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Abstract

Over 300 chiral drug substances lack official United States Pharmacopeia (USP) methods for the 

enantiomeric purity determination. Because enantiomeric analysis typically requires specialized 

methods for each drug compound, developing protocols for each of these 300+ substances would 

be an expensive and laborious endeavor. Alternatively, if a detector capable of determining the 

enantiomeric composition without chiral separation could be used with certain drug compounds, 

this could be implemented relatively rapidly into official testing monographs. Circular dichroism 

(CD) detection following HPLC (HPLC-CD) has been proposed for this purpose but studies 

performed thus far have not prioritized its compatibility with validated regulatory methods. In this 

study, HPLC-CD was evaluated for enantiomeric purity determinations of 13 drug substances 

using HPLC methods consistent with assay protocols described in United States Pharmacopeia 

(USP) monographs. Of these selected substances, three (sitagliptin, timolol, and levalbuterol) 

showed no CD activity and one other (levofloxacin) could not be analyzed due to incompatibility 

of the mobile phase with the CD detector. For the remaining 9 substances, method validation was 

performed to determine the linearity, accuracy, precision and limits of quantitation of enantiomer 

impurities, which was compared to limits established by USP. It was found that enantiomeric 

impurities for four substances (pramipexole, levocetirizine, (S)-citalopram, and tolterodine) could 

be quantitatively determined at levels suitable to USP specifications. This analysis demonstrated 

that HPLC-CD does provide an effective enantiomeric characterization strategy for compatible 

chiral compounds, and can be implemented quickly and economically compared to traditional 

column-dependent chiral separation or derivatization methods.
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1. Introduction

Single enantiomer drugs make up a large and growing portion of over-the-counter and 

prescription drug products, and in some cases offer improved efficacy compared to racemic 

alternatives [1–6]. Unfortunately, traditional analysis methods for determining drug 

substance impurities, such as high-performance liquid chromatography (HPLC), are not 

suitable for chiral analysis without specialization because opposite enantiomers typically 

require a specific chiral stationary phase or mobile phase additive to separate enantiomers 

prior to detection [7,8]. As a result, unique methods must be developed to determine the 

enantiomeric purity for different compounds. To address this, an alternative strategy has 

been described involving the use of a circular-dichroism (CD) detector, which can 

distinguish between enantiomers for a large variety of chemical species [9–19]. Rather than 

separating enantiomers, the CD detector is positioned following achiral (i.e., not chiral 

specific) separations, and is used to determine the chiral purity of eluting substances [20]. In 

this way, enantiomeric analysis can be carried out simultaneously with the assay 

determination. Further, HPLC-compatible CD detectors are commercially available, and 

could be incorporated relatively easily into existing analysis assay methods, reducing new 

method development costs and shortening analysis times associated with chiral drugs.

CD spectroscopy is performed by recording the difference between left- and right-handed 

circularly polarized light absorbed by the sample (ΔA). This value is referred to as the 

ellipticity, and it is often expressed in units of millidegrees (mdeg) to represent the extent to 

which polarized light is rotated after passing through the sample. To determine the 

enantiomeric composition of a chiral species, the ellipticity is first normalized by the sample 

quantity by dividing ΔA by the absorption of unpolarized light (A). This value is called the 

g-factor g = ΔA
A . The g-factor is different for each chiral compound and varies with the 

enantiomer composition, as well as environmental factors such as the solvent, temperature, 

and pH [21]. Under constant conditions, a deviation in the g-factor for a sample with respect 

to the value for a pure enantiomer indicates the presence of a chiral impurity.

In this study, the ability of HPLC-CD to quantitate enantiomer impurity levels of chiral drug 

substances was analyzed. Unlike most HPLC-CD analyses which seek to optimize 

experimental conditions for CD sensitivity, this study restricted parameters to those currently 

validated and consistent with United States Pharmacopeia (USP) specifications. The USP is 

a non-profit pharmacopeia whose official methods are generally recognized by the U.S. 

