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Abstract

This study successfully prepared a novel porous carrier material (8-CD-AMD) using natural dia-
tomaceous earth (D) as the substrate, through alkaline treatment and functionalisation with g-cy-
clodextrin (f-CD). The structure of the carrier was characterised using scanning electron micros-
copy (SEM), Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), thermogravi-
metric analysis (TGA), and nitrogen adsorption-desorption (BET) techniques. The loading behav-
iour of cinnamon essential oil (CEO) onto 3-CD-AMD was systematically investigated. Loading con-
ditions were optimised using response surface methodology, and the loading mechanism was ex-
plored through kinetic models, isothermal adsorption models, and thermodynamic parameters.
The release characteristics of CEO from the carrier at different temperatures were further studied,
with sustained-release behaviour analysed using release kinetic models. The results indicate that
[-CD-AMD exhibits a regular multi-level pore structure with an increased number of active sites.
Under optimal conditions (120 min loading time, 25°C temperature, 1.5 mL/g oil-to-carrier ratio),
the CEO encapsulation rate reached 85.3%, with a maximum theoretical loading capacity of 1462
mg/g. The loading process conformed to pseudo-second-order kinetics and the Langmuir isotherm
model, representing a spontaneous, exothermic physicochemical synergistic interaction. In vitro
release studies demonstrated that §-CD-AMD significantly retards CEO release, achieving over 97%
cumulative release within 21 days at 20°C and 17 days at 30°C. The release behaviour conformed to
the Korsmeyer-Peppas model. This carrier exhibits excellent sustained-release properties and
thermal stability, offering a novel strategy for the encapsulation and controlled release of hydro-
phobic active substances.
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1. 5|8

FEL ARG o DS L T TR T P R AU 1, 1 R it DR A AR 5 35 Bl U U 4% 32 ST 1] TR A
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(B-CD)YEM, IR HBKZ 5 RGBSR IE N, ke &ae /6], p-CD RAXLH. A
AR R L, BT 2 T 2WEIE R 57,

AR FC B TER £ f-CD e BRAL B 35 - 34 (B-CD-AMD),  F G0 PP X PRI R 1 1 7 286 4 e N 2%
AT N, I 2 AR B W] G LR, DN R i RORRUE (AR A inh 42 R R AR SR AR AR -

2. MRTEE
2.1. kiR
ST R B AR AR L 1 FI 2,

Table 1. Main reagents

F 1. EERKH
il B/ [
TEE 1(Si02 > 80%) / WA AR A F]
BRI RE Jr T 4(AR) i R AERIR A
AL M4l (AR) KA TR PR AR
TR L 7 HT2l(AR) i AR A
PR i S HT4li(AR) LR AR

Table 2. Main instrument

F2. FENE
B A ithes AR
FA TR DZF-6030A g AER AR A PR ]
ERER AT C Gemini SEM 500 ZEISS (f&[E)
4= 3l EE R AR S ALBRFE 73BT X ASAP 2460 Micromertics (3%[H)

X S EATHAX A D8Advance BRUKER (%)
(AW e VERTEX 70 BRUKER (f[%)
[ A2 FA AT STA 449 F5 Jupiter NETZSCH (f# &)

2.2. p-CD-AMD £ i#5%&

5 g fEBE LN 10% NaOH &, 100°CHEHE 2 h FATHACEE, S3E. KeZEF i, A HO0, %
BRiR B A5, 80°C TRt i, 15mek i +(AMD). B 3 g AMD 38T 50 mL 7818k, HAEQ40W,
120 min)JE i34 2 27 Y3HL 3 g f-CD ¥ T 50 mL 50% LB, #7120 5, K p-CD A AMD
BIFF, 60°C NHIAE (240 rpm) XML 6 he FEHIEYE. KBE, 60°CTJE, 13 f-CD-AMD #ifk.

2.3. BERIE

K HAHE H - 2B (SEM, Zeiss-Ultra S5)MLEEFE i3 (8 B AR 21 7615 (FTIR-8400S, &) 7
ML B BE[41(400~4000 cm™); X SFH2RATHH(XRD, PANalytical) | 5E S A L5 #49(0°~70°);  #E HHT{L(TGA)
PR E s EL R T AN K FLER 2T {X (Beckman Coulter SA 3100)¥ 52 N, W Bff - BiFf <542k, 5 BET
bl 2 T FRRD FLAR 20 AT

DOI: 10.12677/amc.2026.142016 142 MRMEZERTHT


https://doi.org/10.12677/amc.2026.142016

iKEFE %

2.4. CEO Da#3Lie

FREX 25 mg B-CD-AMD F 1 mL Jo/K ZEEH, IMAAFEAEFL CEO (0.5~10 pL/mg), A (200 W, 30
min) 5 B0, BUEIEWT 280 nm MG, MRIBFRAELTHE CEO & &, #%AXN()IHHEAHE R (EE).
T8I LR 2K S R B 1 LR TR) L IR RO T/E AR B, R Box-Behnken M B THTVE AL

