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Abstract: Gradient reversed-phase liquid chromatography (RP-LC) was validated for
the analysis of thG-CSF in pharmaceutical formulations. The LC method was carried
out on a Jupiter C4 column (250 mm x 4.6 mm 1.D.), the mobile phase A consisted of
water:acetonitrile (90:10, v/v) with 0.1% TFA and the mobile phase B was water:ace-
tonitrile (20:80, v/v) with 0.1% TFA, run at a flow rate of 0.5 mL/min and detection at
280 nm. Validation parameters were evaluated and the method was linear in the range
of 10-300 pg/mL. The dimers, high molecular mass forms, sulphoxides, and deami-
dates were analysed by the LC methods and then subjected to independent neutropenia
mouse bioassay, giving overall biological activities within 13.47% and 15.63%. The
pharmaceutical samples were analysed by the chromatographic methods and compared
to the bioassay, showing mean difference between the estimated potency of 2.04%
lower for the RP-LC, and 4.03% lower for the SE-LC, with significant correlation
(P > 0.05). Due to the bioactivity of the rhG-CSF-related proteins, the SE-LC is
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proposed in combination with the RP-LC as an alternative to the bioassay for the potency
assessment, improving the quality control of rhG-CSF in pharmaceutical dosage forms.

Keywords: Recombinant human granulocyte colony-stimulating factor (rhG-CSF),
Neutropenia mouse bioassay, Size-exclusion chromatography, Reversed-phase
chromatography, Validation

INTRODUCTION

The recombinant human granulocyte colony stimulating factor (rhG-CSF) is
now currently available in two forms: non-glycosylated and glycosylated.
The non-glycosylated form of the hG-CSF gene has been cloned and the recom-
binant protein produced in genetically engineered Escherichia coli. The hydro-
phobic protein is a 175 aminoacids chain containing an extra methionine at its
N-terminus. Current clinical uses of thG-CSF include promoting the recovery
of neutrophil count in various conditions, such as neutropenia due to anticancer
chemotherapy, neutropenia due to bone marrow transplantation, and neutro-
penia associated with the myelodysplatic syndrome or aplastic anemia.!' =%

The biological activity of thG-CSF can be assessed by the in vivo assays
based on the evaluation of the neutrophils number of mice, leukocyte numbers
after rhG-CSF treatment of cyclophosphamide treated mice, or 5-fluorouracil
treated mice.>~®! Growth factor dependent cell line assays using NFS-60 or
G-NFS-60 cells, were used to determine the proliferative activity of the
G-CSF molecule.*~'"!

The bioassays are useful to assess the quality, safety, and efficacy of those
proteins, which could not be adequately characterized only by physicochem-
ical tests. There have been decades of research on biologicals to reach a stage
where the biological activity of proteins could be correlated with physico-
chemical analysis. The rhG-CSF is not described in any official literature
and there is no correlation published between physicochemical methods and
biological assays, that is highly recommended in the context of the
reduction, refinement, and replacement of the bioassays.!*!?

The chemical and physical instabilities of pharmaceutical proteins have
been investigated and correlated to the biological properties of such forms.
Chemical degradations include, at least, reduction, deamidation, and
oxidation, that has been recognized to be an important cause of inactivation
of therapeutic proteins and peptides, including rhG-CSF.!'*!! Protein aggre-
gation may be induced by a variety of physical factors, and may result from
chemical degradations or modifications as well, and may also have no or
reduced activity, and altered immunogenicity.!'®!"!

