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1.1 ER5IR

KAER Mt [4EREN 98% (i & 7 %), FHE 7584
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Flr BIEWR . WEEROE FNETUEY, REEET
IK IR YT 2 IR T B O DA L PR R B e . B
ZOEUTIEYE T SCIENTZ-12N B A VR T 1AL
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BT ERRG RGN 100 v/min)H, TEEX
NG 24 he MR FERE, LA 8000 r/min 5§
O3 Bt 0.45 pm JERRIESE, UEEIER . RH
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UV-1800 BV Ah-1] WA G EETHT 222 nm K AL
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TRKIEIRY #5100 r/min) P HFELIR Y . U S
W BENT AL 2 55 B W i PBS VAW P LLBE G 25 P RE
TR A B LRI o 25 B[R] fUB 5 mL BTG, A
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R BN ATE SLIRPATIE 3 R, %31
THE AW BRBIER(C) .
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#1451y DPG-Mt () HR-TEM & A FTLAEE], JR
L Mt 30 H 2 SR R ) = BR YR Sk 25 80, R
ELB R Gt 2 B BEZ)A 1.20 nm. (B HLEE G
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B 1 R SEM [T
Fig. 1 SEM images of samples
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Fig. 2 Size distributions of Mt, 1.0DPG-Mt, 2.0DPG-Mt and
3.0DPG-Mt
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(a) Mt

(b) 1.0DPG-Mt

(¢) 2.0DPG-Mt

(d) 3.0DPG-Mt

K3 R HR-TEM BT
Fig. 3 HR-TEM images of samples
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Fig. 4 FTIR spectra of Mt, 1.0DPG-Mt, 2.0DPG-Mt and
3.0DPG-Mt

i [ RFAIE AT S 0 5 B2 291, o, 1.0DPG-Mt, 2.0DPG-
Mt #1 3.0DPG-Mt HJJZ[EEESr 78 1.47 nm(20 =
6.0°). 1.55 nm(260 = 5.7°)F1 1. 52 nm(260 = 5.8°). H
WA LUE ], B DPG & &R K, DPG-Mt 112
B FE IR K, 7F DPG & &4 2.0CEC I A ZIH A,
PHE A LG DPG &\ OMt F )2 [a] 3
AT RE RS 1) B H 2SR R 5, A
R R B KPR 5 2] 6). 24 DPG & &4k 4k
K% 3.0CEC i}, £ ) DPG £ DPG-Mt K Jz= KA
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Intensity

1 1 ] 1 1
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20/(°)
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Fig. 5 XRD patterns of Mt, 1.0DPG-Mt, 2.0DPG-Mt and
3.0DPG-Mt
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CH; OH
CH,

Bl6 BRI & AR B 5 e B Bl 4 2= ik S AT S R A1 4 S5 O R Mg s =

Fig. 6 Schematic diagram of the preparation of nonionic dodecyl glycoside intercalated modified montmorillonite by ball milling

and its adsorption of ibuprofen
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10 -
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2 S8
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(a) XRD (b) Size distribution
B 7 JREE Mt AHEEEEREE Mt [f] XRD S FURLAZ 2 A5 B

Fig. 7 XRD patterns and size distributions of raw Mt and wet ball milling Mt
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NBE, (020)F1(004) S THAT T 26 o (HAZ, EATH
A B A IS, DRtk Al RAER
AR AR Mt ZE PR3 K. X (A BHESL T
DPG-Mt 2 [ FE 47K 32 22 tH DPG 132 1E FH 51
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IR (Toar) SR BB EAR WK 1 PR W LR
L MR ZR B 2 A B R R AR R ARG B