Food and Drug Administration as a minimum quality standard for drug substances and 

products. The USP publishes monographs, or lists of analysis methods for specific drug 

substances, which contain instructions for determining assay and impurity values and also 

reports currently accepted limits for impurities allowed in each substance. By utilizing these 

methods without modification, this study examined the potential regulatory impact that 

HPLC-CD could provide through its incorporation into currently validated assay methods.

USP monographs for over 300 chiral drug substances were examined to determine the 

current state of available methods to characterize enantiomeric composition. To our best 

estimate, less than 30 of these monographs contained methods to quantify enantiomeric 

impurities, indicating the urgent need to implement enantiomeric characterization protocols 
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to ensure drug quality and safety. To determine whether CD could be used for this purpose, 

multiple chiral drug substances were selected and analyzed by HPLC-CD using USP assay 

methods. For each substance, method validation was performed to assess the linearity, 

accuracy, precision, and the limit of quantitation of enantiomeric impurities. Results were 

compared with specification limits of the impurity set by USP, which allowed an assessment 

for the immediate impact that HPLC-CD could provide if incorporated into existing 

monographs.

2. Experimental

2.1. Materials and methods

2.1.1. Reagents—Mobile phases for each drug substance analysis were prepared in a 

manner consistent with the assay method of USP monographs (supplemental information) 

[22–34]. All solvents were filtered using a 0.45 μm HVLP filter (Millipore, Billerica, MA) 

prior to use. Standard impurity solutions were prepared in triplicate from individual 

enantiomers, or from a pure enantiomer and a racemic mixture (supplemental information). 

For each substance, the combined concentration of enantiomers was constant while the 

impurity enantiomer varied from 0 to 5%. At least six impurity levels were prepared for each 

substance (supplemental information).

2.1.2. Liquid chromatography with circular dichroism detection—HPLC was 

performed using a Jasco LC-4000 Series (Jasco Inc., Maryland, USA) equipped with an 

inline CD detector (CD-4095, Jasco Inc.). A photodiode array detector preceded the CD 

detector and was used to record UV chromatograms. The CD detector recorded ellipticity 

and g-factor chromatograms, and was allowed to equilibrate for 6 h prior to analysis to 

ensure stabilization [35]. HPLC methods and parameters were consistent with the assay 

procedure described in USP drug substance monographs (supplemental information). Each 

standard solution was analyzed once by HPLC-CD, and the magnitude of the g-factor signal 

was recorded at the retention time of the drug substance.

2.1.3. Circular dichroism spectroscopy—A Jasco J-815 CD Spectrometer (Jasco, 

Inc.) was used with Spectra Manager software (Jasco Inc.) to record CD spectra. Recordings 

were made for each substance in the HPLC assay mobile phase outlined in USP 

monographs. When possible, solutions were prepared at concentrations equal to that of 

standard solutions detailed in the monographs, but some solutions required slight dilution to 

obtain spectra. All spectra were recorded between 200 and 400 nm at a rate of 200 nm/min, 

and were averaged over 10 accumulations. A 10 mm path length cuvette was used to hold 

solutions at room temperature, and all spectra were background subtracted from those of the 

mobile phases.

3. Results and discussion

3.1. Determining compatibility of drug substances with HPLC-CD

All drug substances selected for enantiomeric analysis by HPLC-CD are listed in Table 1, 

and were chosen based upon several qualifying criteria. First, the USP monograph for each 
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drug substance included a chiral-specific HPLC method for enantiomeric analysis, along 

with a specification limit for the enantiomeric impurity permitted in the drug substance. 

Recall that most chiral substances do not currently have a USP method for the enantiomeric 

impurity determination, so this was the greatest limiting factor in the search for HPLC-CD 

drug candidates. Second, all drugs contained an achiral HPLC assay method for 

concentration determination. Since one of the benefits of HPLC-CD includes compatibility 

with existing methods, the HPLC assay method would be used for analysis while an inline 

CD detector determined the enantiomeric purity. Lastly, all drugs chosen contained one 

chiral center, simplifying analysis by limiting drugs to one impurity per substance. 

