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Advances in Intelligent Quality Control Technologies for the Entire Tablet Production Chain Driven by
QbD-PAT Integration

ZENG Shangmin, QIN Simin, DING Li, ZHOU Daiying (Guangdong Vocational College of Food and Drug, Guangzhou,
Guangdong 510520, China)

ABSTRACT: As the dominant oral solid dosage form, tablets are facing core demands for consistent quality and high production
efficiency in the era of Pharmaceutical Industry 4.0. Against the backdrop of continuous advancement of generic drug consistency
evaluation and transformation toward intelligent manufacturing, the deep integration of Quality by Design (QbD) and Process
Analytical Technology (PAT) is promoting a paradigm shift in tablet quality control from traditional end-product testing to full-chain
real -time predictive control. This paper systematically reviews key technological advances across the whole tablet production chain
driven by the integration of QbD and PAT, including intelligent responsive excipients and molecular simulation-assisted formulation
design, continuous granulation-drying integrated systems with multi-scale online monitoring , microstructure regulation and Al-driven
optimization of tableting processes, and intelligent monitoring systems for nano-coating materials. The principles, current applications,
and bottlenecks of key technologies in each segment are analyzed. Challenges such as multi-modal data fusion, digital twin model
verification, and economic viability of green processes are discussed. Future development directions, including blockchain traceability,
biomimetic coating materials, self-learning digital twins and carbon-neutral manufacturing, are further prospected. This review holds
that constructing a closed-loop intelligent manufacturing system integrating tablet design, monitoring and optimization is not merely
technical integration, but a paradigm shift in pharmaceutical philosophy from compliance by testing to.

KEYWORDS: tablet production; Quality by Design (QbD) ; Process Analytical Technology (PAT) ; continuous manufacturing;

intelligent excipients; digital twin; artificial intelligence ; quality control

FrRSEAR I 7 68 R R AR PR S A O 25 B AT A — B PR BOR TR A
PEAS AR A P, AR T IR AR R T S, X 24 BN B — P S e ] — B B T
60% LL 110 SRR, RGN R H AR A%, B EOR [RIE, DUE B AL R R O RRIE Y R 2y

ELTIE (B9 A A F TR IRAZ L (CSDP24ALF1G448) ;7 A 4 2024 F A F I A A2 (R EHF)RERATAERA
(JXJYGC2024G358)
BRI § L4, B IR AT % 2 A S 69 TH IR 5 2424, E-mail : 625740365@qq.com

A H 2572026 4E 7 A 55 36 &4 711 Pharmacy Today,2026 July,Vol.36 No.7 + 553



Tl 4.0 5 RUGE AR 2 AR 24 S AR s, Y
o N GG 2 56 1 U TR & S A D ol 32
4 JE i s o A X M DA R T R S RR A XL

Jo R T 18T (QbD) 7 b — B & 48 1 F % 3
A, DR A 3 o A S H bR P R S T e
(CQAs) , IR A YRHE M (CMAs) 5 T. 25
0 (CPPs) Z R A N ZEER 3R, NI AE BT BOi AR
@) T 2w | R B8 R (PAT) W2
T Ao A A S W SRR | v ) A R R ) O
i SRR TS A, DL S FE AR o0 A S 4 Y
FAREZ ", QbD b PAT 52 ia 32 1t 1 R 2% H b
5%t as 845 S, i PAT 2 QbD FH & A 74 i $2 4t T
SCR R S S AR TR S ENIRIERMA,
B B M M R 00 A 7= 20 B 5 O IR () L
AR AR, SR S P N 55 UK B 1) Bk R Bl
BRG] 7 4 U A e AR A%

20204 LK, BEE N T BE o TR0 A A4
LB AL IR F AR B 5 7 R PR IR Ay
Wt - B - R A IR R B B . FARAETE
AT YRR e T R R K E
BAR B A BE Ao SR, AT 2 AP T — T
EeE 0 et | e Z N A8k S B A A HETT R
B, RN ZRIEEAS S 2R AE, &5
P QbD-PAT il (R H AR HESR , £33 AL J5 4k
SO AR B AR A ORS00 A0 TOUL &5 A8 R 4, 2] e
277 i CQAs 1) 72 W% B 22 (8] 19 SR ML -5 i v ok
o ARSCINA, ST A AR BE i RSO U T
B — R AT 2 RO BUE 1A A0 5 AR A
R R G, X 0E S A SO K B AR Y
iy o

1 QbD-PATRAEMEHEEHARERAL

B —18 QbD-PAT fill & B AR HEAAEAL e 11— 1A
- R R LA L Al A 2 RES R A 2 5
TUE PG A T8 B 0P I IR] 1 | A i B 5 1Y
PU4ER I R G . IZAESR DL 2t (s
PRIERIE ) FN 4313l ) 2 AU 5 TR AR
[ PRt 0 k- 245 0 A B A 5 v i A 5 T B
PR AL 261 SR LM (NIRS) L K6 2%
8O 1% (THZ-TDS) 55 2 Fft PAT T 1> 4 (2t
T AN K 2 2K ) 22 RO SRR W0 o 2% 5 T Vi aE
i B AR AR R L T S T2 B AT R LR K
* 554 Pharmacy Today,2026 July,Vol.36 No.7