EE = (1 _ Amount of free active ingredient

]xlOO% (1)

Total amount of active ingredient

2.5. BEHsELe

53 HHL CEO/B-CD-AMD. CEO/AMD. CEO/B-C ¥£diti(% 100 uL CEO), Z3-H(T 20 mL B R £h 2% il
(pH 7.4) cc, BT 20CHI 30CHHIRIRG dH . EMHUFE 1 mL, [FRAMNEEEHEEN T #4541 285 nm
MERE, = ARQUHE RBERE . PrE Ll EE =K.

CEO release The amount of Release CEO «100% 1
Amount of loaded CEO

2.6. BURDHT

KW W a8l 1A 61300 #2; Langmuir. Freundlich. Dubinin-Radushkevich 5 i 152
BT 8 s = g 2 SR IR T R VYEAL LS B JORRE RT R SR U1 2 4(AG, AH, AS). B
A2 H 220, —2%. Higuchi 1 Korsmeyer-Peppas {5 .

3. ZREVL
3.1. HiFEEHRSEN

CEO/B-CD-AMD

Figure 1. (A) is the preparation process of CEO/f-CD-AMD; (B) SEM images of D (a, ¢); AMD (b, f), f~-CD-AMD (c, g) and
CEO/ﬁ CD-AMD (d, h)

1.(A) 9 CEO/B-CD-AMD Hi#I%i378; (B) 1A FRMERE1S: D (a,¢); AMD (b, f), /-CD-AMD (c, g) & CEO/f-
CD AMD (d, h)
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SEM E&(E DiEax, Wk 1) B 1(e)fr, RIAEESE T 2RGREER, REHWHS M RKEHR
£)300~400 nm ) SAL, FLIEREE, F5& BN FLMPRRFIE8]. £ NaOH Bl ¥ 5 (4 1(b). & 1(D),
fik i AR B R, FLARYTOR, RO R LB T AR AR T R, XARITESE B-
CD #2849, p-CD a1 1(c)s El 1(g)), HEdEF LFLIE N EEE 35 7 — 2 SUREUBRDCIRY i, T
FRIFARFEHD, FAFLITE B-CD RN RS LU 4E, EW] B-CD OO Bhisetl BIREFE LR M[10]. FE A
R 1(d)s B 1(h), PIEER]FLIE A R 3R TH BB ORI, 050 X SO OBRIR R, R WIS i
R T 2 i FLIE J B-CD s N o

3.2. WEFER SR EY
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Figure 2. Infrared spectra (a); XRD patterns (b); and ATG (c) and DTG (d)
B 2. 5Tk (a); X SHEATHIEE(b); REDTELZ()SREN T - ERSITHILZ()

FTIR Y&t (& 2(a)) 7, KIRTEEE 1 (DE)E 3445 cm™ (O-H H4i1E50). 1068 cm™! (Si-O-Si AS K Fr i
A1 792 cm! (Si-O RFRAHAE) AL HIFRFAE RS . Bl /5 (AMD), O-H IE41#% % 3455 em™! Ho5@ &1
hn, RPRMEERESEHL[11]. p-CD £ 2925 cm™! (C-H). 1150 cm™! (C-O-C)F1 1028 cm™! (C-O)ibH
IR . B-CD-AMD AMUAREH T DE F B-CD [fE{iEE, H O-H UgdE— P ¥ % 3469 cm™, Si-O-Si I§F%
#1065 cm™!, UiLHH p-CD SHEFRIE X ML AL T EH8E[12]. 13X CEO J&, CEO MIEEIEAFIEIE(1670 cm™,
1627 em WVEE W KAEMF, 3HFE 1678 ecm™ Fl 1621 ecm™!, 1ESE CEO 5 #7748 Sl s A HAF
[13].
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XRD EiE( 2(b))#F B, DE £ 21.7° 4/ — MR ENE, J& T T0E TR SiOr BIRHIEATH - SlAb 3 A
B-CD &4 5, 1% 5 IEKIRTFAE, {H f-CD-AMD £ 28.1°. 31.2°F1 35.8° 2 kb i B BT IR B AT 50, HJE T
B-CD SR B AEIE, (ER B-CD DL S ASTEE T 8A R m[10].

