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Abstract: To determine the paclitaxel-related substances in a paclitaxel injection (albumin-bound), it
is necessary to remove human blood albumin from the sample via solid-phase extraction and subse-
quently perform high-performance liquid chromatography analysis. The pre-processing operation
is complicated, the duration of analysis is long, and much human power and material resources
are needed in the sample testing process. Thus, the purpose of this study was to develop a quick
two-dimensional liquid chromatography method that requires less consumables and possesses high
sensitivity. Samples were directly injected into one-dimensional solid-phase extraction columns to
remove human blood albumin. Paclitaxel and its related substances in the solid-phase extraction
columns were then eluted into two-dimensional analytical columns through valve switching tech-
nology. The sample pretreatment step can be omitted in this method, which allows for the analysis
of paclitaxel and its related substances to be completed more quickly, within only 15 min, under
the developed two-dimensional elution conditions. The established method had good linearity
(R? = 0.9994), limit of detection (0.25 ug~mL*1), limit of quantification (0.5 ug-mLfl), precision
(RSD = 0.5%), and accuracy (102.53-107.97%).

Keywords: two-dimensional high-performance liquid chromatography; online deproteinization;
paclitaxel; related substances; solid-phase extraction

1. Introduction

Paclitaxel is a tricyclic diterpenoid and a natural secondary metabolite isolated and
purified from the bark of taxus chinensis. It is considered an important microtubule
stabilizer in chemotherapy. Paclitaxel can induce and promote tubulin polymerization
and microtubule assembly, in addition to preventing depolymerization, blocking the cycle
process of cancer cells, and inhibiting cancer cell mitosis, effectively preventing cancer cell
proliferation and playing an anticancer role [1-5].

The application of paclitaxel to injections (albumin-bound) can not only retain its
lethality to tumor cells, but also avoid the clinically severe allergic side reactions caused by
the large amount of surfactant contained in traditional paclitaxel injections: polyoxyethy-
lene hydrogenated castor oil. It can increase the concentration of paclitaxel and shorten the
injection time, and induce a stronger anticancer effect. In recent years, various methods
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for the determination of paclitaxel in different matrices have been reported in the litera-
ture, for example, immunoassays, micellar electrokinetic chromatography, tubulin-based
biochemical assays, and chromatography-based assays. Among them, high-performance
liquid chromatography (HPLC) coupled with a UV or MS detector is widely used because
of its high sensitivity and good separation capability [6]. However, when HPLC is used
to investigate the related substances in paclitaxel for injection (albumin-bound), artificial
solid-phase extraction is usually conducted to remove human blood albumin from the
sample to reduce interference with the paclitaxel detection signal and prevent albumin from
entering the column, thereby resulting in an increase in column pressure. This processing
method is not only time-consuming, but also expensive with regard to human power
and material resources, and is unable to meet the needs of large quantities of samples.
Therefore, an online deproteinization method is urgently needed for the determination of
paclitaxel-related substances in a human paclitaxel injection (albumin-bound).

In recent years, the application of two-dimensional high-performance liquid chro-
matography (2D-HPLC) has become increasingly extensive with its development regarding
the theory, instrument, and methodology aspects [7-13]. Two-dimensional systems with
different selectivities were constructed via two-dimensional liquid chromatography. This
method combines two different methods to resolve complex mixtures on a two-dimensional
plane, which enables the rapid, efficient, and comprehensive analysis of compounds [14].
Human albumin and other interfering matrices were removed from samples using a one-
dimensional column and a two-dimensional column through the interface mode of a
six-way valve, introducing the separated fractions of the one-dimensional column into
the two-dimensional column for separation [15-18]. Solid-phase extraction (SPE) columns
are widely used in 2D-HPLC technology to remove interfering substrates from samples.
The target compound in the sample is separated from the interference matrix via a solid
adsorbent when the sample solution passes through the SPE column, thus successfully
separating and enriching the target compound. The use of SPE columns can achieve online
automatic pretreatment and prevent manual errors, unlike when using the offline manual
solid-phase extraction method [19].

Therefore, a new method for the online removal of human albumin from a sample and
the determination of the related substances in paclitaxel preparations for injection (albumin
bound) was developed via the 2D-HPLC technique combined with an SPE column. In
contrast to the traditional sample pretreatment method, the proposed technique can directly
analyze the sample, preserve the sample pretreatment time, and provide new methods and
ideas for the quality control of paclitaxel for injection (albumin-bound).

