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Abstract

An HPLC method for the assay of an anticancer nucleoside, 4’-thio-2’-deoxycytidine (T–dCyd, 

NSC 764276), has been developed and validated. The stress testing of T-dCyd was carried out in 

accordance with ICH guidelines Q1A (R2) under acidic, alkaline, oxidative, thermolytic, and 

photolytic conditions. The separation of T-dCyd from its impurities and degradation products was 

achieved in 40 min on a Luna® Phenyl-Hexyl column (150 mm × 4.6 mm i.d., 3 µm) with a 

gradient elution using ammonium phosphate buffer (pH 3.85) and methanol as the mobile phase. 

The gradient starts from 2% and ends at 80% of methanol. Detection is by UV at 282 nm. LC-

QTOF/MS was used to obtain mass data for characterization of impurities and degradation 

products. The proposed HPLC assay method was validated for specificity, linearity (concentration 

range 0.25–0.75 mg/mL, r ≥ 0.9998), accuracy (recovery 98.1–102.0%), precision (RSD ≤ 1.5%), 

and sensitivity (LOD 0.1 µg/mL). The developed method was suitable for the quality control and 

stability monitoring of the T-dCyd drug substance.
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1. Introduction

DNA methyltransferase I (DNMT1) is an enzyme that serves as a maintenance 

methyltransferase during cell replication and contributes to the hypermethylation of 

cytosines in 5'—C—phosphate—G—3' (CpG) islets in tumor suppressor genes, resulting in 

their silencing in a manner analogous to inactivating mutations [1–4]. Downgrading DNMT1 

expression by genetic or pharmacological means decreases CpG methylation and, 

consequently, allows instead the expression of tumor suppressor genes, which diminishes 

proliferation and cellular transformation [5–7]. Reduction of DNMT1 levels has also been 

shown to suppress tumorigenesis in a manner independent of its DNA methyltransferase 

activity [8, 9]. DNMT1 protein stability is significantly increased in cancer cells, regardless 

of the mechanisms by which DNMT1 causes tumorigenesis [10].

Decitabine (aza-dCyd) and azacitidine (aza-Cyd) are known DNA-hypomethylating 

nucleosides that deplete DNMT1 and are currently approved for the treatment of 

myelodysplastic syndromes and other hematologic malignancies [10–13]. Two other 

nucleoside analogs, 5-F-2′-deoxycytidine (F-dCyd) and zebularine, are reported to deplete 

DNMT1 in cancer cells [14, 15]. In general, DNMT1 active site occupancy by the DNA-

incorporated nucleotide analog is essential to cause DNMT1 trapping and ensuing 

degradation of the enzyme. The currently available agents have several unfavorable features, 

such as inefficient incorporation into DNA, DNA synthesis inhibition at high doses, 

chemical instability of the triazine ring, metabolic instability due to enzymatic deamination, 

and inhibition of other enzymes not related to DNA methylation [16]. These undesirable 

characteristics are responsible for decreased hypomethylation efficiency and preclude high-

dose administration for extended periods. The continuing search for improved DNMT1-

depleting agents has led to the discovery of the sulfur-containing deoxycytidine(dCyd) 

analog, 4′-thio-2′-deoxycytidine (T-dCyd)[17], which is currently being studied in a Phase I 

clinical trial [18]. In cell culture, T-dCyd is a substrate for dCyd kinases and the resultant 

triphosphate is efficiently incorporated into DNA without inhibition of DNA synthesis [19]. 

Furthermore, treatment with T-dCyd promotes re-expression of p15, a tumor suppressor 

gene, which is consequential to the depletion of DNMT-1. T-dCyd is cytotoxic to leukemia 

lines (CCRF-CEM and KG1a), with an IC50 of ca. 1 µM [16]. However, its activity towards 

solid tumor lines (NCI-H23, HCT-116, and IGROV-1) is negligible.

Unexpectedly, T-dCyd showed promising results in a lung adenocarcinoma xenograft model 

(NCI-H23). Intraperitoneal (i.p.) dosing at 5 mg/kg (0.56 MTD) in nu/nu mice on a daily 

dose five days per week for three weeks resulted in tumor stasis with acceptable toxicity. In 

contrast, the decitabine-treated control arm at MTD resulted in delayed tumor growth but not 

stasis, and an average of 10% weight loss was noted. Intratumoral levels of DNMT1 were 

reduced to undetectable levels in xenografts post administration of T-dCyd but were 

unaffected by decitabine treatment. Mass spectrometry analysis demonstrated incorporation 

of both T-dCyd and 4’-thiothymidine into cellular DNA [20].

