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ABSTRACT

A twelve run screening factorial experimental design was used to study

the instrumental robustness of an HPLC weight percent assay for a

fermentation derived pneumocandin B0. The factors varied were the

instrumental settings of wavelength, injection volume, flow rate, mobile

phase composition, column temperature, and column lot. The measured

responses were the fundamental liquid chromatographic parameters of:

retention time (RT); capacity factor (k0); theoretical plates (N); tailing

factor (T ); and resolution (Rs). The effect of each factor on the responses

was calculated and significance determined by analysis of variance

(ANOVA).
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INTRODUCTION

Robustness of an HPLC procedure is the effect of small, deliberate

changes in method parameters, and is determined subsequent to the

optimization of an assay.[1] Information concerning assay robustness is

useful for troubleshooting problems as they arise, particularly when transfer-

ring analytical methods between instruments or laboratories. Knowledge of

the factors that a particular assay is sensitive to can be of tremendous value

when correcting a test method that is not performing as expected. For this

reason, instrumental robustness as outlined by the International Conference

on Harmonization (ICH),[1] is investigated in our laboratories as part of the

validation process before transferring HPLC methods to the manufacturing

setting. In this case, the instrumental settings of column temperature, flow

rate, wavelength, injection volume, mobile phase composition, and the

manufacturer column lot are investigated for their effect on column

efficiency parameters of retention time (RT), theoretical plates (N ), tailing

factor (T ), capacity factor (k0), and resolution (Rs). Column efficiency or

fundamental LC parameters, are often used as system suitability require-

ments.[2] System suitability requirements[3] are established to determine

whether an assay as a whole (equipment, operations, and samples) is per-

forming as expected, and can be expressed by a particular measurement or

measurements.

Factorial experimental design is a powerful method of obtaining informa-

tion from a limited number of experiments. Many recent applications of

factorial experimental design to chromatography including optimization,[4–7]

mathematical modeling,[8–10] mechanistic studies,[11–14] and robustness[15–27]

are found in the literature. Screening designs[28] are a common factorial

experimental design used for determining the robustness of a process. In this

paper, the procedure for using a twelve-run screening design to determine the

effects of small changes to instrumental settings on column efficiency

parameters, and applying analysis of variance to assess their significance,

are outlined. For a more detailed overview of screening designs as a robustness

test, see Ref.[15].

The twelve-run screen is a Plackett–Burman design[29] using a two-level,

nongeometric, orthogonal array, and is applied to determine the ruggedness of

laboratory test methods.[30] The array is shown on the left side of Table 1.

Each column of the table contains six �s and six þs corresponding to the

factor levels, which are values slightly lower and higher than the instrumental

settings specified by the previously developed and optimized assay. The

rows of the table are the experimental pattern that contains the instrumental

settings for the twelve chromatographic runs performed. The values of the

factor levels are given in Table 2.
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The assay under investigation is an isocratic weight percent determination

of pneumocandin B0. Pneumocandin B0 is a macrocyclic compound whose

structure[31,32] is given in Fig. 1. The conditions of the assay are: Waters

NovaPak C18, 150� 3.9 mm thermostated at 30�C; water : acetonitrile, 64 : 36

(v=v), at 1.7 mL=min; UV detection at 210 nm; and an injection volume of

10 mL. The critical separation for this assay is between pneumocandin B0 and

the serine analog of pneumocandin B0.[33] The resolution between these two

peaks is the measured response for Rs. A chromatogram of the separation of

pneumocandin B0 and the serine analog run under the conditions of the assay

is shown in Fig. 2.

Table 2. Factor levels.

� 0 þ

Temperature 28�C 30�C 32�C

Flow rate 1.65 mL=min 1.70 mL=min 1.75 mL=min

Wavelength 209 nm 210 nm 210 nm

Organic percent 35 36 37

Injection volume 9 mL 10mL 11 mL

Column lot T71071 T71331

Figure 1. Structures of pneumocandin B0 and its serine analog.
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EXPERIMENTAL

Instrumentation

The HPLC runs were performed using a Hewlett Packard HP1050 Series

Chromatograph (Avondale, PA). The operating parameters for each run are

given by the pattern in Table 1 using the values in Table 2. The columns

employed were Waters Novapak C18, 150� 3.9 mm ID, 4 mm (Phase Separa-

tion Corporation, Franklin, MA). For the purpose of this work, the first peak in

the chromatogram was assumed to be the void time (t0). Data acquisition and

analyses, including k0, N, T, and Rs were performed using PE Nelson

ACCESS*CHROM 1.9.5 software (Perkin-Elmer Nelson Systems, Inc.,

Cupertino, CA) operating on a MicroVAX 3100=20e, computer (Digital

Equipment Corporation, Norwalk, CT). Analysis of variance (ANOVA) and

effects calculations were performed with programs written in Microsoft

EXCEL.