Importantly, this does not indicate that HPLC-CD is incompatible with drugs possessing 

multiple chiral centers. Analysis may be performed on such samples in an identical manner 

as the current approach by utilizing CD wavelengths specifically tuned to one center, or, as 

some have demonstrated, by building a mathematical model to determine contributions from 

each isomer [13]. In all, roughly 20 substances were identified which met all criteria. From 

these, those with the highest tolerances for the enantiomeric impurity limit (>0.5%) and two 

others that are widely used (dextromethorphan, esomeprazole) were selected for HPLC-CD 

analysis.

CD spectra of selected drug substances were recorded to determine which were suitable for 

analysis by HPLC-CD. To obtain spectra, recordings were made using a standalone CD 

spectrometer. While the HPLC inline CD spectrometer could be used for this purpose, the 

standalone instrument was chosen for this step due to its increased performance 

characteristics. To mimic the solvent environment that would be present during HPLC-CD, 

all recordings were made in the HPLC mobile phases described in USP assay methods 

(Table 1, supplemental information). Fig. 1 displays the CD spectrum for (S)-citalopram, 

which shows bands of positive and negative activity from 200 to 290 nm, indicating it was 

amenable to HPLC-CD. Of the 13 candidates considered, 3 (sitagliptin, timolol, and 

levalbuterol) showed no CD activity, and were eliminated from subsequent analyses.

3.2. Optimizing CD detection wavelength

Spectra for the 10 remaining substances were used to select the detection wavelength for the 

inline CD detector. Since the inline detector measures the g-factor using a constant 

wavelength, selection of wavelengths corresponding to large CD signals was important to 

maximize sensitivity. However, the selection of the detection wavelength was constrained by 

several factors. First, wavelengths less than 10 nm from polarity changes in spectra were 

avoided. Since the inline CD detector utilized a mandatory bandwidth of 20 nm, signals of 

different polarity would cancel out and decrease sensitivity. For example, a detection 

wavelength of 235 nm for (S)-citalopram would not be optimal due to positive (231–245 

nm) and negative (225–230 nm) contributions. In addition, the g-factor at these wavelengths 

would be more susceptible to slight differences in mobile phase composition, which would 

decrease precision. Next, wavelengths below 230 nm were eliminated due to excessive CD 

noise observed in the region. This noise is due to the absorbance of organic solvents such as 

acetonitrile and methanol, which are common additions to HPLC mobile phases.
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The above procedure was used to narrow down detection wavelengths to a small window for 

each substance. For example, the CD spectrum of (S)-citalopram indicated the best 

wavelength fell between 240 and 255 nm. For further optimization, standard preparations of 

pure drug enantiomers were analyzed by HPLC-CD using conditions consistent with assay 

methods prescribed in USP monographs. To illustrate, chromatograms for the HPLC-CD 

analysis of (S)-citalopram are shown in Fig. 2. The upper chromatogram displays the UV 

response, which was recorded by a photodiode array detector. This detector was positioned 

before the CD detector, showing how conventional assay determinations may be performed 

concurrently with enantiomeric analysis. The middle and lower chromatograms show the 

ellipticity and g-factor responses, respectively, which were both recorded using the inline 

CD detector. As forecast by the CD spectrum, the ellipticity response showed a large 

positive peak during the elution of (R)-citalopram (37.5 min). Unlike traditional peak 

shapes, the g-factor response was rectangular. This is because the g-factor is determined by 

the enantiomer composition, which does not change during elution. Large spikes are 

typically observed at the beginning and end of the g-factor response due to errors associated 

with the lower elution concentrations present during these times. To obtain the g-factor for 

each sample, the magnitude of the signal at the retention time was recorded (dashed lines).