In spite of a number of publications describing the synthesis, efficacy, and pharmacokinetics 

of T-dCyd, information on quantitative analysis and impurity characterization is lacking in 

the literature. Several HPLC methods of similar nucleoside analogs, including decitabine 
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[21, 22], zebularine [23], fluorodeoxycytidine [24], 5-iodo-2-pyrimidinone-2’-deoxyribose 

[25], bromodeoxyuridine [26] and azacitidine [27], were reported in the literature. Most of 

these nucleosides have moderate to high polarities and were analyzed with C18 columns 

which were eluted with aqueous buffers containing low contents of methanol or acetonitrile 

as organic modifiers. Many of the reported methods were developed mostly for bioanalysis 

with LC/MS detection and not suitable for impurities and degradation products 

determination in the analysis of drug substances and products. The goal of this study was to 

develop and validate a stability-indicating HPLC method for T-dCyd in accordance with 

ICH guideline Q2 (R1) and to identify the impurities present in the drug substance as well as 

degradation products observed in stress testing. The study was carried out with HPLC and 

LC coupled with high-resolution mass spectrometry (HRMS).

2. Materials and Methods

2.1. Chemicals and reagents

Three lots of T-dCyd (NSC 764276) drug substance and α-T-dCyd (NSC 776901) were 

provided by the National Cancer Institute (Bethesda, MD, USA). All the lots were prepared 

by Alchem Laboratories Corporation, 13305 Rachael Blvd, Alachua, FL 32615. Phosphoric 

acid and ammonium phosphate monobasic were purchased from Sigma-Aldrich (St. Louis, 

MO, USA). HPLC-grade methanol (MeOH), hydrogen peroxide (H2O2) 3% solution, and 

sodium hydroxide (NaOH) were purchased from Mallinckrodt (Paris, KY, USA). Water was 

purified through a Millipore Super-Q® Pure Water System (Waltham, MA, USA). The 

solution of hydrochloric acid (HCl) was prepared from DILUT-IT® Analytical Concentrate 

(J.T. Baker, Phillipsburg, NJ, USA).

2.2. HPLC

An Agilent 1100 HPLC system (Wilmington, DE, USA) equipped with a solvent degasser, 

quaternary pump, autosampler, and a diode array detector was used in the study. Agilent 

ChemStation® for LC 3D (Rev. A. 10.01) software was used for instrument operation 

control and data collection. The HPLC was performed on a Phenomenex, Luna® Phenyl-

Hexyl column (150 mm × 4.6 mm i.d., 3 µm, Torrance, CA, USA). The column was held at 

25 °C. The mobile phase was a combination of solvent A (10 mM ammonium phosphate 

monobasic in water adjusted pH to 3.85 with phosphoric acid) and solvent B (methanol). 

The following gradient program was used: 0–15 min, 2% solvent B and 98% solvent A; 15–

20 min, linear gradient to 5% solvent B and 95% solvent A; 20–28 min, linear gradient to 

80% solvent B and 20% solvent A; 28–33 min, hold at 80% solvent B and 20% solvent A; 

33–34 min, step gradient to 2% solvent B and 98% solvent A; 34–40 min, re-equilibrate at 

2% solvent B and 98% solvent A before the next injection. The injection volume was 10 µL. 

For all gradient segments, the elution flow rate was 1.0 mL/min, and the detection 

wavelength was set at 282 nm.

LC-MS was performed on an Agilent LC/MS system consisting of an Agilent 1200 binary 

LC pump, a temperature controlled autosampler, a photodiode array (PDA) UV detector, and 

a 6530 Accurate Mass Q-TOF mass spectrometer (Wilmington, DE, USA). The mass 

spectrometer was equipped with a JetStream® electrospray ionization (ESI) probe operating 
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at atmospheric pressure. The ESI source parameter settings were: mass range m/z 100 – 

1000, gas temperature 350 °C, gas flow 10 L/min, nebulizer 50 psi, sheath gas temperature 

400 °C, sheath gas flow 12 L/min, capillary voltage (Vcap) 3500 V, nozzle voltage 500 V, 

fragmentor 200 V, skimmer1 65 V, and octopole r.f. (OCT 1 r.f. Vpp) 750 V. Tandem mass 

spectrometry was performed using ramped collision energy at slope 3 and offset 10. The LC 

conditions used in the LC-MS system were the same as those used in the Agilent 1100 LC-

UV system except that the flow rate was reduced and the gradient time and injection volume 

were increased to gain ESI-MS sensitivity. The following gradient program was used: 0–30 

min, 2% solvent B and 98% solvent A; 30–40 min, linear gradient to 5% solvent B and 95% 

solvent A; 40–56 min, linear gradient to 80% solvent B and 20% solvent A; 56–66 min, hold 

at 80% solvent B and 20% solvent A; 66–68 min, linear gradient to 2% solvent B and 98% 

solvent A; 68–80 min, re-equilibrate at 2% solvent B and 98% solvent A before the next 

injection. The injection volume was 10 µL. For all gradient segments, the elution flow rate 

was 0.5 mL/min.