TGA/DTG £ 2(c)s 8 2(d) &7, S-CD-AMD fE 30°C~800°C jiu [l N M2k L RALT 5%, R
L #FaEE. 40 CEO fE 150°CAA TR Z 3k, %= 250°CJLTF5E & K. CEO/f-CD -AMD #l
CEO/DE 7E 200°C~400°C [ 4k 33 K B B [ MK, 400°C 4% B 5 243 7 N 44%F1 41%, 1 CEO LR 23
KREE A, IR KR E BAESE CEO AR, 1R H G EE[14].

3.3. FLER4SE
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Figure 3. BET of f-CD-AMD (a) and raw diatomite (b)
B 3. p-CD-AMD (a)FJR45%EE T (b)B) BET EERER

No WP = i &R 2 (] 3(a)+ 14 3(b)) 7", DE 1 g-CD-AMD ¥ 2 I AL i) IV RUSEIR 26 J2 H3 HY
WG, RHIMELEA N FLEE K B ABEEIR[15]. 1 BET #1543 DE LR AN 7.92 mYg, M
FLF¥ 0.0306 cm®/g, “F34FL4% 14.8 nm; f-CD-AMD [ LR A E R 5.22 m?/g, (HAFLAE 2 0.0357 cm’/g,
SFFLAEY R 27.3 nm (£ 1), HRTIA N FERTHE T B-CD A 7LV FL, LA FILE
F1R) 164 00 ) i i Ak 2 20| et FLEE DL e B-CD TR GET A FLES M 25 5 45 SR [ 141 97 KIFLIE A R THG 0 40 1 EN
A7 T Bk 1y 6

4. DIBFHML

3.4.1. BERZIEER

I R RS E EE T R AL IR RN EO/D PRI . S5 SRR, s AR B G AR ) K
MG, 120 min 58 TP BER TS Set8 5k, 25° CIFik 3K B8 EO/D ¥hnse /5, 1.5 uL/mg
B R A . A, e FEIHA] 60~180 min. I 20~35°C. EO/D 1.0~2.0 uL/mg BEAT WM AR AL «

3.4.2. MM EKLER

KH Box-Behnken 311 =K & —/KFaL5, 317 MR AL, R W4 S1. #8id Design-Expert X
XPBHEBEAT — X2 TR A A, A3 BB R (YO)RIE(A) . HREEB). EO/D(C)Hm AT 4

Y =84.92 +2.38A + 1.95B +3.12C — 0.45AB — 0.63AC — 1.08BC — 3.27A2 — 4.01B2 — 4.56C2 (R>= 0.991,
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AdjR2=0.980). J7Z MR, BEAIFE 2 (p<0.0001), KA LEE(P=0.126), WA A R,
AL T BRI % PR R R K/ C (EO/D) > A (1)) > B (%) . 28 BT+ BC (%
5 EO/DYR HAEH R E(p <0.05), HATHINAEE.

i )37 18 P (1) ) WL T & R R HAEH o fE[EE EO/D 4 1.5 uL/mg B (1] 4(a)), B35 22 BEI [A] R
TRFER N 25T R sy, fAEREX . 2R e RER 25°CR(JE 4(b)), 3 2R [HF1 EO/D 1405k
FEkE, SR EMETY, KRS EAEHRESS. Ry 120 min B (] 4(c)), B3 ZEEEM EO/D
AT JE R, B RBE, RIS HARH R

RIEncapsulation efficiency (%)

(b) 10

80 %
: O od gt
g l"l’b’ i
;o 70 e
£ 2 £
I 80 ]

Figure 4. Response surface graphs of the effect of factor A & B on encapsulation efficiency (a), factor A & C on encapsulation

efficiency (b) and factor B & C on encapsulation efficiency (c)
E4. BFA5SBMEHEZMYWEEE@Q), BF A5 CHEHREMAmNEE®DULEF B S C WaiHxR
S0 A A 2 TH Bl ()

AR AL AR B B A5 E . BFIE] 120 min, ¥ 25.2°C, EO/D 1.52 uL/mg, FMLE 2R 85.6%. %
RESEBRIRAE, JHHE YA 120 min, ¥R 25°C, EO/D 1.5 uL/mg, FEIAAE FHEAT ZIRIIESER:, “Figa
BN 85.3% + 1.2%, SFMMEREL, REBAIATEE,

T AL R RIS CEO MIFE R MEE UIARDC: & SRR T E /> Fi23), e fof=x, (2l
it 25°C J5 RS RN, SR R F%[16]. EO/D iR IHE BHES) JIA 2 , Kl 47X DL N FLIE
T v DU RT R B FEFLIE I BRI R, BELAS S SRR, [RIAEE R IR 2R [ 17] .

