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including renal transplantation, somatic gene therapy, enzyme replacement using recombinant α-Gal A
(e.g., Fabrazyme and Replagal) and the usage of small molecule pharmacological chaperone therapy
(e.g., Migalastat HCl) [8–13]. With the usage of these treatments, GB3 levels in plasma and tissues
dramatically decreases in Fabry patients [4,5,14–16]. These results suggest that GB3 can be used as
a diagnostic biomarker and may be applied for the screening/monitoring in Fabry patients. However,
the complexity of GB3 molecular structure (Figure 1) and a large number of possible GB3 isoforms
made the GB3 analysis challenging [17,18].

Figure 1. Structure of Globotriaosylceramide (GB3).

Early assays performed with thin layer chromatography (TLC), gas chromatography (GC), and
high-performance liquid chromatography (HPLC) were time consuming and several derivatization
steps were required [18–20]. With the advent of electrospray ionization tandem mass spectrometry
(ESI-MS/MS) for the quantification of GB3, certain derivatization steps are not required and faster,
highly sensitive analysis was achievable [17,21,22]. Recently, a nano- Liquid chromatographic mass
spectrometry (LC-MS/MS) method [23] and matrix-assisted laser desorption-ionization time-of-flight
(MALDI-TOF) method [24] was also developed. Several sample preparation methods have also been
introduced including solid phase extraction (SPE), protein precipitation (PPT), liquid-liquid extraction
(LLE), and a combined liquid extraction/protein precipitation method [16,22,25–28].

Although these methods have been well applied for in vivo studies, a quick determination of
GB3 from Fabry disease model is important particularly at the early stage research. In this study,
we aimed on improving the analysis throughput without compromising the data quality with very
limited sample volume. As a result, we used a simple protein-precipitation method without further
steps discussed in the previous studies [18–20,26–28], using a small amount of plasma/tissue samples
and we have improved the throughput significantly (>300 plasma and tissue samples per day) when
compared to previous methods published in the literatures [18–20,26–28].

This method was well-qualified and applied for the quantification of GB3 in various organs,
including plasma, heart, liver, spleen, kidney, and brain tissues to evaluate the correlation between
GB3 level and Fabry disease progression. This method was also successfully applied to evaluate new
drug candidates being developed in our lab by monitoring the GB3 level change in the Fabry model
mice (B6;129-Glatm1Kul/J) after dosing (data not shown).

2. Materials and Methods

2.1. Chemicals

GB3 and C17:0-GB3 were purchased from Matreya (Pleasant Gap, PA, USA). Several chemicals
were obtained from Daejung Chemicals and Metals (Siheung, Gyonggi, Korea) of either GR or HPLC
grade: formic acid, dimethyl sulfoxide (DMSO), methanol (MeOH), and distilled water. Bovine
serum albumin was purchased from Sigma-Aldrich Chemical Corporation (St. Louis, MO, USA).
Acetonitrile (ACN) from Avantor Performance Materials (3477 Corporate Parkway, Suite 200, Center
Valley, PA, USA). Phosphate-buffered saline (PBS) was provided by Welgene (Dalseogu, Daegu, Korea).
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2.2. Preparation of Stock Solution

GB3 stock solution was made at a concentration 1 mg/mL in DMSO. 0.2 mg/mL sub-stock
solution was further prepared by spiking 0.2 mL of stock solution (1 mg/mL) into 0.8 mL of DMSO and
both the stock and sub-stock solution were stored in the freezer at −20 ◦C. Working standard (STD)
and quality control (QC) solutions were prepared by diluting the sub-stock solution. The internal
standard (ISTD) N-heptadecanoyl ceramide trihexoside (C17:0-GB3) was made at 1 mg/mL in DMSO
and stored in the refrigerator at −20 ◦C until use. The final ISTD spiking solution containing 1 μg/mL
of C17:0-GB3 was prepared in methanol (MeOH).

2.3. Sample Preparation-Plasma

Blank Institute of Cancer Research (ICR) mouse plasma was diluted four-fold with 4% BSA-PBS
for the preparation of calibration curve STD and QC samples. For example, 1 mL blank mouse plasma
was added to 4 mL of 4% BSA-PBS for STD/QC samples. For the study samples, 10 μL aliquots
of study sample was added to 40 μL of 4% BSA-PBS. Ten standard working solutions of GB3 were
prepared freshly in duplicate by serially diluting the standard solution at a final concentration of
10, 5, 3.33, 2.50, 1.67, 1.11, 0.83, 0.37, 0.12, and 0.042 μg/mL using DMSO. A separate weighing of the
GB3 reference standard was used to make QCs. Two QC working solutions of GB3 were prepared at
a final concentration of 0.4 μg/mL medium QC (MQC) and 2 μg/mL high QC (HQC) using DMSO.

Fifty microliters aliquot of the diluted plasma was added to cluster tubes. Five microliters of the
corresponding standard working solution and QC solutions were also added to each cluster tubes,
while 5 μL of make-up solution (DMSO) was spiked to study samples and blank samples (two blank
samples with ISTD and two blank samples without ISTD (double blank)). For each sample, except
for the double blanks, 200 μL of ISTD spike solution (1 μg/mL of C17:0-GB3 in MeOH) was added
(200 μL of MeOH was added in the double blank as a make-up solution). All of the tubes were capped
and vortexed for 1 min and centrifuged at 10,000 rpm for 5 min at 4 ◦C. After centrifuging, 185 μL
of the supernatant was transferred into LC-vial for analysis. The schematic diagram of the plasma
sample preparation procedure is demonstrated in Figure 2.

2.4. Sample Preparation–Tissues (Heart, Liver, Spleen, Kidney, Brain)

A four-fold volume of 4% BSA-PBS and several zirconia beads (2 mm diameter, Lysing Matrix I®,
MP Biomedicals, Solon, OH, USA) was added to blank ICR mouse tissues and the study sample tissues
and then homogenized using a FastPrep®-24 tissue homogenizer (MP Biomedicals, Solon, OH, USA)
for 3 min to prepare tissue homogenates. Due to the high concentration of the GB3 levels in tissues,
all tissue homogenates were re-diluted 200 times (500 times for spleen tissue homogenate) with 4%
BSA-PBS. Eleven standard (ten standard for heart) working solutions of GB3 were prepared freshly
in duplicate by serially diluting the standard solution at a final concentration of 20, 10, 6.67, 5, 3.33,
2.22, 1.67, 1.11, 0.74, 0.25, and 0.082 μg/mL using DMSO (ten points for heart: 20, 10, 6.67, 5, 3.33, 2.22,
1.67, 0.74, 0.25, and 0.082 μg/mL). A separate weighing of the GB3 reference standard was used to
make QCs. Two QC working solutions of GB3 were prepared at a final concentration of 0.8 μg/mL
medium QC (MQC) and 4 μg/mL high QC (HQC) using DMSO. Fifty microliter aliquots of each
diluted tissue homogenates were added to cluster tubes. The same procedure used for plasma samples
was applied for tissue samples and the schematic diagram of the tissue sample preparation procedure
is also demonstrated in Figure 2.

