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Progress in the Application of Process Analytical Technology in the Drug 3D Printing Process

DONG Ruyue'?, HAN Xiaolu', WANG Zengming', WAN Kun’, HONG Xiaoxuan', ZHANG Hui', LIU Nan'
**  ZHENG Aiping] " (1. State Key Laboratory of National Security Specially Needed Medicines, Academy of Military
Medical Sciences, Beijing, 100850, China;
300457, China; 3. Medical Supplies Center of Chinese PLA General Hospital, Beijing 100089, China)

’
LI Mingyuan
2. College of Biotechnology, Tianjin University of Science and Technology, Tianjin,

ABSTRACT : With the rapid development of science and technology, the application of 3D printing technology in personalized drug man-
ufacturing is becoming increasingly mature, providing innovative solutions for patients and the pharmaceutical industry. Due to the inte-
gration of the 3D printing process, there are more adjustable parameters, and the printing process needs to be analyzed and monitored so
as to optimize the printing process and reduce the risk thus to ensure the quality of the product. Process analytical technology (PAT) can
ensure the consistency between product quality and intended use through systematic control measures, solving the limitations, contingen-
cies and lags associated with pharmaceutical batch sampling, so the pharmaceutical industry has begun to introduce PAT technology to co-
manage the production process. Based on the above background, this paper aims to integrate current research findings, dentify the chal-
lenges and opportunities associated with the application of PAT, and provide references for industry practices and future research. This
paper briefly introduces PAT-related regulations, model building methods, lists commonly used PAT tools, and summarizes the applica-
tion of PAT in the process of drug 3D printing. Combined with the advantages of PAT and the current status of domestic and international
applications, we also evaluates the current regulatory environment and analyzes the current challenges faced by 3D printed drugs and PAT.
KEY WORDS: 3D printing; personalization; drug manufacturing; process analytical technology
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P 3D AT ERAT M & A3 AR 10 A [) B0 AR il 288, 2 246 445 7)1 Sf
(binder jet,BJ) J&Eh TR (fused deposition modeling, FDM) |
R [E AR B HY (semi solid extrusion, SSE ) | % $& 1 18 0% be 4%
(selective laser sintering, SLS) 1% [# fk i 28 ( stereo lithogra-
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phy apparatus,SLA) %[Mi o FLT 3D FTER LA fy A
IV AT AR S A o 24 i, DRI 3D AT B A7 i 2 o i
LA EYE, X A5 HAE 259 3% 2246 2 7 (continuous manu-
facturing, CM) BAR B AL, SR, 3D +T BN ¥y 7 i AT vh 78
TG B AR, BT B 3ok 752 v Ak 22 W 3R] 428 2 50 SRS AR 1, i
TS M ZR e AT Ak T SR ) i SR B B, 7E 3D AT ENZY
Py ) o7 P G AN B, e B A4t 0 T PAT SRAZ 34 3D 4TE]
HYN R IR REEL,

1 PAT R E7EHIZ5 T8 R R A
L1 SRS EA

PAT J DS M 0 J5ObA sk v ] A 0 ok A G B J5 5 A
PEREAFAE T B, JE ALK I —Fh Bt o A AR ) AR
R PAT EWRR T EIFR, LR 25 7 v B FR
M. PAT H B FHEIRAMILM T8, F28080 T
WS, 5 3 324 L2 Bk e A 4 AR e 2 4 7
bR PAT 0] DL AL 30 A &, 19 2946 30 iU A, JF 4 fit
SEI R . 2004 4F S8 [ R 25 B PR (Food and
Drug Administration, FDA) 5355 42 H T PAT 5K m%, L)

Raw material feeds
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SN 245 it A 7 R R BT B AR R i 8 7 it B RE . PAT 3
B H T URACN A i RE PR [R] IR TR SO 24 ) 4
PAK BT RAE A AR DG EOA, LA A 7 T2 8eit . Brida iy
PAT ZRGEal A ™ T 2530 18] W iy S 5 o & s 4, F 8 2R
PR LA PR 7 i B o BT 4R A A R AR
o, PAT 2 —TIOGHER AR ™ BRI T SR8 5 2
I eI LA 7 DU 1 % ) B R RV A R
S 8 TR B RO AR [ L B A G Y i
T g ] 3% 4 DeltaV %t &% B 3 fk & 4 ( distributed control
system, DCS) Fl PAT, & F2 45 il & g8 ol JH 7 3 #& i 45 4%
VB 38 3 S92 i 9 R o AR 2 BOR i DR 7 BT i . PAT 2%
FET) W EEAR, WK 2, TR s
FHR PAT A SCBE T, AT Fo 14 52 I £ 2 0 5% 3 o 4 Js 1k
FOCEE YRR P, 77 75 22 I, 28 1) &% 48 v] AR 4 2 ik
e 1 OR B SR B WDORE, B 1A 5 48 W REIE T i
SRR, AT A AR B X 2 ) 15 P B 43 (active pharmaceutical
ingredient, APT) 82y il 1Y i i, 52 B0 SE I AT 0, SR
PAT B UM GE i i J7 3, S 3245 QbD B, vl LA 42
7R il B — B