Today, many analytical techniques are available to monitor the purity, the
chemical stability, and the potency of pharmaceutical proteins obtained
through recombinant technology, but no single technique can satisfactorily
provide sufficient information about a protein. Thus, a combination of
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physicochemical, immunological, and biological method is recommended for
the characterization and to monitor protein instability.”*"'” The size exclusion
liquid chromatography (SE-LC) method was validated for the analysis of rhG-
CSF in pharmaceutical formulations, demonstrating it to be able to detect and
separate the dimers, related substances of higher molecular mass (HMM), and
the intact protein.!'® The aggregation of rhG-CSF was investigated under phys-
iological and native-like conditions.!'®1*] Furthermore, the RP-LC has been
widely used to separate and quantitate oxidized and deamidated proteins, and
most likely influence the pharmacological activity of the compound by
changing its polarity and/or lipophilicity. One drawback of this technique is
that proteins are usually denatured or dissociated as they are adsorbed to the
column matrix, and, thus, was found not to be an appropriate technique for
establishing the potency of preparations that contain biologically inactive,
non-covalent oligomers and polymers. The oxidation of rhG-CSF has been
investigated, demonstrating that the RP-LC is also stability indicating.!*°~2!
The aim of this paper, was to develop and validate a sensitive and specific
RP-LC method that could be used in combination with the SE-LC for the
analysis of the non-glycosylated thG-CSF in pharmaceutical formulations,
evaluating the correlation between the physicochemical methods and the
biological assay, seeking for alternatives that can contribute to replace the
bioassay, and to improve the quality control of this biological medicine.

EXPERIMENTAL
Chemicals and Reagents

The rhG-CSF reference substance was an in-house reference preparation
generously supplied by the National Institute for Biological Standard and
Control (NIBSC, UK). A total of eleven batches of rhG-CSF (filgrastim)
sample preparations containing 300 g of active substance per millilitre
were obtained from commercial sources and used within their shelf life
period, and were identified by Arabic numbers from 1 to 11. Hydrogen
peroxyde 30% in aqueous solution was from Merck (Darmstadt, Germany).
HPLC grade acetonitrile, sodium hydroxide, potassium phosphate
monobasic, sodium phosphate dibasic, sodium chloride, trifluoroacetic acid,
and phosphoric acid were purchased from Merck (Darmstadt, Germany). Ifos-
famide was from Asta Medica, Brazil, and May-Griinwald and Giemsa stains
were from Inlab, Brazil. For all analyses, ultrapure water (Labconco, Kansas
City, USA) filtered through a 0.22 pm membrane filter was used.

Laboratory Animals

Male 7-8-week-old BALB/c mice were housed in air conditioned controlled
conditions (room temperature 22 + 2°C and relative humidity of 65%;
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artificial illumination, 12 h per day), and they were used weighting between
19 and 24 g. They were given food and water ad libitum.

Biological Assay

The animals were allocated to sample, standard, and control groups in a fully
randomised order and identified by color code for the assay, usually with 6
mice per treatment group. Standard and test samples were diluted to the
concentrations with 4, 12, and 36 g per mL with phosphate buffered saline
containing 0.1% bovine serum albumin. A single dose of 200mg of ifosfa-
mide/0.5mL per mouse was injected intraperitoneally into the respective
animal on day 0. Multiple injections of 0.5 mL rhG-CSF per mouse were
injected, to the ifosfamide treated mice, from day 1 to day 4. Six hours
after the last thG-CSF injection peripheral blood was collected from the
orbital venous sinus. Smears were prepared on glass slides and stained by
the May-Griinwald-Giemsa method, and the white cells counted and
expressed as percentage of the total number of neutrophils.

Statistical Analysis

Statistical analyses of the bioassay data were carried out according to Finney'*!
by parallel line methods (3 x 3), using a PLA 1.2 Program (Stegmann System-
beratung, Rodgau, Germany). Analysis of variance was performed for each
assay, and the assumption of linearity and parallelism of the log dose-log
response lines was tested (P < 0.05). Statistical weights were computed as the
reciprocal of the variance of the log potency. Estimates of log potency were
examined for heterogeneity using a x> test (P = 0.05) and were combined as
weighted geometric means of homogeneous estimates (P > 0.05).1**

Apparatus and Chromatographic Conditions

A Shimadzu LC system (Shimadzu, Kyoto, Japan) was used equipped with an
SCL-10Ayp system controller, LC-10 ADyp pump, DGU-14A degasser,
CTO-10A,, column oven, SIL-10ADyp autosampler, and an SPD-M10Avyp
photodiode array (PDA) detector. The detector was set at 214 nm for size
exclusion and 280 nm for reversed phase, and peak areas were integrated auto-
matically by computer using a Shimadzu Class VP® V 6.12 software program.