2.5. Liquid Chromatographic Mass Spectrometry (LC-MS/MS) Condition

A Shimadzu CBM-20A HPLC pump controller (Shimadzu Corporation, Columbia, MD,
USA), two Shimadzu LC-20AD pumps, a CTC HTS PAL autosampler (CEAP Technologies,
Carrboro, NC, USA), and a quadrupole time-of-flight TripleTOFTM 5600 mass spectrometer
(Sciex, Foster City, CA, USA) equipped with a DuosprayTM ion source were used for the assay
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development. A Phenomenex® Kinetex Phenyl-Hexyl column (2.1 × 50 mm, 2.6 μm) was used for
the column separation. A binary gradient elution was employed using an aqueous mobile phase A,
distilled and deionized water containing 0.1% formic acid; and an organic mobile phase B, acetonitrile
containing 0.1% formic acid. The following gradient elution was used: from 0 min to 0.3 min, 35% B;
from 0.3 min to 1.5 min by a linear gradient from 35% B to 95% B; 95% B was maintained for 0.8 min; and
finally back to the initial condition (35% B) in 0.1 min and maintained for 1.6 min for re-equilibrium.
The total run time was 4 min. The gradient was delivered at a flow rate of 0.5 mL/min and the
injection volume was 10 μL. The single reaction monitoring with high sensitivity option (SRMHS)
were recorded in positive ion mode. The most abundant ion was the sodium adduct [M + Na]+ ion for
all GB3 isoforms. Since GB3 is a glycosphingolipid, it is composed of various degrees of saturation
and oxidation form of fatty acids rather than being homogenous one [25]. Due to this heterogeneous
composition, the most abundant six isoforms were selected to calculate the total GB3 concentration at
mass to charge ratios (m/z) of: m/z 1046.7 (C16:0), m/z 1102.7 (C20:0), m/z 1130.8 (C22:0), m/z 1156.8
(C24:1), m/z 1158.8 (C24:0), and m/z 1174.8 (C24:0-OH). The GB3 ISTD (N-heptadecanoyl ceramide
trihexoside (C17:0)) peak was observed at m/z 1060 (C17:0). The total area of six major isoforms was
divided by the area of GB3 ISTD to achieve response ratio (Equation (1)). The mass spectrometer
conditions are summarized in Table 1.

Response ratio =
Total area of 6 major GB3 isoforms

Area of GB3 ISTD (C17 : 0)
(1)

Figure 2. Sample preparation procedure.

Table 1. Mass spectrometry conditions for six Globotriaosylceramide (GB3) isoforms.

TOF-MS Condition

GS1 50 CUR (Curtain Gas) 30

GS2 50 ISVP (Ion Spray Voltage) 5500

SRM High Sensitive Scan Mode, Positive

GB3 Isoform Parent-To-Parent Transition Declustering Voltage (DP) Collision Energy (CE)

C16:0-GB3 1046.7→1046.7 100 66
C17:0-GB3 1060.7→1060.7 (ISTD) 100 66
C20:0-GB3 1102.7→1102.7 100 66
C22:0-GB3 1130.8→1130.8 100 66
C24:1-GB3 1156.8→1156.8 100 66
C24:0-GB3 1158.8→1158.8 100 66

C24:0-OH-GB3 1174.8→1174.8 100 66

The source temperature was set to 500 ◦C with a curtain gas flow of 30 L/min. The ion spray
voltage was set at 5500 V. The declustering potential was 100 V and the collision energy was 66 V.

184



Pharmaceutics 2018, 10, 69

High-purity nitrogen gas was used for the nebulizer/DuosprayTM and the curtain gases. The mass
spectrometer was automatically calibrated after the acquisition of every 20 samples using APCI positive
calibration solution (Sciex, P/N 4460131) delivered by the calibration delivery system (CDS).

2.6. Method Qualification

A ‘fit-for-purpose’ approach was used for the method qualification. The qualification run
contained duplicate calibration curves at ten concentrations for plasma and eleven concentrations
for various tissues. The acceptance criteria for STDs and QCs in the qualification run were within
±30% of the precision and accuracy which is acceptable for the early stage drug discovery. Calibration
was done by establishing a quadratic regression function, with an equation y = ax2 + bx + c after
1/concentration weighting. The accuracy was calculated at each QC concentration as the ratio of the
measured concentration to the nominal concentration multiplied by 100%.

A preliminary stability test was conducted in mouse plasma and various tissue (heart, liver,
spleen, kidney, and brain) samples under different conditions, such as short-term, long-term, and
freeze-thaw stability using triplicates of high QC samples (2 μg/mL for plasma and 4 μg/mL for
tissues). The short-term stability was determined at room temperature for 3 h. The long-term stability
was determined after two weeks by analyzing QC samples kept frozen at −80 ◦C. For the freeze-thaw
stability, the samples were subjected to three freeze and thaw cycles at −80 ◦C. The acceptance criteria
for all stability tests were within ±30% of the precision and accuracy.

2.7. Software

Analyst® TF Version 1.6 (Sciex, Foster City, CA, USA) operated with Windows® (Microsoft Corp.,
Redmond, WA, USA) was used for the instrument control as well as the data acquisition. MultiQuant®

Version 2.1.1 (Sciex, Foster City, CA, USA) was used for the peak integration. Excel 2015 (Microsoft) was
used for all calculations including peak area ratios, standard curve regressions, sample concentration
values, and descriptive statistics.

2.8. Application for Animal Study

Fabry disease model mice, generated on a 129SVJ X C57BL/6 background by targeted disruption
of the murine α-Gal A gene (Gla), have been used in various studies [29,30]. These B6;129-Glatm1Kul/J
(also known as α-Gal A KO) mice, purchased from the Jackson laboratory (JAX stock #003535, 600 Main
Street, BH, ME USA), were maintained by brother X sister mating. Male KO mice used in this
study were selected by genotyping using polymerase chain reaction (PCR) analysis in tail snip DNA.
Wild-type mice with the ICR strain were used as controls throughout the studies. Mice were housed in
groups of 2–5 per cage under standard housing conditions. Mice were given a standard rodent diet
and housed in a pathogen-free animal facility.

Mice were distributed into three different groups (four mice per group; 10, 12, and 14 weeks of
age) to measure the age-related GB3 level changes in KO and WT male mice. All the KO mice were
compared to WT mice for the relative GB3 levels in plasma and each of the tissues. At the study
completion point, each of the mice was euthanized with CO2. Whole blood was collected in a cluster
tube and then centrifuged at 10,000 rpm for 5 min (4 ◦C). After centrifugation, the supernatant plasma
layer was transferred to another cluster tube and stored in a deep freezer at −80 ◦C until analysis.
Tissues (heart, liver, spleen, kidney, brain) were quickly removed, rinsed in cold phosphate-buffered
saline (PBS) and stored in the deep freezer at −80 ◦C until analysis.

