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A headspace-gas chromatography method for isopropanol 
determination in warfarin sodium products as a measure 

of drug crystallinity

Coumadin® and several generic products of warfarin so-
dium (WS) contain the crystalline form (clathrate) in which 
WS and isopropanol (IPA) are associated in a 2:1 molar ra-
tio. IPA is critical in maintaining the WS crystalline struc-
ture. Physicochemical properties of the drug and drug 
product may change when the crystalline drug transforms 
to amorphous form. A headspace-gas chromatography 
(HS-GC) method was developed and validated for IPA de-
termination in the WS drug product. n-propanol (NPA) was 
used as internal standard and the method was validated for 
specificity, system suitability, linearity, accuracy, precision, 
range, limits of detection and quantification, and robust-
ness. The method was specific, with good resolution be-
tween IPA and NPA peaks. Chromatographic parameters 
(retention time, IPA/NPA area ratio, tailing factor, theoreti-
cal plates, USP symmetry, capacity factor, selectivity and 
resolution) were consistent over three days of validation. 
The analytical method was linear from 2–200 µg mL–1 (0.1–
10 % IPA present in the drug product). LOD and LOQ were 
0.1 and 2 µg mL–1, respectively. Accuracy at low (2 µg mL–1) 

and high (200 µg mL–1) IPA concentrations of the calibration 
curve was 103.3–113.3 and 98.9–102.2 % of the nominal val-
ue, resp. The validated method was precise, as indicated by 
the RSD value of less than 2 % at three concentration levels 
of the calibration curve. The method reported here was uti-
lized to determine accurately and precisely the IPA content 
in in-house formulations and commercial products. In 
summary, IPA determination by HS-GC provides an indi-
rect measure of WS crystallinity in the drug product. Never-
theless, it should be confirmed by another analytical 
method since IPA from the drug substance is not distin-
guishable from IPA that may be present outside the drug 
crystals in a dosage form when prepared by wet granula-
tion with IPA.

Keywords: warfarin crystallinity, isopropanol, headspace-
gas chromatography

ZIYAUR RAHMAN1,2 
SOHAIL AKHTAR1 
AKHTAR SIDDIQUI1 
ANTHONY B. CIAVARELLA1 
AGNES NGUYENPHO1 
PATRICK J. FAUSTINO1 
MANSOOR A. KHAN1,2*

1 Division of Product Quality  
and Research 
Center for Drug Evaluation  
and Research 
Food and Drug Administration 
Maryland, USA
2 Irma Lerma Rangel College  
of Pharmacy 
Texas A&M Health Science Center 
Texas A&M University 
Reynolds Medical Building 
Suite 159 College Station 
Texas 77843-1114, USA

 
 
 
 
 
 
 
 
 
 
 

Accepted October 3, 2017 
Published online January 22, 2018

* Correspondence; e-mail: mkhan@pharmacy.tamhsc.edu

mailto:e.aburish@ju.edu.jo


32

Z. Rahman et al.: A headspace-gas chromatography method for isopropanol determination in warfarin sodium products as a measure 
of drug crystallinity, Acta Pharm. 68 (2018) 31–46.

 

Narrow therapeutic index (NTI) drugs are those for which small differences in dose 
or concentration can lead to serious concentration-dependent therapeutic failures or ad-
verse drug events (1, 2). NTI drugs defined in the Code of Federal Regulations (3) are those 
drugs which exhibit less than a 2-fold difference in median lethal dose (LD50) and median 
effective dose (ED50) values, or have less than a 2-fold difference in the minimum toxic 
concentrations and minimum effective concentrations in the blood. These drugs are also 
called critical dose drugs, which often require therapeutic or pharmacodynamics monitor-
ing (4). Examples of NTI drugs are digoxin (5), warfarin sodium (WS) (6), carbamazepine 
(7), theophylline (8), phenytoin (9), etc. There are growing concerns regarding substitution 
of brand NTI drug products with generic ones due to safety and efficacy issues (9, 10). 
Concerns are further substantiated by recall data, which is significantly higher than that 
of overall drug products (2). For these reasons, some states in the USA do not allow substi-
tution of a brand NTI drug product with a generic one without prescriber consent (2, 11, 
12). Some regulatory agencies even tighten bioequivalence requirements for generic NTI 
products in order to increase confidence in the quality of such products, e.g., by tightening 
Cmax and AUC limit from 85–125 % to 90–111.11 % (2, 13). Furthermore, clinical performance 
of NTI drug products may be ensured by maintaining product quality throughout their 
shelf life and usage period.

WS is a NTI class drug (6) and is used to control hypercoagulable conditions such as 
venous thrombosis and its extension, pulmonary embolism, thromboembolic complica-
tions associated with atrial fibrillation and/or cardiac valve disease, recurrent myocardial 
infarction, and thromboembolic events such as stroke or systemic embolization after myo-
cardial infarction (14). WS commercial products contain its crystalline form. Crystalline 
WS is a clathrate molecule in which isopropanol (IPA) is a guest molecule trapped in the 
crystal lattice of WS. IPA provides stability to WS crystalline structure by interacting with 
oxygen atoms of the coumarin ring by hydrogen bonding and with sodium through a 
coordination bond. The crystalline structure would collapse without IPA (15). The US 
Pharmacopoeia (16) defined 2:1 molecular association between WS and IPA and its speci-
fication of 8.0–8.5 % in the drug substance. However, crystalline WS can convert to its 
amorphous form through loss of IPA. Amorphous and crystalline WS forms have distinct 
physicochemical properties. The change of crystalline to amorphous WS may influence 
product quality, e.g., hardness, disintegration time and dissolution rate and extent (17–21). 
IPA measurement provides an indirect method of measuring the crystallinity of the WS 
drug substance and its drug product since the amorphous form does not contain IPA. 
There is no literature report on a gas chromatography (GC) method for quantifying IPA in 
WS products. IPA is an important critical quality attribute of WS products as its presence 
or absence changes WS from the crystalline to amorphous form or vice versa. Thus, it as-
sures the optimal therapeutic performance of the product by influencing its bioavailabil-
ity. For example, an increase in hardness and disintegration time may result in a decrease 
in dissolution and bioavailability, and hence affect clinical performance (17, 18). The US 
Pharmacopoeia (16) IPA quantification method is intended for the drug substance not for 
the products and it uses the older packed column technology with liquid injection. This 
paper provides a validated headspace gas chromatography (HS-GC) method using a capil-
lary column for determination of IPA in commercial products. Such a method would allow 
sponsors to better monitor the quality of WS products during manufacture and through-
out their life cycle. The advantages of capillary columns vs. packed ones are well known. 
These include higher separation efficiency and sensitivity (22, 23). In addition, headspace 

