, 2018.
GeramipourM.andBardajeeG.R.,Synthesisand Characterization
of Iron Magnetic Nanocomposite Hydrogel Based on Modified
Sodium Carboxymethyl Cellulose Using Acrylamide and
Acrylic Acid and Investigation of Drug Delivery Properties.
Iran. J. Polym. Sci. Technol. (Persian), 29, 265-275, 2016.
Mahmoudian M. and Zanbili F., Investigation of Self-Healing
Properties of Natural Nanocomposite Hydrogels Modified
with Polyacrylamide for Medical Applications, Iran. J. Chem.

Z?‘ &Y 53—)3T D ojlass Ra 9 o Jw rosly $I99iss 9 pole (sole Alxe

40.

41.

42.

43.

44.

Chem. Eng., 42, 31-44, 2024.

Pourjavadi A., Bassampour Z., Ghasemzadeh H., Nazari M.,
Zolghadr L., Hosseini S.H., Porous Carrageenan-g-Polyacryl-
amide/Bentonite Superabsorbent Composites: Swelling and
dye Adsorption Behavior. J. Polym. Res., 23, 1-10, 2016.
Seyrani R. and Marandi G.B., Carrageenan-Based Hydrogel
Nanocomposites Prepared in Presence of Carbon Nanotubes
and Their Adsorption of Brilliant Green, lran. J. Polym. Sci.
Technol. (Persian), 28, 517-528, 2016.

Poursadegh H., Barzegarzadeh M., and Amini-Fazl M.S.,
Magnetic Graphene Quantum Dot/Chitosan Bionanocompos-
ite Hydrogel Beads for Drug Delivery System: Synthesis and
Application, Iran. J. Polym. Sci. Technol. (Persian), 36, 409-
420, 2023.

Lin F., Zheng J., Guo W., Zhu Z., Wang Z., Dong B., Lin
Ch., Huang B. and Lu B., Smart Cellulose-Derived Magnetic
Hydrogel with Rapid Swelling and Deswelling Properties for
Remotely Controlled Drug Release, Cellulose, 26, 6861-6877,
2019.

Helminger M.,Wu B., Kollmann T., and Benke D., Schwahn
D., Pipich V., Faivre D., Zahn D., and Colfen H., Synthesis and
Characterization of Gelatin-Based Magnetic Hydrogels, Adv.
Funct. Mater., 24, 3187-3196, 2014.