2. Materials and Methods
2.1. Apparatus and Reagents

The method of 2D-HPLC-UV was used to determine the paclitaxel-related substances
in paclitaxel preparations. The experiment was carried out on a double-ternary-pump
high-performance liquid chromatograph (Thermo Ultimate 3000, Thermo Fisher Scientific,
Waltham, MA, USA) with the Chromeleon 7 software.

Paclitaxel for injection (albumin-bound) (lot number: 211225) was obtained from YiBai
Pharmaceutical Co., Ltd. (Guizhou, China). The reference substance paclitaxel (99.8%)
was purchased from the National Institutes for Food and Drug Control (Beijing, China).
Acetonitrile was obtained from Oceanpak (Gothenburg, Sweden) and pure water was
prepared using a field scientific instrument.

2.2. Experimental Conditions

The method removed human albumin from the sample through a six-way valve.
Figure 1 shows that the six-way valve was in the 1-6 connection state at 0-1.5 min, where
the samples flew into the SPE column through the 1-6 connection. Within 1.5 min, human
albumin was fully eluted out of the SPE column, while paclitaxel and its related substances
were retained in the SPE column. At exactly 1.5 min, the six-way valve was converted to



Separations 2024, 11, 223

30f10

a 1-2 connection and the paclitaxel and its related substances retained in the SPE column
were eluted with the mobile phase of the left pump into the C18 column (Hypersil GOLD,
100 x 2.1 mm, 1.9 um) for separation analysis. By the third minute, all of the paclitaxel
and related substances remaining on the SPE column were eluted to the analytical column
connected to the left pump. The six-way valve returned to the 1-6 connection state, the
mobile phase changed, and the SPE column was gradually returned to the initial state in
preparation for the next injection. The mobile phase gradient and valve switching time
are shown in Table 1; the detection wavelength was 227 nm, the column temperature was
40 °C, and the injection volume was 5 pL.

Pum B Pum
p p

Analytical Analytical
column column
Xd I o] (et
g Detector { Detector
SPE column SPE column

Figure 1. Six-way valve conversion process: (A) is the six-way valve flow path when connecting
1-6, and (B) is the six-way valve flow path when connecting 1-2 (The total analysis time was 15 min.
0-1.5 min and 3-15 min, the six-way valve position is 1-6; 1.5-3 min, the six-way valve position
is 1-2).

Table 1. Pump flow phase gradient.

Time . . Flow -
Pump (min) Six-Way Valve Position (mL-min-1) Water Acetonitrile
0 0.4 60 40
0.4 60 40
——— 0-1.5min 1-6
Left 10 0.4 20 80
11 0.4 60 40
15 0.4 60 40
0 0.4 100 0
——— 1.5-3min 1-2
15 0.4 100 0
0.4 60 40
Right 7 0.4 10 90
10 0.4 10 90
10.1 3715 min -6 0.4 100 0
15 0.4 100 0

2.3. Preparation of the Sample and Reference Solutions
2.3.1. Sample Preparations

During the optimization and method validation processes, paclitaxel for injection
(albumin-bound) was dissolved in 20 mL of normal saline to obtain the sample stock
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solution and was subsequently diluted tenfold to obtain a final paclitaxel concentration of
approximately 0.5 mg-mL~! as the sample.

The sample stock solution was exposed to a 1 M hydrochloric acid solution for 2 h, a
0.1 M sodium hydroxide solution for 0.5 h, 30% hydrogen peroxide for 2 h, a 60 °C water
bath for 2 h, and a UV wavelength of 254 nm for 24 h in the experiment to investigate
sample degradation. The prepared sample needed to be neutralized with regard to the
acid-base conditions before being analyzed, and the corresponding blank solution was
obtained via the same method.

2.3.2. Reference Solution Preparations

Paclitaxel was accurately weighed according to the reference standards to obtain
12.5 mg, which was dissolved in 10 mL of acetonitrile. The above solutions were subse-
quently diluted 100 times to produce a stock solution. The working standard solutions used
for linearity were obtained by diluting the stock solution at concentrations of 1.25 ug-mL ™!
(50%), 1.75 ug-mL~! (70%), 2.5 pg-mL~! (100%), 3.75 ug-mL~! (150%), and 5 pg-mL~!
(200%), respectively. The solution with a concentration of 2.5 ug-mL~! was used as a
reference solution for the investigation of precision, repeatability, stability, accuracy, and
durability. The stock solution was diluted 25 and 50 times to determine the limits of
quantification and detection.