Control & PAT
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Raw material feeds
ﬂ spectroscopy & Focused beam
reflectance measurement

Filtration

Reactive
crystallization

Dissolution

In situ Fourier transform infrared Solvent

Excipient

Filtration

Extrusion-molding-coating
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.. ... o . ..... C,
«
Resuspension
Drying

In situ Fourier transform infrared
spectroscopy & Focused beam
reflectance measurement

Near infred spectroscopy

Raman spectroscopy
particle size analysis

APT — Z590E P53 s NIR — JEZL41; RS - Fi18 5 R - [ 4% C - s
B2 L3I kRSB R
SO T e e
F1 2004 4F FDA %A 5¢ T PAT A 25 Tl 45 S sl , i
K 2 1 25 L T AR B AL QbD BEE, FF T iR 51 A PAT LU
SEPLZ it A 7 O R B A R WA, DA S B M DR IE 24 R 5T
B 2006 45 FDA A S A2 il A A O Tl A
2011 AF A AT Y T 2000 e S B L Y 38 T PAT fy s 24k
PABRH R AR B R o N T 24 it Hl AR 2K =] B ip 8 2
274> (The International Council for Harmonisation of Technical
Requirements for Pharmaceuticals for Human Use, ICH) &4 T
ZAMICPE ICH Q8.,Q9,Q10,Q12, 315 QbD Al PAT Hi &
AR SEE A4k T PAT FEAE 7 i A v il YR 2 B i B
FIEESR . 2015 4F FDA A Tl SO & R R 2080 43 47 5
LR IEN RE 5, 2017 4F A A F R I A 500 F) e 2 A= 7 45 e
ANTFAESR DL, B3R 1 10 R BT ] 300 i 82 A= 7 i AR DG HE A
2023 4 [ 58 24 Wi Jai 2 1 el S A (A 2y 1R [ A ] 50 i
TSRS R (A7) ), 2 W B [ 245 it o2 2 1 3 E A 52
JEHESh Y B, PAT C MG JEL 5256 2 [ Bzt ) i) 25 Tl
MK JE . PAT IEAE I 25 G IUIZ 3D $TENZ W) 07 1) &
PO M e SR F . BN, = 3% 280 W] (Triastek ) 9 #4065
£ B YT T2 (melt extrusion deposition, MED) BI i F T £ %
PAT L HX T2 0B T i Ja P S I e, 0% Y 2k AT AR
iR R B AR AL J LE 49— B0rE, B NIR JE 25 iR &
YOI RE  PRUE G 2 B X S0, A A BEARRC g 41 25
SMILFIEE, , DL KA AR TR A Pl A
1.3 #AZTTERNA
PAT T H AT 25 1 el I i, b oA R 52 0%, iy

DN SCHE T2 2l O B o o s M 1 35 16115 2 T REAH B HE &
s A T P AE B 5, T0 TR IR BRI A R
I A A A T 2 O B R O S B R RS
T SR I S 2 00 R W B R A R, LS B A H
(9 SR PRSI IO B B B A2 R
I o BN Ty 2 MR AR 2 ST e R AT A3 A A M G
BRI o W A B R RN vk A - B e )31
(AR B G BR B W BE ) | K- 4B I (k-nearest neighbor,
KNN) £ M50 51 43 81 (linear discriminant analysis, LDA ) 4;
W IR T B U A 85343 HT (principal compo-
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nent analysis, PCA) (R 250 #r (cluster analysis, CA) %5,
JH € & 43 7 J7 ¥ A PCA i d5c /N — € 1 ( partial least
squares, PLS) . A\ T 12 M2 (artificial neural network, ANN)
N3 FF 10 B L (support vector machine, SVM) %5, fth4h, PLS |
SVM 8 I T #E20#r