%54 55 8 W

WALAE S5 THE R R OO S SO A S5 R B A RORE P e

- 2893 -

5 1B BORAELE 30~100 °C, MR B B AR AL
BT Mt IR KAZ )22 A7 45 BH 257
Rl I ZK o IO B s 56 2 B B BILAE 700~800 °C,

PER B AR Mt 4 450 P 1) —OH. Bt gk i i B ) o 7
R, SR, DPG-Mt [ E AR i 28 LL 5k Mt
£ 250~350 ‘C X [A] 2 1 — PRk i) Jod & 4 2% B
B. X—MrBUAET DPG-Mt i DPG ) - #A
fifg, MBI AL R B FE K ) CO2. CO FITKZE,
N 51 IR it ol &2 PR B 21 I
i R 10.0 mg,  JEUEHEN, #EA 1.0DPG-Mt.
2.0DPG-Mt Al 3.0DPG-Mt 32 KW it 8 H 26 i i)
DPG Jii &5 W% 2.36+ 2.55 mg F12.68 mg, 1M
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(a) TGA curves
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. 1 H. DPG # R N3] Mt J¢ 2 I 15 30 H b 454
FIRHLRE, RS2 R T DPG HIFGARIR (5 TiiF
) DPG ARG B, et a] AHERT, DPG ik
A DPG-Mt K Z 177 &Y E, Hidd nraem)
B an il T X (D2 L) S e = L el o= g = T N
ISR, 24 DPG BN InE 2.0CEC i, R
AT SEPLNT Mt =R A FLESCE - ik, 63 2.0DPG-Mt
VENTF R SR T LA IBU (MR S B2t fe
DA K 4 f AH 25 1

1
0t

;M
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Lo
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T
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Temperature/ C

(b) DTG curves

K8 Mt. 1.0DPG-Mt. 2.0DPG-Mt #11 3.0DPG-Mt ] TGA £k DTG fhzk
Fig. 8 TGA curves and DTG curves of Mt, 1.0DPG-Mt, 2.0DPG-Mt and 3.0DPG-Mt

=1

Mt, 1.0DPG-Mt, 2.0DPG-Mt 1 3.0DPG-Mt HJ 5 KBRS FE (Tmax) F1E ERHIE

Table 1 Maximum thermal decomposition temperature (7max) and weight loss rate of Mt, 1.0DPG-Mt, 2.0DPG-Mt and

3.0DPG-Mt
First stage Second stage Third stage
Sample No.
Tmax/ C Mass loss rate/% Tmax/ C Mass loss rate/% Tmax/ C Mass loss rate/%
Mt 62 4.82 680 3.86
1.0DPG-Mt 62 9.49 259 23.58 658 6.65
2.0DPG-Mt 102 9.97 259 25.53 660 8.65
3.0DPG-Mt 1092 10.92 252 26.75 655 8.78

2.4 DPG-Mt Fhi2XiES BET thRER

& 9a & Mt.DPG-Mt fll DPG #£ 1200~400 cm™!
JE L 2O . JFORE Mt (4 O RS 5
£ 785, 710 e AT 430 e Ak, BT HIHJE N
—AIOHU\ [ 2 {1 A2 TEHR BN )« —SiOa(VU [ 44X F
o i A2 JE 4k ) M1 —OH(K & J2 i) FH & 7 ) ¥
B, 1fj DPG-Mt 7£ 1128, 1074, 920, 543 cm’!

A1 437 e ! A BT —CH3+ —CHo—F AN FR A 46
PRENIEB3, & 5 DPG-Mt ££ 1200~400 cm™' 8 il Y
I RFIEAS 5 06 — 20 AR DL BB Stk o dr 4
RATHENAEE T DPG 5 DPG-Mt A3 7= A4k 2
HAER, TSR A (AU R DA
Didi N\ DPG-Mt J&JZ[H]B4, X w] PLGE 1A XRD
MR,
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Fig. 9 Raman spectra of Mt, 2.0DPG-Mt and DPG; N2 adsorption-desorption isotherms of Mt and 2.0DPG-Mt
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Fig. 10 Size distributions and Zeta potential distributions of Mt and 2.0DPG-Mt; Interfacial tension (IFT) of Mt and 2.0DPG-Mt
measured through hanging drop method
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Fig. 11 Adsorption isotherms of Mt and 2.0DPG-Mt to IBU, Langmuir isotherm model fitting curves and Freundlich isotherm
model fitting curves
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Table 2 Fitting parameters of Langmuir and Freundlich isotherm models for adsorption of IBU onto Mt and 2.0DPG-Mt