http://www.rxlist.com/script/main/art.asp?articlekey=13918
http://www.rxlist.com/script/main/art.asp?articlekey=2384
http://www.rxlist.com/script/main/art.asp?articlekey=9791
http://www.rxlist.com/script/main/art.asp?articlekey=26016
http://www.rxlist.com/script/main/art.asp?articlekey=26016
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analysis provides cleaner injected samples with higher sensitivity to volatile compounds 
compared to liquid injection (24). Moreover, our group has already reported on crystallin-
ity determination of WS in pharmaceutical products using X-ray powder diffraction, near 
infrared, infrared, Raman and solid-state nuclear magnetic resonance spectroscopy (19–
21). None of these methods directly measure IPA, which further provides assurance of WS 
crystallinity in the product.

EXPERIMENTAL

Materials

Crystalline WS clathrate (Ark Pharma Inc., USA), HPLC grade IPA, dimethylsulfoxide 
(DMSO) (Fisher Scientific, USA), ACS grade n-propanol (NPA) (J. T. Baker, USA), lactose 
monohydrate (LM), anhydrous lactose (LA) (Foremost Farms, USA), pregelatinized starch 
(Starch 1500®, Colorcon, USA), magnesium stearate (MgSt), hydroxypropyl cellulose (HPC) 
(MW 80K, Sigma-Aldrich, USA) were used as received. 18 MW deionized water was ob-
tained from an in-house Milli-Q Gradient A-10 water purification system (Millipore, USA).

Headspace-gas chromatography operating conditions

IPA content in the formulations was determined by the HS-GC method. The head-
space sampler was a pressure-loop HT3 model (Teledyne Tekmar, USA). The HS parame-
ters used were: GC cycle time 19.25 min, valve oven temperature 105 oC, transfer line 
temperature 110 oC, platen temperature 80 oC, platen temperature equilibration time 0.5 
min, sample equilibration time 25 min, vial pressure 204.7 kPa, pressurization time 1 min, 
pressure equilibration time 0.5 min, loop fill pressure 170.3 kPa, loop fill time 1 min and 
inject time 1 min.

The GC system used was a 7890 model (Agilent Technologies, USA), equipped with 
split/splitless injector (8:1 split ratio, 150 °C) and a flame ionization detector maintained at 
300 oC, with gas flows of 450 mL min–1 air, 50 mL min–1 hydrogen and 25 mL min–1 helium 
makeup. The capillary column used was a 30 m × 0.32 mm × 1.8 µm Rxi®-624Sil MS (Restek 
Corporation, USA). Column initial temperature was 50 oC maintained for 3.5 min, then 
ramped to 120 oC at 40 oC min–1 and kept for 6 min. Helium was used as a carrier gas flow-
ing at a rate of 5.695 mL min–1.

Preparation of isopropanol solutions

Two stock solutions of 20 mg mL–1 IPA were prepared by weighing accurately 1 g IPA 
in a volumetric flask and making up the volume to 50 mL with water. One stock solution 
was used for calibration and the other for accuracy (quality control) samples. Standard 
solutions of 10, 7.5, 5, 2.5, 1, 0.5, 0.25 and 0.1 mg mL–1 were used for calibration. Separately, 
another set of solutions of 10, 5 and 0.1 mg mL–1 were used for accuracy evaluation.

Similarly, the internal standard (IS) solution (5 mg mL–1) was prepared by weighing 
125 mg NPA into a 25-mL volumetric flask and making up the volume with water. Calibration 
(2–200 µg mL–1), quality control (2, 100 and 200 µg mL–1) and system suitability (20 µg mL–1) 
samples were prepared by adding 4.8 mL water, 100 µL IS and 100 µL of standard IPA solu-
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tion into vials and vortexing for 15 s. Concentrations of calibration samples were 2, 5, 10, 
20, 50, 100, 150 and 200 µg mL–1 (0.1–10 % IPA present in the drug product). The 20 µg mL–1 
IPA solution was used for the system suitability test; 2, 100 and 200 µg mL–1 concentrations 
were used for accuracy testing.

Preparation of in-house formulations

Two WS tablet formulations (dose: 10 mg) were manufactured by direct compression. 
The excipients chosen were based on excipients used in the commercial WS tablets. The 
formulation composition was as follows: 5 % WS (crystalline form), 86 % LM (product LM) 
or LA (product LA), 5 % pregelatinized starch, 2.5 % HPC and 1 % MgSt. All formulation 
components (except MgSt) were passed through a 0.425 mm sieve and blended in a MINI-
BLEND™ (Globe Pharma, USA) for 15 min at 10 rpm. MgSt was passed through a 0.250 mm 
sieve, added to the formulation blend and mixed for another 5 min in the blender. Final 
blends were compressed into tablets using a Mini Press-1 (Globe Pharma, USA) 10-station 
tableting machine with 8-mm flat die and punches (Natoli Engineering Company, USA). 
Placebo formulations were prepared in the same way.

Sample preparation

Sample preparation involved addition of one formulation tablet into a vial containing 
4.9 mL water and 100 µL IS. Contents were placed on a horizontal shaker for 60 min at 120 
rpm and vortexed for 1 min before being placed in the HS-GC autosampler. Similarly, the 
IPA content in three commercial products was also determined to show the potential use 
of the validated method. Three commercial products of 5 mg strength were purchased 
from a local pharmacy and coded as product A, B and C (commercial products). HS-GC 
samples of commercial products were prepared in the same way as those of in-house for-
mulations, except that two tablets were used in sample preparation instead of one tablet. 
This was due to the half potency of commercial products (5 mg WS) in comparison with 
the in-house formulations (10 mg WS).

Method validation

The method was validated for specificity, system suitability, linearity, accuracy, preci-
sion (repeatability and intermediate precision), linearity range, limits of quantification and 
detection (LOQ and LOD) and robustness, to demonstrate the suitability of the method as 
per ICH and USP guidance documents (16, 25).