2.3. Sample preparation

The system suitability standard, quality control standard and samples are prepared at a 

concentration of 0.5 mg/mL by adding 2-mL of water to dissolve accurately weighed 

amount of approximately 1-mg reference standard or the sample. The calibration standards 

were prepared at 0.25, 0.375, 0.5, 0.625 and 0.75 mg/mL by adding 2-mL of water to 

dissolve accurately weighed amounts of approximately 0.5, 0.75, 1, 1.25 and 1.5 mg of the 

reference standard. The forced degradation samples were prepared as shown in 

Supplementary Table 1. A stock solution was made by dissolving the T-dCyd solid in water 

at 1 mg/mL. The solution forced degradation samples were prepared by 1:1 mixing of the 

stock solution and the various reagents and treating with heat for a period of time 

(Supplementary Table 1). The solid forced degradation samples were prepared by heating 

the solid sample or exposing the sample to UV light (Supplementary Table1) and then 

dissolving the solid in water at 0.5 mg/mL.

3. Results and Discussion

3.1. HPLC method development and validation

As the chemical structure of T-dCyd, or 4’-thio-2’-deoxycytidine indicates (Figure 1), it is a 

hydrophilic nucleoside with high polarity. Since reversed-phase liquid chromatography with 

a phosphate buffer mobile phase is commonly used for analysis of nucleosides, the effort to 

develop a method for T-dCyd was initiated with standard C18 columns. The following 

brands and configurations of C18 columns were readily available in our laboratory and were 

chosen for initial evaluation: Agilent Eclipse XDB C18 (5 µ, 150 × 4.6 mm i.d.), MAC 

MOD Ace C18 (3 µ, 150 × 4.6 mm i.d.) and Phenomenex Luna® C18 (2) (5 µ, 150 × 4.6 

mm i.d.). These C18 columns have different properties (listed in the order of Eclipse, Ace 

and Luna): particle size (5, 3 and 5µm), pore size (80, 100 and 100Å), surface area (180, 300 

and 400 m2/g) and carbon load (10, 15.5 and 17.5%). Thus, they offer variations in polarity, 

efficiency and separation performance, as presented in the literature [28]. The mobile phase 

was a combination of phosphate buffer and varying amounts of acetonitrile or methanol. 

Though the compound can be retained with a reasonable elution time of 4–5 min, the T–
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dCyd peak was quite broad on these C18 columns (plate number about 2500/column). The 

appearance of a broad major peak is an indication that the sensitivity of the method would be 

insufficient to detect impurities at 0.05% target level. Resolution of some of the impurities 

and degradation products was also marginal. To improve the peak shape and resolution, we 

examined the Phenomenex Luna® Phenyl-Hexyl column (3 µ, 150 × 4.6 mm) in which the 

phenyl ring was anticipated to provide substantial π-π interaction with the pyrimidine 

moiety of the nucleoside. As a result, the major peak was drastically sharpened (plate 

number about 12,000/column) and sensitivities doubled compared to those observed on the 

C18 columns. The peak shape was highly sensitive to the pH of the mobile phase: a mobile 

phase at pH < 3.7 would result in a tailing peak, but at pH > 4.1 a fronting peak was 

observed. The optimal pH was determined to be around pH 3.85. Using methanol as the 

organic modifier also provided better retention and peak shape than acetonitrile. The optimal 

mobile phase was a combination of 10 mM ammonium phosphate buffer at pH 3.85 and 

methanol. Forced degradation of the drug substance was performed, and the gradient 

program was optimized to provide the best separation of all impurities and degradation 

products.