SO, A B Al 2 ~) 45 AT S Od 4R
275 A A A BB R BRSRHIRDLTE
AT T AR B B T R 2 ot R
Ko

S GHESR AL, TG BR R HAT LT 4
ik e CL) TR A 34 55 38 e 735400l £ S5 36 iy 900
FPRARAE (2) M RIPEER T 2R OPC UA 545
HEAL DSOS AN (] 1 3 R PAT 3864 ) A9 Kicdls 3
ITa T By (3) Bogg AOLALRE ST - 5 AR
Q M 2% (DQN ) 45 ik Al 2 ~] Sy, W] BTS2 = 15t A
S LTSRS i % Qe

(EAFEE AR, 3 —HE 2R B 7% M T8 I 19 R A O
PR - — 2 22 R B il 10 S92 Bk X AT, R o o 4
O3 T AELA) TOW K Al 5 7 e A TR 1 2% L B Bl
Fr A SRR S g A s RV BRI PR B R A, X
EWRE R RERE A DUEHAR RGERI T, Ak
FHRR SR I, T Rk 2 5 i) AL S 5K

2 AFIEH BEEER S TFENS S RERNZE
21 FaHRRENZAKR

25 AR & IE TR TR % 4k M RL D R AL
2 8 R Ak 3 > 2 kAP Pk A B AR ] 3
o) R ECEZTE /b =) Tl L v e i B | 5 2 NI 5 0 4
FE T REM RL
211 IR L R IR I B PR A A
O A2 IR B0 0 A 1) 36 T AL S B T ) 2
Wit . FEARFELLT B4R - 155 9K 3l ) A1 BE 14 1
T R F RN TR Be T 4Rt - 25 A 25
PEo Bilan, sk e E A L R R LR S
P AR, DA A H G XV 1 245 ) 1) 266 380 5 B TiUA T
R QbD HESR Y R Ge 0 H - 75 B B A5 7 S BE O
(TPP) 5 4 i i JR % (CQAs) I IERE |, RGE WS
FE A R Y RHE M (CMAs) i 5 T2
SRR i REZ R OC R
212 MELThREAL DA — I RE BN R R N S E
il 35 TAC 49 o ok 22 P AR R e 5 S ) Y5 G
PEo AR R - B R H R R O o 107 2F PR AF 5 (A
pH ) . ik, 28 Mg &4 4 A-FLak T AL AS 6] pH
T IZGIRE AT R s pH i 1 Y A e A ak AR S B
T 245 ) R TOGH B R R Ak g e R R R
BeAb BRI & 5 3D FTEN (40 FDM 4% R ) 2592 v i
FIHEARRERA . FREEAY (R LIGEEPVA) |
L4 R R DR LA S A R G R AR L LR S

AH 25242026 4F- 7 H 45 36 545 710




A EACT R A% B 7
2.1.3  FEHIR R Ak g B BT Ak S
S AR HAZ O AE TR R A B 5 1 B A BoR
(PAT)MHZS &, e A i B el Ak . ol 7 i
SR TR £ L St AR AR T 2 ) (MPC) |, 38 1o B
ity S5 I B8 40 e B0 ) e R 5l I 2140 (NIR)
DT S i AU 0 o 590 o A e B 45 o 2 A AR
ZTANZE ST Ay PR B 2 i APT 3 R S A o
SR T A TR

B RERTRHY I IR RO AL R REAL S
I R L MRl B R T AR . SR, H & R AT T I
Pl : —J7 T, AR REAE B AU R R I R
FoE T 52 TR IRARIE; ) — 5T, m e
TEPIE B e JCAS | 2255 1 P A 2 i 249 H 7 A R T 1Y
K ARARTTERNHT S A Z (0] 4% 2P 55, A4 e
fif L HOE B AR EETT
22 EToFHENL B H AT 5L
7

T AU S ) Bl R A VT 2 B
2EAE T AAR ) DRI o A3 TR B R 4
N2 5 R B AR BAE B R ZE AL, BB A% AR
PR T AR ZS PR e AR, A AUL T 75 28 257
A B (DSC) X R AT 3 (XRD) 45 5 50 B R
HATE IR S KAE . TR b Tk,
TEWIBA 25 SR DD RE I LIS L R I SE 8 3T (DoE) 45
QbD TH., AT iy [ i 45 22 A~ O o ot i J 7k, fe 4%
BT

53 FARADLRE Ak T 1 158 D AR 4 ) T, 2 R
Ko (HZFE Y, H AT ALL 0 HERR P ™ AR 13
SR AL X T A 2 AR R U R it
PRI, BEADL A 2 S 0, S 9 A A A B 2 AR 3 2
REZ XALSE QbD P& P i H 25 MG IR AR R
Y LA
23 ERASHEENEL KM B EREF

JORL 2 5 SRR A 1 7 e I I [ B BE AL |
Sy PETT I R R . LI RE USRS A N T g (iR
22 L) M RR B R ERERI AL LR G kR
AN [R) 20 43 JURL G [ 28 IX 0 SR AR 3 B, 7B
RETR & A7, T L0 ARG (NIRS) FhL 203 %) 1z
FH - S s W 000 493 A v 8 APT R J3E 0, AL 2 A0k 245
AANTHE M IIE MR E R,

JUEEOR B B3 12 AT T ek 55 Pk A
— e HARH B, I A5G R AR/ NBORL (<50 wm) |
A H 2524202647 H 45 36 655 7 )