Langmuir isotherm models Freundlich isotherm models
Sample No.
On/(mg-g™") Ki/(L'mg™) R Kr/(mg-g™") n R
Na-Mt 35.336 1.381x102 0.965 3 0.559 1.161 0.970 6
DPG-Mt 46.083 2.572x102 0.968 4 1.747 1.396 09815

On is the saturated adsorption amount. K is the Langmuir adsorption equilibrium constant. R? is the correlation coefficient. K is the Freundlich adsorption

constant. 7 is the unitless linearity parameter.
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Fig. 12 In vitro cumulative release profiles of free IBU, IBU-loaded Mt and 2.0DPG-Mt in pH=7.4 PBS at 37 C; In vitro
cytotoxicity of Mt and 2.0DPG-Mt at different concentrations on MC3T3-E1 cells after 48 h of culture
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Glucoside-Intercalated Montmorillonite

BU Yanan"*3, CHEN Xiugiong">3, FAN Jiji**, HUANG Shiyu*3, YAN Huigiong"*?, LIN Qiang'*?
(1. Key Laboratory of Tropical Medicinal Resource Chemistry of Ministry of Education and Key Laboratory of Tropical

Medicinal Plant Chemistry of Hainan Province, Hainan Normal University, Haikou 571158, China; 2. Key Laboratory of

Water Pollution Treatment and Resource Reuse of Hainan Province, Haikou 571158, China; 3. Key Laboratory of Natural
Polymer Functional Material of Haikou City, Haikou 571158, China)

Extended Abstract

Introduction Montmorillonite (Mt) has been extensively applied in drug delivery systems owing to its high cation exchange
capacity, large specific surface area, and biocompatibility. However, its strong hydrophilicity and interlayer water molecules
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significantly restrict the efficient loading of hydrophobic drugs (e.g., ibuprofen (IBU)). Organic modification using surfactants can
enhance Mt’s hydrophobicity, where cationic types dominate as mainstream modifiers due to their efficient ion-exchange
characteristics, capable of expanding interlayer spacing and optimizing drug compatibility. Nevertheless, anionic surfactants rely on
anion-dipole interaction adsorption, while nonionic surfactants, despite advantages in low toxicity and biodegradability, exhibit
inferior binding efficiency with limited research on related drug carriers. Recently, green nonionic alkyl polyglucosides have attracted
considerable attention for their environmental friendliness, superior interfacial activity, and biosafety. This study employed dodecyl
glucoside (DPG) to fabricate DPG-Mt composite carriers through wet ball-milling intercalation modification. It systematically
investigated the intercalation mechanisms between nonionic surfactants and Mt, along with drug-loading performance and release
behaviors, aiming to overcome limitations of conventional ionic modifiers and elucidate the efficiency-enhancing principles of
nonionic modification in drug delivery systems. This research not only provides novel strategies for developing safe and stable
Mt-based drug delivery systems but also advances technological innovation in green pharmaceutics, demonstrating significant
theoretical and practical implications.

Method This study employed green and safe nonionic DPG to prepare a safe and biocompatible DPG-Mt based pharmaceutical
formulation through intercalation modification of natural Mt using a wet ball-milling technique. The synthesized DPG-Mt was
systematically characterized for its morphology, crystal structure, functional groups, thermal stability, and colloidal properties using
scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FT-IR), Raman spectroscopy (RS), thermogravimetric analysis (TGA), BET surface area analysis, and Malvern laser
particle size analysis. By investigating the effects of various DPG content on the structure and properties of DPG-Mt, the mechanistic
role of DPG in modifying Mt was elucidated, and the adsorption capacity of DPG-Mt for the anti-inflammatory drug, IBU was
evaluated. Finally, simulated drug release experiments were conducted to examine the IBU release behavior from drug-loaded
DPG-Mt, while cytotoxicity assays were performed to assess its biocompatibility, thereby validating its potential for biomedical
applications.