Injections for each substance were performed while the CD detector wavelength was altered 

within the detection window determined from the CD spectra. The detection wavelength 

which corresponded to the greatest absolute value of the g-factor was chosen for each 

substance. A complete summary of chosen detection wavelengths is presented in Table 1, 

alongside the g-factors determined from spectra and from HPLC-CD. Note the slight 

discrepancies between g-factors recorded from the different sources, which is attributable to 

two factors. First, several methods utilized gradient mobile phases, meaning that the mobile 

phase composition was time-dependent. Because the exact mobile phase composition during 

substance elution is difficult to determine precisely for recording spectra, spectral g-factors 

will inevitably vary from those recorded during HPLC-CD. Although attempts were made to 

replicate the precise mobile phase composition for spectral recordings, these were 

nevertheless best approximations. The second reason g-factors varied slightly was because 

spectra were recorded using a 1 nm bandwidth, whereas detection following HPLC utilized a 

20 nm bandwidth. A smaller bandwidth can be used to record spectra because the signal is 

not time dependent, so the detector can accumulate data over a longer period. For HPLC 

detection, a larger bandwidth is necessary to improve the sensitivity during the elution 

period. Thus, even g-factors for substances utilizing isocratic elution (i.e. constant mobile 

phase composition) were slightly different from their spectral values.

Not all drug substances which showed CD spectral activity were compatible with HPLC-

CD. The g-factor for levofloxacin could not be determined by the inline CD detector due to 

excessive noise, which was due to the presence of copper (II) sulfate in the mobile phase. 

This mobile phase component absorbed strongly at the wavelengths for which levofloxacin 

displayed CD signals, obscuring any measurement of the g-factor. The reason the g-factor 

was determinable from the spectrum was because this was recorded using a separate CD 

spectrometer, whose more intense light source was better suited to analyze strongly 

absorbing samples. Thus even when compounds show CD activity, parameters such as the 
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mobile phase composition in USP monograph methods may still limit the effectiveness of 

HPLC-CD.

3.3. Method validation

Once detection parameters were established, the accuracy, precision, linearity, and LOQ for 

the enantiomer impurities were determined. This was done through HPLC-CD analysis of 

standard solutions containing the assay concentration of the drug substance, which was 

spiked with a small amount (≤5%) of the chiral impurity. Each analytical characteristic was 

determined using criteria detailed below.

3.3.1. Linearity—The g-factors of eluting drug substances were determined by analysis of 

standard impurity solutions spanning at least 7 different enantiomeric compositions 

distributed between 0 and 5%. Fig. 3 displays a calibration curve constructed for citalopram, 

which demonstrates how the g-factor decreased as the concentration of (R)-citalopram, the 

chiral impurity, increased. A linear least squares regression model was applied to each data 

set, and the coefficients of determination (r2) are reported in Table 2. Six substances showed 

strong linearity (r2 coefficients ≥ 0.990), indicating that the g-factor was highly correlated to 

the impurity concentration. Two substances, dexchlorpheniramine and pramipexole, had r2 

values slightly lower (0.978 and 0.988, respectively), but were still great enough to suggest 

linearity. In contrast, the impurity for just one substance, levetiracetam, was determined to 

have poor linearity (r2 = 0.866).

3.3.2. Accuracy—Accuracy was determined using the percent recovery of impurities at 

each concentration level for standard solutions described above. For this study, the lowest 

impurity level at which the recovery was within 80–120% was used to denote the accuracy 

limit. As displayed in Table 2, impurities for most substances had an accuracy level at or 

below 1.0%. To put this in context, the table also reports the maximum enantiomeric 

impurity quantities allowed in each drug substance per USP, which are similar in magnitude 

to the accuracy determinations. Drugs with higher limits such as (S)-citalopram and 

levocetirizine (3.0 and 2.0%, respectively) had accuracy levels well below impurity 

specification levels. In contrast, impurities for drugs with the lowest specification levels 

(dextromethorphan and esomeprazole, 0.1 and 0.2%, respectively) could not be determined 

at levels low enough to meet USP standards. These results suggest that the HPLC-CD 

sensitivity is limited to the nearest percentage (±1%) for accuracy determinations. This level 

was suitable to quantify impurities for 6 drug substances at or below the USP limit.