VERTC M BHA , PCA 7] L 9 4EHO0T %) 5 o6k
BHE R BT L PCA AT LI &2 2% e i e 4
A A m] B A5 B, U B v i A S AT R
4, AT BRGS0 b (1 B8 15 R, REHCUS M 3R AE J A2 F %
PEEEHRHE , 7T T 20T 2140 (near infrared, NIR) (fdf B I
A 4T A (fourier transform infrared, FTIR) F10OG5% S %
Y63 (laser induced breakdown spectroscopy, LIBS) 25137
PCA JE ] ] 48 77 3 TR 45 O iy 47 o & A &, il 4
Myakalwar 25"/ il fi] LIBS il PCA #1454, 445 T 47 XA [
29I E PR B o

PLS S AT LA W] i 43 A 18 722 6 40 ME AN DR A8 s 40 1, AR5
FRAT I B A2 = AR AR B (4520 B R AT 22 T 1A, Bk
IR TR H R, SRR TR ARG TIOORS B2
N, PLS % SORHILS A AT & Pk BGHH
977 1K A BT HR A T Pk B 4N, Bautista 2511 3 5
TE PLS M UHERS RS4RI T, o T 52 0- 1T IR WSO % 5 (ultra-
violet-visible spectroscopy,UV-Vis) ‘& T HE& M =JCIR &Y
FIAIRIRL TS i) = FBR ST Mazurek 457 g2 1 P
o 355 (e L 2 4 fy 2 Y% ( Fourier transform-raman spectra
FT-RS) 5 PLS 13 143 2143 #r ( principle component regres-
sion, PCR) KRG A7, Tl 31 1 300 LS S v Y
APL &4k, Xie 4" ST NIR 63454 PLS Rl PCR S it 1k
WA 9] g APL
L4 HJEINHEART EQRREHDH EIE S NA
L4.1 Ok OGEERE Ty S terE A, 207
RBZRIRIT ™ A= A5 RUAT SS A T 4 i 8 A T 23 BT )
o G R R A S EREY: (atomic emission spectrometry,
AES) | J5 W i)'t 3% v (atomic absorption spectroscopy , AAS) |
UV-Vis £ #p 6 i % (infrared spectroscopy, IR) 45, H Hij1F
PAT 45itef, 2 4 7 2 (Raman spectra, RS) \UV-Vis NIR %54 AR
TEIR T W SRR AR T iR LR 1,
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R L AT B AR LA T E R
X Wi e Bl Bk
SIRAR Sini 275 FIHAT el 52 2 (]
ETA=Dint i R Wik B 5, 2RI E RISk (20]
SBHNA] LG R R ARG AR FHRBERI L5 B S BRI (21]

NIR ] 3 400 3R 0 5 0 2 , 508 A e o S )
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HHT, RS DIARR AP RIS R T 2 e WA AR 4 11 7
T B L SIPER I 534 28 [ 5 B IRAEE >

FELARILZ 1) 53 A0 115 28 7T LA B K5 2% (tera-hertz,
THZ) SR LMK IR GIEHAR A LB . R 2% I A8 [ AR it
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FHEORR 2B RE S I S E AN I R e 3

AT PAT RGN T Fr il S 2k, n] DU WOR
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PAT {4 BEAEHE ERN HE R 191 22 , FFAE R I 57 35 I 7 B 4
1EAT= . FERFEE28 h R T R SR T RR )
I ARE T, B A 7 Y 7 R AR B AR E 7E (100. 86 £0.4) %
FRFE RN A, FE2IE R T RS A o A 7 O BB
1.4.2 @il @R —FfE e ook, K EE4e
FEUMI L1 (gas chromatography , GC) R AH (23 (liquid chro-
matography , LC) BiFP 2R, &35 7E PAT rh iy i ] 32847 . D
SIS T R E R R R 5 R g RN T,
FHT 2R B ) 7 770 5% B 00 s VOR300 A, E il Ay
SERE BB RER ST, W T A ORI | I | R A
SE LTS I A s BEBB B 35 08T s AW 63 o3 A

H \r, & 2 W A 8 3% 2 (high performance liquid
chromatography , HPLC) 7EAE ¥ & ¢ B sl A I SUEUT e 1 1
FL I8 R IRIE I T A2 AE W) i RO €% 3 A7 0 123, 31X
Tl 35 T LA DR A ) R T v 6 1 AR BE R TR A ) () e, 7
ok b B R B JC IRCAR 0 5 T A4 T AR R a2 T S92 B S 5
B A= HEE
1.4.3 HATH L8l A BORIEAT 1 N PE IR 8 5
AT LAIZ I3 PAT 45U, anny T X SRR AT AR A DR M Je 3
ERLALE P R TR A AE B R S ALI (A0 R A
Hr APL VS JAEIL) o XS ERALTT AR Dy B BT IR R AR B A 57
APL (5340 19 25 )45 B WO 5 986 HOR (laser induced
fluorescence,, LIF) AT LM% 24541l 50 h 2 e de (Gl 2 A 3%
B3 NER— AR (4 3 #2434 T B, w TR A
SRR sh Sy A A, LR SR I