AN

in

™

A
X
isa
I3

o

T G JRE ORGP R A R RE v G B RO ATS A7 A TR X 5
TRARRSE FAE S RAR , ATB LR K R R
PRUERUE , R RE DA L, Bk B AR R # H93)
WIBCTT R o AR TR B U T 208 25 A% Tl
5 S P B A TR R A AL, i ) A IS I G
JRE] I P ER R B S B BEIR S RS

3 FIRETE - EEMER BT ZE5PAT KiE

L G R — T B T 250, T2
SRR, 2 SR A — REFER I
ACAST] 2 S5 [n) . 38 ) % SR A 4R N S TE 2R PAT
I Can NIRS \$7 8 ) , SEEUURDRL AR LK 4 | i L 4 52
pE 4 R T T A Rt 5 A5k 4w, iR i
Il 22 1 A K Al & SR PR . S RLZ AL BE A
B D B 35 6 T Uk 5 7 i D4 AR AR A TR i, ek
XLek K, R I R e e e T A AL R
G5 EE ST 7 T2 AR TR AR R IE Bk 5
T B B A BT LA S B B 3 Pk 5 B Y, DA T
RGARTEE S A P R (g 5 R G T
31 #HSfH R AR T RH S R

14 S A AR A GE 1K % SR 43 A5 TRER A
AP S — Rk A SR E SRR, S T A
P R ARG WERRAS AR TR PR TR AR A Y
[l Fsf, 7 i 4 370 2 DA 7 R M P B A T 7 ot o o
(R e 2y — sl S it i AR A L, 224k
TR AE 28 55 5 2 B ARE T 1) AR R MR RRAIR

R TR e FE R IR 3, 7R ki 12 KoK 4y
RS I A (UG 2T 4063 ) 38 B 44 i OG5 T
ST KR A T SR TR B 3
/NS MNATF & M AE LT 206 ik T F
1 S 5 WA B I Ak R T 98 el R S e AUk
O Y370 o7 TR

SR B PP B, R T A%
(R ERAE , HoAZ Ol SROE AR Sh SRS R S iy e
Pk R A - W - R — R K T R
il N A s Sk AR TR A 5 R
HIR TS AR LA
32 HATERIARS GAFERE

THE T JEHee 259 i | [ 3508 X
e E MR SEBERR Y o B TR BOR IE 8 1 3R T
MR GRS A R . PR, s a1
P4 (VDD) $ AR TE LG8 K 2k V7 W, AH L AL G
% T REr= A B EAR R sh itk 5 0] R R A R

Pharmacy Today,2026 July, Vol.36 No.7 + 555




AR TR 3 Y R TR R A OB SRR PT L
W HFG A N TE e TE A | 3 OO ) A (1) s

i B R 4 T AR T E A 7 M BB R SR R R T i
B T2 W55 T4 (SD) J& il 4% T 2 T [ 44
ST Y ] R {H R OC T A A ) Y 45 A X
S, A BT (VDD) X T H AR AR AR
25 e B URR LA T B IR BB A TE TR
BB Bt 5 R A6l L B R GRS, B
U oRe FH e 75 2 08 vk iR (RAG) A il Rz 5253 v ]
AL T R s BRI, R AR AR P e Y AR TR
WEVE A, 2 F SR —T0 L QbD LS, B Rk
B SRS RGN RS TR
3.3 HlR-TF Bt A6 PAT £ 4 Kk #

SEI G SR TR TR SR OCRRE = B Is T Y
oty , 16 TR E—A5 T 2 MR RERG 25
FrER(PAT) FEL IR R . KRG T 141208
£E A BRI I 4% - I 2T AN 1% (NIRS ) £ 57 38 15
ORL Y P LIRS (WRi AR 5K 43 ) Fr E Ok AR 4%
W 25 9y P 5 TG TR A B A . SR B T A
PE R R GIAEAS IS 5mE , Wk NIRS Bl 5 2T
PRET- i () AL R T 1 28 SCBRIE . fe e, B
A SEIHE BIC AR BRI PF B, 2 452 78 i 42 o)
SRR HTREYE R A T2 240 8 T 1 o A B &
K5 I 2 itz 22 SR TR LT S R A

4 ERIZ:HFFE IRBERSEREANE
GES

TEIE R T2 A G AR S 4 o B 2
0, X LS S0 50 A SR OO 2 A |, S SO Gk
B P A A 28 0 A B A B 5 17 QbD-PAT Fili75 368 i %07
25 1R S B R U T A, I A B S R TSR
(RTRT) 4 & i 7 3 M Hi AR S BT A 26 1 5 5%
T o SR, AR AT T R 2R A A RN R 52
WREAS S 5 W) S IR AR GEdE LA ] i et k45
PRI i, e A 0 i R e 1 R P R A
S E NGS5 T ATARHE R E , I T e EL S 1
FOBIR IR, RGAR TR R T2 BOR s 5 Mk
LI E T
41 ETHFFEWENRITE T LM

fEGL IR T 2T k™ B AR U S 5, T —
(N R B Tl N (e W R R S B e e e
RESR . AN, BT XS JE 2L 1T T 20t v AR B 28
AR TSR R 6 AR AR i, S B R 7R S

* 556 Pharmacy Today,2026 July, Vol.36 No.7

Jo dk Ja T RS E U 5 T 2 s AR AR Bk —
A, BT BIAY 07 FARR S5 LA o > AR TR A 45
7, N LA 158 R 3y, A5 16 UL BRI
TR BB L T 2 SRS T RE™

