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Abstract: Tofacitinib citrate (RR-isomer) is a janus kinase (JAK) inhibitor approved for the treatment
of rheumatoid arthritis (RA) in adults who have had an inadequate response or intolerance to
methotrexate. The presence of the enantiomer of tofacitinib citrate (SS-isomer) is monitored for
quality control as a possible impurity in the final product. In this study, a reversed-phase high-
performance liquid chromatography (RP-HPLC) method based on a chiral recognition mechanism
for the separation of tofacitinib citrate and its enantiomer was established based on the principles of
green analytical chemistry. A CHIRALPAK IH column was used with a mobile phase of ammonium
acetate buffer (pH 8.0) and acetonitrile in a gradient elution at a detection wavelength of 285 nm.
The calibration curve exhibited excellent linearity over the range of 0.1002–20.04 µg/mL (r = 0.9999).
The average recovery of the enantiomer was 98.6% with a relative standard deviation (RSD) of
0.7%. The limit of detection (LOD) and the limit of quantitation (LOQ) were 0.04 and 0.1 µg/mL,
respectively. This RP-HPLC method was suitable for detecting the enantiomers of tofacitinib citrate in
tablets. Furthermore, the method proved to be environmentally friendly based on the evaluation by
Analytical Eco-Scale, Analytical GREEnness (AGREE) and Green Analytical Procedure Index (GAPI).

Keywords: RP-HPLC; tofacitinib citrate; enantiomer; chiral separation; green analytical chemistry

1. Introduction

Tofacitinib citrate, 3-((3R,4R)-4-methyl-3-(methyl (7H-pyrrolo [2,3-d] pyrimidin-4-
yl) amino) piperidin-1-y1)-3-oxopropanenitrile, 2-hydroxy-1,2,3-propane tricarboxylate
(Figure 1a), was the first janus kinase (JAK) inhibitor approved for the treatment of adult
patients with moderate-to-severe rheumatoid arthritis (RA) who have had an inadequate
response or intolerance to methotrexate [1–4]. It blocks the cascade amplification of cy-
tokines by inhibiting the JAK1/3 dimer-mediated interleukin (IL)-2, 4, 7, 9, 15, 21, tumor
necrosis factor (TNF) and interferon (IFN)-γ pathways, effectively reducing ground joint
dysfunction in RA patients [5,6]. Dendritic cells, activated B cells, and CD4+ T cells are the
main target sites of tofacitinib citrate. Multi-targeting makes it a multi-cytokine inhibitor,
which contributes to the recovery of bone tissue in patients with RA [7]. It is available as a
5 mg twice daily or 11 mg once daily sustained-release tablet formulation [8]. In addition,
as studies of tofacitinib citrate have progressed, more and more indications have been
approved by the United States Food and Drug Administration (FDA), including psori-
atic arthritis (PA), ulcerative colitis (UC), polyarticular course juvenile idiopathic arthritis
(pcJIA), and ankylosing spondylitis (AS) [9].
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Figure 1. Structures of the RR-isomer (a) and SS-isomer (b) of tofacitinib citrate. 
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the formulations in both the pharmaceutical manufacturing and clinical fields [10,11]. The 
RR-isomer of tofacitinib citrate is a single-enantiomer drug with two chiral centers in its 
structure. According to the requirements of the International Council for Harmonisation 
of Technical Requirements for Pharmaceuticals for Human Use (ICH) guidelines Q6A for 
single-enantiomer drugs, the content of enantiomer impurities should be controlled to en-
sure safety and efficacy of the final product [12]. Thus, the SS-isomer of tofacitinib citrate 
(Figure 1b) must be controlled in the drug product. Chromatographic methods for the 
separation of tofacitinib citrate and its enantiomer using chiral normal-phase high-perfor-
mance liquid chromatography (NP-HPLC) have been reported [13–16]. 

Green chemistry has gained increasing attention due to environmental pollution and 
resource wastage [17]. The concept of green chemistry is aimed at designing, developing, 
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throughout the entire lifecycle of chemicals and processes [18]. This includes a set of 12 
principles [19]. However, since the outcome of analytical chemistry is the measured re-
sults, the principles of green chemistry are not entirely applicable to the assessment of 
analytical procedures. As a result, 12 new principles of green analytical chemistry were 
proposed [20]. Several metrics have been developed to assess the greenness of analytical 
processes, the most widely used of which are the Analytical Eco-Scale [21], Analytical 
GREEnness (AGREE) [22] and Green Analytical Procedure Index (GAPI) [23]. 