3.5. BAEERNFEMR

R HE— AN HE 203 ) A0 SLIG R AT R RS, RN 3. B-CD-AMD [FJ#E 2
AU R BU(R? = 0.996) 0% = T #E— L (R? = 0.989), H.FH i 71 £1 %k & (Qe,cal = 1155.8 mg/g)5 LI 1H
(Qe,exp = 1120 mg/g) 4z, FUAME AR GETE G b Fiik SO 7R, S B FRI Jo A 2 Bt Bl 55 4k 2%
YER(EHE). AMD F g-C (& 45 Rt on i — R iR
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RIORL A 5 R AL (K] 5) 2R B-CD-AMD fi# CEO 73 A=A 55— Bt (0~20 min) gl &
BEERSMRS L, REERBOR: 58 i B (20~90 min) JBURL 99 B I By, REREUN: 5 =B B(90 min J5)
NPEH B, AT, A ERALIE A, RPN SO R ME— R R s H P iR, il e
22 AR R RI[18].

Table 3. Kinetic model fitting parameters for CEO loaded on three carriers

3. ZHhEA 53 CEO RN NFRENE S

Y S B-C AMD B-C-AMD
Qe,cal (mg/g) 1122 1171 1156
HE—2 ki (min") 0.53 0.86 1.55
R2 0.96 0.92 0.99
Qe,cal (mg/g) 1903 1841 1529
% k> (g/mg-min) x103 1.65 3.07 9.23
R? 0.96 0.91 0.99
1200
1000 4
800 +
5600 4
en
g
=400
200 - p-CD-AMD
AMD
B-CD
0+
0.4 0?6 OTS 170 0.5 1j2 1:4
Time ™

Figure 5. Fitting of CEO encapsulation results of 5-C, AMD, and D-AMD with the Intraparticle diffusion diffusion model
[& 5. p-C. AMD X -CD-AMD X} CEO BL$t45 R ERI A SR Il & 18R

3.6. ABFRESHANFERR

% 4 5EH p-C. AMD F B-CD-AMD f£ 25°C T (1) T f SR 2R W BB Y S & S 40, Bl Tk A
Bhn, SEEIRETE A TR . SR Langmuir 1 Freundlich #3764 &, S8 T4 3.
S-CD-AMD K] Langmuir #7854 R? = 0.95, & T Freundlich (R? = 0.84), R A2,
K255 Qmax i& 1462 mg/ge AMD Hl -C 145 & Langmuir 74, {H Qmax 73724 971 mg/g 1 780
mg/g, FKT B-CD-AMD, B8] f-CD ootk i 353 78R 7 akae J1. /38187 RL 7E 0~1 2 [A], &
IR B AR A A

IR NIR TR B HLH], %] Dubinin-Radushkevich (D-R)BEL 5 £ [t 8 E (kJ/mol). f-CD-AMD
(1) E {5 9.6 kJ/mol, 47T 8~16 kJ/mol 2 [a], AW it A20 S My s AN 554k A FH (n &8 . Ya484E 7))
(Sayed 4§, 2022). #IFESH(E 5)BoR, AG ¥ TUE HEERE T m e B8R, R EERE B Kk
THHHEEFRTHKA: AH ARE2.8 £-2.0k)/mol), RIFKHGIFE; AS HIE(E(57~66 J/mol-K), FKH
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W S T JE PP FERG AN[19] . X L8455 Rt — e sk fdie Ak AV EAL 2 P Rl I A

Table 4. Fitting parameters of isothermal adsorption models

4. FRWHREUEGSH

e S B-C AMD S-C-AMD
Qmax (mg/g) 780 971 1462
Langmuir KL (L/mg) 1.25 %107 5.19 x 107° 0.042
R? 0.99 0.99 0.95
KF (mg/g) 48.4 50.6 248.7
Freundlich I/n 0.53 0.52 1.28
R? 0.88 0.82 0.84

Table 5. Thermodynamic parameters of the loading process
=5 AHEAEANFESH

ML AG (kJ/mol) at different T (K) AH (kJ/mol) AS (J/mol-K)

p-C -18.8 -19.4 -20.0

AMD -19.9 -20.5 -21.1
S-CD-AMD -22.0 -22.7 -23.3

3.7. ESMNEETA

< 6 A CEO 7E 20°C 1 30°C N M S-CD-AMD. AMD #il 5-C HF i BBV 28 . 7E 20°CHF (14 6(a)),
B-CD-AMD 7 21 KN BRI 97.3%, 1 AMD M B-C 7£ 7 KN4 BIFEIR 56.2%H 65.3%, B 5B
TP 30°CHI(E] 6(b)BEBUEZE N, B-CD-AMD 7E 17 KB 99%, AMD Ml B-C 7E 7 KN 7l B
J 67.4%701 95.9%. B-CD-AMD HIZZ R R LT HARP A, EZART: (1) gL 28 mEK
TR R (2) f-CD W IEAE/EH 5 CEO TR A B M 25 15N T i bf fe 22 (3) Hlkb 38 2 58 1) 1k
FRFLIER T #AA 5 CEO ISR JI[10] [11]20].