X7 A BRI AR R e L T A 9 5 fE
S E SRR A R o AR R R R R A Tl 2%
B AN B R, HAE B SUI0ORS B2 AT 5 i 25 32
(SRS as S S AN E I DAYy SR A
4.2 T 1w 2 S 0 BT 5L R R

TEESE e Fy A 7 o, S B S IR T e R e
Bt SRR o 1 I IARE S S AT 3
(RTRT) 5§ W 119 5C B 78 T HI 5= B 165F [ 3 4 (RTD)
B 5 WPRHE BRSE 4 A2 PP LA BT Y FE R PAT
e IS Al , TR SO0 B A AU s 7 ) A 7
b M S e B A e Y B AR R g

TEMCHESE R, FE TR AP G345 PAT T H Y 52
18 M 4% 5 7 SR S O 28 G R B A PAAT SR A
il F-Be o B, 3 o 5 0 R HUIRHZR | B NIR
FETEAOH R AR TR A W APT S it EAT S W,
454 RTD BTN B 2 7 50) 5 o, 9 R GU ) 21 3%
R AR IR, T R I R o TR A L R SR AN
E e TG 007 sl - P - PR A T B A
IR R i A ) A e 2l RS 2 o AR
AL KT AR A AR
43 BFRBRA ARSI BR G EH

RSB R R S A TR T B R G
o 1) B REAL Tt o B R ML 2o 4 A% J Al Ao
Fo A IR LA R S it A D D6 1% Pk (AN 21 A0 st 4o
26T ) M — A T7 AR R 4% . BIFSE B S
BUAE e P AL A 8 X PR 7R 8 P T ) R A s s R 79
BEAT SN 23 (6] 23 B B G M I o T 28 S IR Rl
TABUH FAEL TR WP 520, R Bt 2 T
SR AR R AT A 22 D A, SR s B
et D EIE R R ) RS CES Y. K
L IE W —A BN AL R R B BE T, OF S
bR RISl S R R i 25 ] A i 550 R R ) i
ES e

5 BRIAL:HRMEREFEES SN
TEAARITT AL Ge 7y R A A 2 g 4%
il R R 55 34 A e X DA S s 0 B R R B o R
022 KR 5B A BB 5 1T QbD-PAT 55 I i
LIS AR T H AR (A3 210 78 5 & 6 kg ) 32
A H 24242026 417 H 45 36 655 7 1]




PRJEERE A5 R o 18 S I s 0 5 P A O 4
SR, A2 B0 4T3 T i 522 2% C 5 22 7% 1 4 5 ) 425 TN
ME GOKR BB R E PEAS 2 S 5 e A BH FE S HR
R, A, T T & TR ) B 278 AR
2, G546 TR 2 -PAT BR ] 10085 3 40 S i I 45 5 0
WL IR B PTH ZEAK B A A L, LR S
P& A A T 20 G R R T A R T —
Htk
51 ETHRMBE R ¥ RIENE KRB EEH
AR AR B AR MO PR Z —FE T LIk
FROBE QLA BRG] 48 o BF9E R I, SR ] i 2
A2 5k n] B O b A A 2 25 48 KR (A PLGA) 1Y
RAT 5 B —E T YRR 53 BT 4 A M i o
rh sy, 5 R BT A A B AR TR 2 B e i AR AT R
30 A AR ARG KR T R AR AT DA A I
WA F S RIS UM AR R
WIHLERE 7 A AR AR BT 2 8 439 oKk T
I G VR R T [ W 5T 52 PR 2 () PN ) 2 2% ik 3 5
PR . BAUBIETEAE S AR R R S A 3]
BRI, B0 5 I JR S ik A BHLZE RS 5 S
Xof 2 KL A 22 1) BELZE XU, 3 2 43 B 2 R (PAT)
7t N R R NI ZT RN (27 0y S 1 PR {267
T AT LLAN A S T SN S B R S R T R A
AR, ] U BH 28 # 5 E— 20 455 A TR0 42 o)
(MPC) BT T SE (AN 3 57 )
T A 2 e A BHZEARZ 5 [R) IR )T 1 06 1 A5 S ok
M ) A RSE A8 A M, R I D B P L ZE S B0 R B
PAT B4 BN I SE B 1 D& 0 42 o 3801 5090 50K 3 P
HEVRE , AR RN K I S A R B IE R, X4
FEFRAT, 7AW I Ty 3T 5 T 22 B ),
I TGN R AR BE | O TR 45 B 5 S I B )
G (AR A 800, kA DR AR08 ) 7 © B 2 ™ 5 350 2 R
AT S
52 ZEARBRANBEAPAT)E 6N AT R %
R LB A T Y SR i S e s, £
B PAT #Y I & i o B RE AR ) 25 48 7 i 0 9K
FEo ILZLAMGIE (NIRS) PRH AR A3 I 14 A 53 A
PR, R8T 32 I P T S Ik R T 24 4 O M s
i IR G WY E KoK S B RS, 2HE
PAT (5 P — PR BRAE X & 2% 15 B Y [R] 20 R R
SRbE AT o 10, BT %00 SRS AL BRI 5
EZ IRy TR SR R T =R X W 75 A Al
AIEEPET XA T AR S T A ARG A s
A H 2524202647 H 45 36 655 7 )