3.3.3. Precision—Precision was assessed using the relative standard deviation (RSD) of 

recoveries for impurities in standard solutions. An RSD ≤ 10% is generally considered 

acceptable for impurity determinations, and the lowest impurity level for which this 

condition was met is reported in Table 2 for each substance. As the table shows, precision 

levels were slightly worse than accuracy levels, as only four substances demonstrated 

precision at or below the impurity level specified by USP.

3.3.4. Limits of quantification (LOQs)—The LOQs of enantiomer impurities were 

determined in a manner consistent with guidelines established by the International Council 
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for Harmonization of Technical Requirements for Pharmaceuticals for Human Use [36]. For 

this approach, the LOQ is established by demonstrating both accuracy and precision at a 

particular impurity level. This means that the higher of the two impurity levels determined 

by accuracy and precision would be the LOQ. Table 2 shows that five substances 

(dexchlorpheniramine, dextromethorphan, esomeprazole, levetiracetam, and valsartan) had 

LOQs for their enantiomer impurities above USP impurity limit, while four ((S)-citalopram, 

pramipexole, levocetirizine, tolterodine) had LOQs at or below the limit. For the latter, these 

results indicated that HPLC-CD could quantify enantiomer impurities at levels suitable to 

meet current regulations. The best performing drug substances in this study had LOQs 

nearly equivalent to those of previous literature reports. Recall that these studies sought to 

optimize conditions favorable to CD detection rather than focus on compatibility with 

validated methods, and in doing so, were able to achieve LOQs around 0.5% [10,12,16,19]. 

The use of organic mobile phase components in the USP methods likely resulted in slightly 

poorer performance, but nevertheless, most LOQs were near this level.

Unexpectedly, the magnitude of g-factors showed poor correlation to analytical sensitivity. 

This is demonstrated most strikingly by comparing results for levocetirizine and 

levetiracetam. Despite having a g-factor 42 times that of levocetirizine, LOQ estimates for 

levetiracetam were 4 times greater. Indeed, even when levetiracetam was eliminated from the 

dataset, as it performed significantly worse than all other drug candidates, the correlation 

coefficient between the magnitude of the g-factor and the LOQ was just −0.39.

4. Conclusions

Of the 13 drug substances selected for HPLC-CD analysis, 4 ((S)-citalopram, levocetirizine, 

pramipexole, and tolterodine) were identified as compatible with drug substance assay 

methods and enantiomeric impurity limits established by USP. Additionally, most of the 

impurities of HPLC-CD compatible drugs were quantitative to sensitivity levels of ±1%. 

While this compares unfavorably to conventional chiral HPLC separations, which can 

quantify impurity levels an order of magnitude lower (±0.1%), this means that drugs with 

higher impurity tolerances would be suitable for HPLC-CD analysis, and could greatly 

benefit from the incorporation of CD detection. USP monographs for over 300 substances 

lack procedures to determine enantiomeric purity, and integrating HPLC-CD into even a 

fraction of these monographs could enhance safety and limit development costs. 

