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Effects of template and pore-forming agent method on the structure
and drug delivery of porous maltodextrin
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Abstract: This study using maltodextrin as raw material, 1%—5% polyvinylpyrrolidone K30 as template agent,
1%-5% ammonium bicarbonate as pore-forming agent, curcumin and ibuprofen as model drugs. Porous maltodextrin
was prepared by template and pore-forming agent methods, respectively. The structure and drug delivery behavior
of porous maltodextrin prepared by different technologies were comprehensively characterized. The results showed
that the porous maltodextrin prepared by pore-forming agent method had larger specific surface area (6.449 4 m*g")
and pore size (32.804 2 nm), which was significantly better than that by template agent method (3.670 2 m*-g",
15.278 5 nm). The adsorption kinetics between porous maltodextrin prepared by pore-forming agent method and
curcumin were suitable for quasi-first order adsorption kinetic model, and that between porous maltodextrin and
ibuprofen were suitable for quasi-second order adsorption kinetic model. While the adsorption kinetics between
porous maltodextrin prepared by template agent method and two model drugs were both suitable for the quasi-first

order adsorption kinetic model. In addition, the dissolution behavior analysis showed that the porous maltodextrin
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prepared by the two technologies can significantly improve the dissolution behavior of insoluble drugs, and the

drug release was both carried out by diffusion mechanism, which suitable for the Peppas kinetic release model, but

the porous maltodextrin prepared by template agent method had a faster release rate. The change of nozzle diameter

had no significant effect on the adsorption process and drug release behavior of porous maltodextrin. In conclusion,

the porous maltodextrins prepared by two different technologies were both beneficial to the delivery of insoluble

drugs, and the template agent method was the best for delivery of insoluble drugs. This study can provide theoretical

basis for the preparation of porous particles, promote the application of porous particles in insoluble drugs, and

improve the bioavailability of insoluble drugs.
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drug delivery
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The prescription ratios, preparation technologies and nozzle diameters of the samples in this study. MD: Maltodextrin, the raw

material; PVP K30 (P): Polyvinylpyrrolidone K30; NH,HCO, (N): Ammonium bicarbonate; MD-PO (MD-NO): Processed without modifier
and ethanol; MD-PO0': Processed without modifier but with ethanol; MD-P1, MD-P3, MD-P5: Processed with 1%, 3%, 5% PVP, respectively;
MD-N1, MD-N3, MD-NS5: Processed with 1%, 3%, 5% NH,HCO,, respectively; MD-N5 (1.0), MD-N5 (1.5): When the nozzle diameter is
1.0 or 1.5 mm, processed with 5% NH,HCO,; /: No template agent or pore-forming agent was added in the spray drying process

Technology Particle structure Sample MD/% PVP K30/% NH,HCO./% Nozzle diameter/mm
/ Non-porous MD MD 10 / / 2.0
MD-P0 10 / / 2.0
MD-P0' 10 / / 2.0
Template agent method Porous MD MD-P1 10 1 / 2.0
MD-P3 10 3 / 2.0
MD-P5 10 5 / 2.0
Pore-forming agent Porous MD MD-N1 10 / 1 2.0
MD-N3 10 / 3 2.0
MD-N5 10 / 5 2.0
MD-N5 (1.0) 10 / 5 1.0
MD-N5 (1.5) 10 / 5 1.5
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Figure 1 The surface tension (A, C) and viscosity (B, D) of different sample solutions. n =3, x £ 5. "P < 0.05, P < 0.001, ""P < 0.000 1.