Specificity. – Specificity was checked by injecting a blank (water), internal standard 
(NPA), analyte (IPA) and a sample containing both. In addition, placebo and WS formula-
tions which contained excipients were tested. All chromatograms were analyzed for inter-
ferences in the region where IPA and NPA peaks would elute.

Linearity. – Linearity of the method was evaluated by running calibration standard 
solutions in duplicate in an eight-concentration range for three days. The concentration 
ranged from 2–200 µg mL–1 of IPA present in the drug product (10 mg warfarin sodium). 
Regression analysis using the least squares method was performed on IPA/NPA area ratios 
and IPA concentrations. Linearity was evaluated by the following parameters of the re-
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gression line: correlation coefficient, slope and its intercept, 95 % confidence interval of the 
intercept, residual sum of the squares and the residual plot. Slope fluctuations are indica-
tive of the method inaccuracy. The slope of the developed line was consistent in inter-day 
analysis and varied from 0.99 × 10–2 to 1.01 × 10–2 mL µg–1.

Accuracy. – Accuracy was determined with IPA standards at three concentrations, 
namely, 2, 100 and 200 µg mL–1, which represented low, medium and high IPA concentra-
tions in the calibration curve. Five replicate sample injections of each concentration were 
injected and IPA was calculated.

Accuracy was also determined in the drug products in an attempt to account for the 
influence of formulation on the estimation of IPA. The method of standard additions was 
used (26). Commercial product samples containing one tablet were spiked with 100 µL of 
100 µg mL–1 IPA standard and 100 µL IS in 4.8 mL water.

Precision. – Precision of the method was established as repeatability and intermediate 
precision. Repeatability was performed by injecting five samples of 2, 100 and 200 µg mL–1 
solution containing IS. Intermediate precision was determined by comparing RSD on dif-
ferent days. Precision of in-house and commercial products analysis was also determined 
by injecting three samples.

Limit of quantification and limit of detection. – LOQ was the lowest concentration of ana-
lyte within the linearity range that could be determined with acceptable accuracy and 

Table I. Factors and experiments matrix
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GC factor DOE-1 47.5 5.410 157.5 84 23.75 96.5

Colum temperature (oC) 47.5 50.0 52.5 DOE-2 50.0 5.695 150.0 80 25.00 103.4

Carrier gas flow (mL min–1) 5.410 5.695 5.980 DOE-3 52.5 5.410 157.5 76 23.75 110.3

DOE-4 47.5 5.980 157.5 76 26.25 96.5

Injector temperature (oC) 142.5 150.0 157.5 DOE-5 52.5 5.410 142.5 84 26.25 96.5

DOE-6 52.5 5.980 157.5 84 26.25 110.3

HS factor DOE-7 47.5 5.410 142.5 76 26.25 110.3

Platen temperature (oC) 76 80 84 DOE-8 52.5 5.980 142.5 76 23.75 96.5

Equilibrium time (min) 23.75 25 26.25 DOE-9 50.0 5.695 150.0 80 25.00 103.4

DOE-10 50.0 5.695 150.0 80 25.00 103.4

Vial pressure (kPa) 96.5 103.4 110.3 DOE-11 47.5 5.980 142.5 84 23.75 110.3

DOE – design of experiment, GC – gas chromatography, HS – headspace
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precision under the stated conditions. A signal-to-noise ratio (S/N) of 10:1 can also provide 
an estimate of LOQ. LOD was calculated from S/N of at least 3:1 (16, 25).

Robustness. – Method robustness was studied by the design of experiment method 
(DOE) (27). Six independent variables of GC and HS were selected based on the literature 
and instrument parameters. The independent GC variables studied were: column tem-
perature, carrier gas flow and injector temperature. Independent variables selected for HS 
were platen temperature, equilibration time and vial pressure. Upper and lower values of 
variables were 95 and 105 % of the center value (optimized), resp. A fractional factorial 
DOE was run with 11 experiments that contained a triplicate center point (three-day vali-
dation) (Table I). The selected parameters were: retention time (tR), IPA/NPA area ratio, 
peak width, tailing factor, peak symmetry, number of theoretical plates, selectivity, resolu-
tion and IPA content in the in-house formulations.

System suitability. – The purpose of the system suitability test was to confirm that 
critical chromatographic parameters were adequate for analyses. System suitability was 
determined by running six injections of a sample containing 20 µg mL–1 IPA before other 
sample analyses. System suitability should meet FDA and US Pharmacopeia requirements 
(16, 28).

RESULTS AND DISCUSSION

Method optimization

Headspace-gas chromatography. – Initially, liquid injection with a capillary GC column 
was used. Eventual loss of precision in system suitability samples was observed. This was 
likely due to non-volatile components in the samples accumulating in the injection liner 
and front of the column. This required frequent liner changes and column cutting to re-
cover precision to acceptable levels. In addition, the range of liquid injection did not go 
below 20 µg mL–1 IPA. Switching to the headspace technique greatly reduced the need for 
liner changes and column cutting. Furthermore, headspace analysis lowered the LOQ by 
at least one order of magnitude, i.e., 2 µg mL–1 IPA.

Sample preparation. – Samples were shaken on a mechanical shaker because the results 
for IPA for these samples reached higher precision compared to sonicated samples. Water 
was selected as the diluent because it provided cleaner chromatograms compared to 
DMSO. Water samples also had peak areas approximately twice as large for IPA and three 
times for NPA. This might be due to the lower miscibility of IPA and NPA with water 
compared to DMSO. A salt was added to the water to further lower the solubility of ana-
lytes (IPA and NPA). Use of sodium sulfate resulted in an increase in IPA and NPA peak 
areas of up to 2.5–3 times. In addition, crimp top headspace vials yielded slightly larger 
chromatographic peaks compared to screw caps. This was presumably due to the crimp 
cap vials having a tighter seal. However, the method already provided the necessary sen-
sitivity. For method simplicity, a salt was not added and screw cap vials were employed 
because of their ease of use. Crushing the tablets or heating the samples while shaking did 
not result in increased recovery of IPA.
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Method validation

Specificity. – Blank samples did not show any peaks while NPA and IPA showed peaks 
at distinguished tR. Baseline resolution of IPA and NPA peaks could be achieved when 
chromatographic resolution (Rs) was equal or greater than 1.5. IPA and NPA were well 
separated and eluted at 1.4 and 2.0 min, resp.; chromatographic resolution was higher than 
9.20 (Fig. 1). Placebo and WS formulations containing either LM or LA as a major compo-
nent did not show interfering peaks in the region of 1.2 to 2.5 min, which was the region 
of IPA and NPA peaks (Fig. 2).