To the best of our knowledge, determination of the enantiomer of tofacitinib citrate 
using reversed-phase chiral HPLC is yet to be reported. This study aimed to develop a 
method based on reversed-phase chiral recognition mechanism and the principles of 
green analytical chemistry, for the first time, to determine tofacitinib citrate and its enan-
tiomer. The method was validated according to the ICH guidelines Q2 (R1) [24] and was 
used to determine the enantiomer impurity content in tofacitinib citrate tablets. We used 
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2. Materials and Methods 
2.1. Chemicals and Reagents 

The RR- and SS-isomers of tofacitinib citrate were obtained from Sinco Pharmaceuti-
cal (Middletown, DE, USA). Tofacitinib citrate tablets (5 mg) were purchased from phar-
macies (manufacturer information is given in Section 2.5). Methanol (HPLC-grade) and 
acetonitrile (HPLC-grade) were purchased from Honeywell International Inc. (Charlotte, 
NC, USA). Ammonium acetate (HPLC-grade), potassium dihydrogen phosphate (HPLC-
grade) and triethylamine (HPLC-grade) were provided by Thermo Fisher Scientific Inc. 
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Specific structure–activity relationships exist between enzymes, transporter proteins,
receptors and drugs in organisms [10]. Although enantiomers have identical chemical
composition, they differ in spatial (3D) structure. Drug enantiomers often have significant
differences in biological activities in terms of pharmacology, toxicology and pharmacokinet-
ics. Therefore, it is important to develop analytical methods that can distinguish between
chiral drugs and their enantiomers as well as to control the enantiomeric content in the
formulations in both the pharmaceutical manufacturing and clinical fields [10,11]. The
RR-isomer of tofacitinib citrate is a single-enantiomer drug with two chiral centers in its
structure. According to the requirements of the International Council for Harmonisation
of Technical Requirements for Pharmaceuticals for Human Use (ICH) guidelines Q6A for
single-enantiomer drugs, the content of enantiomer impurities should be controlled to
ensure safety and efficacy of the final product [12]. Thus, the SS-isomer of tofacitinib citrate
(Figure 1b) must be controlled in the drug product. Chromatographic methods for the sepa-
ration of tofacitinib citrate and its enantiomer using chiral normal-phase high-performance
liquid chromatography (NP-HPLC) have been reported [13–16].

Green chemistry has gained increasing attention due to environmental pollution and
resource wastage [17]. The concept of green chemistry is aimed at designing, developing,
and applying chemical processes and products to minimize the use and generation of
harmful substances. Its core objective is to promote sustainability and environmental
responsibility by reducing the negative impacts on human health and the environment
throughout the entire lifecycle of chemicals and processes [18]. This includes a set of
12 principles [19]. However, since the outcome of analytical chemistry is the measured
results, the principles of green chemistry are not entirely applicable to the assessment of
analytical procedures. As a result, 12 new principles of green analytical chemistry were
proposed [20]. Several metrics have been developed to assess the greenness of analytical
processes, the most widely used of which are the Analytical Eco-Scale [21], Analytical
GREEnness (AGREE) [22] and Green Analytical Procedure Index (GAPI) [23].

To the best of our knowledge, determination of the enantiomer of tofacitinib citrate
using reversed-phase chiral HPLC is yet to be reported. This study aimed to develop a
method based on reversed-phase chiral recognition mechanism and the principles of green
analytical chemistry, for the first time, to determine tofacitinib citrate and its enantiomer.
The method was validated according to the ICH guidelines Q2 (R1) [24] and was used
to determine the enantiomer impurity content in tofacitinib citrate tablets. We used the
Analytical Eco-Scale, AGREE, and GAPI to evaluate the greenness of the method.