L]
Az © A

A B a .

(a) (b)

100 4 100+

10,

304 s04 20°C
9 —
% 60 S 601
= S
) =
= 404 C 40
& =
g 3
3 3
& 204 3 201

& == §-CD
—a— -CD-AMD
of —o— AMD 01 —o— AMD
0 15 20 0 5 10 15 20 25

10 & WSS
Time(d) Time(d) —
Figure 6. (A): the release profiles of the encapsulated CEO from f-CD-AMD, AMD, f-C within the 30°C (a) the release
profiles of the encapsulated CEO from -CD-AMD, AMD, f-C within the 20°C (b); (B): schematic illustration of the sustained
release of CEO molecules

6.(A): CEO 7£ f-CD-AMD, AMD, A-C FEIFERHIZ(30°C T (2)F1 20°C R (b)); (B): CEO N FERHNTEE
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FEIBCVIIH(HT 12 h), B-CD-AMD £ 20°C 1 30°C ) TR & 73 A 21.2%H1 26.4%, 23K T AMD (56.2%
F1 67.4%)F1 B-C (65.3%F1 95.9%), K B-CD-AMD BEA FHNHI RIS . X152 T CEO # T g-CD
M SRR LI VR AL, SRTHVR B ¥ CEO #8/.

K DU F 5y 77 2 BB R i h e AT L&, MR REI T4 6. p-CD-AMD 7E P FHili FE T 357 LA
Korsmeyer-Peppas A4 B ER? > 0.99), BEBIEE n 7351028 0.62 (20°C)FH 0.58 (30°C), 4T 0.45~0.89
Z 18], J&T9E Fickian ¥ #(RIY 8 5 & ZE0h R EERD), 76 2 L0 Birh 29RO RHIE[21 ] — %
RIPLA FER AL R(R? > 0.98), KRR R 55 R EAHC . Higuchi BLAYHL G B SRy BUR 3 ZREN
WU —o ZEEE5F, B-CD-AMD i P H 0 5 R4k 24 5 A XU /E F SE B T 6 CEO MK IIZERE

Table 6. Parameters of release kinetics and model fitting

6. BRSNFEANEEH

Y R S-CD-AMD (R2) AMD (R?) B-C (R?)

. 20°C 0.873 0.506 0.781

TR
30°C 0.899 0.870 0.888
. 20°C 0.989 0.565 0.998

— A
30°C 0.985 0.543 0.998
20°C 0.973 0.979 0.981

Higuchi
30°C 0.999 0.967 0.999
Korsmeyer-Peppas 20°C 0.957 0.989 0.999
20°C 0.62 0.45 0.48

n {H(K-P)
30°C 0.58 0.49 0.52

3.8. 1MEREELE:

Table 7. Performance comparison of f-CD-AMD carrier with other typical essential oil carriers
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97% ) AT SERRIN I 4 7R Sk
RARLEE 2 400 2SC7TRF BB WRWER. IR WHARRE
(MCM-41) WL190%  F. Bk fLER ﬂm%\ﬁﬁEMHﬁﬁpﬁ
éﬁﬁmﬁ%8m4m0 48h EER m(FEHE BethRmA., HERER. AT £ Liv &,
(ZIF-8) 4 R EFIHY pH MR AL AR 2021 [23]
N N TN Hosseini
i g i 1 - A8h B PEERRMR RARKIE. — P o
FEIEBEIER  300~500 80%EL |- S WAH) AN R R, SRR %ﬁpﬂ
b b HX At T RS T é‘ﬁ%jjgﬁ\ PR N N Zhang%;
WHIREERAY 700900  10~14 K Wﬂﬁxﬁ)%ﬁﬁ%ﬁ ﬂmm%\mmﬁETﬁzm“%]