Figure 2. Typical chromatogram.
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Reagents

HPLC grade solvents were obtained from Fisher Scientific (Springfield,

NJ), and the water used was purified with a Hydro Water Management System

(Garfield, NJ). A sample of pneumocandin B0 containing 2.6% (area) of the

serine analog was supplied by the Bioprocess Research and Development

Department of Merck Research Laboratories (Rahway, NJ).

RESULTS AND DISCUSSION

For each of the twelve runs, the responses for RT, k0, N, and T for the

pneumocandin B0 peak were determined, as well as Rs between the pneumo-

candin B0 and the serine analog. These data are found on the right side of

Table 1. Table 1 also contains rows at the bottom referred to as effects.

The effects[34] are calculated by subtracting the mean of the responses obtai-

ned from the low factor level from the mean of the responses obtained from

the upper factor level. Thus, the effect, or data contrast, of the factor

‘‘temperature’’ on the response ‘‘k0’’ is calculated as follows:

Effect ¼
24:33þ 23:64þ 40:62þ 41:50þ 40:88þ 24:30

6

�
23:51þ 23:93þ 40:66þ 23:27þ 40:51þ 40:27

6

Effect ¼ 32:55� 32:03 ¼ 0:52

Temperature was determined to have a positive effect 0.52 on k0. The physical

significance of this is that one would expect that an increase of temperature from

the method’s listed temperature of 30�C, would result in an increase in k0, and a

decrease in k0 would be observed if the temperature was slightly lower than 30�C.

The positive effect of temperature on k0 is an unexpected result. The

opposite effect is typically observed with reverse phase chromatography, and k0

decreases as temperature increases. In a separate study, this effect was

confirmed by determining the k0 under the conditions of the assay, while

varying the temperature from 28�C to 32�C. A slight positive effect of

temperature, within the range studied, was confirmed as shown in Fig. 3.

The experimental design allows us to obtain statistical information about the

calculated effects for the fixed factors of temperature, flow rate, wavelength, per-

cent organic, and injection volume. Analysis of variance were performed[35,36] to

determine whether or not the calculated effects for these factors are statistically

significant. The same statistical analysis cannot be applied to the choice of
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column as this represents two lots of many production lots. The columns were

varied during the experiment design, thus allowing some inferences to be made.

Table 3 contains the calculated ANOVA tables.

The data were evaluated at 2 significance levels, 5% and 1%. The F value

would have to exceed 5.99, and 13.75, respectively, for the factor to be con-

sidered significant. As an example, the F value for the effect of temperature on

k0 is 5.52; thus, it is not significant at the levels tested.

The effects found significant at the 5% level are significant at the 1%

level. From the data in Table 4, temperature, wavelength, and injection volume

have no effect on the measured responses. It is clear from the instrument

parameter that most effects the chromatography of the pneumocandins is the

percent organic. The effect of this factor on retention time, theoretical plates,

capacity factor, and resolution is significant down to the 1% level. In addition,

the effect of flow is predictably significant on retention time.

The positive effect of temperature on k0 is not significant up to the 5%

level. If the ANOVA results were evaluated at higher significance levels, the

effect of temperature on k0 would be the next effect deemed to be significant.

However, any result at a higher level is less meaningful. While this effect may

be observed, the magnitude of the shift, �0.5, from 28�C up to 30�C is

relatively small compared to the calculated capacity factors (�32). Such a

small shift would indicate that the method is relatively rugged with respect to

small changes in temperature, and in fact, the chromatography is acceptable

over the range studied.

Figure 3. Temperature vs. k0.
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Table 3. ANOVA tables, critical values of F: 5.99 (5% SL); 13.75 (1% SL).