2. Materials and Methods
2.1. Chemicals and Reagents

The RR- and SS-isomers of tofacitinib citrate were obtained from Sinco Pharmaceutical
(Middletown, DE, USA). Tofacitinib citrate tablets (5 mg) were purchased from pharmacies
(manufacturer information is given in Section 2.5). Methanol (HPLC-grade) and acetonitrile
(HPLC-grade) were purchased from Honeywell International Inc. (Charlotte, NC, USA).
Ammonium acetate (HPLC-grade), potassium dihydrogen phosphate (HPLC-grade) and
triethylamine (HPLC-grade) were provided by Thermo Fisher Scientific Inc. (Waltham,
MA, USA). The 10% ammonia (HPLC-grade) and ammonium formate (HPLC-grade) were
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obtained from ANPEL Laboratory Technologies Inc. (Shanghai, China). Acetic acid (HPLC-
grade) was obtained from Tedia Company, Inc. (Fairfield, OH, USA).

2.2. Instrumentation and Chromatographic Conditions

The KQ2200DE CNC ultrasonic device (Kunshan Ultrasonic Instrument Co., Ltd.,
Jiangsu, China), XP 205 and MX5 electronic balance scales (Mettler-Toledo, Zurich, Switzer-
land), Milli-Q Reference Water Purification System (Merck KGaA, Darmstadt, Germany),
and 0.45-µm membrane syringe filter (polyether sulfone) (ANPEL Laboratory Technologies
Inc., Shanghai, China) were used.

Chromatographic separations were performed on a SHIMADZU LC-20AT system
(Shimadzu, Kyoto, Japan) and Waters e2695 (Waters, Milford Milford, MA, USA). A CHI-
RALPAK IH column (250 mm × 4.6 mm, 5 µm) was selected to complete the separation of
tofacitinib citrate and its enantiomer. The detection wavelength was 285 nm. The column
temperature was 30 ◦C, and the injection volume was 20.0 µL. The mobile phase consisted
of ammonium acetate buffer (pH 8.0, 5 mM) (A) and acetonitrile (B) in a gradient elution
method at a flow rate of 0.6 mL/min. The gradient solvent program was set as follows:
0 min, 20% B; 2 min, 15% B; 15 min, 25% B; 20 min, 90%B; 25 min, 90% B, 30 min, 20% B;
40 min, 20% B.

2.3. Solution Preparation

Test solution: An appropriate amount of tofacitinib citrate tablet powder (approxi-
mately 5 mg of tofacitinib) was weighed precisely and extracted with 10 mL of the solvent
(5 mM ammonium acetate (pH 8.0)-acetonitrile (4:1)) for ultrasonic treatment for 15 min.
The solution was filtered through a 0.45-µm polyether sulfone membrane, and the filtrate
was used as the test solution.

Mixed reference solution: An appropriate amount of RR- and SS-isomers of tofacitinib
citrate was weighed precisely, placed in the same volumetric flask, dissolved with the
solvent, and diluted to make a solution with a concentration of 5 µg/mL.

Reference stock solution: An appropriate amount of SS-isomer of tofacitinib citrate
was weighed precisely, dissolved with the solvent, and diluted quantitatively to make a
solution with a concentration of 50 µg/mL.

Reference solution: An appropriate amount of reference stock solution was measured
precisely and diluted to 5 µg/mL with the solvent.

Limits of quantification (LOQ) solution: An appropriate amount of the reference
solution was measured precisely and diluted stepwise to 0.1 µg/mL with the solvent.

Limits of detection (LOD) solution: An appropriate amount of the reference solution
was measured precisely and diluted stepwise to 0.04 µg/mL with the solvent.

Spiking solution: An appropriate amount of tofacitinib citrate tablet powder (approxi-
mately 5 mg of tofacitinib) was accurately weighed and added to 1 mL of the reference stock
solution and then diluted to 10 mL in ultrasonic bath for 15 min. The solution was filtered
through a 0.45-µm polyether sulfone membrane. Six replicates of the spiking solutions
were prepared separately.

2.4. Method Validation
2.4.1. Specificity

The method specificity was determined by injecting a blank solution, the mixed
reference solution, the test solution, and the spiking solution into the column.