System suitability. – The method met system suitability parameter requirements as 
outlined in FDA and US Pharmacopeia documents (16, 31). Variability in the IPA/NPA area 
ratio was very low, as indicated by the RSD value of less than 0.1 %. Tailing factor was less 
than 1.12, USP symmetry was between 0.85 and 0.92 and theoretical plates were more than 
9266 and 14003 for IPA and NPA peaks, resp. Selectivity (α) between two peaks was 1.81 
and chromatographic resolution between the peaks was more than 9.20. The suitability 
parameters data were consistent in inter-day validation (Table II).

Linearity. – The correlation coefficient between the IPA/NPA area ratio and the chosen 
concentration range was 0.9999, which indicated a very good linear correlation between 

Fig. 1. Chromatograms of: a) water, b) n-propanol, c) isopropanol and d) n-propanol + isopropanol.

a)                                                                            b)

c)                                                                            d)
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two variables (Table III, Fig. 3a). The regression model predicted values were very close to 
the actual values and the residuals between the actual and model predicted values were 
very low (Fig. 3b). Fitness of the regression model was further determined by the residual 
sum of the squares (RSS), which measures the discrepancy between the actual and model 
estimated values. Lower RSS values indicated good fit of the model to the data. In addition, 
the intercept was very low, indicating a low constant error in the model.

Range. – The results of the studies indicated that the linearity range of the calibration 
curve was from 2 to 200 µg mL–1 (Table III).

Accuracy and matrix effect. – Accuracy data is shown in Table III. Accuracy of the method 
was measured through IPA solutions at three concentrations (2, 100 and 200 µg mL–1; 
LOQ, medium and high level of linearity range). It varied from 103.3–113.3, 98.6–101.0 and 
98.9–102.2 % of the nominal values, resp., in three-day validation studies. In addition, the 
effects of excipients on IPA results were indirectly estimated since no placebo tablets of 
commercial products are available. Samples containing one commercial product tablet, IS 
and IPA solution (100 µg mL–1) were tested for the matrix effect of the formulation. The 
results of analyte spike indicated that the matrix had no effects on IPA values. Measured 
recovery of the added IPA was within 2 % of the nominal amount added (Fig. 4). 

Fig. 2. Chromatograms of formulations: a) product LM placebo, b) product LA placebo, c) product LM, 
d) product LA. LA, LM – in-house formulations.

a)                                                                           b)

c)                                                                           d)
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Precision. – The RSD of repeatability measurements of the samples of 2, 100 and 200 µg 
mL–1 concentrations were 1. 9, 1.1 and 1.4 %, resp. Similarly, intermediate precision RSD of 
the same samples on different days was in the range of 0.4–1. 9, 0.9–1.6 and 0.8–1.4 %, resp. 
(Table III).

LOQ and LOD. – 2 µg mL–1 was chosen as LOQ based on its acceptable linearity, ac-
curacy and precision (Table III). S/N was 100 at this concentration, which was an order of 

Table II. Chromatographic parameter/system suitability data of HS-GC methoda

Parameter
IPA peak NPA peak IPA peak NPA peak IPA peak NPA peak

Day 1 Day 2 Day 3

Retention time (min) 1.43 ± 0.11 2.01 ± 0.09 1.43 ± 0.11 2.01 ± 0.07 1.43 ± 0.12 2.01 ± 0.07

Tailing factor 1.12 ± 0.76 1.07 ± 0.27 1.12 ± 0.87 1.07 ± 0.97 1.12 ± 0.54 1.08 ± 0.50

USP symmetry 0.86 ± 0.95 0.92 ± 0.44 0.85 ± 1.66 0.92 ± 1.34 0.85 ± 1.22 0.91 ± 1.28

Theoretical plates, N 9417.53 
± 2.11

14192.51 
± 2.34

9266.33 
± 2.17

14003.93 
± 2.09

9332.47 
± 2.52

14099.72 
± 2.05

HETP (mean, mm) 3.19 2.11 3.24 2.14 3.21 2.13

Capacity factor, k’ 1.03 ± 0.18 1.87 ± 0.00 1.03 ± 0.17 1.87 ± 0.00 1.03 ± 0.20 1.87 ± 0.00

Selectivity (α) 1.81 ± 0.00 1.81 ± 0.00 1.81 ± 0.00

Chromatographic 
resolution (Rs)

9.27 ± 1.06 9.20 ± 1.15 9.23 ± 1.22

IPA/NPA area ratiob 0.20 ± 0.20 0.20 ± 0.63 0.20 ± 0.55

IPA – isopropanol, NPA – n-propanol
a Mean ± RSD, n = 6.
b IPA: 20 mg mL–1; NPA: 100 mg mL–1

Fig. 3. a) Calibration curves and b) residual plots of actual and predicted values of isopropanol (IPA).

a)                                                                              b)
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magnitude above the typical S/N requirement of 10 for LOQ. LOD was found to be 0.1 µg 
mL–1 with a S/N of 5.