2 PAT % 3D #TENZ5¥ & 7= B2 A
2.1 74 3D AT BB AR 2 K KB A
3D FTEN £ A B R 5 18 2 46 A 19 — b, SRR 3 B 4]

T 2 e

2025 4E2 H 4560 B4 3 W
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BB PR AR SO Sl GG bR SR AT
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775 32 B T 3 AR TR i 2 T S0 2R A AP
ARASIREE 5 R T L 2015 4R 1 A 3D 4T B2 3R,
2020 4F Fg mt =K @ F G T BT 24 M PR 6 F 3 AR5 41
3D FTERZG P A RIS RO TE AR BT K et
FAAET R, BAK T ZF0 3D FTEHE AR Tl 256
3D FTENEWAENITE A7) % AHAY) 3 B 25 R TT
A IZ R

3D FTERHARSEBL 1 8 48 A AL iy B2 7 T3 5,
S EHUR T LB R 45 R T 7 A RS
ANFFALGERI 2 EAR T ZAR IR Ui 24T KA LR
73D FTENRAR AT LI A AR 7 A PR R
IEACRZERE o B TS HUH BT 25, B9 A B
AT LR HCE RS AR Y e, AT DU B AT B S 4R I A
R SEREAE I 5T J% A AR BT OR SE i 25 W 78 A N R it
2, HL 2 AT LS B 2 P 1 24 1807 (] — 590 o v RS i 2
B DT SR 2 08 e A T 2 HR A A AT R
BORUHT 7 A A B FRRE TR AT RE ™ . HAT L FDA 8%
il 2% ity o 3 L Sy m O TR R A T A 1R 5 A A
FAR 255 15 % APL f) A W) 1) 2 A 25 ) BT R 1 H i 34
RATR 3D FTERH AR MR BA T R T
2.2 PAT 72 3D 4T 0 25 4 A 7= o o i Rl 554
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JREIGART Y RS PAT RGBT TR A T
PRI 3D FTENZG ¥ Y T ik, A2 3k 3D T B 244 Rl itk — 25
g 3 B T BT HEOR B AR SR O T %
BORTEZ ) 3D FTENR AN o NIRCZLEERr) ST 24
Y R M, DL SR BRI 2 BT . UV-Vis (4t {8
Bhr) 5 NIR 454, T 259 & & AT BN 24549 1) 25 18] 20 A
RS F1 5 {3 3 28 f2 hii %8 ( confocal Raman microscopy, CCRM)
(BEEER) TR T 25958 5 F1SEE 45 S AR A A3 o, LA
LA TENE AR AR Y 2S00 A o HAtBOR (B @ E ) s
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1205 2 - 207t 3 - PBLRASAE s FUBE R : 1 - ek 2 — S R
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B3 R EAREEEAR 2 K8 3D 4T 2 & iy R
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2.2.1 RZLAMGIHE NIR $EAR TOF5F AT AT R AE 535 FF 5 il
£, L5 2ok 7 A0 20 S0 [ AR ARE ot AR AT G I, PR SEHEE [) Bf
PREFFESN BN . S BOR B S0 L ) o R AR
TP o o AL JEL 7 R 43 AT R0 3R 1 SR AL, R 24 A 4
BASE] T Z MR AT o Trenfield 25 48 H —Fh kT
NIR o G2 SR~ 3 #1152 5 3D FTER R & s kA7 I 1Y 5
e, R R B A AN T v AT AT 3D FTEN R M I 25 &
TEHEAT IO AE , ) A LA Sl G 0 e 0 R S R R
RN, AT U T 5 T 3D 7 B AR i A= 7 i 50 1) BT &
SRR A NIR, SE80 T % 50— 3D 47 B 24 iy v B i
PERLST I TCI BT RS ], T 28 T 3D T P4 A 2 1l AR 1
i — KM,
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4M(Fourier transform-near infrared, FT-NIR) Y61E4E Jy—FhdE
WEPE T R TR 2 R0 4 h BT RS BE A2 ) B Pl A 7
P XA )06 $4 3% T 13T EN 25477 i, Trenfield &
IR R O e RO 8 A T I A B, BT AR 0 24 4 i SR AL B
S 2R G DA AR B, T S X
WO R B AR AL A SL LR RS, EE ST T SRR AR A
B, FE % RE WO J7 w0, ST R AR R R 2 P
(F i =0.933 5) ,MERAHE S (222 <0.029 mg - mm ™) o Xf
T2 F4 h (2RI | FT N7 B BT B R G
(ILRIEAR M (7 43 51 0.938 3 F1 0. 916 7) FIER 1 (i
25 <4.4% ) JA M 1B A S PR L E ST S B
AARL(f, >50) o JE/R T SLS 3D $TENE— R AN i B AT I
A SR AETRIT IR B M R T T AT, LR FT-NIR D
TR — R RIR I A S5 5 7 ik T SLS 3D TENZ5 %)
7 i B AR (2GR ORI ) B9V T