All procedures performed on the mice were reviewed and approved by the Institutional Animal
Care and Use Committee (IACUC) of Samsung Biomedical Research Institute (Identification code:
20160216002, approval date: 9 March 2016) and were conducted in accord with guidelines established
by the Association for Assessment and Accreditation of Laboratory Animal Care International
(AAALAC International).
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3. Results

3.1. Method Development: Sample Preparation and LC-MS/MS Analysis

At the early stage of biomarker research, quick identification of the GB3 level from a small
amount of plasma/tissue samples from Fabry disease model is important. In the previous
studies, several time-consuming sample preparation methods have been reported, including sample
enrichment, such as evaporation/reconstitution steps and purification steps (LLE, SPE) [16,22,25–28].
These methods took a lot of time for sample preparation and also require a large amount (>100 μL)
of study samples. In addition, none of the previous studies were done for the GB3 level in the Fabry
model mice (B6;129-Glatm1Kul/J) to our knowledge in various tissues, including brains, which was
developed by our own lab. Due to significantly different levels of GB3 and its analogs in plasma,
as well as in various tissues, developing a method that can cover all these various study samples
is very challenging. Therefore, we have focused on the development of a rapid sample preparation
procedure with the usage of a less amount of plasma/tissue samples for the in vivo Fabry biomarker
study. As a result, we developed a simple protein-precipitation method using minimum amount
(10 μL) of samples without evaporation/reconstitution, derivatization steps or sample purification
steps (solid phase extraction or liquid-liquid extraction). We also shortened the total chromatographic
run time in LC-MS to 4 min and maximized sample analytical efficiency. Compared to the previous
studies [18–20,26–28], our method met our throughput acceptance criteria (>300 plasma and tissue
samples per day) using a small amount of study samples without further enrichment/purification for
sample preparation procedure.

A liquid chromatography–quadrupole time-of-flight mass spectrometric method (LC-QTOF-
MS/MS) in the positive ion mode was used to identify GB3 major isoforms. The most abundant ion in
the full scan mode was the sodium adduct [M + Na]+ ion for all GB3 isoforms. Due to the heterogeneous
fatty acid components of GB3, the most abundant six isoforms were selected for the quantitation:
m/z 1046.7 (C16:0), m/z 1102.7 (C20:0), m/z 1130.8 (C22:0), m/z 1156.8 (C24:1), m/z 1158.8 (C24:0), and
m/z 1174.8 (C24:0-OH) (Figure 3). Each ion was detected using the single reaction monitoring with
the high sensitivity (SRMHS) mode. The product ion showing the most abundant intensity was still
the intact parent ion itself when the optimized collision energy was used. Due to the high resolution
and accurate mass specificity of the TOF-MS the parent-to-parent ion transition was considered to be
applicable [31], and the LC-MS chromatogram also showed good separation (Figure 4). Therefore,
this parent-to-parent ion transition approach was used for the analysis of all GB3 isoforms in this
study. Although the parent-daughter ion transition by the loss of 162 (except C24:0-OH) was not used
for the quantitation of Gb3 isoforms, the unique transitions by the loss of 162 have been monitored
as secondary transitions for the confirmation purpose of Gb3 isoforms. The broader peak width of
C24:0-OH than those of other GB3 isoforms was likely due to the interaction between the hydroxyl
group of C24:0-OH and the column stationary phase.
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Figure 3. Product ion mass spectra of six GB3 isoforms and internal standard (ISTD).

 

Figure 4. (a) LC-MS chromatograms of blank plasma, and (b) LC-MS chromatograms of GB3
spiked plasma.
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3.2. Method Qualification

3.2.1. Calibration Curve, Accuracy, and Precision

Calibration curves with ten points (plasma, heart) and eleven points (liver, spleen, brain, kidney)
were freshly prepared in duplicate for all datasets. The lower limit of quantification (LLOQ) of the
assay was determined to be 0.042 μg/mL for plasma and 0.082 μg/g for all tissues based on the
signal-to-noise ratio >5, respectively. The final concentration of the calibration curve range was
0.042–10 μg/mL for GB3 in plasma (10 levels) and 0.082–20 μg/g for GB3 in tissues (10 levels in heart
and 11 levels in liver, spleen, kidney, and brain). One advantage of TOF mass spectrometer is the
flexibility of MS data processing after acquisition. Therefore, based on the selectivity or sensitivity
required for the experiment, various ion extraction width (e.g., 0.2 amu to 0.05 amu, or smaller)
could be used to construct the flexible calibration curves, if needed. The quadratic regression of the
curves for peak area ratios versus concentrations were weighted by 1/concentration. Calculated
coefficient of determination (r) values for calibration curves were used to evaluate the fit of the curves.
The correlation coefficient of the calibration curves for plasma and each of the tissues were ≥0.98 and
are shown in Figure 5. Assay performance was determined by assessing precision (RSD (%)) and
mean accuracy (%) of the QC samples and the results are shown in Table 2. Within-run accuracy and
precision were evaluated using triplicates from each of the two QC concentrations. The within-run
accuracy met the acceptance criteria of ±30%, ranging from 75 to 110% with precision values (RSD (%))
≤ 30% for plasma and tissue samples, which is acceptable for an early stage biomarker study.

 

Figure 5. Calibration curve of GB3 in (a) plasma; (b) heart; (c) liver; (d) spleen; (e) kidney; and (f) brain.
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Table 2. Quality control results and statistics from the qualification run for Globotriaosylceramide
(GB3).

Matrix QC Samples Mean Concentration (ng/mL) RSD (%) Mean Accuracy (%) n

Plasma
QC medium (400 ng/mL) 314.28 15.06 78.57 3

QC high (2000 ng/mL) 2131.34 5.92 106.57 3

Heart
QC medium (800 ng/mL) 779.48 11.96 99.02 3

QC high (4000 ng/mL) 3286.93 8.41 83.23 3

Liver
QC medium (800 ng/mL) 823.21 14.53 102.90 3

QC high (4000 ng/mL) 3395.26 8.66 84.88 3

Spleen
QC medium (800 ng/mL) 848.22 10.64 106.03 3

QC high (4000 ng/mL) 3861.45 25.49 96.54 3

Kidney
QC medium (800 ng/mL) 839.15 26.16 104.89 3

QC high (4000 ng/mL) 4275.53 9.38 106.89 3

Brain
QC medium (800 ng/mL) 740.97 11.60 92.62 3

QC high (4000 ng/mL) 3826.03 15.16 95.65 3

3.2.2. Preliminary Stability

Stability assessments were carried out to demonstrate that GB3 (either its stock solution or the
spiked samples) was stable under certain sample storage and processing conditions. All of the stability
tests were conducted in mouse plasma and various tissues (heart, liver, spleen, kidney, and brain)
samples using triplicates of high QC samples (2 μg/mL for plasma and 4 μg/mL for tissues).