10% MD: The aqueous solution of 10% MD

10pum ‘ 10pm

20pm

20um

Figure 2 SEM analysis of maltodextrin and its spray dry powder. A: MD; B: MD-P0; C: MD-P0'; D: MD-P1; E: MD-P3; F: MD-P5;
G: MD-N1; H: MD-N3; I: MD-NS5; J: MD-NS5 (1.0); K: MD-NS5 (1.5). Magnification: 3 000X (A); 6 000X (B-K)

Z IR BN IRLAZ, H £ 7L MD B A BRI 5% FEE B, SA {H 3G In . PD B#AK; Wi 12 5 K, £
FEAE A= 1 SAVPD; FLIRk, & &b 7 FR AR R/ E0FL FLMD B 5 KR ZFTPD.
FH SRR, 2 FLMD sl 2, KR K & Xt R AR 5 v i) 2% (1 % FL MDD, PVP K30 1) 1 A ff
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Table 2 The characterization of powder basic properties. n = 3, x = s. MC: Moisture content; CI: Carr's index; HR: Hausner ratio; AR: Angle of repose; d, : Median particle size; Span: Particle size

consistency; p,: Bulk density; p: Tap density; p, .: True density; SA-BET: The surface area characterized by BET; SA-BJH: Adsorption cumulative surface area of pores between 17.000 nm and

3 000.00 nm diameter; PV: Pore volume; PD: Pore diameter
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Figure 3 FTIR spectra of samples before and after drug loading. A: FTIR spectra of MD prepared by template agent before drug loading;

B: FTIR spectra of MD prepared by template agent method after drug loading; C: FTIR spectra of MD prepared by pore-forming agent

method before drug loading; D: FTIR spectra of MD prepared by pore-forming agent method after drug loading. Cur: Curcumin; Ibu: Ibuprofen



+ 2388 -

Z5%% 4R Acta Pharmaceutica Sinica 2024, 59(8): 2381-2395

M ZE 4 3B, Cur £ 3 510 em™ 4b 45— W B IR ig i, %of
2T Cur Y F2 5 O-H M 45 4R 31, 7£ 1 632 em ™ AL
U of B Cur 6 25, 1 412K Cur (1) MD-PO'F1 MD-P5 %
H CurFriEvg, H 1 632 cm™ AR U4 2%, $& 7 Cur I
B b 5 MD F2 5255 T8 U, 2R Cur B 2l 51 2.
Xt F Tou, HAE 3 120~2 950 cm™ A W UL 0 X6t Jo7 1 55 7
i C-H 4 3R 5, 2 950~2 866 cm™ WU U4 xof % T g i
W C-HAR 4R 3h, HARAE 1 7181 230 #1778 em™ &b K
AT U 4 5310 Sy 42 5 iz Aok 3R B L C-C B iz A % 3h Al CHL #%
BRI, 413 Ibu () MD-PO' Al MD-P5 [&] £ K45 Ibu
FRHRRAE I, 2 B Tou 4 B Zh 97 8K

Kl 3C.D NEALE ] % MD i 3251 J5 FTIR
iR . B 3C A& S 205 i 2, MD.MD-NO
AZ fLMD B A K LUE R (K3C), ZWmi% TR
N REMEWER. BH3 114 om™ 45515 N
NH, B fiE I, 1 398~834 cm™ I BN TR R £h 3% 2 i),
1M LA NH,HCO, Jy BUAL 77 il £ 2 L MD A £ 783X L8R
fIE U, H B8 % NH,HCO, H & 3 i, % £ 4L MD (MD-
N1.MD-N3 #l MD-NS5) 214 i1 £ Jc B . A8 4k, & 8]
FALFIAELE . it £ LMD #2510 J5 5t Eb (B13D), &
LR FLANE ) 2% 2 £l MD 2024 J5 204 i 28 5 2% 25 117 AH
A, H3ANE0 2 25 W0 RR A 0, 3R 0 259 v 4 B 3 #1380
IX — 45 18 5 AR RV ] 4 SR 2k A 4 R AH ]

FTIR 45 it —AE s 2 7L MD R il 4, 2% B A5
BGRREFNESLANE R T LT 4 2 FLRL 7, HLALJ7 s
/LT FH AR A 23 R S IR FTIR 45 51, AN )
T2 4% 2 FL MD AE R E Ak 35 0T S 00 24590 B 7 2
5 XRD4&#f