2P T | G TE AR S S L L A 2
PAT TR FZHRA™ o biJa , FIHH 2 0 ge i 45 2 ul
B 7 > SETE R e ) 225 v 2 50 R4 8 B il
5 AT, R R BE A R R L RE S SE I AR
JEAE i i v B 2 Bl e, I 1 2l B T I
OGRS R T 22, e S B™ i i
FR S AT

LA R Y S R AN S A M s T B — 12 Ik
ae Ml LA T L . 2R PAT K 40 TR] 2 £ 4K
LT ZOIRIRIE T . KL PR T 2 I8 51
Y 1) S I Rl S AR T e Rl R S K Bl S
SRR RE  FOESCHL O U I B P B A B

6 PEERFKRE
6.1 AT T i K S B AL AT

S QbD-PAT Rl UG 1 35 R Ji , (HL7E 52 B
B RE AL i B T L AT T A PR (1) 22
NS €S20 (5 NP R S i S LN i
P B A A2 S 22 5 B RURE R 47 S IR
HIRERG SR — Ml s =, Bk 2y 1 4
HEARMIR ARG R o DRI — B, OB AR Tt
SEEGE— B AR E A (41 OPC UA) I 2 I 2
o) AR B R RE RS A X IE RN T
RE S 3h (Y 22 RO K Rl 55 MR A e 05 S Y
JEGJZ=FER o (2) 807 2R A R B B ik 5 v i AR w8 < 1
PR LR Tl S P AR R A B R, B
55 SR A 7 1) T e 22 R AT 5 — 2P AR, R
G ML, 75 108 1 AL T RO R S AL
ks ¥ NI B eIl = PR VE S S 55 v V]
i AR AP AR I I B SO R R A T
R ARG WAEEAE 0] Tl H - (3) B RE T 20/
LT Sk 2R (8 T 2 (U SE & (40K
A B H B S Al SR LR B A R A ) IR
PGB AT A MAEAL R A% O 2 eV RE &2
fifp PR IX — XS, 0N T 2 AR i LA A A
el 4 e RO AT, RGEVEHLER T R & &
Tealtas XM T ar (B 29 A0 5 T R AR 7 1K 2R g
& R R EE N R o (4) B GBS 5 AR
A PRER R AR AL TR IR MO T i 25 -l - T
PG RAA IS LUK Btk T A& Ak
AR TSR ARECF IR A RE T o B X AR AP Pk
A, o AR A B 2 B RS B A B SRR 2 O RAE
TS P & 58T AR E IR S8, S ZUANA

Pharmacy Today,2026 July, Vol.36 No.7 + 557 -




HIECFARDIVE 52t X B R T Rk
LGB IIRA S S K B AHTE 1
R,
6.2 KkKREF

T ) AR, 380 AR P2 B A ) LA 5 Il R4k &
JEE (1) DX B T BB 4 I R 0 o 9 0 < ) FH X B
FARR TR e ]38 W0 R, S R R 2 e
B 700 0 A SRR A AR R THL N B
B R A A RO (2) 05 A= B R A A A )« A L 4
WL RS AR W 25 8, T R R -2 W R A A SR AR
WAL, SR 11 32 S R 1) 3 335 R HE R R 1 A 2 )
NERETIC . (3) A 2 2] 5 P[] ik AL Bl 7 28 25 G B
o o FERR AT SR RO B2 T ER B RA Y
R4 T , 5280 2 A = 35 b 5080 1) B AT 2, (6 850
A5 AT RR A SE T [ BRT L A OLAR, T RB AR A 2
Tl KA BRI . () N TR RERE R G5 A E ik
R AR ERZR S S T AR, NS HH
TSE AR R R 2 kS T2 A £ S, 9K
Bl R 7 AR = A i A 1) E 3 L L (5) Bk R
g R A 7 il R BOB AL R A AL
A A PR S B R, RG24
1o R 1) BEANE 7 R HE R o 1 4 Bk n] FRAL R
EDE

7 #it

B EE R F T (QbD) 5 i R4 BT A (PAT) 1)
TREERLG , IE 51800 A 7 i ARG AL B e f gk
JACHI TR TC . o TR0 B i kb T 1), B3
SEAb IR TR AR S W4, N ATIR S R i T2
38 P A, 3 2o AR W ) A A T 4 L R
BHC R 284 = 285 %% . QbD-PAT @G
A 2R 0 K T PR B R T O S A e i
T e B SR T 5 Bl AS VA R LB i T R
W B T2 RS SRR, YT,
LI ) K e O BB — F R SR B B, i A B
RS R B s AR R BT B B . R
o, T BEHE— A SR Ak = 2 I P ) A B L T
v Z RSB LA RO R AR A IR SR
T AR S AR, s mir Wy 2 AR 1) Tolk b
TG . BEE AR A  XHUEE N TR RS
FAR B LS RN, R 0 A 7= e A S B
A T a8 1) 1 3 o P 5, A A R B 24 Tl Y e o
5 R R R B T

* 558+ Pharmacy Today,2026 July,Vol.36 No.7

S E 30k

(1] AT 25 850 . 2025 FP 1R 2547l F 790 A2 77 B 3 o0 A - BB
eI T R TS T2 L) R Tolk, 2025(8) :48-55.

(2] 2, B B, Br i, 55 @l 7 ) 24 5Tt YT 20— M T A 24
b b TR M SR 1Y S TS 0. e 5 25 40, 2025, 27 (3)
255-260.