3. Results and Discussion
3.1. Establishment of the Analytical Methods
3.1.1. Confirmation of the Valve Switching Time

During online SPE sample processing, the accuracy of the sample determination
depends on the complete elution of albumin from the SPE column for paclitaxel samples.
There are two valve switching times in the sample determination process: one is the time,
ta, when human albumin is completely drained from the SPE column, and the other is the
time, tg, when paclitaxel and its related substances are completely drained from the SPE
column, which is then re-balanced in preparation for the next sample injection. The valve
switching time, ts, determines the degree to which human albumin is removed from the
sample; residual human albumin will block the analysis column and make the pressure too
high, resulting in consumption.

In this experiment, the initial state of the six-way valve was the 1-6 connection, and
the valve was transformed into the 1-2 connection at tp (1.5 min). All the albumin in the
sample flowed out of the SPE column, and the paclitaxel and related substances were then
carried out of the SPE column through the mobile phase of the left pump. At tg (3 min),
the six-way valve was converted to the 1-6 connection, and all the paclitaxel and related
substances flowed out of the SPE column, which gradually returned to the initial state and
waited for the next sample injection. Figure 2 shows that all of the human albumin was
eluted within 1.5 min. The calculation of the SPE column volume shows that paclitaxel and
its related substances can be eluted within 3 min.

3.1.2. Establishment of the Separation Analysis Method

In the Chinese Pharmacopoeia (Chp2020), the detection method for paclitaxel-related
substances has an analysis time of 80 min. Along with this long duration, this analyti-
cal method has low analysis efficiency and is not suitable for the determination of large
quantities of samples. Based on the Chp2020 method, we optimized and adjusted our
chromatographic method in the early stage of this study, such as the terms of flow, injec-
tion volume, gradient elution procedure, and column temperature, to ensure successful
separation and shorten the detection time [20]. According to the results of the previous
study, HPLC with two pumps was used to combine the SPE separation method with
the pre-optimized chromatographic method for the removal of human albumin and the
analysis of paclitaxel-related substances. As can be seen from Figure 3, the interference of
human albumin in the detection of paclitaxel-related substances was effectively prevented.
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Paclitaxel was separated well with impurity I and II, and the signal-to-noise ratio (S/N) of
the sensitivity solution was greater than 10. As shown in Figure 4, the blank solution did not
interfere with the determination of principal components and paclitaxel-related substances
during the investigation of the method’s specificity, which was found to be good.

Value (mAU)

80—-
70
60—-
50
40
30—-
20

10 H

Sample
Baseline

. S

0.0

—
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Time (min)

Figure 2. Elution time of human albumin on SPE column.

Value (mAU)

10

— Blank
—SST

S 6 f 8 9 10 11
Time (min)

Figure 3. System suitability solution (SST) chromatogram: 1, 2, and 3 refer to impurity I (cephaloman-
nine), impurity II (7-epi-10-deacetylpaclitaxel), and paclitaxel, respectively.
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Figure 4. Specific chromatogram.

3.2. Method Validation for the Analysis of Impurities

The 2D-HPLC-UV method for the analysis of impurities was validated by estimating
the linearity, LOQ, LOD, precision, repeatability, solution stability, robustness, and accuracy
according to the ICH guideline Q2 (R1). According to ChP2020, the related substances in
the paclitaxel powder were quantified via the principal component control method.

3.2.1. Forced-Degradation Studies

Paclitaxel is a natural extract with a complex structure. Its diterpenoid parent ring
has 11 chiral centers and many hydroxyl and amino groups. Paclitaxel contains more
impurities of the same series, so it is more difficult to control impurities. The sample
solution was degraded under acid, alkali, oxidation, and other experimental conditions to
understand the possible degradation pathway for paclitaxel and predict its degradation
and stability; additionally, the applicability of the detection method for related substances
was investigated.

Figure 5 shows that the principal component was well separated from the impurities
under each condition. The sample solution was degraded to different degrees under acid,
alkali, oxidation, and light conditions in addition to high-temperature damage. Under the
condition of acid-and-base degradation, the unknown impurity peak at a retention time
of 9.690 min in the sample increased, and the impurity was more easily produced under
alkaline conditions. In addition, the content of impurity II (7-epi-10-deacetylpaclitaxel)
also increased under this condition. This may be due to the instability of paclitaxel un-
der acid and base conditions; it is easy for degradation impurities to form under acid or
base conditions, such as those resulting from deacylation and hydrolysis [21,22]. Un-
der oxidation conditions, large impurity peaks were produced at a retention time of
6.297 min. Kevin J. Volk et al. [23] showed that treatment with hydrogen peroxide produced
10-deacetylpaclitaxel. Further research is needed to confirm the structure of the impurity.
Impurity peaks were produced at a retention time of 5.650 min under exposure to high-
intensity light. Zhang et al. [24] showed that paclitaxel may produce cephalomannine,
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7-epi-paclitaxel, 10-deacetylpaclitaxel, and paclitaxel isomer under light conditions. This
provides a reference and basis for subsequent studies of the impurity spectrum.
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Figure 5. Chromatogram of sample degradation experiment.