XRD 1 i 7 s 4 A4 Ao i AR 46 1) 5 R PRIl L B3
MR 2 B . T, S SR R BB, TG
SETEAT R I B (D 0&). XRD 45 SRR W, BT 5%
W17 7E, BT MD FF T 1) 2 BTG € TR 45 0 (18 4), ELBE
5 b T HSEAR R /SCFL R 4 o, 22 4L MD ) XRD

A
M MD

Intensity

T T T T - F“I —
10 20 30 40 50 60
2-Theta / deg

22T W] AR, R 4% TSR AL T B B AN £ 5
Wi #4#F XRD 45 5 .

Kl 4A 75 MD J5 B  MD %5 % 4 £ 5 K& PVP
K30 1) XRD K, MD J5 83 7 20 = 19°4b H B B & 1) 5%
I, 3 B MD 7o 5 BUIR A 1M MD g8 76 20 = 19°48
HH I [ A B e, 3 WY 55 T o ak R AN 23 S e i RL 45
R, 3X 5 SCHRY b 4 3E 55 5 R AR AN 23 52 MD
MRENRE S — 3. A, PVPTE 20 = 11.6°F1 20 =
22.1°4b H B T U, SR BH PVP LB T 45 ™. xf b £
L MD (MD-P1.MD-P3 1 MD-P5) 1 PVP K] XRD i
KW LU B, 2 £ MD HAELE PVP I i, i — B 3%
RIS AR R A e B 4%, 5 10 SO 98 R AR AR RV il 4%
% JLMD [{] FTIR 45— 5,

K] 4B Jig 7 BUAL 7 il 4% 1) MD A 5 XRD 45 3,
2215 25 T 188 Ab B S & BFL MD (MD-NO) fi1 £ fL MD
(MD-N1, MD-N3 fil MD-N5) E. 5 1 [F] XRD #i£k, H.ix
LU 5 XRD Hh 235 52 0 H v e, 3 W 48 0 gt 25 A
S A B0 E RS T MD J5k 22 I8 T €
TERES, KRB S TREREA S S LMD JEHESE.
X — RIS BRI ) % 2 LMD ) XRD 45 58— 2.
HHNH,HCO, 7E 20{E 7. 17.1°.23.8°.30.4°F142.5° 92
B FLUE, R B NH,HCO, L& i S AA1E, X — RIS
Han Z5"5¢ F NH,HCO, DL 45 & & T N AE7E I 45 1 —
. MZ LMD ) XRD Hh £kt A7 7E NH,HCO, 5 20
U, 2 B EFLA A % 2 FL MD H E NH,HCO, 7% # -

6 DSCH#r

DSC 5 iIF A% 84 25 4) 5 MD 155 55+ S FF 5 AL A IR
A, PR H AR )72 R0 BFL 7 ) 4% 22 LMD X 254
ok sz (B 5). 45 R EoR, SEAATEE ST, 3
24y Ja A it DSC HH 2 257 AH L 245 1) o Rl g, 2 ) 1 AN
6] T 251l 4% 22 LMD ¥ BE S L 254 F 3k

HR A5 DSC 1 2 1] &1 B A R it 35 3t I e, HG
o Cur & RLIE A7 T 183 °C (B 5A), 5 CHR™ R IE Cur

»««MM_ MD

WW ™
LS S VAT — MD-NO
Tt st

-WM ‘w

z
Z
o} PP e
o P b
E e MDA
S L
. —————— i
10 20 30 40 50 60

2-Theta / deg

Figure 4 X-ray diffractograms of materials. A: Template agent method; B: Pore-forming agent method
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Figure 5 The DSC curves of samples before and after drug loading in different preparation technologies. A: DSC curves of Cur and Ibu;