2.4.2. LOQ and LOD

A low-concentration reference solution of SS-isomer was diluted stepwise from the ref-
erence solution and detected under the chromatographic conditions described in Section 2.2.
The LOD and LOQ for the SS-isomer were at a signal-to-noise ratio (S/N) of approximately
3:1 and at an S/N of approximately 10:1, respectively.
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2.4.3. Linearity

Solutions of eight SS-isomer calibrations (0.1002, 0.2004, 0.5010, 1.002, 2.004, 5.010,
10.02, and 20.04 µg/mL) were prepared using the reference stock solution, and the calibra-
tion curve of peak area versus concentration was plotted using the least-squares method.

2.4.4. Precision and Solution Stability

The precision of the method was evaluated using peak areas of six consecutive in-
jections of the reference solution (5 µg/mL). The inter-day precision of the method was
evaluated using peak areas of the reference solution over three days. The reference solution
was maintained at an ambient temperature for 72 h to evaluate its stability.

2.4.5. Accuracy

The accuracy of the method was assessed by comparing the peak area of the spiking
solution described in Section 2.3 to that of the reference solution using six replicates.

2.4.6. Robustness

To assess the robustness of the method, slight variations in the experimental conditions
were studied and the chromatographic resolutions of tofacitinib citrate and the SS-isomer
were evaluated. The robustness of the method was evaluated by changing the initial ratio
of the mobile phase (19:21 and 21:79), flow rate (0.55 and 0.65 mL/min), pH of the mobile
phase (7.5 and 8.5), salt concentration of the mobile phase (4 and 6 mM), and column
temperature (27 and 33 ◦C). Different LC instruments were also used to assess robustness.

2.5. Detection of Enantiomers in Tablets

We determined the content of the SS-isomer in tofacitinib citrate tablets from six
different manufacturers in China, namely Simcere Pharmaceutical Co., Ltd. (Lot No. 174-
221105, Nanjing, China), Qingfeng Pharmaceutical Group Co., Ltd. (Lot No. 220602,
Ganzhou, China), Hinye Pharmaceutical Co., Ltd. (Lot No. B22087, Changsha, China), Chia
Tai Tianqing Pharmaceutical Group Co., Ltd. (Lot No. 220929126, Lianyungang, China),
Hunan Kelun Pharmaceutical Co., Ltd. (Lot No. 1R221117, Yueyang, China), and Zhejiang
Hisun Pharmaceutical Co., Ltd. (Lot No. 22201061, Taizhou, China).

2.6. Method Greenness Assessment

We assessed the greenness of the method using the Analytical Eco-Scale, AGREE,
and GAPI. The flow rate of the RP-HPLC method was 0.6 mL/min and it ran for a total
of 40 min, requiring 2.0 mL of acetonitrile for each sample preparation. The Analytical
Eco-Scale is based on assigning penalty points (PPs) to analytical process parameters that
do not align with the ideal green analysis. The reagent PPs are determined by multiplying
the hazard PPs (number of hazard pictograms multiplied by the risk label) by the amount
of chemical. The AGREE is constructed based on the 12 principles of green analytical
chemistry. Each principle is colored on a scale from 0 to 1 based on its green characteristics,
with colors varying from 1 to 0 and from dark green to red. The GAPI is based on a
pictogram consisting of five pentagrams including a total of 15 fields. Each field is colored
green, yellow, and red to indicate low, medium, and high environmental impact. The circle
in the second pentagram is an additional marking to indicate the method developed can be
used for qualification and quantification, and no circle is marked if the method is used only
for qualification.

3. Results
3.1. Method Validation

Specificity: As shown in Figure 2, the resolutions of the RR- and SS-isomers were
greater than 2.0. The blank and test solutions showed no significant interference with
the SS-isomer.
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(d) mixed reference solution.

LOD, LOQ and linearity: The LOD and LOQ for the determination under chromato-
graphic conditions were 0.04 µg/mL and 0.1 µg/mL, respectively. The SS-isomer exhibited
good linearity in the range of 0.1002–20.04 µg/mL with the linear regression equation
y = 80,000x − 5515.7 (r = 0.9999).

Precision, accuracy and solution stability: The intra-day relative standard deviation
(RSD) of the SS-isomer peak area was 0.9%, the inter-day RSD was 0.7%, and the average
recovery of the SS-isomer was 98.6% with an RSD of 0.7%, which were within the acceptable
range according to the ICH guidelines. The solution was stable over 72 h.