Typically three levels of QC samples (low, medium, and high) are used for the full bioanalytical
method validation. However, our method is not for the full bioanalytical method validation for the
IND enabling study but for the fit-for-purpose qualification method of the Gb3 biomarker at the
early discovery stage for the Fabry disease mouse model. The Fabry disease model mouse normally
generates very high levels of Gb3 isoforms and, therefore, one level of QCs (high) would be sufficient
to demonstrate the integrity of our stability experiment. Each of the stability results are shown
in Tables 3–5.

Table 3. Short-term stability results for GB3.

Matrix Time Point (min) Mean Area Ratio RSD (%) Mean Accuracy (%) n

Plasma

0 3.78 6.54 100.00

3
60 3.27 6.02 86.66

120 3.64 9.04 96.49
180 4.12 13.53 109.20

Heart

0 3.06 12.10 100.00

3
60 3.09 1.70 101.09

120 2.88 9.98 94.34
180 2.53 12.23 82.83

Liver

0 3.14 9.73 100.00

3
60 3.07 12.30 97.80

120 3.17 12.58 100.97
180 3.01 3.92 95.85

Spleen

0 3.51 8.45 100.00

3
60 2.89 8.54 82.31

120 3.02 11.61 86.14
180 2.50 3.18 71.32

Kidney

0 2.42 10.26 100.00

3
60 3.03 2.88 125.16

120 2.95 14.21 121.72
180 2.69 5.63 111.00

Brain

0 1.48 3.70 100.00

3
60 1.37 16.01 92.77

120 1.37 16.97 92.42
180 1.55 16.97 105.07
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Table 4. Freeze-thaw stability results for GB3.

Matrix Control/FT-3 Cycle Mean Area Ratio RSD (%) Mean Accuracy (%) n

Plasma
Control 2.31 1.91 100.00

3FT-3 cycle 2.24 7.97 97.14

Heart
Control 2.27 11.81 100.00

3FT-3 cycle 2.19 7.70 96.63

Liver
Control 1.93 1.43 100.00

3FT-3 cycle 1.97 21.40 102.16

Spleen
Control 2.23 6.15 100.00

3FT-3 cycle 2.12 10.07 95.20

Kidney
Control 2.14 5.96 100.00

3FT-3 cycle 2.11 14.91 98.69

Brain
Control 1.34 7.09 100.00

3FT-3 cycle 1.32 5.68 98.21

Table 5. Long-term stability results for GB3.

Organ Week Mean Area Ratio RSD (%) Mean Accuracy (%) n

Plasma

0 week 2.26 3.36 100 3
1 week 2.29 14.55 101.46 3
2 week 2.27 11.23 100.23 3

Heart

0 week 3.62 17.56 100 3
1 week 3.81 8.19 105.32 3
2 week 3.94 12.43 108.84 3

Liver

0 week 2.76 12.83 100 3
1 week 2.52 0.73 91.18 3
2 week 3.08 6.72 111.51 3

Spleen
0 week 4.05 4.44 100 3
1 week 3.73 15.32 91.91 3
2 week 3.72 5.13 91.8 3

Kidney
0 week 2.63 14.47 100 3
1 week 2.69 10.44 102.31 3
2 week 2.77 11.44 105.4 3

Brain

0 week 0.82 10.86 100 3
1 week 0.8 7.71 97.46 3
2 week 0.77 21.72 93.86 3

The stability tests for plasma were performed using triplicate of QC samples at high QC (2 μg/mL)
level. The peak area ratio between total GB3 (six isoforms) and ISTD was used for the stability
evaluation. The preliminary stability test showed GB3 in plasma QC sample was stable for at least 3 h
at room temperature and three freeze-thaw cycles and at least two weeks of stability while storage at
−20 ◦C with a precision value (RSD (%)) within 30% and the mean accuracy within ±30%.

The stability tests for various tissue samples were also performed using triplicate of QC samples
at high QC (4 μg/mL) level. The peak area ratio between total GB3 (six isoforms) and ISTD was used
for the stability evaluation. GB3 in mouse plasma and tissue QC samples were stable for at least 3 h at
room temperature and three freeze-thaw cycles and at least two weeks of stability while storage at
−20 ◦C with a precision value (RSD (%)) within 30% and the mean accuracy within ±30%.

3.3. Application for Animal Study

This LC-QTOF-MS/MS method was successfully applied for the quantification of GB3 in
mouse plasma and tissue homogenate samples. We compared the average GB3 level in wild-type
(WT, ICR strain) mouse (n = 12) to B6;129-Glatm1Kul/J (α-Gal A Knock Out (KO)) mouse (n = 12) and
the results are shown in Figure 6. The results show that GB3 accumulates significantly in the Fabry
model mouse (plasma: 4.85–5.35 μg/mL; heart: 2.39–3.13 μg/mg; liver: 2.53–3.58 μg/mg; kidney:
6.81–7.05 μg/mg; spleen: 8.77–14.37 μg/mg; brain: 0.36–0.54 μg/mg) when compared to that in the ICR
mice tested in this experiment (plasma: 19–21 ng/mL; heart: 3.16–4.14 ng/mg; liver: 3.05–4.32 ng/mg;
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kidney: 69.0–71.5 ng/mg; spleen: 4.74–7.76 ng/mg; brain: 4.70–7.05 ng/mg). Since this Fabry model
mouse B6;129-Glatm1Kul/J was newly developed in our lab, this was the first time to report the various
GB3 isoform ratios in this mouse model. A supplementary LC-MS chromatogram of GB3 in plasma
and tissues are also shown in Figure 7.

The age-related GB3 level change was also monitored in this study and the results are shown
in Figure 8. In general, no significant increase of GB3 was observed in plasma, heart, liver, kidney,
and brain. However, approximately 63.9% increase was observed in the spleen over a four week
period (aged 10 to 14 weeks). This would be an important factor to consider when designing the study
protocol in the future.

Figure 6. Relative GB3 isoform ratio in plasma and each of the tissues: (a) plasma; (b) heart; (c) liver;
(d) spleen; (e) kidney; and (f) brain.
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Figure 7. LC-MS chromatograms of GB3 in (a) plasma; (b) heart; and (c) spleen from the Fabry disease
model mouse.

 

Figure 8. Age-related GB3 level changes in (a) plasma, and (b) tissues.