These results showed that paclitaxel was degraded to different degrees under acid,
alkali, oxidation, and light conditions. It is relatively stable under high-temperature
conditions. The results provided a useful reference for the formulation, process design, and
product storage conditions.

3.2.2. Linearity and Range, LOD, and LOQ

The linear range refers to the range of concentrations within which the signal shows
a linear relationship with concentration. It is based on the premise that the method can
enable quantitative calculations in which the signal can be converted into the concentration
based on a linear relationship. In this study, the concentration of the reference solution
was taken as the X-axis and the measured peak area was taken as the Y-axis to fit the
calibration curve at five points. The results are shown in Table 2 and Figure 6, with a linear
curve equation coefficient R? of 0.9994, which indicates a good linear relationship between
the sample concentration and the measured peak area. To assess the fit of the model and
examine the difference between the data and the predictions of the regression model, we
used the residual sum of squares (RSS) to quantify the model’s error and fit quality. The
RSS of the model is 0.0006, which indicates that the model error is small enough and the
model fits the data well.

Table 2. The results of validation.

Calibration R2 Range LOD LOQ Precision Repeatability (Mel:relcivle{gyDW Robustness
Curve (ug-mL-1)  (ugmL-1) (ugmL-1) (RSD,%,n=6) (RSD, %, n=6) n=9 ®  (RSD, %,n=7)
y=03726x+ (19994 1.06~4.27 0.25 05 0.50 1.88 183 485

0.0122
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Figure 6. Linear fitting graph.

The limit of detection (LOD) and limit of quantification (LOQ) are important attributes
of the analytical method; the LOD refers to the lowest amount of analyte that can be
detected in the sample, and the LOQ refers to the lowest amount of analyte in the samples
that can be quantitatively determined. In this study, the LOD and LOQ of the method were
investigated using the signal-to-noise (S/N) ratio method, which is suitable for instrumental
analysis methods that can display baseline noise. It can be seen from the results that the
S/N of three samples of the LOD solution was greater than 3. In the continuous analysis of
a six-needle LOQ solution, the S/N was greater than 10, and the relative standard deviation
(RSD) of the paclitaxel peak area was 3.47%. For this analytical method, the LOD and LOQ
concentrations of the solution were 0.25 pg-mL~! and 0.5 pg-mL ™!, respectively.

3.2.3. Precision and Repeatability

Good precision and repeatability are necessary for the method to have good accuracy,
as seen from Table 2 which shows the results of six consecutive analyses of the same
paclitaxel standard solution and a paclitaxel peak area RSD of 0.50%. Six identical samples
were injected in parallel for analysis, and the maximum impurity content RSD for the
sample solution was 1.88%. The above results indicate that the method has good precision
and repeatability.

3.2.4. Accuracy, Solution Stability, and Robustness

Accuracy refers to the degree to which the results obtained via the established method
are close to the true or reference values. The accuracy of the method was examined using
three levels of recovery (80%, 100%, and 120%). It can be seen from Table 2 that the recovery
rate of the three levels is between 102.53% and 107.97%, and the RSD (n = 9) is 1.83%,
indicating that the accuracy of the method was good.

In this study, we performed solution stability tests to observe changes in the peak area
of major impurities, and calculated the relative standard deviation (RSD) to see whether
there were new impurities. The freshly prepared sample solution was injected at room
temperature at 0, 2, 4, 6, 8, and 10 h to investigate the change in the maximum impurity
peak area in the sample solution. The results showed that the maximum impurity peak
area varied greatly with time, and the solution should be freshly prepared.
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The robustness of the method was investigated by changing the detection wavelength
(227 nm =+ 2 nm), flow rate (0.4 mL-min~! & 0.05 mL-min~!), and column temperature
(40 °C £ 2 °C). The results showed that the wavelength, flow rate, and column temperature
factors in the method had little effect on the maximum impurity measurement results, and
the RSD was less than 6% (n = 7).

4. Conclusions

In this study, two-dimensional high-performance liquid chromatography technology
was used to develop a quantitative method for paclitaxel-related substances in the pacli-
taxel preparation for injection (albumin-bound), which effectively solved the issue of an
interference of human albumin in the sample and preserved the sample pretreatment time.
In addition, this method is an improved version of the detection method for paclitaxel-
related substances in CHP2020, with a shortened analysis time. It has a high degree of
automation with good reproducibility, can avoid human error, and is suitable for detecting
a large number of samples.
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