Robustness: The results showed that the resolutions of RR- and SS-isomers were all
greater than 2.0 with little change in the following parameters: the initial proportion of
mobile phase B in the gradient elution within 19–21%, flow rate within 0.55–0.65 mL/min,
pH of the mobile phase within 7.5–8.5, concentration of ammonium acetate within 4–6 mM,
column temperature within 27–33 ◦C, and change in HPLC instruments. The findings
indicated that the proposed method was robust.

The methodological validation parameters are summarized in Table 1.

Table 1. Methodological validation parameters.

Method Validation Item Results

Specificity R > 2.0
LOD (µg/mL) 0.04
LOQ (µg/mL) 0.1

Linearity y = 80,000x − 5515.7 (r = 0.9999)

Precision
intra-day RSD: 0.9%
inter-day RSD: 0.7%

Accuracy 98.6% (RSD 0.7%)
solution stability 72 h of stabilization

Robustness robust

3.2. Detection of Enantiomers in Tablets

The results showed that no SS-isomer was detected in six batches of tofacitinib citrate
tablets from the different manufacturers.

3.3. Method Greenness Assessment

The greenness of the analytical procedure was assessed based on reagents, instruments,
occupational hazards, and waste using the Analytical Eco-Scale approach. As shown in
Table 2, the method obtained a score of 79. A score of above 75 on the Analytical Eco-Scale
is considered an excellent green analysis result.
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Table 2. Greenness analysis of RP-HPLC method using Analytical Eco-Scale.

Method Item Penalty Points

Reagents
Acetonitrile (11.3 mL) 12 *
Ammonium acetate 0

Ultrapure Water 0

Instruments
LC 1

ultrasonic device 0
Occupational hazard No vapors generated 0

Waste
24 mL 5

No treatment 3
Total penalty points 21

score 79
*: multiplying the hazard PPs of 6 by the amount level of 2.

In addition, the method greenness was also evaluated based on the 12 principles in
AGREE. As shown in Figure 3a and Table S1, the AGREE score was 0.61. This indicates
that the developed method is green.
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Furthermore, the greenness of the chemical processes was assessed from five penta-
grams including sample collection, preservation, transport and storage, general method
type, sample preparation, reagents and chemicals used, and instrumentation using GAPI.
As shown in Figure 3b and Table S2, apart from three red fields relating to reagents and
wastes, the method is generally environmentally friendly.

4. Discussion
4.1. Chromatographic Column Selection

Under reversed-phase chromatographic conditions, we experimented with four dis-
tinct chiral columns. Specifically, CHIRALPAK AS-RH, CHIRALPAK IC-3, and CHIRAL-
PAK IH utilized polysaccharide derivatives as stationary phases, while SUMICHIRAL
OA-7100 employed β-cyclodextrin as a stationary phase. The optimal resolutions of enan-
tiomers of tofacitinib citrate were 2.7 and 1.9 on CHIRALPAK IH and SUMICHIRAL
OA-7100 columns, respectively. On a SUMICHIRAL OA-7100 column, tofacitinib showed a
poor peak shape with an excessive tailing factor. The optimal resolution of enantiomers of
tofacitinib citrate was 1.4 on the CHIRALPAK AS-RH column, which could not meet the
requirement of a resolution greater than 1.5. Tofacitinib citrate and its enantiomer could not
be separated using CHIRALPAK IC-3 despite varying the mobile phase combinations. The
results indicate that the optimal chiral separation for tofacitinib citrate and its enantiomer
was achieved using a CHIRALPAK IH column.

4.2. Optimization of Mobile Phase

To separate the enantiomeric isomers of tofacitinib citrate, acetonitrile and methanol
were utilized as the organic phases, with acetonitrile demonstrating superior separation
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ability compared to that of methanol. When methanol and different kinds of salt solutions
such as ammonium formate, ammonium acetate, and potassium dihydrogen phosphate
formed a mobile phase, the peaks were broad and tofacitinib citrate could not be separated
from its enantiomer. After replacing the organic phase with acetonitrile, tofacitinib citrate
and its enantiomer were well separated under different kinds of salt solutions. Acetonitrile,
being a non-protonic solvent, avoids interference with hydrogen-bonding-type interactions
between the chiral stationary phase and chiral analytes [25,26].

