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Abstract: Deuterated drugs have been new strategies in drug design and development for advantages in
improving pharmacokinetic properties, reducing toxic metabolites, and stabilizing chiral structures over their non-
deuterated counterparts. Deuterium isotopic impurities, including isotopologues and isotopomers, are inevitably
generated even with state-of-the-art deuteration techniques, which significantly affect the safety and potency of
drugs through deuterium kinetic isotope effects. Therefore, deuterium isotopic purity is the most characteristic
critical quality attribute of deuterated drugs compared to other drugs. However, it is challenging to separate
isotopic mixtures with routine analytical methods, and regulatory agencies have not proposed guidelines for
deuterated drugs in terms of analytical techniques and quality control, which presents great analytical challenges
for the development of deuterated drugs. This paper reviews the analytical techniques for deuterium isotopic purity
of deuterated drugs and discusses the features and scopes of different methods. It aims to provide references for the
development and relevant study of deuterated drugs.
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Figure 1  Structural definitions and differences between isotopo-

logues (A) and isotopomers (B)
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Figure 2 Analytical techniques for deuterium isotopic purity of
deuterated drugs. LR-MS: Low-resolution mass spectrometer; HR-
MS: High-resolution mass spectrometer; qNMR: Quantitative
nuclear magnetic resonance; MRR: Molecular rotational resonance;
FTIR: Fourier-transform mid infrared spectroscopy; PLS: Partial
least squares; LC: Liquid chromatography; GC: Gas chromatography
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Table 1 Principles, strengths, weaknesses, and typical applications of main analytical techniques
Method Principle Strength Weakness Typical application

LR-MS Isotopologues ions with Simple pretreatment; accurate, Complicated corrections for natural Donafenib (D,); higenamine

different m/z values sensitive isotope abundance; inapplicable for (D,); levofloxacin (D,);
isotopomers ractopamine (D)

HR-MS Separating isotopologues No correction required; rapid Specific requirements of accuracy ~ Tretoquinol (D,); sarafloxacin
ions from close interference determination; accurate, sensitive  and resolution of instruments; (Dy); enrofloxacin (D,);
ions inapplicable for isotopomers lomefloxacin (D)

qNMR Residual 'H signals of Accurate determination of site and Isotopologues cannot be quantified ~Verapamil (D,); tamsulosin
isotopic impurities extent of deuterium incorporation  individually in most cases (D,); eplerenone (D,);

clopidogrel (D,)
MRR Specific transitions between Applicable for both isotopologues Limits in commercialization and Acetone (D,); methanol (D,);

rotational energy level of and isotopomers

costs

acetonitrile (D,)

isotopic impurities
FTIR+PLS Specific transitions between

vibrational energy level cost
LC/GC

Chromatographic isotope Direct separation and

effects determination

Rapid, nondestructive and low-

Dependent on methods established ~ Methylamine (D,)
in advance
Not general, few cases Ulipristal (D,); aldehyde (D,);

amphetamine (D,)
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Figure 3  Contribution of natural isotopes to the observed intensity of a dideuterated compound (D,) sample with isotopic impurities of
undeuterated (D) and monodeuterated (D,) molecules. The left side spectra show the individual spectra for the pure isotopologues: D, (red),

D, (yellow), and D, (green). Each pure isotopologue also consists of natural isotopologues that are 1, 2, or 3 mass heavier than the nominal

mass and are defined as D, ,,, D, D,.,D,,, D D,.,D D

o) 202 o3y 1) 1R 13y 2l 22y

5 Tespectively. The right side panel shows the observed intensity

formed by the mixture of the three isotopologues. M is indexed to the nominal mass of D,
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e, PRI PR i) 1 3% T A )

4 BEMTHEAPLIINILEE

R I T v R RO B S A, FENFH R
HEAG B8 AT B 5 R ) (QC) Sk IE W AN A& ok
fFo FTIR VL@ BOR 70 1 W IR 3) B FRAE T3R50
EPRRIERBOGIE . BT 0 FRSIE IR T 5
S BERH SC I JRL T i B, R C-D B A C-TH B Rl R 5
AR AN [ T 7E FTIR A SOAS [R] 38 K 1 20 M 55, A
A3 FTIR XS A A7 A& V) 1) B A Pl RE .