HNEPEAN B-CD-AMD HARKIN ¥ 77,  JEEUSCHR A DU b S 28RS vl 2 AR AT ) AR (LR 7): A
FL_EHAMAEEMCM-A41). & EENHELL(ZIF-8). ST RIEMERFIAMIIE R &Y, WA E. ZRFAW.
AT R A 53 HT « AR 7 TH, f-CD-AMD %o PRI R i 5 K 6 5 ik 1462 mg/g, 2% 5 T MCM-
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41 (200~400 mg/g)~ ZIF-8 (800~1000 mg/g). 7 RMEER(300~500 mg/g) FIFHIHE KA 1(700~900 mg/g);
Hm e 805 o6 T B KFLAE S B-CD Bt s s KA BAEFH . 2RI, B-CD-AMD 1£ 20°C
T 21 REFBIL 97%, KT MCM-41 (7 KFEHL 90%) ZIF-8 (48 h 58 4RI« 58 B HEIR(48 h B 80%)
R R EM(10~14 K)o KBERVAR FREE -2 HALEMNYHE R, p-CD A f KA B M 4%
P FEIER: il A b, B-CD-AMD R34 B3 RESELoRIE 2 IR, ook T2 s A, o
THMIAT, 2 FRORAT: 1 MCM-41 FAEARGTIRERE, ZIF-8 T MLECARFIVEFIA, S2TME R
e 2k, IR R i sSSP IR, B B[ 22]-(25] (HARBUALEAEA . RIRAEEE £ FLBR 45
FIEAERE R ZE S5, WIREREM IS — s E4) B-CD Rl REVIBREp G, K A v R s PR S BN AE 22
WAFREAT, KRB ELBRIAER K. 8T, f-CD-AMD fEGERCR . SR WIS & A A
BLra s, EH TR PR MR, R G AUR T 5 R 4.

4. &g

AW TR # T -CD S PERAL R B - B A (B-CD-AMD), 2 FLERH S 3R 1Ak i A R
IR AR it B R R B S AR TR AL R BB 2RI 85.3%, KU L) 1462 my/g; FBILREN
HAK BEARYIALE I RVER . BEEREG R W] B-CD-AMD BE 2 1E K CEO BB [a], A R RpE
RONL o % BARA RHE RS ith S5 37 420 J5 ) A SR P2 R U LA 1R e L T 5%

E&WE

A FAS B 22N FHFFERHE A A GIHT 0 H (2024433 QN-47). JEBHTH “ B850 ” 37 H (QY-JBGS-2025A-
003). [H 5 A SRR 342 (32460620) 1% 22 1 T RHE T T H (2024-2-21) 130 R

SE

[1] Almasi, L., Radi, M., Amiri, S. and McClements, D.J. (2021) Fabrication and Characterization of Antimicrobial Biopol-
ymer Films Containing Essential Oil-Loaded Microemulsions or Nanoemulsions. Food Hydrocolloids, 117, Article ID:
106733. https://doi.org/10.1016/j.foodhyd.2021.106733

[2] Randrianarivelo, R., Sarter, S., Odoux, E., BRAT, P., Lebrun, M., Romestand, B., ef al. (2009) Composition and Anti-
microbial Activity of Essential Oils of Cinnamosma fragrans. Food Chemistry, 114, 680-684.
https://doi.org/10.1016/j.foodchem.2008.10.007

[3] Yildiz, Z.1., Kilic, M.E., Durgun, E. and Uyar, T. (2019) Molecular Encapsulation of Cinnamaldehyde within Cyclodextrin
Inclusion Complex Electrospun Nanofibers: Fast-Dissolution, Enhanced Water Solubility, High Temperature Stability,
and Antibacterial Activity of Cinnamaldehyde. Journal of Agricultural and Food Chemistry, 67, 11066-11076.
https://doi.org/10.1021/acs.jafc.9b02789

[4] Liu, T., Chen, Y., Zhao, S., Guo, J., Wang, Y., Feng, L., ef al. (2023) The Sustained-Release Mechanism of Citrus
Essential Oil from Cyclodextrin/cellulose-Based Pickering Emulsions. Food Hydrocolloids, 144, Article ID: 109023.
https://doi.org/10.1016/j.foodhyd.2023.109023

[5] Bariana, M., Aw, M.S., Kurkuri, M. and Losic, D. (2013) Tuning Drug Loading and Release Properties of Diatom Silica
Microparticles by Surface Modifications. International Journal of Pharmaceutics, 443, 230-241.
https://doi.org/10.1016/j.ijpharm.2012.12.012

[6] Hadaruga, N.G., Bandur, G.N., David, 1. and Hadaruga, D.I. (2019) A Review on Thermal Analyses of Cyclodextrins
and Cyclodextrin Complexes. Environmental Chemistry Letters, 17, 349-373.
https://doi.org/10.1007/s10311-018-0806-8

[71 Shu, C., Yusufali, Z., Ho, K.K.H.Y. and Sun, X. (2025) Nanoencapsulated Cinnamaldehyde@-Cyclodextrin Inclusion
Complexes as a Sustained Release Strategy for Postharvest Rambutan Preservation. Food Hydrocolloids, 159, Article
ID: 110724. https://doi.org/10.1016/j.foodhyd.2024.110724

[8] Sprynskyy, M., Kovalchuk, I. and Buszewski, B. (2010) The Separation of Uranium Ions by Natural and Modified Di-
atomite from Aqueous Solution. Journal of Hazardous Materials, 181, 700-707.
https://doi.org/10.1016/j.jhazmat.2010.05.069