The final method provides a tailing factor of 1.0 for T-dCyd and a resolution greater than 3 

for impurities and degradation products peaks from the T-dCyd peak. The optimized LC 

condition (provided in Section 2.2) was validated in accordance with the current ICH 

guideline Q2 (R1). A typical HPLC assay chromatogram is presented in Figure 2a. The 

method’s specificity was verified by a UV peak purity check (Agilent ChemStation® 

software). Resolution of the peaks preceding and following the major peak in all forced 

degradation samples was found to be greater than 3.0. Validation was conducted in three 

days by two analysts with two separate instruments to evaluate intra-day and intermediate 

precision as recommended by ICH guideline Q2 (R1). The system suitability and validation 

results are provided in Table 1. Linearity of the method was demonstrated by standard curve 

in the range of 0.25–0.75 mg/mL. The sample peak area (A, mAU) versus drug 

concentration (C, mg/mL) was analyzed by linear least square regression (A = Slope × C + 

Intercept). The linearity range was validated at 50 – 150 % of the target assay concentration, 

which satisfied the ICH Q2 (R1) requirement for both drug substance and drug product.

Accuracy and precision were established by evaluation of recoveries and RSD values 

obtained each day with three test solutions each at concentration of 0.25, 0.50, and 0.75 

mg/mL corresponding to 50%, 100%, and 150% of the target assay concentration, 

respectively. Recovery was calculated by comparing the theoretical concentration calculated 

from each day's calibration curve and the nominal concentration. The accuracy results 

showed recoveries between 98.1% and 102.0%. Intra-day precision (repeatability) was 

validated to be no greater than 1.2% RSD from nine determinations on each day, and inter-

day precision (intermediate precision) was validated with 1.1% RSD from 27 determinations 

in three days. The limit of detection and LOQ were shown to be 0.1 µg/mL and 0.25 µg/mL, 

respectively, using the criteria of signal to noise (S/N) > 3 for LOD and S/N > 10 for LOQ. 

The sample solution stability was tested and shown to be stable at 5 °C and at room 

temperature for 7 days with 100.5% and 100.8% recovery, respectively.
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Robustness was evaluated with variations of column temperature, mobile phase pH and flow 

rate. Column efficiency (plate numbers/column), tailing factor and resolutions were 

evaluated and presented in Table 2. Varying temperature (± 2°C) and flow rate (± 0.1 mL/

min) did not affect the method’s performance as gauged by plate number, tailing factor and 

resolution. However, as discussed in the method development section, pH had a significant 

effect on the method’s performance. When it deviated from pH 3.85, the plate number, 

tailing factor and resolution significantly deteriorated. Therefore, the precise pH of the 

mobile phase must be tightly controlled.

3.2. Characterization of impurities and degradation products by LC/MS

Figure 2a–c shows chromatograms of three drug substance lots –S/D5, –S/D9, and –S/D10. 

Representative retention times for all detected peaks are listed in Table 3, along with their 

mass and UV features. Two impurities, A1 and A2, eluted closely between 3–4 min. 

Sulfoxide A1, also an oxidative degradant of T-dCyd, was observed only in lot –S/D5. 

Impurity A2, the natural 2’-deoxycytidine, was present in lots –S/D9 and –S/D10. Impurities 

B, C, and D, which are diastereomers related to T-dCyd, are by-products generated in the 

manufacturing process. They were found at varying levels in the available lots of T-dCyd.

Supplementary Figure 1 presents chromatograms of T-dCyd in various forced degradation 

solutions. The base-treated sample (Supplementary Figure 1c) shows a degradation product 

E resulting from the hydrolysis of the amino group in the pyrimidine ring as well as an 

increased level of impurity D, which was shown to be a related diastereomer. The sulfoxide 

impurity A1, as expected, is also a major degradation product in hydrogen peroxide-treated 

samples (Supplementary Figure 1d). The hydrolytic degradant, E, was also observed in a 

heated aqueous sample solution, with or without acid (Supplementary Figures 1a and 1b).

LC/MS was performed to characterize the major impurities and degradation products. Mass 

and UV spectra were obtained through LC with MS and PDA detections and are provided in 

Figure 3. Dimers and sodium adducts of many impurities are commonly observed in their 

mass spectra. Based on the high-resolution accurate mass data and UV data, the proposed 

chemical structures of the major impurities and degradation products are provided in Figure 

1. The measured masses are within 3 ppm of the calculated masses of all proposed 

compounds (Table 3).

MS/MS was performed to further characterize impurities and degradation products. The 

available MS/MS spectra are given in Supplementary Figure 2. MS/MS fragment 

interpretations are given in Supplementary Figures 3. A common fragment of m/z 112.0505 

was observed in T-dCyd and all impurities and degradation products except for E. This 

fragment represents the cytosine aglycon and indicated the pyrimidine base was intact in all 

detected compounds except for E. The corresponding fragment for compound E was 

113.0346 (or sodium adduct of m/z 135.0165), confirming the conversion of the amino 

group to a hydroxyl group. Another common fragment m/z 133.0318, observed in T-dCyd 

and compounds B, C, and D, was derived from their sugar moieties. Compounds B, C, and 

D have both fragments (m/z 112.0505 and 133.0318) identical to the two fragments of T-

dCyd, confirming that they were stereoisomers. From the fragments of m/z 
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150.0345/131.0161 in A1, and m/z 117.0546 in A2, it was reasonable to conclude that 

compounds A1 and A2 differ from T-dCyd in the structure of the sugar moieties.