HT 2 H ok RIS E S, FTIRE
TE R 2 uR IE . il i %% — R AR IESE K&
I UE SRR AR, DURT A CL08UE i ) HAth e = v
E 45 RAE NS WBAE, K I B /N — i (partial least
squares, PLS) # . F AR IEAL Y, 55 52 2 Ju i 1
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1E R FEEA R FAL 2R 7 2 3 0 2 R A BonS
TR A 5 R 00 25 SR PR B e, DA SR AT B £ B R 2
SES AR & . i Marriott 2557 LU LC-MS i
B S B AH, R FTIR £ R 454 PLS, #5765
T A T I TR TR (D) T R A 3R R 3
IR (DD, D,) & &, X T7kAT T 5E. 34>
2% T 1) € B PR $0 0.3%, [N 85.7%~116.7%.
PRIH TG 4 1 FITR AR & 5 7 il £ QC 2 58 2 1) Ao
JRAT , 8 7€ B AR 1)l 7 T S S T R FL A A I g v
ERNZIE
5 Bk

UG SRR, TRACE W 5 IR Az 28 4% 5T AR BR AL
PR AR AHAL, BRI AE K 22 B 00 i D7 vk o ik
AENE. AMDEHBEE ENERRT 91K C-
D/'H §# ) DIKE 4, 7 i 1 23 {454 & ) 75 (4 1% £k B2
FEWER, XA G R AL Z 2N (chromato-
graphic isotope effect, CIE). 5| & CIE [ A% J5i K 71 1
D5 'H Wi & % 5115 C-D #AH bt C-'H 8 T8 i, Hk A
S o, PR AN [F) IR L 3 S ik B — 26 AN [ ) P B
PEJSL, G BEIRARFA SR MR M Bk 2 28 AR S Ul
AMTARAL B AS 5] 1R 70 7] 437 38 7 44 44 1 25 51 & CIER,
XN ITAR 254 5 TR 3R % B AE 0 B i) 70 2 N 5E $2
ft 7 R R
51 WREGEE

Beni %LU 5¢HE Accucore C (150 mm x 4.6 mm,
2.6 pm) OB, JEL T SO B g R AR I R
LR El At (D) Dy<D, D, VU Fift[7] i 22 5 #fA #EAT 73 i,
b D, 15D, BT H 45, (FE FO A (B B3R
REE I . BFJC & D2 T 0 i 1) e 1k e DA K%
N-(CH,), {7 s i i ST A3 AL 5 M0 1) pK A8 77 A T+
XF 2 35 ) 7 . Kanao 55K T B C,, & a5
) BT Dy G A, ARV 7R R I AU Bl A 1) B A
WOAHEE R 8, F AR DT LS Y 5 R LR 3h AR AT
SR OH-z AH BAE H A S AR IR &7 5 €, [ 7€ AH
A S 5 ) CH-n A0 BAE RIS STAREE (D )/AESE I 1 342
I
52 SHEGIEE

Schmarr ZEP*R H DL = 20 360K 2, g/ W T
W TR 8 M ] 5 AH B0 22 FL )2 T 1 B 40 A0 AR 4
(D,)/ LRI GTAR H B (D,)/ B SBT3 B0 5, 4 5
FE2374 1.0, Thakur ZE5R B 12 FpAS0H (3% 4, X1
Rz - Ay (Dg)/ 22 AEAih dir 55 16 % 254 LA S TAR I i
(D,)/H 55 31 X8 /N 43 AL & 1 1) €1 43 88 T VR 3R AT
TIFRGOA, SEBL T4y B 4 o B HiE R IR
752 Z AL & P 3 B AT SR F “ AR ABURE 8 S 37, O i

g5 7 IR R A A YTEAS [F] [ 72 A o Bk U (1) 3 AR
FUE, SRS, 2T RS 8 20% 1R = AR
St [ 52 AH K] SPB-20 25 1Y A [ 72 AH B L1114 S 4o
FE I S M PAG = R R R SR A R AL A
(153 B P eI £

BARK F 0 VR i R 24k & ) B 2 2 2 )
SE [R5 2R 2 B e oM T A 1) vk, (H H BT R R TR
T8 VRRR TR 5y IO B & 22 e 1R R AL 2 4k
YRR, HE/DS i e 4 5. i gk [F i
I3 B AR 25 W 4 B TR AN 2 1A SRR B = 1) [ 7 2%
S B DA R AR B A () 1 [R) A2 3R S MR AE B AT 2R
e BA P .