DOI: 10.12677/amc.2026.142016 150 MRMEZERTHT


https://doi.org/10.12677/amc.2026.142016
https://doi.org/10.1016/j.foodhyd.2021.106733
https://doi.org/10.1016/j.foodchem.2008.10.007
https://doi.org/10.1021/acs.jafc.9b02789
https://doi.org/10.1016/j.foodhyd.2023.109023
https://doi.org/10.1016/j.ijpharm.2012.12.012
https://doi.org/10.1007/s10311-018-0806-8
https://doi.org/10.1016/j.foodhyd.2024.110724
https://doi.org/10.1016/j.jhazmat.2010.05.069

kAT A5

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

Xue, B., Yi, T, Li, D., Li, F. and Luo, F. (2022) The Effect of Alkali Treatment and Organic Modification of Diatomite
on the Properties of Diatomite Composite Separators. New Journal of Chemistry, 46, 23268-23275.
https://doi.org/10.1039/d2nj04292d

Shi, S., Ocampo-Pérez, R., Lv, J., Liu, Q., Nan, F., Liu, X., ef al. (2021) Diatomite Cross-Linked f-Cyclodextrin Poly-
mers: A Novel Vision of Diatomite Adsorbent for the Removal of Bisphenol A. Environmental Technology & Innovation,
23, Article ID: 101602. https://doi.org/10.1016/j.¢ti.2021.101602

Zhao, Y., Geng, J., Cai, J., Cai, Y. and Cao, C. (2020) Adsorption Performance of Basic Fuchsin on Alkali-Activated
Diatomite. Adsorption Science & Technology, 38, 151-167. https://doi.org/10.1177/0263617420922084

Alfassam, H.E., Al Othman, S.I., Al-Waili, M.A., Allam, A.A. and Abukhadra, M.R. (2023) Characterization of B-
Cyclodextrin Hybridized Diatomite as Potential Delivery Systems of Oxaliplatin and 5-Fluorouracil Drugs; Equilibrium
Modeling of Loading and Release Kinetics. Journal of Macromolecular Science, Part B, 62, 478-503.
https://doi.org/10.1080/00222348.2023.2223849

Hu, D, Xu, Y., Gao, C., Meng, L., Feng, X., Wang, Z., et al. (2024) Preparation and Characterization of Starch/PBAT
Film Containing Hydroxypropyl-f-Cyclodextrin/Ethyl Lauroyl Arginate/Cinnamon Essential Oil Microcapsules and Its
Application in the Preservation of Strawberry. International Journal of Biological Macromolecules, 259, Article 1D:
129204. https://doi.org/10.1016/j.ijbiomac.2024.129204

Alfassam, H.E., Ashraf, M., Al Othman, S.I., Al-Waili, M.A., Allam, A.A. and Abukhadra, M.R. (2023) Insight into the
Physiochemical and Cytotoxic Properties of f-Cyclodextrin Hybridized Zeoilitic Diatomite as an Enhanced Carrier of
Oxaliplatin Drug: Loading, Release, and Equilibrium Studies. Journal of Inorganic and Organometallic Polymers and
Materials, 33, 2984-3001. https://doi.org/10.1007/s10904-023-02731-8

Yao, J., Zhang, G., Zhang, Y., Wu, X., Liu, C. and Rao, Z. (2025) Fabrication and Thermal Properties of Composite
Phase Change Materials Based on Modified Diatomite for Thermal Energy Storage. Journal of Energy Storage, 113,
Article ID: 115749. https://doi.org/10.1016/j.est.2025.115749

Gao, Q., Sun, Y., He, R., Zheng, J., Zhang, B., Tan, C.P., et al. (2023) Molecular Encapsulation of Cinnamaldehyde in
V-Type Starch: The Role of Solvent and Temperature. Food Hydrocolloids, 136, Article ID: 108285.
https://doi.org/10.1016/j.foodhyd.2022.108285

Yang, S., Miao, Q., Huang, Y., Jian, P., Wang, X. and Tu, M. (2020) Preparation of Cinnamaldehyde-Loaded Polyhy-
droxyalkanoate/Chitosan Porous Microspheres with Adjustable Controlled-Release Property and Its Application in Fruit
Preservation. Food Packaging and Shelf Life, 26, Article ID: 100596. https://doi.org/10.1016/].fpsl.2020.100596

Lin, X., Xie, Y., Lu, H., Xin, Y., Altaf, R., Zhu, S., et al. (2021) Facile Preparation of Dual La-Zr Modified Magnetite
Adsorbents for Efficient and Selective Phosphorus Recovery. Chemical Engineering Journal, 413, Article ID: 127530.
https://doi.org/10.1016/j.cej.2020.127530