Size-Exclusion Chromatography (SE-LC)

The experiments were carried out on a size exclusion Phenomenex
(Torrance, USA) BioSep-SEC-S 2000 column (300 mm x 7.8 mm 1.D.).
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A GCF-2000 Kit Security Guard Cartridge (Phenomenex) was used to
protect the analytical column. The LC system was operated isocratically at
controlled ambient temperature (25°C), using a mobile phase of phosphoric
acid 0.1 M, pH 2.5 adjusted with sodium hydroxide 3 M. This was filtered
through a 0.22 wm membrane filter (Millipore, Bedford, MA, USA), and
run at a flow rate of 1.0mL/min. At the beginning of each experiment,
50 wL bovine albumin (1 mg/mL) was injected onto the column to reduce
non-specific adsorption. The injection volume was 50 pL for both standard
and samples.!'®!

Reversed-Phase Chromatography (RP-LC)

The experiments were carried out on a reversed phase Phenomenex (Torrance,
USA) Jupiter C4 column (250 mm x 4.6 mm 1.D., with a pore size of 300 1&)
and a C4 Kit Security Guard Cartridge was used to protect the analytical
column. The LC system was operated at controlled ambient temperature
(25°C). The elution was performed by a fast gradient at a constant flow rate
of 0.5mL/min. Mobile phase A consisted of water:acetonitrile (90:10, v/v)
containing 0.1% trifluoroacetic acid (TFA), and mobile phase B consisted
of water:acetonitrile (20:80, v/v) containing 0.1% TFA. The applied
gradient was as follows: 0.1 min 66% of B, from 0.1-35 min linear to 85%
of B, from 35.1-38 min linear back to 66% and 38.1-48 min 66% of B.
The mobile phases were filtered through a 0.22 wm membrane filter
(Millipore, Bedford, MA, USA). The injection volume was 50 pL for both
standard and samples.

Procedure
Samples and Standard Solutions

Working standard and sample solutions of thG-CSF were prepared daily by
diluting the reference standard and the sample of pharmaceutical formulation
in water to a final concentration of 200 pg/mL for the LC methods, and with
phosphate buffered saline containing 0.1% bovine serum albumin, to appropri-
ate concentrations for the bioassay.

Dimers and HMM Solutions

The dimers and HMM were artificially produced subjecting the sample of
pharmaceutical formulations at a concentration of 300 wg/mL, under strong
mixing during 5 min, and maintaining the sample in water bath at 70°C
during 1 h, respectively. The samples were analysed by SE-LC and used for
the biological activity assessment.
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Sulphoxide and Deamidate Solutions

The sulphoxide and deamidate related proteins were produced by adding 15 pLL
of hydrogen peroxyde 30% during 8 min, to the sample of pharmaceutical for-
mulations, at a concentration of 300 pg/mL. The degraded samples were
analysed by RP-LC and used for the biological activity evaluation.

Validation of the RP-LC Method

Once the chromatographic and the experimental conditions were established,
the method was validated by the determination of the following parameters:
specificity, linearity, range, precision, accuracy, robustness, limit of
detection (LOD), limit of quantitation (LOQ), and system suitability tests,
following the ICH guidelines.'*!

Specificity

Specificity of the method towards the drug was established through the deter-
mination of the peak purity of samples of pharmaceutical formulation of rhG-
CSF, subjected to degradation by oxidative conditions and analysed by the
RP-LC method using a PDA detector.

Linearity

The range of linearity was determined by constructing three calibration curves.
For the construction of each calibration curve, eight standard concentrations of
rhG-CSF in the range of 10—300 pg/mL were prepared. Before injection of the
solutions, the column was equilibrated for at least 45 min with the mobile phase
flowing through the system. Each measurement was carried out in three replicates
of 50 pL injection for the standard solution to verify the repeatability of the
detector response at each concentration. The peak areas of the chromatograms
were plotted against the concentrations of rhG-CSF to obtain the calibration
curve. The eight concentrations of the standard solution were subjected to
regression analysis to calculate calibration equation and correlation coefficients.