[3] E4, T XS, 55— SHEEO S o B 56 2507l i 52
MLy ). PR PR 2y Tl 2%k, 2024, 55(11) : 1583-1588.

[4] Birla D,Khandale N, Bashir B, et al.Application of quality by design
in optimization of nanoformulations: principle, perspectives and
practices| J |.Drug Deliv Transl Res,2025,15(3) : 798-830.

[5] Zagalo D M, Silva B M A, Silva C, et al.A quality by design (QbD)
approach in pharmaceutical development of lipid - based nanosys-
tems: a systematic review [J1.J Drug Deliv Sei Technol, 2022, 70:
103207.

(6] 25, ABHE- B T B Y T8 (QbD ) il £ 3 2% [ 7 fig o an
KRELT]. 2, 2024,55(7) :2216-2226.

AR 1 10 W 7 9070 1 R 1 7 S B 5 )
R REBET[J]. i 25 2%3K, 2023,48(15) :3977-3987.

(81 XA AT, 3], ok B, 45 BB IR T i 75 3D ST B i) 45
CE AL ZERE R AT L) ). 2527541, 2020, 55(11) :2719-
2727.

(9] A 48 , 28 S0 . DS A o3 Wi B AR 2 2 Wy i B ol s [ ). i e T
Al,2024(10) : 24-28.

[10] Huang Y S, Medina-Gonzdlez S, Straiton B, et al.Real-time moni-
toring of powder mass flowrates for plant-wide control of a continuous
direct compaction tablet manufacturing process [J].J Pharm Sci,
2022,111(1):69-81.

[11] Hetrick E M, Shi Z Q, Harms Z D, et al.Sample mass estimate for
the use of near-infrared and Raman spectroscopy to monitor content
uniformity in a tablet press feed frame of a drug product continuous
manufacturing process| J ].Appl Spectrosc,2021,75(2) :216-224.

[12] Wang X P, Tian Y, Zhang S, et al.Real-time droplet size analysis
using laser micrometer as a process analytical technology tool for
continuous dripping process [J].Eng Life Sci, 2022,22(9) : 594-
604.

[13] Domokos A, Pusztai K, Madarasz L, et al.Combination of PAT and
mechanistic modeling tools in a fully continuous powder to granule
line: rapid and deep process understanding [ J ]. Powder Technol,
2021,388:70-81.

[14] Moreno M, Ganesh S, Shah Y D, et al.Sensor network robustness
using model-based data reconciliation for continuous tablet manu-
facturing[ J ].J Pharm Sci,2019,108(8) :2599-2612.

[15] Jung E A, Park Y J, Kim J E. Application of continuous manufac-
turing for solid oral dosage forms [J].] Pharm Investig, 2023, 53
(4):457-474.

[16] Katiyar R S, Jha P K.Phase behavior of aqueous polyacrylic acid
solutions using atomistic molecular dynamics simulations of model
oligomers| J |.Polymer,2017,114:266-276.

[17] Wei Q H,Zhang Y F,Wang Y N, et al.A molecular dynamic simu-

lation method to elucidate the interaction mechanism of nano-SiO,

A H 25772026417 H 45 36 458 711




in polymer blends[ J].J Mater Sci,2017,52(21) : 12889-12901.

(187 W WL . 25 T WA X 2 W K S5 1 B A0 R 5 R 2 W B4 03 T A UL
FELD L ¥R : ILAR R, 2021,

[19] Kim H, Abeysirigunawarden S C, Chen K, et al. Protein - guided
RNA dynamics during early ribosome assembly [ J].Nature, 2014,
506(7488):334-338.

[20] Eh5ir . N T REROAR ST RUR AR 52 A R A TR L il £ 8 [
PRAsF AT ] R R S kAR, 2020,26(11) :42-48.

(20 F 2, X0 tn, 3k . 25 Al R AR AL ZL . AMT HAR R HTE
BT AT, 2025(10) :22-25.

[22] F i, B, Fif, 5 OB BBRE bkl R 25 2 g8 b 9 i
DERELT]. P B2 Tl 28, 2016, 47(5) : 643-647.

(23] BEJE, 85 H 35, P — e, 55 . J0 e B R PR 3 S B B il s HloA
i gE bR L) ] i T2 2, 2017, 26(4) :427-432.

[24] Page S, Maurer R , Wyttenbach N.Structured development approach
for amorphous systems [M]. Formulating Poorly Water Soluble
Drugs.Cham: Springer International Publishing,2016:329-382.

[25] Mazurek A H, Szeleszczuk t..Current status of quantum chemical
studies of cyclodextrin host-guest complexes [ J ].Molecules, 2022,
27(12):3874.

[26] FEgziE , #2220, ANV L, A5 20 TR FRPRS (& e v iy
NEFHLI ). e 2225, 2025,60(11) : 1110-1117.

[27] Sahra K, Kadri M, Berredjem M, et al.Characterization of inclusion
interaction between acylsulfonamide and - cyclodextrin: experi-
mentally and molecular modeling studies[J ].Russ J Phys Chem A,
2022,96(14):3149-3160.

[28] Deng C Y, Cao C, Zhang Y Y, et al. Formation and stabilization
mechanism of - cyclodextrin inclusion complex with C10 aroma
molecules[ J ].Food Hydrocoll,2022,123:107013.