B: MD samples prepared by template agent method; C: MD samples prepared by pore-forming agent method
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Figure 6 Adsorption kinetics curves of the materials (template agent method). A: Adsorption kinetics curve of materials and model drug

curcumin; B: Adsorption kinetics curve of materials and model drug ibuprofen; C: The fitting curves of the quasi-first order adsorption

kinetics of curcumin; D: The fitting curves of the quasi-second order adsorption kinetics of curcumin; E: The fitting curves of the quasi-first

order adsorption kinetics of ibuprofen; F: The fitting curves of the quasi-second order adsorption kinetics of ibuprofen
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Figure 7 Adsorption kinetics curves of the materials (pore-forming agent method). A: Adsorption kinetics curve of materials and model

drug curcumin; B: Adsorption kinetics curve of materials and model drug ibuprofen; C: The fitting curves of the quasi-first order adsorption

kinetics of curcumin; D: The fitting curves of the quasi-second order adsorption kinetics of curcumin; E: The fitting curves of the quasi-first

order adsorption kinetics of ibuprofen; F: The fitting curves of the quasi-second order adsorption kinetics of ibuprofen
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Figure 8 Adsorption kinetics curves of the materials (the prescription ratio is the same, but the nozzle diameters are different). A: Adsorp-

tion kinetics curve of materials and model drug curcumin; B: Adsorption kinetics curve of materials and model drug ibuprofen
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Table 3 The drug loading and adsorption efficiency of model

drugs in different carriers. n=3,x £ s

Curcumin Ibuprofen
Sample Drug Adsorption Drug Adsorption

loading/%  efficiency/%  loading/% efficiency/%
MD 6.95+0.98 285+0.00 12.17+043 599+0.24
MD-P0 9.55+0.75 4.63+0.19 1564+045 642+0.25
MD-P0' 9.87+1.83 529+027 1516+£1.05 7.49+0.46
MD-P1 10.71£1.61 533+0.32 22.64+0.99 11.30+0.17
MD-P3 17.05+£2.93 7.43+0.00 26.67+4.55 12.96+0.00
MD-P5 17.77+1.90 852+0.14 2992+1.47 13.90+0.16
MD-NI1 17.14+ 145 519+0.14 2244+257 8.56+0.16
MD-N3 2037+1.57 791+0.14 26.18+1.60 10.80+0.17
MD-N5 23.89+0.53 8.06+0.21 35.87+1.33 12.24+0.29
MD-N5 (1.0) 23.86+0.38 8.02+0.17 3631+1.01 12.47+0.00
MD-N5 (1.5) 2390+0.60 8.01+0.00 3634+1.32 12.39+0.00
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Table 4 Fitting parameters of quasi-first order adsorption kinetics and quasi-second order adsorption kinetics of curcumin and ibuprofen.

was expressed as the adsorption capacity of the sample at any time ¢ (min), in mg-g"; f was the adsorption reaction time
) pressed as the adsorpt pacity of th ple atany t gg! the adsorpt tion t