4. Discussion

During the early stage of Fabry disease drug discovery, it is very critical to screen the drug
candidates with decent throughput. Since GB3 is an excellent biomarker which can represent the
stage of Fabry disease in the Fabry model mice, we have developed a simple and robust bioanalytical
method for the quantitation of GB3, particularly for the Fabry model mouse B6;129-Glatm1Kul/J for the
first time. This method also met our throughput criteria (>300 plasma and tissue samples per day)
which were sufficient enough to cover the compounds in the screening stage.

The calibration curve was produced in plasma as well as each of the tissues separately with a final
concentration of the calibration curve range was 0.042–10 μg/mL for GB3 in plasma and 0.082–20 μg/g
for GB3 in tissues, respectively. For assay performance, the within-run accuracy met the acceptance
criteria of ±30% which ranged from 75 to 110% with precision values ≤30% for plasma and tissue
samples, which is acceptable for early drug discovery. A preliminary stability test including short-term
(1, 2, and 3 h), freeze-thaw (three cycles), and long-term stability (one and two weeks) show the
precision and accuracy values within the acceptance criteria of ±30%.
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The assay was also applied for the quantification of GB3 in Fabry model mice (B6;129-Glatm1Kul/J)
and wild-type mice (ICR strain) for the first time. The result shows that GB3 accumulates significantly in
the Fabry model mouse with a relative difference in isoform ratios for each of the organs. There was no
meaningful alteration of the GB3 level dependent to disease progression in plasma, heart, liver, kidney,
and brain. However, GB3 level in spleen shows a meaningful age-related increase (>60% increase in
four weeks) of GB3 level. Due to this method, we were able to screen many Fabry drug candidates
for their efficacy of lowering GB3 levels in various tissues, as well as in plasma samples. This was
particularly very important to evaluate the drug candidate’s efficacy in brain which is extremely critical
for the drug candidate’s efficacy from the central nerve systems’ perspectives.

In conclusion, this rapid LC-QTOF-MS/MS method was very useful for the screening of drug
candidates to evaluate their in vivo efficacy, as well as biomarker studies in the Fabry model mice.
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Abstract: A liquid chromatography–quadrupole time-of-flight (Q-TOF) mass spectrometric method
was developed for early-stage research on adalimumab in rats. The method consisted of
immunoprecipitation followed by tryptic digestion for sample preparation and LC-QTOF-MS/MS
analysis of specific signature peptides of adalimumab in the positive ion mode using electrospray
ionization. This specific signature peptide is derived from the complementarity-determining region
(CDR) of adalimumab. A quadratic regression (weighted 1/concentration), with an equation
y = ax2 + bx + c, was used to fit calibration curves over the concentration range of 1–100 μg/mL
for adalimumab. The qualification run met the acceptance criteria of ±25% accuracy and precision
values for quality control (QC) samples. This qualified LC-QTOF-MS/MS method was successfully
applied to a pharmacokinetic study of adalimumab in rats as a case study. This LC-QTOF-MS/MS
approach would be useful as a complementary method for adalimumab or its biosimilars at an early
stage of research.

Keywords: adalimumab; immunoprecipitation; liquid chromatography-quadrupole TOF MS;
bioanalysis

1. Introduction

Since humanized and fully human monoclonal antibodies (mAbs) were approved as therapeutic
pharmaceutical products, the attention for monoclonal antibody products has been growing
significantly in the global pharmaceutical market [1,2].

Therapeutic mAbs offer many advantages when compared to small-molecule drugs [3]. In general,
mAbs have three main characteristics: (i) target-specific binding ability to increase or decrease
an important biological effect, (ii) interaction of the constant domain with cell surface receptors
that causes immune-mediated effector functions, including antibody-dependent cell-mediated
cytotoxicity (ADCC), complement dependent cytotoxicity (CDC) or antibody-dependent phagocytosis;
and (iii) deposition of complement on multimeric immune complexes between the mAb and the target
and subsequent activation of complement-dependent cytotoxicity [2,4].

Tumor necrosis factor α (TNF-α) is an inflammatory cytokine produced by activated monocytes
or macrophages [5]. Therefore, TNF-α antagonist (anti-TNF) is one of the agents that has the highest
affinity for TNF-α molecules and suppresses the biological activity of TNF-α [6]. One of the well-known
anti-TNF drugs is adalimumab, which consists of a fully humanized monoclonal antibody and was
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approved by the FDA in 2002 [7]. Adalimumab is a tetramer composed of two heavy immunoglobulin
G1 (IgG1) chains and two light IgG1 chains [7]. It is currently used to treat rheumatoid arthritis,
psoriasis, psoriatic arthritis, ankylosing spondylitis and Crohn’s disease [8].

Traditionally, pharmacokinetic evaluation of mAbs has been mainly performed by immunoassays
such as enzyme-linked immunosorbent assays (ELISA), radioimmunoassay immunofluorescence
assay and etc. [9]. Immunoassays have several advantages in terms of high sensitivity, robust
performance and high throughput [2,10]. However, these methods also have several disadvantages
such as non-specific binding as well as time-consuming and labor-intensive reagent development [8].
Immunoassays also often show cross-reactions with precursors of the target protein or with smaller
metabolized fragments that are not suitable for early-stage mAbs bioanalysis [11].

Liquid chromatographic mass spectrometry (LC-MS/MS) is a complementary technique that
can quantify not only small molecules or peptides but also proteins [12]. LC-MS/MS is accurate and
precise and enables throughput analysis because this combines a robust separation technique with
identification and quantification based on the molecular weights of the analytes [10]. In addition,
LC-MS/MS is less matrix-dependent than ELISA [13].

The purpose of this paper is to explore an adalimumab quantification method using
LC-QTOF-MS/MS and employing adalimumab’s specific signature peptides that are involved in
variable regions and produced by tryptic digestion.

2. Materials and Methods

2.1. Materials

Adalimumab was purchased from Dongwon Pharmaceutical Wholesale (Deajeon, Korea).
Protein A magnetic beads were purchased from Millipore Corp (Billerica, MA, USA). RapiGest
surfactant was purchased from Waters Korea (Seoul, Korea). 1,4-Dithiothreitol (DTT) was purchased
from Carl Roth (Karlsruhe, Germany). Iodoacetic acid (IAA) was purchased from Wako (Osaka, Japan).
The sequencing grade modified trypsin was purchased from Promega (Madison, WI, USA). All other
chemicals were commercial products of analytical or reagent grade and were used without
further purification.

2.2. Preparation of Stocks, Standard (STD) and Quality Control (QC) Samples

Stock solution of adalimumab was prepared at a concentration of 5000 μg/mL in a phosphate
buffer solution (PBS) containing 0.1% tween 20. The stock solution was stored at 4 ◦C. Stock solution
of adalimumab was further diluted at a concentration 500 μg/mL in PBS containing 0.1% tween 20
as sub-stock solution. Calibration working solution was prepared by serial dilution of the sub-stock
solution with PBS containing 0.1% tween 20. Then, the working solution was spiked into rat plasma
to yield calibration standard concentrations of 1.0, 2.0, 5.0, 10, 20, 40, 80 and 100 μg/mL. The quality
control (QC) samples with final concentrations of 2.5, 25 and 50 μg/mL were also prepared in the
same manner.