Results and discussion The characterization results of DPG-Mt revealed that the wet ball-milling process did not disrupt or
exfoliate the layered structure of Mt. Instead, under the compressive, impact, and frictional forces of mechanical ball-milling, the
particle size of Mt was significantly reduced. DPG overcame the weak electrostatic forces, van der Waals interactions, and hydrogen
bonding between stacked Mt layers, adsorbing and intercalating into its interlayer spaces, thereby expanding the interlayer spacing of
DPG-Mt. Specifically, the interlayer spacings of 1.0DPG-Mt, 2.0DPG-Mt, and 3.0DPG-Mt increased to 1.47 nm (26 = 6.0°), 1.55 nm
(260 = 5.7°), and 1.52 nm (26 = 5.8°), respectively. Raman spectroscopy and BET surface area analysis demonstrated that nonionic
DPG did not form chemical bonds with DPG-Mt but was physically intercalated into the interlayers via hydrogen bonding and
electrostatic interactions. The BET surface area of Na-Mt increased from 62.6 m*/g to 72.0 m?*/g under mechanical ball-milling, likely
due to the fragmentation of large Mt particles during the modification process. However, the adsorption and intercalation of DPG into
DPG-Mt partially obstructed pore channels, leading to a reduction in pore volume and average pore size from 0.337 mL/g and 4.61
nm to 0.245 mL/g and 2.15 nm, respectively.

Concurrently, after organic modification, the particle size of DPG-Mt decreased from 984.0 nm (PDI = 0.34) to 605.0 nm (PDI =
0.31), while its zeta potential increased from —39.7 mV to —22.5 mV. These results indicated that the adsorption and intercalation of
DPG not only inhibited particle aggregation but also reduced surface charge density. Furthermore, the interfacial tension (IFT) of the
DPG-Mt aqueous suspension significantly decreased from 72.75 x 103 N-m™! to 41.12 x 10 N-m™! after modification. This
phenomenon can be attributed to the hydrophobic dodecyl chains of intercalated DPG, which weakened the hydrophilicity of DPG-Mt
and enhanced its interfacial activity. Adsorption experiments to IBU demonstrated that organic modification increased the saturated
adsorption capacity (Om) of Mt for IBU from 35.336 mg/g to 46.083 mg/g, with IBU adsorption on DPG-Mt favoring a multilayer
mechanism. In vitro drug release and cytotoxicity analyses revealed that both Mt and DPG-Mt exhibited sustained release of IBU over
480 min. Notably, the biocompatible DPG-modified Mt (DPG-Mt) displayed superior biocompatibility, underscoring the synergistic
benefits of organic modification in optimizing drug delivery performance while maintaining biosafety.

Conclusions The wet ball-milling process exerted compressive, impact, and frictional forces on Mt, leading to reduced particle size,
increased specific surface area, and enhanced colloidal interfacial activity of DPG-Mt. The organic modification of Mt by DPG
occurred via physical intercalation, where DPG was physically embedded into the interlayer spaces of Mt under mechanical forces.
This not only expanded the interlayer spacing and improved the thermal stability of the intercalated DPG but also effectively altered
the strong polarity of Mt, thereby enhancing its affinity for the hydrophobic IBU. Consequently, the saturated adsorption capacity of
Mt for IBU increased from 35.336 mg/g to 46.083 mg/g. Owing to the superior adsorption performance of DPG-Mt to IBU, DPG-Mt
exhibited sustained drug release over 480 min, demonstrating favorable sustained-release performance, with the released IBU
amounting to 76% of the total dosage. Cytotoxicity tests further confirmed that the organic modification of Mt with DPG conferred
excellent cytocompatibility to DPG-Mt. Given its high drug adsorption capacity, excellent sustained-release properties, and
outstanding cytocompatibility, DPG-Mt demonstrates significant potential as a hydrophobic anti-inflammatory drug formulation for
biomedical applications.

Keywords montmorillonite; organic modification; dodecyl glycoside; mechanical ball milling technology; drug adsorption;
ibuprofen