Template-agent method

Ad%orpﬂon Sample Curcumin Ibuprofen
kinetics model - 4 ) : - 2
Regression equation R Regression equation R
Quasi-first order MD In (0.010 2-0Q) = -0.005 5¢ — 4.585 4 0.738 7 In (1.999 6-0) = —0.025 7t + 0.692 9 0.943 0
MD-PO In (0.0172-0Q) =-0.007 5¢ — 4.062 8 0.867 1 In (2.1428-0) =-0.018 3¢+ 0.762 1 0.977 8
MD-P0' In (0.020 4-Q) = -0.015 5¢ - 3.892 2 0.984 4 In (2.713 3-0) = —0.026 0z + 0.998 2 0.946 7
MD-P1 In (0.027 2-0Q) = -0.007 2¢ - 3.604 5 0.9899 In (4.712 3-0) = -0.006 5¢ + 1.550 1 0.996 9
MD-P3 In (0.037 6-0) = —0.007 07 — 3.280 8 0.993 8 In (5.283 5-0) = -0.007 0z + 1.664 6 0.9897
MD-P5 In (0.040 8-Q)) = -0.009 0z - 3.199 1 0.993 9 In (6.141 8-0) = —-0.006 5¢+ 1.815 1 0.995 1
Quasi-second order MD #/Q,=92.417t+1491.2 0.984 9 #/Q,=0.480 17+ 9.086 0.993 8
MD-PO 1/Q,=54.187t + 1 644.7 0.990 3 /Q,=0.443 7t + 10.550 0.992 4
MD-P0' 1/Q,=44.697t +2 036.4 0.978 0 /Q,=0.353 5t + 6.364 0.994 3
MD-P1 1/Q,=32.962t +2 125.4 0.980 5 t/Q,=0.172 2t + 20.684 0.929 4
MD-P3 1/Q,=23.386t+1770.3 0.973 6 /Q,=0.161 0t + 14.581 0.960 0
MD-P5 1/0,=22.049¢ + 1 294.3 0.982 4 t/Q, =0.136 8¢+ 13.557 0.9543
Adsorption A Pore-forming agent method
o Sample Curcumin Ibuprofen
kinetics model - . 2 - . >
Regression equation R Regression equation R
Quasi-first order MD-N1 In (0.025 0-Q) = -0.006 3¢ - 3.688 9 0.988 1 In (4.428 6-0) =-0.007 2¢ + 1.488 1 0.9554
MD-N3 In (0.036 2-0Q) = -0.008 0 — 3.318 7 0.991 2 In (5.142 0-Q) = —0.006 0z + 1.637 4 0.9703
MD-N5 In (0.039 8-0) = -0.006 6¢ — 3.223 4 0.994 6 In (6.142 8-0) = -0.005 4¢ + 1.815 3 0.9572
Quasi-second order MD-N1 /0, = 40.000¢ + 3 424.2 0.952'1 /Q,=0.225 8¢+ 15.078 09715
MD-N3 t/Q,=27.624t + 2 368.5 0.9391 /Q,=0.194 5t +12.222 09753
MD-N5 /0, =25.126¢ + 1 982.0 0.960 6 /0 =0.162 8¢+ 10.851 0.969 5
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Figure 9 Dissolution profiles of drug loaded porous MD. n = 3, x 5. A, B: In vitro dissolution profiles of MD-loaded powder prepared
by template agent method; C, D: In vitro dissolution profiles of MD-loaded powder prepared by pore-forming agent method; E, F: The

dissolution profiles of the porous MD-loaded powder prepared by changing the technological parameters without changing the prescription

composition

Table 5 The fitting parameters of model drugs release were determined with different mathematical models