Source df SS MS F

Capacity factor (k0)

Temperature 1 0.81 0.81 5.52

Flow rate 1 0.00 0.00 0.00

Wavelength 1 0.07 0.07 0.50

Percent organic 1 857.84 857.84 5,843.18

Injection volume 1 0.06 0.06 0.40

Error 6 0.88 0.15

Total 11 859.67

Tailing factor (T )

Temperature 1 0.00 0.00 0.09

Flow rate 1 0.00 0.00 0.02

Wavelength 1 0.00 0.00 0.02

Percent organic 1 0.00 0.00 0.00

Injection volume 1 0.00 0.00 0.06

Error 6 0.05 0.01

Total 11 0.05

Theoretical plates (N )

Temperature 1 230,797 230,797 1.95

Flow rate 1 223,423 223,423 1.90

Wavelength 1 4,264 4,264 0.04

Percent organic 1 2,488,488 2,488,488 21.10

Injection volume 1 30,846 30,846 0.26

Error 6 708,876 118,146

Total 11 3,685,430

Resolution (Rs)

Temperature 1 0.00 0.00 0.86

Flow rate 1 0.00 0.00 0.01

Wavelength 1 0.00 0.00 0.08

Percent organic 1 0.28 0.28 72.55

Injection volume 1 0.01 0.01 3.43

Error 6 0.02 0.00

Total 11 0.32

Retention time (RT)

Temperature 1 0.05 0.05 0.56

Flow rate 1 2.84 2.84 29.43

Wavelength 1 0.03 0.03 0.29

Percent organic 1 260.28 260.28 2,700.11

Injection volume 1 0.04 0.04 0.39

Error 6 0.58 0.10

Total 11 263.81
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While the ANOVA cannot be used for determining the significance of the

effect of the column on the measured responses, inferences can be made by

analyzing the calculated effects. By inspection, the two production lots of this

column differ in efficiency, as seen by the effects the columns on theoretical

plates (N) and tailing (T ); see Table 1.

For the purposes of this assay, all twelve runs gave suitable separations of

the two compounds of interest, indicating that this method is fairly rugged to

small instrumental changes. The ranges of measured effects can be used to set

typical values of column efficiency parameters that may be applied as system

suitability requirements. Based on the responses found in Table 1, one might

set system suitability parameters of: RT> 13 min; N> 5500; T< 1.2; k0> 23;

and Rs> 1.3.

Based on the significance of each factor found in Table 4, instrument

settings may be modified to correct a failed system suitability parameter. For

example, the number of theoretical plates may be increased with a slight

decrease in the organic content of the mobile phase. This local optimization is

acceptable, provided that all other system suitability parameters are met.

However, an effective way of decreasing the peak tailing can be made by a

change in columns. This parameter is probably useful in determining a

column’s effectiveness over time.

CONCLUSION

A screening experiment provides an efficient method for evaluating

instrumental robustness by determining the factors that most effect chromato-

graphy and their statistical significance. With that knowledge, the proper

controls can be placed on the least robust factors. In addition, information

gained from the experiment can be used to assign system suitability require-

ments for a particular test method.

Table 4. Significant effects.

Temperature Flow Wavelength

Percent

organic

Injection

volume

RT — * — * —

N — — — — —

T — — — * —

k0 — — — * —

Rs — — — * —

*Significant at both 5% and 1% levels.

Evaluating HPLC Assay Robustness with Experimental Design 2983

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
4
5
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



ACKNOWLEDGMENT

The authors thank Mr. B. Gunter of the Biometric Research Department

of Merck Research Laboratories for reviewing this paper and making useful

suggestions.

REFERENCES

1. ICH Harmonized Tripartite Guideline: Text on Validation of Analytical

Procedures: Methodology, Section 8.

2. USP XXII NF XVII; The United States Pharmacopeial Convention, Inc.,

Mack Printing Company: Easton PA 1989; 1566 pp.

3. ICH Harmonized Tripartite Guideline: Text on Validation of Analytical

Procedures: Methodology, Section 9.

4. Nsengiyumva, C.; DeBeer, J.O.; Van de Wauw, W.; Parmentier, A.J.

Chromatographia 1997, 44, 634–644.

5. Osborne, L.M.; Miyakawa, T.W. J. Liq. Chromatogr. Relat. Technol.

1997, 20, 501–509.

6. Dahlloef, I.; Svensson, O.; Torstensson, C. J. Chromatogr. A 1997, 771,

163–168.

7. Gau, Y.S.; Sun, S.W.; Chen, R.R.-L. J. Liq. Chromatogr. 1995, 18,

2373–2382.

8. DeBeer, J.G.; Vandenbroucke, C.V.; Massart, D.L.; Siegeleer, B.M.

J. Pharm. Biomed. Anal. 1996, 14, 525–545.

9. DeBeer, J.O.; Vandenbroucke, C.V.; Massart, D.L. J. Pharm. Biomed.

Anal. 1994, 12, 1379–1396.

10. Garcia, M.A.; Jimenez, O.; Marina, M.L. J. Chromatogr. A 1994, 675,

1–11.