Robustness. – Robustness results are shown in Fig. 5 and Table IV. The tR, peak width, 
tailing factor and theoretical plates for IPA and NPA ranged between 1.33 and 1.54 min, 

Table III. Validation results 

Parameter Day 1 Day 2 Day 3 Mean/mean ± SD

Linearitya

Correlation coefficient 0.9999 0.9999 0.9999 0.9999

Slope (µg mL–1) 0.99 × 10–2 1.01 × 10–2 1.01 × 10–2 1.00 × 10–2 ± 
0.15 × 10–3 a,c

Y-intercept –0.13 × 10–2 –0.07 × 10–2 –0.23 × 10–2 –0.14 × 10–2 ± 
0.08 × 10–2 a,c

Y-intercept confidence interval –0.34 × 10–2 to 
–0.10 × 10–2

–0.18 × 10–2 to 
0.03 × 10–2

–0.26 × 10–2 to 
–0.20 × 10–2

–0.36 × 10–2 to 
0.02 × 10–2

Residual sum of squares 2.79 30.46 51.77 27.28 ± 24.56a,c

Concentration range (µg mL–1) 2–200 2–200 2–200 2–200

LOD (µg mL–1)a 0.1 0.1 0.1 0.1

LOQ (µg mL–1)a 2 2 2 2

Accuracy, mean (%)

2 µg mL–1 b 111.0 103.3 113.3 109.2

100 µg mL–1 b 101.0 98.6 100.3 100.0

200 µg mL–1 b 102.2 98.9 100.8 100.6

Product A + 100 µg mL–1 IPA spikea 101.9 – – 101.9 

Product B + 100 µg mL–1 IPA spikea 101.1 – – 101.1 

Product C + 100 µg mL–1 IPA spikea 101.80 – – 101.8

Precision, RSD (%)

2 µg mL–1 b 1. 9 0.9 0.4 1.1

100 µg mL–1 b 1.1 1.6 0.9 1.2

200 µg mL–1 b 1.4 0.8 1.0 1.0

Product LMa 1.9 1.7 2.4 2.0

Product LAa 0.4 1.3 0.1 0.6

Product Aa 0.8 – – 0.8

Product Ba 0.6 – – 0.6

LOD – limit of detection, LOQ – limit of quantitation, A, B, C – commercial formulations, IPA – isopropanol, LA, 
LM – in house formulations
a n = 3, b n = 5, c mean ± SD
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0.0344–0.0386 min, 1.10–1.25 and 8352–9978, and 1.84–2.22 min, 0.0382–0.0439 min, 1.04–
1.10 and 12182–15367, resp. In addition, resolution between IPA and NPA peaks ranged 
from 8.24–10.04. Column temperature had a statistically significant (p < 0.05) effect on all 
chromatographic parameters (tR, tailing factor, theoretical plates, resolution). The tR, sym-
metry and tailing factor of IPA and NPA were significantly (p < 0.05) affected by the car-
rier gas flow rate, but the IPA/NPA area ratio was not affected by the studied variables (Fig. 
5). Similarly, the result for IPA content in in-house formulations was not significantly af-
fected by the selected HS-GC independent variables (Table III). Since the measurement of 
IPA was not affected, the method can be considered robust. However, it should be noted 
that column temperature and flow rate should be strictly controlled to maintain system 
suitability.

Linearity was not affected by the independent factors studied, as indicated by the cor-
relation coefficient > 0.9995 between the IPA/NPA area ratio and actual IPA content and 
negligible intercept (Table IV). Furthermore, the predicted models and actual IPA values 
were in good agreement, as indicated by R2-predicted > 0.942 for all the studied responses. 
R2-adjusted and R2-predicted were in reasonable agreement, as indicated by the difference 
of less than 0.2. Furthermore, ANOVA analysis of the data indicated that tR, peak width, 
tailing factor, theoretical plates and resolution were significantly (p < 0.05) affected by the 
studied variables for NPA (Table IV). IPA showed the same trend (p < 0.05), except for the 
tailing factor.

Analytical application

Accuracy and precision of the validated method were evaluated by measuring the IPA 
content in a known sample (quality control samples). Accuracy was found to be very close 

Fig. 4. Chromatograms of: a) product A, b) product A + 100 µg mL–1 IPA, c) product B, d) product B + 100 
µg mL–1 IPA, e) product C and f) product C + 100 µg mL–1 IPA. A, B, C – commercial formulations, IPA 
– isopropanol.

a)                                                         b)                                                         c)

 

d)                                                         e)                                                         f)
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to the actual values, with high precision indicated by low RSD values (Table III). Applica-
tion of the validated method was further tested in in-house and commercial formulations 
and calculation for WS crystallinity was based on the 2:1 molecular mass ratio between WS 
and IPA. IPA contents of in-house formulation products LM and LA were 158.73 ± 1.97 µg 
mL–1 (7.94 ± 1.97 % IPA or WS crystallinity 95.18 ± 1.97 %) and 155.87 ± 0.60 µg mL–1 (7.79 ± 
0.60 % IPA or WS crystallinity 93.46 ± 0.60 %) (average of three days) (formulations DOE-2, 
DOE-9 and DOE-10, Table IV), respectively. The results were accurate, as indicated by 
three-day values. Similarly, IPA contents in commercial products A, B and C were 79.00 ± 
0.76 µg mL–1 (3.95 ± 0.76 % IPA or WS crystallinity 47.37 ± 0.76 %), 97.40 ± 0.76 µg mL–1 (4.87 
± 0.62 % IPA or crystallinity 58.40 ± 0.62 %) and below LOQ (1.2 µg mL–1), resp. The RSD of 
in-house LM and LA formulations varied from 0.5 to 2.4 % and 0.1 to 2.5 %, resp. Similarly, 
RSD varied from 0.6 to 0.8 % for commercial formulations. Thus, the method was precise, 
as indicated by low RSD values (Table III and IV).

The IPA and crystallinity values of the commercial products were low compared to 
the in-house products probably due to the use of unsealed bottles that were purchased six 
months before testing. Furthermore, there were variations in IPA contents among the 
products, which may be due to the differences in composition or manufacturing method, 

Fig. 5. Robustness of: a) retention time (min), symmetry and tailing factor of IPA peak, b) retention 
time (min), symmetry and tailing factor of NPA peak, c) theoretical plates of IPA and NPA, d) selectiv-
ity (a) and resolution factor. IPA – isopropanol, NPA – n-propanol.

a)                                                                                       b)

 

c)                                                                                       d)
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since product A, product B and product C were manufactured by dry granulation, direct 
compression and wet granulation, resp. In conclusion, the developed method can be used 
to determine IPA in warfarin sodium products as no literature or pharmacopeial method 
for this purpose is available.

CONCLUSIONS

Measuring IPA in the WS product provides an indirect means of measuring drug 
crystallinity in the product. Validated HS-GC method provides a reasonably fast and ac-
curate method to monitor IPA. However, the results for IPA obtained by HS-GC may not 
distinguish between IPA of the drug substance and that of the excipients present in the 
formulation. It needs to be confirmed by a secondary method, which may be spectroscopy 
or X-ray powder diffraction, as indicated in our previous works (19–21).