Method Sample

Mathematical

Zero-order

First-order

Higuchi

Peppas

Template MD-Cur

0=0.050 8+19.387 2, R*=0.577 7

100-0 = 100exp™***, = -6.517 5

0=1.05231"+152452, R=0.760 7

0=12276 1% R=09122

agent  MD-P0-Cur 0=0.04196+24.105 1, R*=0.8520 100-0 = 100exp "™, R*=-15.6577 0=0.863 87 +20.716 1, "= 0.7603 Q= 14.4657""", R*=0.927 |
method  MD-P0'-Cur 0=0.038 6¢+24.1473, = 0.6204 100-Q = 100exp" "™ ", R*=-20.0974 Q=0.787 8¢ +21.079 8, R*=0.803 1 O =18.040 4", R*=0.942 8
MD-P1-Cur 0=02161¢+40.785 3, R*=0.6443  100-0 = 100exp "™ R*=0.576 6 ~ Q=4.378 417 +23.864 6, R*=0.8227 Q=19.4857,""* R*=09130
MD-P3-Cur 0=0.168 8+ 52.2652, R*=0.675 1 100-0 = 100exp """, R*=-0.3143 0 =3.384 117 +39.308 8, R*=0.8477 Q=31.3762""", R*=0.949 2
MD-P5-Cur 0=0.1253+62.2927, R*=0.5629 100-0 = 100exp """, R*=~1.053 4 0 =2.589 217 +52.118 5, R*=0.7342 Q=43.1547"""* R*=0.902 2
MD-Ibu 0=0.078 6+ 15416 5, R*=0.493 1 100-0 = 100exp "™, R*=-1.080 4 Q=1.631217+89822, R*=0.7320 Q=74173""" R*=0.8547
MD-P0-Ibu 0=0.0858+17.2172, = 0.473 1 100-0 = 100exp """, R*=-1.0356 0 =1.799 9¢” +10.053 3, R*=0.7232 0 =8.287 3"} R*=0.8520
MD-P0'-Ibu 0=0.070 6t + 18.247 0, R*=0.453 3 100-Q = 100exp"**”, R*=-22097 Q=1.485417+123214,R*=0.700 1 Q=9.774 7% R*=0.8515
MD-P1-Ibu 0=02524¢+35.141 1, R*=0.593 8 100-Q = 100exp "™, "= 0.8245  Q=5.113 61"+ 153809, ®*=0.8229 Q=14.567 8**°, R*=0.895 2
MD-P3-Ibu 0=02262¢+41.9111,R*=0.6568 100-0 = 100exp ™", R*=0.5810  Q=4.497 67 +24.8158, R*=0.8673 Q=20.158 4" R*=0.9419
MD-P5-Tbu 0=02105¢+45898 3, R*=0.646 6 100-0 = 100exp "™ ¥, R*=04295  Q=4.200 1#7+29.886 8, R*=0.860 8 Q=23.756 5/"**", R*=0.944 0
Pore-  MD-NI-Cur 0=0.180 1¢+42.2870,R*=0.5725 100-Q = 100exp """ *, R*=0.1977  Q=3.742 41" +27.506 4, R*=0.790 0 Q=21.930 5"*"°, R*=0.890 8
forming  MD-N3-Cur 0=0.183 8+42.655 1, R*=0.5870 100-0 = 100exp """, R*=0.2539  0=3.799 1£?+27.719.4, R*=0.801 0 0 =22.094 0/*** R*=0.896 7
agent  MD-N5-Cur 0=0.180 6¢+44.841 0, R*=0.5449 100-Q = 100exp ¥, R*=0.2748 0 =3.785 31" +29.786 2, R*=0.764 7 Q= 23.660 9"*** R*=0.8720

MD-N5 (1.0)-Cur
MD-N5 (1.5)-Cur

0=0.177 6t +42.752 7, R*=0.549 6
0=0.181 4t +43.162 3, R*=0.550 6

100-0 = 100exp "%, R*=0.201 6
100-0 = 100exp™***, R=0.266 8

0=3.712 31" +28.023 1, = 0.766 9
0=3.791 6/ +28.117 2, R*=0.768 4

0=22289 0™, R=0.866 9
0=22393 8™ R=0.868 8

MD-NI-Ibu 0=022811+33.794 7, B*= 0550 6 100-0 = 100exp™****, R=0.7110 0 =04760/>+14.8189, R*=0.7709 0 =14.275 4" = 08387
MD-N3-Ibu 0=02030¢+38.7979, R*=0.543 1 100-0 = 100exp™****, R°=0.5602 0 =4.268 0/> +21.777 3, R*=0.7672 0 =18.200 9", = 0.856 3
MD-N5-Ibu 0=0.205 5¢+40.6777, B*= 05553 100-0 = 100exp™ ", = 0.5812 0 =4.296 5/ +23.624 6, °=0.7755 0 =19.434 47 R=0.863 3

MD-N5 (1.0)-Tbu
MD-N5 (1.5)-Tbu

0=02045t+39.1730, = 0.543 6
0=02123t+38.140 8, R*=0.577 1

100-0 = 100exp™*** ", R=0.571 1
100-0 = 100exp™**"**, R=0.613 7

0=42880¢+22.111 3, R=0.763 7
0=4.40047"+20.799 1, R*=0.792 2

0=18.404 9”3 R*=0.849 1
0=17.5359"° R*=0.868 3
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