Precision

The precision of the method was determined by repeatability (intra-day) and
intermediate precision (inter-day). Repeatability was determined by perform-
ing six repeated analysis of the same samples of rhG-CSF, on the same day,
under the same experimental conditions. The intermediate precision of the
method was assessed by carrying out the analysis on three different days
(inter-day) and, also, by another analyst performing the analysis in the same
laboratory (between-analysts).
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Accuracy

The accuracy was evaluated applying the proposed method to the analysis of
the in-house mixture of the formulation excipients with known amounts of the
reference drug, corresponding to the concentrations of 80, 100, and 120%. The
accuracy was calculated as the percentage of the drug recovered from the
formulation matrix.

Robustness

The robustness was assessed by altering the following experimental
conditions such as: changing the flow rate from 0.3 to 1.0 mL/min, the
injection volume from 30 to 60 wL, the wavelength in the range of 210 to
320 nm, the temperature of the column between 25 to 40°C, and stability of
the analytical solution in the autosampler at controlled ambient temperature
(25°0).

Limit of Detection (LOD) and Limit of Quantitation (LOQ)

For the calculation of the LOD and the LOQ, a calibration equation was
generated by using the mean values of the three independent calibration
curves. The LOD and the LOQ were obtained by using the mean of the
slope and the standard deviation of the intercept of the independent curves,
determined by a linear regression line as defined by ICH.*!

System Suitability

To ensure the validity of the analytical procedure, data from five injections of
50 pL of the working standard solution containing 200 pg/mL were used for
the evaluation of the system suitability parameters like asymmetry, number of
theoretical plates, and retention time and area, through the CLASS-VP® V
6.12 software.

RESULTS AND DISCUSSION
Validation of the RP-LC Method

A typical chromatogram was obtained by the proposed RP-LC method,
demonstrating the resolution of the symmetrical peak corresponding to rhG-
CSF with the retention time of 31.9 min, and no interfering peaks due to the
excipients is shown in Figure 1. The specificity of the analytical method
was indicated, by the oxidative conditions that generated additional peaks
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(B)

(A)

o 5’) 1‘0 1‘5 2‘0 2’5 3‘0 3‘5 4:0 4’5
Figure 1. RP-LC chromatograms of thG-CSF. (A) Reference substance (200 pg/mL):
peak 1—main peak. (B) degraded pharmaceutical sample: peak 1-hydrogen peroxide,
peak 2—deamidates, peak 3—sulphoxides, and peak 4—main peak.

with retention times of 28.9 and 30.7 min, of deamidates and sulphoxides. The
studies with the PDA detector showed that the thG-CSF peak was free from
any coeluting peak, thus demonstrating that the proposed method is specific
for the analysis of rhG-CSF.

The calibration curves for thG-CSF were constructed by plotting the area
of the peaks versus concentration. Linearity was observed in a concentration
range from 10 to 300 pg/mL. The value of the determination coefficient
(r* = 0.9999, y = 3773.4x—16617.9) indicated significant linearity of the
calibration curve for the method.

The precision of an analytical method was studied as the repeatability, by
calculating the relative standard deviation (RSD) for six determinations of the
concentration of 200 wg/mL. The mean of the determinations of rthG-CSF
in the samples of pharmaceutical formulation was 98.79%, with the RSD
calculated as 0.36%.

The intermediate precision was assessed by analyzing two samples
of the pharmaceutical formulation on three different days (inter-day,
Table 1); the RSD values obtained were 1.12 and 0.48%, respectively.
Between analysts, precision was determined by calculating the RSD for
the analysis of three samples of the pharmaceutical formulation by two
analysts; the values were found to be 1.40, 1.18, and 0.69%, respectively
(Table 2).