Alfassam, H.E., Ashraf, M., Al Othman, S.I., Al-Waili, M.A., Allam, A.A. and Abukhadra, M.R. (2023) Synthesis and
Characterization of Cellulose Functionalized Zeolitic Diatomite as an Enhanced Carrier of Oxaliplatin Drug; Loading,
Release, and Cytotoxicity. International Journal of Biological Macromolecules, 235, Article ID: 123825.
https://doi.org/10.1016/j.ijbiomac.2023.123825

Lu, L., Xu, J., Huang, X., Hu, L., Ji, K., Jiang, C., et al. (2025) Mussel Foot Protein Membrane-Enclosed Crystalline
Drug with Zero-order Release Kinetics for Long-acting Therapy. Angewandte Chemie International Edition, 64, Article
ID: 2502205. https://doi.org/10.1002/anie.202502205

Rezaeinia, H., Ghorani, B., Emadzadeh, B. and Tucker, N. (2019) Electrohydrodynamic Atomization of Balangu (Lal-
lemantia royleana) Seed Gum for the Fast-Release of Mentha longifolia L. Essential Oil: Characterization of Nano-
Capsules and Modeling the Kinetics of Release. Food Hydrocolloids, 93, 374-385.
https://doi.org/10.1016/j.foodhyd.2019.02.018

Janatova, A., Bernardos, A., Smid, J., Frankova, A., Lhotka, M., Kourimska, L., et al. (2015) Long-Term Antifungal
Activity of Volatile Essential Oil Components Released from Mesoporous Silica Materials. Industrial Crops and Prod-
ucts, 67,216-220. https://doi.org/10.1016/j.indcrop.2015.01.019

Liu, J., Wu, D., Zhu, N., Wu, Y. and Li, G. (2021) Antibacterial Mechanisms and Applications of Metal-Organic Frame-
works and Their Derived Nanomaterials. Trends in Food Science & Technology, 109, 413-434.
https://doi.org/10.1016/.tifs.2021.01.012

Hosseini, S.F., Zandi, M., Rezaei, M. and Farahmandghavi, F. (2013) Two-Step Method for Encapsulation of Oregano
Essential Oil in Chitosan Nanoparticles: Preparation, Characterization and in Vitro Release Study. Carbohydrate Poly-
mers, 95, 50-56. https://doi.org/10.1016/j.carbpol.2013.02.031

Zhang, D., Lv, P., Zhou, C., Zhao, Y., Liao, X. and Yang, B. (2019) Cyclodextrin-Based Delivery Systems for Cancer
Treatment. Materials Science and Engineering: C, 96, 872-886. https://doi.org/10.1016/j.msec.2018.11.031

DOI: 10.12677/amc.2026.142016 151 MRMEZERTHT


https://doi.org/10.12677/amc.2026.142016
https://doi.org/10.1039/d2nj04292d
https://doi.org/10.1016/j.eti.2021.101602
https://doi.org/10.1177/0263617420922084
https://doi.org/10.1080/00222348.2023.2223849
https://doi.org/10.1016/j.ijbiomac.2024.129204
https://doi.org/10.1007/s10904-023-02731-8
https://doi.org/10.1016/j.est.2025.115749
https://doi.org/10.1016/j.foodhyd.2022.108285
https://doi.org/10.1016/j.fpsl.2020.100596
https://doi.org/10.1016/j.cej.2020.127530
https://doi.org/10.1016/j.ijbiomac.2023.123825
https://doi.org/10.1002/anie.202502205
https://doi.org/10.1016/j.foodhyd.2019.02.018
https://doi.org/10.1016/j.indcrop.2015.01.019
https://doi.org/10.1016/j.tifs.2021.01.012
https://doi.org/10.1016/j.carbpol.2013.02.031
https://doi.org/10.1016/j.msec.2018.11.031

iKEFE %

M F

Table S1. Response surface model parameters

= S1. MM EERSH

Run A time (min) B temperature ("C) C EO/D ratio (ml/g) Encapsulation efficiency (%)
1 225 15 1.5 80.7
2 120 25 1.5 85.3
3 15 25 0.5 214
4 120 35 2.5 423
5 225 25 2.5 51.4
6 120 15 0.5 63.8
7 225 25 0.5 67.5
8 120 25 1.5 83.9
9 120 25 1.5 84.6
10 15 35 1.5 19.6
11 225 35 1.5 74.1
12 15 15 1.5 24.8
13 120 15 2.5 46.7
14 15 25 2.5 11.2
15 120 35 0.5 61.6
16 120 25 1.5 84.1
17 120 25 1.5 84.2
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