REFERENCES

 1.  G. Levy, What are narrow therapeutic index drugs? Clin. Pharmacol. Ther. 63 (1998) 501–505; https://
doi.org/10.1016/S0009-9236(98)90100-X

 2.  L. X. Yu, Quality and bioequivalence standards for narrow therapeutic index drugs, GPhA 2011 
Fall Technical Workshop, Bethesda, Maryland, USA, Oct 1-2, 2012; http://www.fda.gov/down-
loads/Drugs/DevelopmentApprovalProcess/HowDrugsareDevelopedandApproved/Approva-
lApplications/AbbreviatedNewDrugApplicationANDAGenerics/UCM292676.pdf; last access date 
March 19, 2017.

 3.  US Food&Drug Administration, CFR – Code of Federal Regulations, Title 21 – Food and Drugs, 
Chapter I – Food and Drug Administration, Subchapter D – Drugs for Human Use, Part 320 – 
Bioavailability and Bioequivalence Requirements, Subpart B – Procedures for Determining the 
Bioavailability or Bioequivalence of Drug Products, Sec. 320.33 – Criteria and Evidence to Assess 
Actual or Potential Problems, Department of Health and Human Services, Silver Spring (MD) 
2017, Vol. 5; https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?fr=320.33; 
last acces date March 19, 2017.

 4.  J. Tamargo, J. L. Heuzey and P. Mabo, Narrow therapeutic index drugs: a clinical pharmacological 
consideration to flecainide, Eur. J. Clin. Pharmacol. 71 (2015) 549–567; https://doi.org/10.1007/s00228-
015-1832-0

 5.  G. M. Currie, J. M. Wheat and H. Kiat, Pharmacokinetic considerations for digoxin in older people, 
Open Cardiovasc. Med. J. 5 (2011) 130–135; https://doi.org/10.2174/1874192401105010130

 6.  A. Yacobi, E. Masson, D. Moros, D. Ganes, C. Lapointe, Z. Abolfathi, M. LeBel, Y. Golander, D. 
Doepner, T. Blumberg, Y. Cohen and B. Levitt, Who needs individual bioequivalence studies for 
narrow therapeutic index drugs? A case for warfarin, J. Clin. Pharmacol. 40 (2000) 826–835; https://
doi.org/10.1177/00912700022009558

 7.  M. Bialer, R. H. Levy and E. Perucca, Does carbamazepine have a narrow therapeutic plasma 
concentration range? Ther. Drug Monit. 20 (1998) 56–59; https://doi.org/10.1097/00007691-199802000-
00010

 8.  J. Pesce, M. Rashkin and U. Kotagal, Standards of laboratory practice: theophylline and caffeine 
monitoring, Clin. Chem. 44 (1998) 1124–1128.

 9.  J. W. Shin, K. Chu, K. H. Jung, S. T. Lee, J. Moon and S. K. Lee, Switching between phenytoin gener-
ics in patients with epilepsy may lead to increased risk of breakthrough seizure: chart analysis 

https://doi.org/10.1016/S0009-9236(98)90100-X
http://www.fda.gov/downloads/Drugs/DevelopmentApprovalProcess/HowDrugsareDevelopedandApproved/ApprovalApplications/AbbreviatedNewDrugApplicationANDAGenerics/UCM292676.pdf
http://www.fda.gov/downloads/Drugs/DevelopmentApprovalProcess/HowDrugsareDevelopedandApproved/ApprovalApplications/AbbreviatedNewDrugApplicationANDAGenerics/UCM292676.pdf
http://www.fda.gov/downloads/Drugs/DevelopmentApprovalProcess/HowDrugsareDevelopedandApproved/ApprovalApplications/AbbreviatedNewDrugApplicationANDAGenerics/UCM292676.pdf
https://urldefense.proofpoint.com/v2/url?u=https-3A__www.accessdata.fda.gov_scripts_cdrh_cfdocs_cfcfr_CFRSearch.cfm-3Ffr-3D320.33&d=DwMFaQ&c=cpvmSBWXd8YiHoMtYk_a9E2QIiaEheG3-gfMB16YPq0&r=Gaort9izF2lCnGbdoeCyrZnm2pT5_KLqc7lF2IYl6fI&m=Hl-dRWRvMWTzsAzv1lklv-S0YAgIrZG43BiJ67CrTL8&s=wvT1HES2VlCVAZisbJe8OWwZJ6SRXZQ4SoMb_jIJB0w&e=
http://www.ncbi.nlm.nih.gov/pubmed/?term=Tamargo J%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Le Heuzey JY%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Mabo P%5Bauth%5D
https://doi.org/10.1007/s00228-015-1832-0
https://doi.org/10.1007/s00228-015-1832-0
http://www.ncbi.nlm.nih.gov/pubmed/?term=Currie GM%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wheat JM%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kiat H%5Bauth%5D
https://doi.org/10.2174/1874192401105010130
http://www.ncbi.nlm.nih.gov/pubmed/?term=Yacobi A%5BAuthor%5D&cauthor=true&cauthor_uid=10934666
http://www.ncbi.nlm.nih.gov/pubmed/?term=Masson E%5BAuthor%5D&cauthor=true&cauthor_uid=10934666
http://www.ncbi.nlm.nih.gov/pubmed/?term=Moros D%5BAuthor%5D&cauthor=true&cauthor_uid=10934666
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ganes D%5BAuthor%5D&cauthor=true&cauthor_uid=10934666
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lapointe C%5BAuthor%5D&cauthor=true&cauthor_uid=10934666
http://www.ncbi.nlm.nih.gov/pubmed/?term=Abolfathi Z%5BAuthor%5D&cauthor=true&cauthor_uid=10934666
http://www.ncbi.nlm.nih.gov/pubmed/?term=LeBel M%5BAuthor%5D&cauthor=true&cauthor_uid=10934666
http://www.ncbi.nlm.nih.gov/pubmed/?term=Golander Y%5BAuthor%5D&cauthor=true&cauthor_uid=10934666
http://www.ncbi.nlm.nih.gov/pubmed/?term=Doepner D%5BAuthor%5D&cauthor=true&cauthor_uid=10934666
http://www.ncbi.nlm.nih.gov/pubmed/?term=Blumberg T%5BAuthor%5D&cauthor=true&cauthor_uid=10934666
http://www.ncbi.nlm.nih.gov/pubmed/?term=Cohen Y%5BAuthor%5D&cauthor=true&cauthor_uid=10934666
http://www.ncbi.nlm.nih.gov/pubmed/?term=Levitt B%5BAuthor%5D&cauthor=true&cauthor_uid=10934666
http://www.ncbi.nlm.nih.gov/pubmed/10934666
https://doi.org/10.1177/00912700022009558
https://doi.org/10.1177/00912700022009558
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bialer M%5BAuthor%5D&cauthor=true&cauthor_uid=9485555
http://www.ncbi.nlm.nih.gov/pubmed/?term=Levy RH%5BAuthor%5D&cauthor=true&cauthor_uid=9485555
http://www.ncbi.nlm.nih.gov/pubmed/?term=Perucca E%5BAuthor%5D&cauthor=true&cauthor_uid=9485555
http://www.ncbi.nlm.nih.gov/pubmed/9485555
https://doi.org/10.1097/00007691-199802000-00010
https://doi.org/10.1097/00007691-199802000-00010
http://www.clinchem.org/search?author1=Amadeo+J.+Pesce&sortspec=date&submit=Submit
http://www.clinchem.org/search?author1=Mitchell+Rashkin&sortspec=date&submit=Submit
http://www.clinchem.org/search?author1=Uma+Kotagal&sortspec=date&submit=Submit
http://www.ncbi.nlm.nih.gov/pubmed/25295717
http://www.ncbi.nlm.nih.gov/pubmed/25295717