The accuracy was assessed from three replicate determinations of three
different solutions containing 160, 200, and 240 wg/mL. The absolute
means obtained were 99.42, 100.37, and 99.87% respectively, with a mean
value of 99.90% and RSD of 0.47% as shown in Table 3. It is evident that
the method is accurate within the desired range.
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Table 1. Inter-day precision data of RP-LC for rhG-CSF in
samples of pharmaceutical formulation

Sample Day Recovery” (%)  Mean” (%)  RSD® (%)

1 1 101.20 100.40 1.12
2 99.09
3 100.84

2 1 100.35 99.80 0.48
2 99.74
3 99.39

“Mean of three replicates.
®Mean of three days.
‘RSD = Relative standard deviation.

The robustness was determined by analyzing the same pharmaceutical
samples under the variety of conditions described. The results and the exper-
imental range of the selected variables are given in Table 4, together with the
optimized values. There were no significant changes in the chromatographic
pattern when the above modifications were made in the experimental con-
ditions, thus showing that the method is robust.

The LOD and the LOQ calculated were 0.66 and 2.20 pg/mL,
respectively. The LOQ evaluated in an experimental assay, with the
precision lower than 5% and accuracy within +5%, was found to be
10 pg/mL.

The system suitability tests were also carried out to evaluate the resol-
ution and reproducibility of the system for the analysis to be performed.
Results of system suitability tests are given in Table 5, showing that the
parameters are within the suitable range.

Table 2. Between-analyst precision data of RP-LC for rhG-CSF
in samples of pharmaceutical formulation

Sample  Analyst Recovery® (%) Mean® (%) RSD‘ (%)

1 A 98.71 99.70 1.40
B 100.68

2 A 100.29 101.13 1.18
B 101.97

3 A 100.37 99.88 0.69
B 99.39

“Mean of three replicates.
®Mean of two analysts.
“RSD = Relative standard deviation.
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Table 3. Accuracy of RP-LC for rhG-CSF in samples of pharmaceutical
formulation

Nominal concentration Mean concentration RSD? Accuracy
(pg/mL) found” (pg/mL) (%) (%)
160 159.07

200 200.75 0.47 99.90
240 239.70

“Mean of three replicates.
bRSD = Relative standard deviation.

Analysis of Pharmaceutical Dosage Forms by Physicochemical
and Biological Methods

The analysis of eleven commercial batches of pharmaceutical dosage forms,
carried out in parallel by the chromatographic and biological methods,
resulted in a mean difference between estimated potency of 2.04% + 2.67
lower for the RP-LC compared to the bioassay, except for the sample 10,
that due to the altered forms, showed 5.34% higher value than the biological
potency, according to the Table 6. The mean difference of the estimated
potency was also 4.03% + 1.32 lower for the SE-LC compared to the
bioassay, and the highest difference was 5.50%, with significant correlation
as calculated by the Student’s #-test (P > 0.05). As shown by the samples

Table 4. Chromatographic conditions and range investigated during robustness
testing

Variable Range investigated  rhG-CSF* (%) Optimized value
Flow rate (mL/min) 0.3 101.98
0.5 100.01 0.5
0.8 101.25
1.0 99.96
Column temperature (°C) 25 100.53 25
30 101.20
35 101.77
40 102.10
Injection volume (pL) 30 100.42
50 100.05 50
60 101.10
Solution stability Autosampler 24 h 99.20 —
Wavelength (nm) 210-320 — 280

“Mean of three replicates.
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Table 5. Results of the system suitability test

Parameter Minimum Maximum RSD (%) Status

Asymmetry 1.04 1.05 0.42 Passed

Theoretical 13075 13626 1.55 Passed
plates

Retention 31.81 31.90 0.10 Passed
time

Area 878897 896292 0.85 Passed

10 and 11, these values can change due to the content of the thG-CSF related
contaminants of each product, indicating the importance of the identity and
purity evaluation of the samples before the quantitative control of the
potency by SE-LC.