2.3. Preparation of Sample Digests for Quantification

Each 24 μL aliquot of plasma study samples, QCs and standards (STDs) were separately mixed
with 370 μL of PBS containing 0.1% tween 20 and 30 μL of magnetic bead suspension. After gentle
shaking at room temperature overnight, the magnetic bead was washed using 600 μL PBS containing
0.1% tween 20 and then was washed again using 600 μL PBS. Seventy-five microliters of RapiGest and
10 μL of DTT were added to the mixture, which was incubated for 50 min at 60 ◦C to denature and
reduce the adalimumab bound to the magnetic beads. After a 10-min incubation at room temperature
(RT), 25 μL of IAA was added and the sample was incubated in dark conditions for 30 min at RT.
Ten microliters of the sequencing grade-modified trypsin were added to the sample to digest the
antibody. After 1 min of shaking, the sample was incubated at 37 ◦C overnight. Fifteen microliters of
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2 N HCl were added to the sample for quenching purposes and the sample was incubated for another
30 min at 37 ◦C to stop the digestion. The resulting sample was centrifuged at 7000 rpm for 5 min at
4 ◦C and transferred into a HPLC vial.

2.4. Liquid Chromatography–Mass Spectrometry

The liquid chromatography–mass spectrometry system consisted of a Shimadzu CBM-20A
HPLC pump controller (Shimadzu Corporation, Columbia, MD, USA), two Shimadzu LC-20AD
pumps, a CTC HTS PAL autosampler (CEAP Technologies, Carrboro, NC, USA) and a quadrupole
time-of-flight (Q-TOF) TripleTOFTM 5600 mass spectrometer (Sciex, Foster City, CA, USA).
The analytical column used for this assay was a Phenomenex Kinetex Phenyl-hexyl column
(50 × 2.1 mm, 2.6 μm). The mobile phase consisted of: mobile phase A, distilled and deionized
water containing 0.1% formic acid; and mobile phase B, acetonitrile containing 0.1% formic acid. The
gradient was as follows: from 0 min to 0.6 min, 5% B; from 0.5 min to 1.6 min by a linear gradient from
5% B to 95% B; 95% B was maintained for 0.2 min; from 1.8 min to 1.9 min by a linear gradient from
95% B to 5% B and then 5% B was maintained for 1.5 min for column re-equilibrium. The gradient was
delivered at a flow rate of 0.4 mL/min and the injection volume was 10 μL.

The TOF-MS scan mass spectra and TOF-MS/MS scan mass spectra were recorded in the positive
ion mode. For TOF-MS scan, m/z 100~950 with 0.2 s accumulation time was used. For TOF-MS/MS
scan, the scan range was m/z 500~1000. For the quantification, doubly charged [M + 2H]2+ ion for
the specific signature peptide APYTFGQGTK (m/z 535.4) was selected and its product ion at m/z
901.8 was used for the quantitative analysis of adalimumab. High-purity nitrogen gas was used for
the nebulizer/DuosprayTM and curtain gases. The ESI spray voltage was set at 5500 V. The source
temperature was 500 ◦C. The curtain gas (CUR) was 30 L/min; the auxiliary gas setting (GS1 and GS2)
was 50 L/min.

2.5. Method Qualification and Sample Analysis Procedure

2.5.1. Calibration Curve, Accuracy and Precision

Method qualification was carried out with a ‘fit-for-purpose’ approach. Quality control (QC)
samples as well as standards (STDs) were used for batch acceptance. The qualification run contained
duplicate calibration curves at eight concentrations and QCs at three concentrations (low, medium
and high concentrations). The acceptance criterion for STDs and QCs in the qualification run was
within ±25% of precision and accuracy, which is acceptable for early-stage drug discovery. Calibration
curve was done by establishing a quadratic regression function, with an equation y = ax2 + bx + c after
1/concentration weighting. In addition, two blank plasma samples were in the set. QC samples (2.5, 25
and 50 μg/mL) were processed and analyzed three times in the same run (precision). The accuracy
was calculated at each QC concentration as the ratio of the measured concentration to the nominal
concentration multiplied by 100%.

2.5.2. Species-Dependent Matrix Effect

For species-dependent matrix effect test, three levels of QC samples were prepared in mouse
and monkey plasma. Samples were quantitated with a calibration curve prepared in rat plasma.
Mean accuracy and precision were also calculated.

2.5.3. Freeze and Thaw Stability

The freeze and thaw stability in rat, mouse and monkey plasma was assessed using low, medium
and high QC samples (n = 3 at each concentration). For this study, the samples were subjected to three
freeze and thaw cycles at −80 ◦C.
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2.6. Software

Analyst® TF Version 1.6 (Sciex, Foster City, CA, USA) operated with Windows® (Microsoft) was
used for instrument control and data acquisition. Peak integrations were operated by MultiQuant®

Version 2.1.1 (Sciex, Foster City, CA, USA). Calculations including peak area ratios, standard
curve regressions, sample concentration values and descriptive statistics were calculated with
MultiQuant® Version 2.1.1. Pharmacokinetic calculations were performed using WinNonLin® version
6.4 (Pharsight Corporation, Mountain View, CA, USA).

2.7. Application for a Pharmacokinetic Study in Rat

Four adult male Sprague–Dawley rats (SD, 250–300 g) were purchased from the Samtako Biokorea
Co. (Gyeonggi, Korea). The animals were housed in laminar flow cages that were maintained
at 22 ± 2 ◦C and 50–60% relative humidity. The animals were kept in these facilities for at least
a week prior to the experiment and were fasted for at least 24 h before the commencement of
the experiments. Rats were cared for and treated in accordance with the Guiding Principles for
the Use of Animals in Toxicology adopted by the Society of Toxicology (Reston, VA, USA) and
the experimental protocols were approved by the Animal Care Committee of Chungnam National
University (protocol No. CNU-00560).

Plasma samples were collected from the Sprague-Dawley rats (n = 4) after dosing intravenously
with adalimumab at 1 mg/kg. The sampling times were 0.0014, 0.0417, 0.1667, 0.25, 1, 2, 3, 4, 7, 15, 21
and 28 days. The same set of pharmacokinetic study samples was analyzed by LC-QTOF-MS/MS.