Identification of impurity D—Peak D (RRT 1.60) is an impurity observed in all three 

lots of drug substance. Accurate mass and MS/MS fragments suggest that it is an isomer of 

T-dCyd. Its identity was confirmed as the α-isomer of 4’-thio-2’-deoxycytidine (α-T-dCyd) 

by spiking with an authentic sample (Supplementary Figures 4 and 5).

3.3. Drug substance purity and stability study

The validated method was used in the GMP material release analysis of three lots of T-dCyd 

drug substance. The purity results (reported by peak area percentage) are provided in Table 

3. The validated method was also used for the ICH stability study of the T-dCyd drug 

substance. The stability results, including assay, purity, and water content, are given in 

Supplementary Table 2. The stability results indicate that the compound is chemically stable 

under recommended storage conditions.

Conclusion

An HPLC assay method useful in the quality control of the drug substance and product has 

been developed and validated for T-dCyd. The HPLC method separates T-dCyd from its 

impurities and forced degradation products. Identities of the impurities and degradation 

products have been elucidated by mass spectral data. One major impurity was identified as 

the α-isomer of 4’-thio-2’-deoxycytidine (α– T–dCyd) by spiking with an authentic sample. 

The assay method has been validated to be specific, linear (r ≥ 0.9998), accurate (recovery 

98.1–102.0%), precise (RSD ≤ 1.5%), and sensitive (LOD 0.1 µg/mL).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• An HPLC method for a potent antitumor nucleoside T-dCyd was 

developed

• The HPLC method was validated to be stability indicating per ICH 

guidelines

• A total of six related compounds were characterized through LC/MS

• One related compound was identified by spiking of the authentic 

compound.
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Figure 1. 
Structure of T-dCyd and proposed structures of its impurities and degradation products.
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Figure 2. 
Chromatograms of NSC 764276:

(a) 0.5 mg/mL S/D5 in water, expanded scale.

(b) 0.5 mg/mL S/D9 in water, expanded scale.

(c) 0.5 mg/mL S/D10 in water, expanded scale.

(d) 0.5 mg/mL S/D5 in 0.1 N NaOH, heated at 80°C for 4 hours, expanded scale.

Liu et al. Page 13

J Pharm Biomed Anal. Author manuscript; available in PMC 2017 November 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Mass and UV spectra of T-dCyd and peaks A1, A2, B, C, D, and E.
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Table 1

System suitability and validation results.

Day 1
Analyst 1

Equipment 1

Day 2
Analyst 1

Equipment 2

Day 3
Analyst 2

Equipment 1

System Suitability

Retention Time (min) 7.4 7.7 8.0

Retention Time Variation
(RSD)

0.8% 0.0% 0.1%

Peak Area Variation (RSD) 0.3% 0.1% 0.6%

USP Tailing Factor 1.0 0.9 1.4

QC Recovery 99.9–102.7% 100.0–100.7% 98.0–98.4%

Resolution to Peak D 15 13 14

Sensitivity (S/N) 25 30 26

Linearity

Slope 25070 25076 25154

Intercept 206.92 −71.60 −72.60

Correlation Coefficient (r) 0.9998 0.9999 0.9999

Back Calculated Conc.
Recovery

99.3–100.8% 99.3–100.5% 99.3–100.6%

Accuracy(%Recovery)

0.25mg/mL 99.7, 99.6, 98.8 99.0, 100.1, 101.8 98.7, 100.0, 101.7

0.5mg/mL 98.1, 99.1,
100.8

100.2, 101.1, 100.2 100.7, 102.0,
101.1

0.75mg/mL 99.3, 99.7, 99.6 99.0, 99.0, 98.3 99.5, 99.3, 98.9

Precision(%RSD)

0.25mg/mL 0.5 1.4 1.5

0.5mg/mL 1.3 0.5 0.7

0.75mg/mL 0.2 0.4 0.3

Intra-day precision
(%RSD of 9

determinations each day)

0.7 1.1 1.2

Inter-day precision
(%RSD of 27

determinations in 3 days)

1.1
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