The aqueous phases containing various additives or buffer salts, including ammonium
formate, ammonium acetate, and potassium dihydrogen phosphate, were compared. When
ammonium acetate solution was used as the aqueous phase, the resolution of tofacitinib
citrate and its enantiomer was more than 2.0. The resolutions were both 1.9 with ammo-
nium formate and potassium dihydrogen phosphate as additives. The results showed that
the addition of ammonium acetate was optimal in terms of retention time and resolution.
Furthermore, ammonium acetate concentrations of 5, 10, 20, and 50 mM were examined,
and the results showed that the additive concentration had no impact on the separation. Ul-
timately, ammonium acetate at a concentration of 5 mM was selected based on its greenness
and cost-effectiveness. Additionally, we investigated ammonium acetate buffers with pHs
of 3.0, 5.0, 7.0, and 8.0. The separation of tofacitinib citrate and its enantiomer improved
with an increase in alkalinity. Consequently, the pH of the ammonium acetate buffer was
adjusted to 8.0, which is within the pH tolerance range of the chromatographic columns.

4.3. Method Sensitivity

According to ICH guidelines Q6A for single-enantiomer drugs, the content of enan-
tiomer impurities should be controlled. The content of the SS-isomer should be below
1%. The results showed that the established method can detect the enantiomer present
at more than 0.02%, and the sensitivity is comparable to that of the normal-phase HPLC
method in the literature [14], which can meet the requirements for the control of chiral
isomer impurities in drugs.

4.4. Greenness Evaluation

Evaluating the greenness of an analytical procedures using different metrics may result
in a more comprehensive and reliable assessment. The Analytical Eco-Scale, AGREE and
GAPI are the relatively most commonly used metrics for analytical procedures [27], and
they each have their own advantages. The outcomes of the AGREE and GAPI assessments
are presented in colored pictograms that correspond to the severity levels, providing an
easy-to-understand and thorough overview of the greenness of various aspects of the
analytical methodology. In addition, the primary advantage of the Analytical Eco-Scale
is that it offers a quantitative assessment that summarizes each item’s score in analytical
procedures. Whether using the Analytical Eco-Scale, AGREE, or GAPI, the established
chiral RP-HPLC method proved generally environmentally friendly.

The main advantage of the chiral RP-HPLC method over the chiral NP-HPLC method
is the greener reagent. Compared to GAPI and AGREE, the results of the Analytical Eco-
Scale are more biased towards quantitation when evaluating the greenness of reagents or
solvents. It provides a useful hazard indicator for reagent or solvent assessment called
reagent PPs. Chiral NP-HPLC typically uses more than two organic reagents as mobile
phases, making the hazard PPs higher than those in chiral RP-HPLC. The mobile phases
used in the chiral NP-HPLC method [14] are hexane and ethanol. The hazard PPs of
n-hexane are up to 8 because it has four hazard pictograms and one symbol label of danger,
and ethanol is at 4, so the hazard PPs of mobile phases in chiral NP-HPLC is 12. In our
chiral RP-HPLC method, the hazard PPs come only from acetonitrile, which scores 6.
Furthermore, the established method is comparable to the NP-HPLC method [14] in terms
of sensitivity and separation efficiency, but it is overall greener than the NP method, so it
could represent an additional option for the separation of enantiomers of tofacitinib citrate.
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5. Conclusions

We present an RP-HPLC method based on a chiral recognition mechanism and the prin-
ciples of green analytical chemistry for separating tofacitinib citrate and its enantiomer. The
developed method was validated in terms of sensitivity, selectivity, linearity, precision, and
accuracy. The method demonstrated a sensitivity of 0.04 µg/mL, and no enantiomers were
detected in samples from six manufacturers. This finding suggests that the manufacturing
processes of these manufacturers could not readily produce the enantiomer of tofacitinib
citrate. Using the Analytical Eco-Scale, AGREE, and GAPI to evaluate the greenness of this
method, the results indicate that the method is environmentally friendly. This study serves
as a valuable reference for the chiral separation of enantiomers of tofacitinib citrate.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/separations11030089/s1, Table S1: Greenness analysis of RP-HPLC
method using AGREE; Table S2: Greenness analysis of RP-HPLC method using GAPI.
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