11. Roussel, C.; Suteu, C. J. Chromatogr. A 1997, 761, 129–138.

12. Nystroem, A.; Karlsson, A. J. Chromatogr. A 1997, 763, 105–113.

13. Marengo, E.; Gennaro, M.C.; Abrigo, C. Anal. Chim. Cacta 1996, 321,

225–236.

14. Roussel, C.; Popescu, C.; Shibata. J. Chromatogr. A 1996, 722, 177–188.

15. Fabre, H. J. Pharm. Biomed. Anal. 1996, 14, 1125–1132.

16. Yongxin, Z.; Verhasselt, A.; Roets, E.; Perez, A.; Porqueras, E.;

Hoogmartens, J. J. Chromatogr. A 1997, 773, 147–156.

17. Liu, L.; Roets, E.; Hoogmartens, J. J. Chromatogr. A 1997, 764, 43–53.

18. Vander Heyden, Y.; Hartmann, C.; Massart, D.L.; Hollands, A.M.J.;

Nuyten, P.; Schoemakers, P. J. Chromatogr. A 1996, 756, 89–106.

19. Arnoldsson, K.C.; Kaufmann, P. Chromatographia 1994, 38, 317–324.

20. Vander Heyden, Y. Analusis 1994, 22, M27–M29.

2984 Waters and Dovletoglou

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
4
5
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



21. Van Leewen, J.A.; Buydens, L.M.C.; Vandeginste, B.G.M.; Kateman, G.;

Schenmakers, P.J.; Mulholland, M. Chemomet. Intell. Syst. 1991, 11,

37–55.

22. Van Leewen, J.A.; Vandeginste, B.G.M.; Kateman, G.; Mulholland, M.;

Cleland, A. Anal. Chim. Acta 1990, 228, 145–153.

23. Mulholland, M.; Waterhouse, J. Chromatographia 1988, 25, 769–774.

24. Mulholland, M. Trends Anal. Chem. 1988, 7, 383–389.

25. Mulholland, M.; Waterhouse, J. J. Chrom. 1987, 395, 539–551.

26. Fabre, H.; Sekkat, M.; Blanchins, M.D.; Mandrou, B. J. Pharm. Biomed.

Anal. 1989, 7, 1711–1718.

27. Fabre, H.; Meynier de Salinelle, V.; Mandrou, B. Analusis 1985, 118,

1061–1064.

28. Youden, W.J.; Steiner, E.H. Statistical Manual of the Association of

Official Analytical Chemists; The Association of Official Analytical

Chemists: Washington DC, 1975; 33–41.

29. Plackett, R.L.; Burman, J.P. Biometrika 1946, 23, 305–325.

30. Mason, R.L.; Gunst, R.F.; Hess, J.L. Statistical Design and Analysis of

Experiments with Applications to Engineering and Science; John Wiley

and Sons: New York, 1989; 177 pp.

31. Schwartz, R.E.; Sesin, D.F.; Joshua, H.; Wilson, K.E.; Kempf, A.J.;

Goklen, K.A.; Kuehner, D.; Galliot, P.; Gleason, C.; White, R.; Inamine, E.;

Bills, G.; Salmon, P.; Zitano, L. J. Antibiotics 1992, 45, 1853–1866.

32. Hensens, O.D.; Liesch, J.M.; Zink, D.L.; Smith, J.L.; Wichmann, C.F.;

Schwartz, R.E. J. Antibiotics 1992, 45, 1875–1885.

33. Peterson, L.A.; Hughes, D.L.; Hughes, R.; DiMichele, L.; Salmon, P.;

Conners, N. J. Ind. Microbiol. Biotech. 2001, 26 (4), 216–221.

34. Box, G.E.P.; Hunter, W.G.; Hunter, J.S. Statistics for Experimenters: an

Introduction to Design, Data Analysis, and Model Building; John Wiley

and Sons: New York, 1978; Chap. 10.

35. Box, G.E.P.; Hunter, W.G.; Hunter, J.S. Statistics for Experimenters: an

Introduction to Design, Data Analysis, and Model Building; John Wiley

and Sons: New York, 1978; Chap. 7.

36. Spence, J.T.; Cotton, J.W.; Underwood, B.J.; Duncan, C.P. Elementary

Statistics, 4th Ed.; Prentice-Hall: Englewood Cliffs, N.J., 1983; Chap. 12.

Received May 5, 2003

Accepted June 1, 2003

Manuscript 6151

Evaluating HPLC Assay Robustness with Experimental Design 2985

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
4
5
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
4
5
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1