3. Results

3.1. Method Development

3.1.1. Sample Preparation Method

In general, biological matrices such as plasma have highly abundant endogenous proteins
such as albumin and immunoglobulins [14]. These endogenous proteins often interfere with the
analysis of target mAb and decrease the sensitivity of the analyte. Therefore, a sample preparation
method with minimal endogenous protein interference was necessary. To solve this problem, several
approaches have been considered, such as albumin depletion kit, solid phase Protein A, and specific
immunocapture [2,10,15]. In this study, the immunocapture using protein A magnetic beads was
considered to be acceptable due to its selectivity as well as specificity. Plasma IgG and mAb were
captured by a protein A magnetic bead and then washed out to remove other endogenous interference.
After that, plasma IgG and mAb, bound to a protein A magnetic bead, were digested on-bead by
the sequencing grade-modified trypsin. Trypsin-cleaved lysine and arginine residues in the amino
acid sequence and various digested peptides from plasma IgG and mAbs were released into the
supernatants. The supernatants were then analyzed by LC-QTOF-MS/MS for the target-specific
signature peptide of adalimumab.

Generally, it would be ideal if trypsin digestion was carried out after acid dissociation and elution.
However, one big challenge of this approach would be recovery from the protein A bead after binding.
In addition, trypsin digestion efficiency is another challenge to consider due to lower pH after acid
dissociation. Other matrix interference from endogenous immunoglobulins and etc. is another factor to
carefully evaluate from this conventional trypsin digestion after acid dissociation followed by elution.
Our approach, using on-bead digestion with trypsin, could have some disadvantages such as a large
excess of tryptic peptide matrices derived from the protein A ligand, which might interfere with our
assay. However, this method is very fast and robust and the interference from these endogenous matrix
peptides could be minimized by selecting a specific signature peptide as well as its unique parent
ion-product ion transition combination in the next section.
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3.1.2. Selection of Target-Specific Signature Peptide

A couple of specific signature peptides were sought that would be applicable and specific
to adalimumab using freeware software ‘Skyline’ (MacCoss Lab Software, https://skyline.
ms/). As a result, three peptides out of various digested peptides were selected from the
complementarity-determining region (CDR) of adalimumab. The three specific peptide sequences are
as follows: NYLAWYQQKPGK, APYTFGQGTK and GLEWVSAITWNSGHIDYADSVEGR.

During the LC-QTOF-MS/MS analysis, two out of three peptides were detected (APYTFGQGTK
and NYLAWYQQKPGK), while the GLEWVSAITWNSGHIDYADSVEGR peptide was not, possibly
due to poor ionization. Although both APYTFGQGTK and NYLAWYQQKPGK peptides looks
acceptable, APYTFGQGTK showed better peak intensity and better signal-to-noise ratio than
NYLAWYQQKPGK in our experimental conditions (Figure 1). APYTFGQGTK was not detected
in rat blank plasma or any other source during sample preparation and therefore was proven to be
quite a unique signature peptide representing adalimumab. Therefore, APYTFGQGTK was chosen as
the specific signature peptide for the quantitation of adalimumab in our experiment.

Figure 1. LC-QTOF-MS/MS chromatogram of the two proposed signature peptides.

Figure 2 shows the MS/MS spectrum of the adalimumab-specific signature peptide
(APYTFGQGTK). From the doubly charged parent ion observed at m/z 535.27, several product
ions were observed and the ion at m/z 901.45 showed the best sensitivity and selectivity.

3.1.3. Liquid Chromatography–Mass Spectrometry Analysis Using Quadrupole Time-of-Flight
mass spectrometer

Conventionally, triple quadrupole mass spectrometers (low-resolution instrument) have been
used for the quantitative analysis of small molecules. Recently, a Q-TOF mass spectrometer has been
introduced to quantify large molecules such as proteins for pharmacokinetic studies [16]. In the past,
Q-TOF had drawbacks in terms of sensitivity, linear dynamic range and speed, which meant it was
unlikely to fill the need for reliable quantification in bioanalysis when compared to triple quadrupole
mass spectrometer. However, the latest Q-TOF is good enough to overcome these shortcomings and
shows good sensitivity and selectivity for the analysis of large molecules or peptides in single injection.
In this study, the lower limit of quantification (LLOQ), accuracy, precision and linear dynamic range
using LC-QTOF-MS/MS were good enough for our discovery non-GLP PK studies in rats.
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Figure 2. MS/MS spectrum of adalimumab specific peptide [M + 2H]2+ and its fragment peptide.

3.2. Method Qualification

3.2.1. Calibration Curve, Linearity and Sensitivity

LC-QTOF-MS/MS analysis using the specific signature peptide in high-resolution mode was
used for the quantitation of adalimumab. Calibration curves consisting of eight points in duplicate
were prepared fresh for all datasets in rat plasma. The calibration curve range was 1–100 μg/mL.
A representative chromatogram at the LLOQ (signal-to-noise ratio: ~9) is shown in Figure 3.
This sensitivity was significant enough for most preclinical studies with a dose level ≥1 mg/kg
to cover the expected concentration range throughout the PK time course. With a larger volume
(~40 μL) of sample (or trypsin), more optimized conditions of LC-QTOF-MS/MS or a more sensitive
mass spectrometer, we were also able to improve the LLOQ below 1 μg/mL in the preclinical species
plasma, if needed (data not shown). The quadratic regression of the curves using peak area versus
concentrations was weighted by 1/concentration. The calculated correlation coefficient value (r) for
calibration curve was used to evaluate the linearity of the curve. The correlation coefficient of the
calibration curve was ≥0.9931 and the LLOQ of 1 μg/mL was easily achieved in this method.

3.2.2. Accuracy, Precision and Species-Dependent Matrix Effect

Assay performance was determined by assessing inter/intra-day accuracy (%) and precision
(%CV) of the QC samples (Table 1). Inter/intra-day accuracy and precision for rat plasma were
performed using QC samples (n = 9) at low, medium and high QC levels. Accuracy (%) was defined as
the calculated concentration, expressed as a percent deviation from nominal concentration. Precision
was expressed as the percent coefficient of variation (%CV). The qualification run met the acceptance
criteria of ±25% accuracy and precision for all QC samples.
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Figure 3. Representative chromatogram of lower limit of quantification (LLOQ, 1 μg/mL) for
adalimumab-specific signature peptide in rat plasma.

Table 1. Inter/intra-day accuracy and precision of adalimumab in quality control samples.