Yang 45 ] 3D FTENAQUNAE P F SR BAE NIR B {F
g B MR AR B B e R R AT . SRATR SR
H1 FDM 3D §TERE A A e s R (0 ~40% ) o FELHEFN
FEEE IR UE 7 NIR A B B e RE . WEI T IR A U 41
HMETUAE g — TP IoHid | 1] 5 bR f9 20 B 790 2 6 UE 5 3% 4 T
T3k, BEAS SRR, AR I IR 3D FTENZ A7

Yang %5 1] FDM 3D T EI AT % 7R A 7T HO
R IR MR AR Y NIR 7624 PAT 3P A4 Sy OC T  J 1:
M2 i, R PLS (1A @Sy T S Y A RS Y, LA )
) AR AR S 1 3D ATED A R i 259 &
PEAIIERR T 7485 MR BE YU Rl (0 ~ 15% ) N Bk S AL &9
WEERYRES) R M HPLC JEAT T 50HE, feZE, NIR BRI7E Jr
FRRF B0 E 7 T 2B €0, AT L6 (7 = 0. 981) Rl
(RMSECV =0.46% ) , Ak ,3D fTEIHAR 5AERIATE PAT £
AR BB R s s AR B PR P i 1 o

Stranzinger 205 Sl T IF LT AN Y63 A% ( near infrared
hyperspectral imaging, NIR-HSI) 7EM{ 8537 B0 B b i 0 &
2y & R VS TE N T, VEREER R — AR OBUIAE Sy APL, It Fif s
SRATENRGUH FLAT BN 2 WY eI b 3 2o 4T B0 338 3 1 2549
FlaE, il NIR-HST R 48, &3 6k Bisb £, i F§ PCA AH
PLS [m] 5 57 S5O0 A5 R, 1T 47 B £k R — HXSUICRE i 14 2
o A HSTASERY iy A A e 52 20415 1] R 8% T ol 551 o
A2 i, AR RIE T NIR-HSIAE N 25 4T Epvh AP 5E
AT A PR AR B T R RE ST o A PAT T
H.,NIR-HSI ] DA R R4S FTER A B8 (RIS FTEDJZ ) B APL
i, PR LT M BT, TR R R A 730
2.2.2 ESAISIGEHR RS A TG EGE
HET-RS (A BHEIN T RS S B 4 . RS MildET4E
AP SRR , A P T K P i) B el F T AR Ak
R A HTAL A Ay fAT B0, T RR S TCHA 23 AT, RS 2 R AR e, A
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AT A TR i AR R . RS 7 [ A 77
A R AT <SOR3 SR 2 ey B i 1
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Edinger 257 5 FHIE SR AT EJHE A SUUR W K 107 P
3 PSR S L 3 5 HPLC 0 i 5 770 284 b ) 50 WIR 1 B
St fd P2 Ak 2 U5 45 & PCA AT WAL R I 1 7 77) 751
Y5, R RS 454 PLS [RISEA5E, #8571 JRUUR e s o
PR A E AR, Xof SR IR B P o B T L 4, BIE T RS AE M SR 4T
ENZ59 iy T AL I St 938 R
2.2.3 RN SAELRLEOGIEEAME & SFEL
SIBTTR A AE WU 2 S W Bk 2 P R, B R Bl
FEAS RBP4 1t 4 T U= (00 S o =2 J 1 0
KA FITEL AT BT ARMES G 1 T-B, il 25 A i Al g T
B AT DSR4 T 1) 24 o BT it 2, T TR A 3L T Ak
TR,

Trenfield 2555 FF PAT, 235 NIR F1 RS, %7t il s 17
R AR S A R AT T e MR R, A PLS
BIHE S TR, S b T T 0 ~ 20% 35 il 4 19 3 &
AT, NIR RS BB i H AT KA (2 bk B (* =0. 998
F1°0. 998 ) FNUENE (RMSEP = 1. 04% F11 0. 63% ) , ZWFILIH
AL T NIR 5 RS AR AE S A AR 28 & 5 5 1 1 g VG
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