45

Z. Rahman et al.: A headspace-gas chromatography method for isopropanol determination in warfarin sodium products as a measure 
of drug crystallinity, Acta Pharm. 68 (2018) 31–46.

 

and practice recommendations, Int. J. Clin. Pharmacol. Ther. 52 (2014) 1017–1022; https://doi.
org/10.5414/CP202153

10.  M. S. Paveliu, S. Bengea and F. S. Paveliu, Generic substitution issues: brand-generic substitution, 
generic-generic substitution, and generic substitution of narrow therapeutic index (NTI)/critical 
dose drugs, Maedica (Bucharest) 6 (2011) 52–58.

11.  Commonwealth of Pennsylvania, Generic Drug Equivalency/Substitution Laws and Regulations, Phil-
adelphia (PA) April 1, 2017; https://apps.health.pa.gov/pdf/ddc/generic34.pdf; last access date June 
21, 2017.

12.  W. C. Tom and K. Dotson, State regulations on generic substitution, Pharm. Lett. 22 (2006) Docu-
ment# 220901.

13.  M. L. Chen, V. P. Shah, D. J. Crommelin, L. Shargel, D. Bashaw, M. Bhatti, H. Blume,  J. Dressman, 
M. Ducharme, P. Fackler, T. Hyslop, L. Lutter, J. Morais, E. Ormsby, S. Thomas, Y. C. Tsang, R. 
Velagapudi and L. X. Yu, Harmonization of regulatory approaches for evaluating therapeutic 
equivalence and interchangeability of multisource drug products: workshop summary report, 
AAPS J. 13 (2011) 556–564; https://doi.org/10.1208/s12248-011-9294-5

14.  FDA@Drugs, Coumadin Label (2016); http://www.accessdata.fda.gov/drugsatfda_docs/
label/2011/009218s107lbl.pdf; last access date March 19, 2017.

15.  A. R. Sheth, W. W. Brennessel, V. G. Young, F. X. Muller and D. J. Grant, Solid-state properties of 
warfarin sodium 2-propanol solvate, J. Pharm. Sci. 93 (2004) 2669–2680; https://doi.org/10.1002/
jps.20164

16.  United States Pharmacopeia 39 – National Formulary 34, USP Convention, Rockville (MD) 2016.
17.  Z. Rahman, M. Korang-Yeboah, A. Siddiqui, A. Mohammad and M. A. Khan, Understanding ef-

fect of formulation and manufacturing variables on the critical quality attributes of warfarin so-
dium product, Int. J. Pharm. 495 (2015) 19–30; https://doi.org/10.1016/j.ijpharm.2015.08.065

18.  A. Nguyenpho, A. B. Ciavarella, A. Siddiqui, Z. Rahman, S. Akhtar, R. Hunt, M. Korang-Yeboah 
and M. A. Khan, Evaluation of in-use stability of anticoagulant drug products: warfarin sodium, 
J. Pharm. Sci. 104 (2015) 4232–4240; https://doi.org/ 10.1002/jps.24657

19.  M. Korang-Yeboah, S. Akhtar, A. Siddiqui, Z. Rahman and M. A. Khan, Application of NIR che-
mometric methods for quantification of the crystalline fraction of warfarin sodium in drug prod-
ucts, Drug Dev. Ind. Pharm. 13 (2015) 1–11; https://doi.org/10.3109/03639045.2015.1058817

20.  A. Siddiqui, Z. Rahman, M. Korang-Yeboah and M. A. Khan, Development and validation of X-ray 
diffraction method for quantitative determination of crystallinity in warfarin sodium products, 
Int. J. Pharm. 493 (2015) 1–6; https://doi.org/10.1016/j.ijpharm.2015.07.051

21.  Z. Rahman, A. A. Mohammad, S. Akhtar, A. Siddiqui, M. Korang-Yeboah and M. A. Khan, Che-
mometric model development and comparison of Raman and (13)C solid-state nuclear magnetic 
resonance-chemometric methods for quantification of crystalline/amorphous warfarin sodium 
fraction in the formulations, J. Pharm. Sci. 104 (2015) 2550–2558; https://doi.org/10.1002/jps.24524

22.  C. F. Poole and S. K. Poole, Chromatography Today, Elsevier Science, Amsterdam 1991, pp. 133.
23.  C. A. Cramers, J. A. Rijiks and P. Bocek, Packed versus capillary columns in gas chromatography, 