[29] Dubey J, Rajyaguru B, Vankawala K, et al.Development and vali-
dation of new analytical method for the determination of particle
size distribution in empagliflozin using laser - based particle size
analyzer[J].J Adv Med Pharm Sci, 2025,27(11) :65-74.

[30] FWIG, b 5l B S, 46 PO IEE {SGI 7 SR i e L1 B R 42
B ol 7= R BE (4 )5 A ST (D). 252 0F5Y L 2020,39(4)
213-216.

(31 Bk, BT Az, 00, 45 O I V200 A 22 A1 5 3R H TR K
T IR YRR G Dt 24 b SR S AR E 43 A [T ] AR P 252 2 s
2024,39(4) :422-426.

[32] Vo A, Feng X, Smith W C, et al. Analyzing ophthalmic suspension
particle size distributions using laser diffraction: placebo back-
ground subtraction method[J ].Int J Pharm,2021,598: 120401.

(331 EBL, 5 B AT, JIRAL, A5 SR TINL 2 ' B A5 0 5 I A it
B A RO E L) ). E 2554, 2025,39(11) £ 1265-1271.

[34] Abdalla Y, McCoubrey L E, Ferraro I, et al. Machine learning of
Raman spectra predicts drug release from polysaccharide coatings
for targeted colonic delivery[J].J Control Release,2024,374:103-
111.

[35] Anuschek M, Skelbeek -Pedersen A L, Skibsted E, et al.THz-TDS
as a PAT tool for monitoring blend homogeneity in pharmaceutical

manufacturing of solid oral dosage forms: a proof-of-concept study

A H 2552026 4F 7 H 45 36 545 71

[J].Int J Pharm,2024,662:124534.

[36] Shahab M A, Stover N M, Al-Mahayni H, et al.End-to-end digital
twin software for continuous mRNA manufacturing[J].Int J Pharm,
2025,686:126301.

[37] Moreno-Benito M, Lee K T, Kaydanov D, et al.Digital twin of a
continuous direct compression line for drug product and process
design using a hybrid flowsheet modelling approach[J ].Int J Pharm,
2022,628:122336.

[38] Feng M F,Tian Y T, Zhang Y Y, et al.Experimental screening and
molecular dynamics simulation study on wetting agent in dry
suspension[ J |.J Drug Deliv Sci Technol ,2024,95:105513.

[39] Schammé B, Couvrat N, Tognetti V, et al.Investigation of drug-
excipient interactions in biclotymol amorphous solid dispersions
[J].Mol Pharmaceutics, 2018, 15(3) : 1112-1125.

[40] Bauer H, Hoppner S, latrou C, et al. Hardware implementation of
an OPC UA server for industrial field devices[J |.IEEE Trans Very
Large Scale Integr VLSI Syst,2021,29(11):1998-2002.

[41] Huang S H,Mo G Y, Jing S K, et al.Digital twin-driven self-adaptive
reconfiguration planning method of smart manufacturing systems
using game theory and deep Q-network for industry 5.0[J].J Ind
Inf Integr,2025,47:100901.

[42] Katsiotis C S, Ahlén M, Strgmme M, et al.3D-printed mesoporous
carrier system for delivery of poorly soluble drugs[J].Pharmaceu-
lics,2021,13(7) :1096.

[43] Singh L, Sharma V.Implementation of quality by design principles
for the evolution of optimized sustained release drug delivery
system[ ] ].Drug Deliv Lett,2021,11(3):233-247.

[44] Trendafilova I, Lazarova H, Chimshirova R, et al.Novel kaempferol
delivery systems based on Mg-containing MCM -41 mesoporous
silicas[ J].J Solid State Chem,2021,301:122323.

[45] Yu B,Shi R P, Liu C L,et al.pH-responsive gelatin polymer-coated
silica-based mesoporous composites for the sustained-release of
indomethacin| J ].Heliyon,2023,9(3) :e13705.

[46] Das A K, Ansary A, Sahariah B J, et al.Pharmaceutical excipients :
Metamorphosis from conventional formulation to 3D printing [J].
Bioprinting,2025,52:e00454.

[47] Couti N, Porfire A, lovanov R, et al.Polyvinyl alcohol, a versatile
excipient for pharmaceutical 3D printing [ J]. Polymers, 2024, 16
(4):517.

[48] Jelsch M, Roggo Y, Brewer M, et al. Advanced process automation
of a pharmaceutical continuous wet granulation line: Perspectives
on the application of a model predictive control from solid feeders
to dryer[ J ].Powder Technol ,2023,429: 118936.

[49] Otsuka M. Advances in pharmaceutical manufacturing process
management-from physical pharmaceutics to automatic pharmaceu-
tical production[ ] ].Yakugaku Zasshi, 2021, 141(12):1343-1357.

[50] Inoue M, Taniguchi E, Sano J.Real-time total content uniformity
assessment of solid dosage forms using near-infrared transmission
spectroscopy| J |.Anal Chem,2025,97(11):6111-6117.

[51] Li C X,Wang J X, Le Y, et al.Studies of bicalutamide-excipients

interaction by combination of molecular docking and molecular

+ 559

Pharmacy Today,2026 July,Vol.36 No.7



dynamics simulation [J].Mol Pharmaceutics, 2013, 10(6) : 2362-
2369.

[52] Bak Y W, Woo M R, Cho H J, et al. Advanced QbD-based process
optimization of clopidogrel tablets with insights into industrial
manufacturing design [J].Pharmaceutics,2025,17(5) :659.