Additionally, once implemented, CD detection could be performed concurrently with assay 

methods, providing further benefit over chiral-specific methods.
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Abbreviations

ACN acetonitrile

CD circular dichroism

HPLC high-performance liquid chromatography

HPLC-CD high-performance liquid chromatography with circular dichroism detection

USP United States Pharmacopeia
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Fig. 1. 
CD spectrum of 0.133 mg/mL (S)-citalopram oxalate in acetonitrile and potassium 

phosphate (pH = 3.0) (65:35, v:v).
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Fig. 2. 
Chromatograms for the HPLC-CD analysis of (S)-citalopram. A UPDA detector (upper) 

recorded absorbance at 237 nm while a CD detector recorded the ellipticity (middle) and g-

factor (bottom) at 242 nm. Insets display (S)-citalopram elution at 37.5 min.
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Fig. 3. 
Calibration curve for the g-factor versus (R)-citalopram percentage in standard solutions. 

Error bars represent the standard deviation of measurements from 3 different solutions.

Kirkpatrick et al. Page 12

J Pharm Biomed Anal. Author manuscript; available in PMC 2019 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Kirkpatrick et al. Page 13

Ta
b

le
 1

Su
m

m
ar

y 
of

 g
-f

ac
to

rs
 d

et
er

m
in

ed
 f

or
 c

hi
ra

l d
ru

g 
su

bs
ta

nc
es

.

D
ru

g 
Su

bs
ta

nc
e

So
lv

en
ta

,b
E

lu
ti

on
 M

et
ho

d
W

av
el

en
gt

h 
(n

m
)

g-
F

ac
to

rs
 (

x1
e4

)

Sp
ec

tr
um

H
P

L
C

-C
D

D
ex

ch
lo

rp
he

ni
ra

m
in

e
A

C
N

-p
ot

as
si

um
 p

ho
sp

ha
te

 (
40

 m
M

) 
(p

H
* 

3.
0)

G
ra

di
en

t
24

5
5.

89
6.

50

D
ex

tr
om

et
ho

rp
ha

n
A

C
N

-a
m

m
on

iu
m

 n
itr

at
e 

(2
3 

m
M

),
 d

oc
us

at
e 

so
di

um
 (

23
 m

M
) 

(7
:3

) 
(p

H
*3

.4
)

Is
oc

ra
tic

28
0

6.
27

7.
18

(S
)-

ci
ta

lo
pr

am
A

C
N

-p
ot

as
si

um
 p

ho
sp

ha
te

 (
25

 m
M

) 
(p

H
* 

3.
0)

G
ra

di
en

t
24

2
4.

87
5.

44

E
so

m
ep

ra
zo

le
A

C
N

-s
od

iu
m

 p
ho

sp
ha

te
 (

9 
m

M
) 

(p
H

* 
7.

6)
 (

7:
3)

Is
oc

ra
tic

23
0

12
.3

0
12

.7
8

L
ev

al
bu

te
ro

l
A

C
N

-m
et

ha
no

l-
ph

os
ph

or
ic

 a
ci

d-
w

at
er

G
ra

di
en

t
–

–
–

L
ev

et
ir

ac
et

am
A

C
N

-p
ot

as
si

um
 p

ho
sp

ha
te

 (
20

 m
M

) 
(p

H
* 

5.
5)

G
ra

di
en

t
23

0
−

12
4.

82
−

16
7.

05

L
ev

oc
et

ir
iz

in
e

A
C

N
-w

at
er

-s
ul

fu
ri

c 
ac

id
 (

4 
m

M
) 

(9
30

:6
6:

4)
Is

oc
ra

tic
23

0
3.

64
3.

92

L
ev

of
lo

xa
ci

n
M

et
ha

no
l-

am
m

on
iu

m
 a

ce
ta

te
 (

11
 m

M
),

 c
up

ri
c 

su
lf

at
e 

(5
 m

M
),

 L
-i

so
le

uc
in

e 
(1

0 
m

M
) 

(3
:7

)
Is

oc
ra

tic
23

0
−

5.
31

–

Pr
am

ip
ex

ol
e

A
C

N
-p

ot
as

si
um

 p
ho

sp
ha

te
 (

67
 m

M
),

 s
od

iu
m

 1
-o

ct
an

es
ul

fo
na

te
 (

23
 m

M
) 

(p
H

* 
3.