Ik 4h, CIE 51 #2 1 [R A7 3 6 & W 7E 6k O B B[R]
I 2 AR T 1.2.5 7 T TR A £ s R [
BB AL m/z 53 A G BOK 22 57, 1 346 1 00 B0
2 SEG I 5 AR 22, TR 3% B 5 0 K s e n) 7 55
HEA 08 0 J5 AT T 35, 5OR F FIA MERE 77 20, LA
R R 22 5 R B I IR 1) 22 S R TS VR R A i A 2 i
FRCAN [] F5 A B S50 DT % 70 A 45 42 i 82 1Y) —
B, G A 05 R B SR AR W B PR 3R AT BRI
6 RESRE

STAR 2P ST R A 3R 4 B AR 29 WA b Fofh 2
VIECNRHIE R s B R M, T R A 5 R R
e JFAE AL 5 B A ARBL, T8 R TEv A B e, XA
RTARA Y I TF RAE AT B IGE IR KBk sL . [ BR
2y R A S R B A T AR 1T L AE
41, CLHA R AR 259 [R5 4l B ) 43 W 5 1 ] 42 32 TR
e MR T AR 5 T T AT B R R FE U

15 H A SR IE ) 7%, £ G0 IRMS V2 75 25
TR B AR S 6 LY D/ H A0 S, 8 TN
I3 TR B AR R M 8 o A 20 FE 1% 2 i Ak B 1
B R D e g R, T 2 T AR A
BT PRITAG A 4 A & TR 36 4% 5t DA R AR 2R 1yl e, 1H
7R T B O E R R IE T LN B K AR E [T 2%
P, iR E 2, RIEd e R, B
B LI A TR N T & & i
ENAE A TR IE N E PR R, 2
12 T AR 258 0 S S W I, (EL X 5 R A 1 J5R 2 U
FE HERAERE A ER . gNMR %2 H il e im
R 437 2 25 1) 55 — s B D7 ik, T DL B R AR A
A, FLIRIE Se3lse & 0 H i, UG R B & Ry mT
PRUIE R I T AR S5 B TR 2, (HAH b mE 12 R
PR, HX 2 AR Z W) 1) R AL 25 2% o T vk Bk e
o MRR B H & 7 3 2 M0 7 25 M 10 22 53 1
TR, TE KI5 1 9 A qQNMR v S BL X 43 1R T IR
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A2 S Fa A v s R BORR (R L 5, (8 H A AR R kAL
EAR O — S (i B4 B R A A =LA
W FCARTE, E 0T ST 2454 Hh (0 TR 8 38 % o AT 43 15
I 5E £ H AT 58 3EH BAA ek

b H ALY R B R B S, 2 M T EOR B
&, JoH & HRMS i 5 QNMR 7% (I BE A 01 5E , K 2 R
K TR 25 W e Fmi A4 ST Ak & W TR A7 36 40 B SR AT 1) i
AT FH T S 0 5 R A T B AR R ROk R R
(75 SRR EE 25 it MRR BRI R 28 /N AL,
TEGTAR 25 W I BIF R o B3 8 B 8 R e 1 82 D T 5%
FTIR {E N —Fp P Jo 41 )2 e i BoR, o)k
FHAFE A B B 00 5 J7 V24 S 2 IR v e s ALY, AR
& A AR 2R At BT S 7E QC S50 = A U AT o

B AR, SRR R AR 2454 BUTARAE & P 1 [
1728 24 R 58 45 Rk E, B Z UL B AR U B E D>
1 ND A TE AR (D, N E, FITE T 2R
b EEEL PPN L AR R E T R NS T £
R

YE& TRk PR SO TSI R KRR RS B B
5T L EAEL iT%U\mIEEﬁ‘u\EﬁTET@F;}‘Mﬁm%ﬁo
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