[53] Kalnai A, Ficzere M, Nagy B, et al. Real -time component - based
particle size measurement and dissolution prediction during continu-
ous powder feeding using machine vision and artificial intelligence-
based object detection[ J ].Eur J Pharm Sci, 2025,209:107080.

[54] Rangel-Gil R S, Nasrala-Alvarez ] M, Romanach R J, et al.Blend
uniformity monitoring in a continuous manufacturing mixing process
for a low -dosage formulation using a stream sampler and near infrared
spectroscopy[ J |.Int J Pharm,2024,661 : 124478.

[55] Sierra-Vega N O, Romdn-Ospino A, Scicolone J, et al.Assessment of
blend uniformity in a continuous tablet manufacturing process[J].
Int J Pharm,2019,560:322-333.

[56] fef, EIRBE, 44, 45 —RhiflRL T RORLALEIR 2Lk
AT RBLIGBIE S B T LT ] LHLR R, 2022(24) : 52-55.

[57] A7) 3, BOH, Bids , &5 Rk k5 i e i HoR i 5 501
BT AELRAGI AR N T2 ORI Tt S [0 ). v B b 2 2% s
2025,50(6) : 1484-1495.

[58] Pauli V, Roggo Y, Kleinebudde P, et al. Real -time monitoring of
particle size distribution in a continuous granulation and drying
process by near infrared spectroscopy[J].Eur J Pharm Biopharm,
2019,141:90-99.

[59] Schinfeld B, Sundermann J, Keller B L, et al. Transformation of
ABT-199 nanocrystal suspensions into a redispersible drug product :
impact of vacuum drum drying, spray drying and tableting on re-
nan()dispersi})ility[ﬂ Pharmaceutics,2024,16(6) : 782.

[60] 4R AL, SR sk, 45 . 5L T78 S5 R BB VL PPN 3 Bl 1448
Tr XK B AT ALV B [0 ], AR 2R E 2R,
2023,39(4):87-92.

[61] YuDY,Li M, Hoag S W, et al.Understanding excipient-induced
crystallization of spray - dried amorphous solid dispersion [J]. J
Pharm Sci, 2025,114(1) :234-244.

[62] Tanaka R, Osotprasit S, Peerapattana J, et al. Complete cocrystal
formation during resonant acoustic wet granulation : effect of granu-
lation liquids[]].Pharmaccutics ,2021,13(1):56.

[63] Svoboda R, Koutna N, Hynkova M, et al.In situ Raman spectros-

* 560 Pharmacy Today,2026 July,Vol.36 No.7

copy as a valuable tool for monitoring crystallization kinetics in
molecular glasses| J ].Molecules,2024,29(19) :4769.

[64] Kiricenko K, Klinken S, Kleinebudde P.Proof of a LOD prediction
model with orthogonal PAT methods in continuous wet granulation
and drying[ﬂ.] Pharm Sci,2025,114(1):176-184.

[65] Jajcevic D, Remmelgas J, Toson P, et al.Development of a high-
fidelity digital twin using the discrete element method for a con-
tinuous direct compression process.Part 1.Calibration workflow[ ] ].
Int J Pharm,2024,666:124796.

[66] Celikovic S, Rehrl J, Fraga R M, et al.A modern strategy for digital
real - time release testing in continuous tablet manufacturing [ J].
Eur J Pharm Biopharm,2025,211:114700.

[67] Ryckaert A, Cannon M, De Beer T, et al.Tablet diversion strategy
based on in-line NIR tablet press feed frame measurements [J].Int
J Pharm,2025,670:125212.

[68] Ortega-Zaitiga C A, Roméan-Ospino A D, Gupta S, et al.Real-time
monitoring of small changes in powder blends and ejected tablets
in a low-dose formulation with 1%w/w of active pharmaceutical
ingredient using Raman and near-infrared spatially resolved spec-
troscopy within a tablet press [J1.Int J Pharm,2025,670:125165.

[69] Ackerley S F.Systematically probing nanoparticle synthesis and
design for encapsulation of therapeutics and imaging agents[D].
London: University College London,2024.

[70] LiX P,MaLJ,ZhouY,et al.Rheological behavior and solution
pH response properties of nanoparticle-regulated low surface tension
systems[J ].J Chem Phys,2024,161(5) :054505.

[71] Liu H,An L J,Ruan Y J, et al.Flow behavior of entangled polymer
nanoparticle composites in a nanotube : insights into jamming state
[J].Macromol Rapid Commun,2024,45(12) :2400019.

[72] Funatsu K.Monitoring and controlling in continuous manufacturing
process [ M ]. Drug Development Supported by Informatics. Singa-
pore: Springer Nature Singapore ,2024:323-333.

[73] Lv L R, Tao Q,Kuang Y J, et al.A novel multimodal aptasensor for
Patulin detection in fruit products based on high - performance
RuMOF@hydrogel and versatile pericarp-derived carbonized polymer
dots[ J].Food Chem,2024,461:140930.

[74] S, 228 T, 45 25 AR AR A 7ELAG I B AR B 2:d 72
BT () ] P B2 25 Tl 2235, 2023, 54(8) : 1174-1181.

Ol H 1 :2026-01-02; 7EZR R H 1 : 2026-05-22)

A H 25772026417 H 45 36 458 711