Clin. Chim. Acta 34 (1971) 159–167; https://doi.org/10.1016/0009-8981(71)90169-0
24.  E. Sarban, S. Socaci, M. Tofana, M. Simona and M. Bojita, Advantages of „headspace” technique 

for GC/MS analysis of essential oils, Farmacia 60 (2012) 249–256.
25.  International Conference on Harmonisation of Technical Requirements for Registration of Phar-

maceuticals for Human Use, ICH Harmonized Tripartite Guideline, Validation of Analytical Proce-
dures: Text and Methodology Q2(R1), Current Step 4 version, ICH, Geneva, November 2005; https://
www.ich.org/fileadmin/Public_Web_Site/ICH_Products/Guidelines/Quality/Q2_R1/Step4/Q2_
R1__Guideline.pdf; last access March 19, 2017.

http://www.ncbi.nlm.nih.gov/pubmed/25295717
https://doi.org/10.5414/CP202153
https://doi.org/10.5414/CP202153
http://www.ncbi.nlm.nih.gov/pubmed/?term=PAVELIU MS%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=BENGEA S%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=PAVELIU FS%5Bauth%5D
https://apps.health.pa.gov/pdf/ddc/generic34.pdf
http://www.ncbi.nlm.nih.gov/pubmed/?term=Chen ML%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Shah VP%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Crommelin DJ%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Shargel L%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bashaw D%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bhatti M%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Blume H%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Dressman J%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ducharme M%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Fackler P%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hyslop T%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lutter L%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Morais J%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ormsby E%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Thomas S%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Tsang YC%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Velagapudi R%5Bauth%5D
https://dx.doi.org/10.1208%2Fs12248-011-9294-5
http://www.accessdata.fda.gov/drugsatfda_docs/label/2011/009218s107lbl.pdf
http://www.accessdata.fda.gov/drugsatfda_docs/label/2011/009218s107lbl.pdf
http://www.ncbi.nlm.nih.gov/pubmed?term=Sheth AR%5BAuthor%5D&cauthor=true&cauthor_uid=15389677
http://www.ncbi.nlm.nih.gov/pubmed?term=Brennessel WW%5BAuthor%5D&cauthor=true&cauthor_uid=15389677
http://www.ncbi.nlm.nih.gov/pubmed?term=Young VG%5BAuthor%5D&cauthor=true&cauthor_uid=15389677
http://www.ncbi.nlm.nih.gov/pubmed?term=Muller FX%5BAuthor%5D&cauthor=true&cauthor_uid=15389677
http://www.ncbi.nlm.nih.gov/pubmed?term=Grant DJ%5BAuthor%5D&cauthor=true&cauthor_uid=15389677
http://www.ncbi.nlm.nih.gov/pubmed/?term=Solid-State+Properties+of+Warfarin+Sodium+2-Propanol+Solvate
https://doi.org/10.1002/jps.20164
https://doi.org/10.1002/jps.20164
http://www.ncbi.nlm.nih.gov/pubmed/26319638
http://www.ncbi.nlm.nih.gov/pubmed/26319638
http://www.ncbi.nlm.nih.gov/pubmed/26319638
https://doi.org/10.1016/j.ijpharm.2015.08.065
https://www.ncbi.nlm.nih.gov/pubmed/26501849
http://www.ncbi.nlm.nih.gov/pubmed/26161939
http://www.ncbi.nlm.nih.gov/pubmed/26161939
http://www.ncbi.nlm.nih.gov/pubmed/26161939
https://doi.org/10.3109/03639045.2015.1058817
http://www.ncbi.nlm.nih.gov/pubmed/26209072
http://www.ncbi.nlm.nih.gov/pubmed/26209072
https://doi.org/10.1016/j.ijpharm.2015.07.051
https://www.ncbi.nlm.nih.gov/pubmed/26096869
https://www.ncbi.nlm.nih.gov/pubmed/26096869
https://www.ncbi.nlm.nih.gov/pubmed/26096869
https://www.ncbi.nlm.nih.gov/pubmed/26096869
https://doi.org/10.1002/jps.24524
DOI: org/10.1016/0009-8981(71)90169-0


46

Z. Rahman et al.: A headspace-gas chromatography method for isopropanol determination in warfarin sodium products as a measure 
of drug crystallinity, Acta Pharm. 68 (2018) 31–46.

 

26.  A. Gupta, A. B. Ciavarella, V. A. Sayeed, M. A. Khan and P. J. Faustino, Development and applica-
tion of validated HPLC method for the analysis of dissolution samples of gabapentin drug prod-
ucts, J. Pharm. Biomed. Anal. 46 (2008) 181–186; https://doi.org/org/10.1016/j.jpba.2007.08.023

27.  D. Awotwe-Otoo, C. Agarabi, P. J. Faustino, M. J. Habib, S. Lee, M. A. Khan, and R. B. Shah, Ap-
plication of quality by design elements for the development and optimization of an analytical 
method for protamine sulfate, J. Pharm. Biomed. Anal. 62 (2012) 61–67; https://doi.org/10.1016/j.
jpba.2012.01.002

28.  FDA, CDER, Reviewer Guidance – Validation of Chromatographic Methods, Rockville (MD) 1994; 
https://www.fda.gov/downloads/Drugs/Guidances/UCM134409.pdf; last access date March 19, 
2017.

http://dx.doi.org/10.1016/j.jpba.2007.08.023
https://www.ncbi.nlm.nih.gov/pubmed/?term=Awotwe-Otoo D%5BAuthor%5D&cauthor=true&cauthor_uid=22316620
https://www.ncbi.nlm.nih.gov/pubmed/?term=Agarabi C%5BAuthor%5D&cauthor=true&cauthor_uid=22316620
https://www.ncbi.nlm.nih.gov/pubmed/?term=Faustino PJ%5BAuthor%5D&cauthor=true&cauthor_uid=22316620
https://www.ncbi.nlm.nih.gov/pubmed/?term=Habib MJ%5BAuthor%5D&cauthor=true&cauthor_uid=22316620
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lee S%5BAuthor%5D&cauthor=true&cauthor_uid=22316620
https://www.ncbi.nlm.nih.gov/pubmed/?term=Khan MA%5BAuthor%5D&cauthor=true&cauthor_uid=22316620
https://www.ncbi.nlm.nih.gov/pubmed/?term=Shah RB%5BAuthor%5D&cauthor=true&cauthor_uid=22316620
https://www.ncbi.nlm.nih.gov/pubmed/22316620
https://doi.org/10.1016/j.jpba.2012.01.002
https://doi.org/10.1016/j.jpba.2012.01.002
https://www.fda.gov/downloads/Drugs/Guidances/UCM134409.pdf