0)
G

ra
di

en
t

24
0

−
3.

11
−

2.
90

Si
ta

gl
ip

tin
A

C
N

-p
ot

as
si

um
 p

ho
sp

ha
te

 (
10

 m
M

) 
(p

H
* 

2.
0)

 (
3:

17
)

Is
oc

ra
tic

–
–

–

T
im

ol
ol

A
C

N
-w

at
er

 (
0.

05
%

 tr
if

lu
or

oa
ci

di
c 

ac
id

)
G

ra
di

en
t

–
–

–

To
lte

ro
di

ne
A

C
N

-w
at

er
 (

0.
01

%
 p

ho
sp

ho
ri

c 
ac

id
) 

(3
3:

67
)

Is
oc

ra
tic

23
1

16
.6

5
14

.8
7

V
al

sa
rt

an
A

C
N

-w
at

er
 (

0.
01

%
 a

ce
tic

 a
ci

d)
 (

1:
1)

Is
oc

ra
tic

23
3

−
3.

79
−

4.
43

a A
C

N
 r

ef
er

s 
to

 a
ce

to
ni

tr
ile

.

b A
ll 

is
oc

ra
tic

 c
on

di
tio

ns
 a

re
 r

ep
or

te
d 

as
 (

v:
v)

. G
ra

di
en

t d
et

ai
ls

 a
re

 p
ro

vi
de

d 
in

 s
up

pl
em

en
ta

l i
nf

or
m

at
io

n.

J Pharm Biomed Anal. Author manuscript; available in PMC 2019 July 15.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Kirkpatrick et al. Page 14

Ta
b

le
 2

L
in

ea
ri

ty
, a

cc
ur

ac
y,

 p
re

ci
si

on
, a

nd
 L

O
Q

 d
et

er
m

in
at

io
ns

 f
or

 im
pu

ri
tie

s 
of

 c
hi

ra
l d

ru
g 

su
bs

ta
nc

es
.

D
ru

g 
Su

bs
ta

nc
e

r2
A

cc
ur

ac
y 

(%
)

P
re

ci
si

on
 (

%
)

L
O

Q
 (

%
)

U
SP

 L
im

it
 (

%
)

D
ex

ch
lo

rp
he

ni
ra

m
in

e
0.

97
8

1.
9

2.
8

2.
8

2.
0

D
ex

tr
om

et
ho

rp
ha

n
0.

99
5

1.
0

0.
5

1.
0

0.
1

(R
)-

ci
ta

lo
pr

am
0.

99
9

0.
5

1.
0

1.
0

3.
0

E
so

m
ep

ra
zo

le
0.

99
0

0.
4

0.
8

0.
8

0.
2

L
ev

et
ir

ac
et

am
0.

86
6

4.
0

>
4.

0
>

4.
0

0.
8

L
ev

oc
et

ir
iz

in
e

0.
99

9
0.

6
1.

9
1.

9
2.

0

Pr
am

ip
ex

ol
e

0.
98

8
0.

6
1.

0
1.

0
1.

0

To
lte

ro
di

ne
0.

99
5

0.
3

1.
0

1.
0

1.
0

V
al

sa
rt

an
0.

99
2

1.
0

2.
1

2.
1

1.
0

J Pharm Biomed Anal. Author manuscript; available in PMC 2019 July 15.


	Abstract
	1. Introduction
	2. Experimental
	2.1. Materials and methods
	2.1.1. Reagents
	2.1.2. Liquid chromatography with circular dichroism detection
	2.1.3. Circular dichroism spectroscopy


	3. Results and discussion
	3.1. Determining compatibility of drug substances with HPLC-CD
	3.2. Optimizing CD detection wavelength
	3.3. Method validation
	3.3.1. Linearity
	3.3.2. Accuracy
	3.3.3. Precision
	3.3.4. Limits of quantification (LOQs)


	4. Conclusions
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Table 1
	Table 2