The results of the content/potency were calculated against the reference
substance and expressed as percentage of the main peak, for the RP-LC, and
the monomer for the SE-LC, also illustrated with the mean values for each
method (Table 6). The results of the analysis of the aggregates and

Table 6. Determination of the rhG-CSF potency in pharmaceutical
dosage forms against the reference standard

Bioassay”
SE-LC*? RP-LC** Potency Confidence
Sample (%) (%) (%) limits (P = 0.95)
1 97.20 98.30 102.70*** 90-117
2 95.81 96.53 100.20** 82-122
3 94.50 97.11 98.40* 71-136
4 93.02 94.25 98.00* 71-134
5 99.22 101.60 103.10* 79-134
6 110.00 111.50 113.50% 87-150
7 94.76 96.20 99.20** 77-127
8 95.92 98.19 101.10* 83-123
9 121.56 124.59 126.10% 103-156
10 74.80 83.54 78.20* 64-95
11 86.90 83.80 87.50* 72-106
Mean 96.70 98.69 100.73 —
SD¢ 11.84 11.52 12.31 —

*Number of independent assays.
“Non-significant difference (P > 0.05).
PMean of three replicates.

“SD = Standard deviation.
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Table 7. Analysis of the rhG-CSF-related proteins in pharmaceutical dosage forms

SE-LC* RP-LC*
Monomer Dimer HMM Main peak Deamidates/

Sample (%) (%) (%) (%) sulphoxides (%)

1 99.26 0.18 0.56 99.88 0.12

2 99.84 0.08 0.08 99.93 0.07

3 99.78 0.22 0.00 99.90 0.10

4 99.53 0.00 0.47 99.49 0.51

5 99.34 0.00 0.66 100.00 0.00

6 99.93 0.00 0.07 99.95 0.05

7 99.34 0.00 0.66 99.58 0.42

8 99.51 0.41 0.08 99.61 0.39

9 99.78 0.00 0.22 99.81 0.19
10 83.76 11.80 4.44 99.89 0.11
11 99.81 0.00 0.19 95.68 432
Mean 98.17 1.15 0.68 99.43 0.57
SD” 4.79 3.53 1.27 1.25 1.25

“Mean of three replicates.
»SD = Standard deviation.

degraded forms were expressed as percentage of the total area obtained in the
respective chromatographic procedure, as shown in Table 7.

Besides, some pharmaceutical samples were artificially degraded and
analysed by the RP-LC validated method, and subjected to the neutropenia
mouse bioassay, resulting, for the sulphoxides and deamidates forms, in a
mean biological activity of 15.63 + 5.73% (n = 3). Moreover, the dimers
and HMM were also analysed by SE-LC and subjected to the bioassay,
resulting in mean biological activities of 14.60 + 3.81% (n=3) and
13.47 + 5.22% (n = 3), respectively. Therefore, the RP-LC method is
recommended for the analysis of the related proteins, and the SE-LC for the
evaluation of dimers and HMM, and for the potency assessment of
rhG-CSF in pharmaceutical formulations.

A current concern in the administration of recombinant derived proteins,
is that the presence of rhG-CSF related contaminants can have undesirable
side effects and usually may have no or reduced activity, as demonstrated in
the present article. So, proper quality controls must be taken to ensure that
the levels of such forms are accurately determined, and the limits in the
pharmaceutical products must be well established. The combination of the
validated physicochemical techniques employed, offered a high degree of
resolving power and selectivity and is suggested as an alternative in the
context of the replacement of the bioassay for the quality control of
rhG-CSF in pharmaceutical dosage forms.
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CONCLUSION

The results of the validation show that the proposed RP-LC method is specific,
accurate, precise, and possesses excellent linearity characteristics, and has
been used for the analysis of the pharmaceutical formulations. Moreover,
based on the reduced biological activity of the rhG-CSF related forms, and
the correlation between the SE-LC and the neutropenia mouse bioassay, the
SE-LC method is proposed in combination with the RP-LC, as an alternative
to the bioassay for the potency evaluation of rhG-CSF, that can be applied to
the purification process and to the quality assessment of the pharmaceutical
product.
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