Run No. Statistics
QC Low QC Med QC High

(2.5 μg/mL) (25 μg/mL) (50 μg/mL)

1

Mean 2.53 25.3 52.3
Precision (%CV) 13.1 1.76 3.54

n 3 3 3
Accuracy (%) 101 101 105

2

Mean 2.73 23.9 56.3
Precision (%CV) 2.6 11.13 11.55

n 3 3 3
Accuracy (%) 109 95 113

3

Mean 2.57 25.1 47.3
Precision (%CV) 17.3 10.54 4.44

n 3 3 3
Accuracy (%) 103 100 95

Inter-day

Mean 2.61 24.77 51.97
Precision (%CV) 11 7.81 6.51

n 9 9 9
Accuracy (%) 104 99 104

This assay developed for rat plasma samples was also evaluated for plasma samples from other
species (mouse and monkey). If there are no/few species-dependent matrix effects between species,
the rat plasma calibration curve should be able to quantitate adalimumab in other preclinical species
as well. Table 2 shows no significant species-dependent matrix effects between rat plasma and
other species. Also, Figure 4 shows that the selected signature peptides are unique in the plasma of
several preclinical species. Although all three levels of the QC samples were passed, the interference
from the blank monkey plasma appeared to be slightly higher than in rat or mouse blank plasma.
Therefore, if this method was to be applied to monkey plasma PK samples, a slightly higher LLOQ
(e.g., 2 μg/mL) would be helpful for the calibration curve in monkey plasma. Overall, the rat plasma

202



Pharmaceutics 2018, 10, 61

calibration curve should be applicable to analyze adalimumab in mouse and monkey plasma samples
if needed.

Figure 4. Comparison of peak intensities between blank and QC low in plasma: (a) blank and QC low
in rat plasma; (b) blank and QC low in mouse plasma; (c) blank and QC low in monkey plasma.

Table 2. Various species-dependent matrix effects in mouse and monkey plasma. (a) Quality control
result in mouse plasma; (b) quality control result in monkey plasma.

(a)

Mouse
Theoretical

Concentration (μg/mL)
Mean Concentration

(μg/mL)
Precision

(%CV)
n Accuracy (%)

QC low 2.5 2.85 13.2 3 114
QC medium 25 29.4 5.74 3 118

QC high 50 57 1.43 3 114

(b)

Monkey
Theoretical

Concentration (μg/mL)
Mean Concentration

(μg/mL)
Precision

(%CV)
n Accuracy (%)

QC low 2.5 2.09 4.9 3 84
QC medium 25 23.4 11.19 3 94

QC high 50 48.1 5.12 3 96
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3.2.3. Freeze and Thaw Stability

Freeze and thaw stability assessments were carried out to demonstrate that adalimumab in plasma
samples was stable under freeze and thaw conditions. The freeze and thaw stability experiments for
rat, mouse and monkey plasma were performed using QC samples (n = 3) at low, medium and high
QC levels. The mean values of the freeze and thaw stability QC samples at each level were compared
with the nominal concentrations. The results are summarized in Table 3. The acceptance criterion for
the freeze and thaw stability samples was within ± 25% precision and accuracy, which is acceptable for
early drug discovery studies, and the results all met the acceptance criteria. As a result, adalimumab
in rat, mouse and monkey plasma QC samples was stable through three freeze and thaw cycles.

Table 3. Freeze and thaw stability assessment in preclinical species (three cycles) (a) Freeze and thaw
stability in rat plasma; (b) freeze and thaw stability in mouse plasma; (c) freeze and thaw stability in
monkey plasma.

(a)

Rat
Theoretical

Concentration (μg/mL)
Mean Concentration

(μg/mL)
Precision (%) n Accuracy (%)

QC low 2.5 2.58 10.5 3 103
QC medium 25 25.6 13.67 3 102

QC high 50 57.3 8.73 3 115

(b)

Mouse
Theoretical

Concentration (μg/mL)
Mean Concentration

(μg/mL)
Precision (%) n Accuracy (%)

QC low 2.5 2.62 16.7 3 105
QC medium 25 28 3.26 3 112

QC high 50 60.2 0.94 3 120

(c)

Monkey
Theoretical

Concentration (μg/mL)
Mean Concentration

(μg/mL)
Precision (%) n Accuracy (%)

QC low 2.5 2.26 2.8 3 91
QC medium 25 19.5 12.42 3 78

QC high 50 40.3 8.52 3 81

3.2.4. Application to a Pharmacokinetic Study in Rats

The qualified LC-QTOF-MS/MS method was successfully applied to a pharmacokinetic study of
adalimumab in Sprague–Dawley (SD) rats. Plasma samples obtained after intravenous administration
of 1 mg/kg were analyzed by LC-QTOF-MS/MS for the quantification of adalimumab concentrations.
To assure acceptance of study sample analytical runs, at least two-thirds of the QC samples had to be
within ±25% accuracy, with at least half of the QC samples at each concentration meeting these criteria.
When 1 mg/kg of adalimumab was administered to the rats, the drug concentrations in rat plasma were
all within the calibration curve range. The time–concentration profile is shown in Figure 5. Although
no head-to-head comparison for the PK profiles was carried out between this LC-QTOF-MS/MS
method and other conventional methods, the PK profile produced by LC-QTOF-MS/MS looked
comparable to the reference adalimumab human PK profile published in studies using conventional
methods. Unlike the PK profiles of small molecules, most monoclonal antibody drugs typically show
bi-phase elimination PK profiles, which consist of a short half-life alpha-phase distribution followed
by a beta-phase elimination with a long half-life. Therefore, a two-compartment model was used for
the PK parameters of adalimumab in this experiment. (Table 4) [17]. The time-concentration graph of
adalimumab in Figure 5 also showed typical two-compartment monoclonal antibody PK characteristics
with a short alpha-phase and a long beta-phase half-life (~10 days).
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Figure 5. Time-concentration profile of adalimumab in rat plasma from the study subjects receiving
1 mg/kg adalimumab by intravenous administration. The data represent the mean ± standard
deviation (SD, n = 4).

Table 4. Pharmacokinetic parameters of adalimumab after 1 mg/kg intravenous injection in rats.

PK parameters

Compound
AUC

(μg·Day/mL)
Cl

(mL/Day/kg)

Alpha
Half Life

(Day)

Beta
Half Life

(Day)

Cmax

(μg/mL)
V1

(mL/kg)
Vss

(mL/kg)
Compartment

Model

Adalimumab 155.29 6.68 0.2 9.82 41.64 24.1 85.83 2

4. Discussion

Immunoassay has been used for over 50 years and has traditionally been used to quantify large
molecules. However, this method has some disadvantages [18]. The main disadvantages are that it
is time-consuming and requires labor-intensive reagent development [8]. Immunoassays also often
show cross-reaction with precursors of the target protein or with smaller metabolized fragments that
are not suitable for early-stage mAbs bioanalysis [11]. LC-MS/MS can overcome the disadvantages
of immunoassay. Compared to traditional immunoassay, LC-MS/MS technique does not require the
preparation of time-consuming and high-cost reagents for specific antibody detection. Combined with
LC-MS/MS and immunocapture methods, analytes can be selectively extracted without interferences
such as anti-drug antibodies (ADA), which interfere with protein drug targets in the biological
matrix [19].

Adalimumab is a recombinant human IgG1 monoclonal antibody [20]. Therefore, human IgG1 is
also detected when quantifying adalimumab in the human matrix, making it difficult to distinguish it
from the target drug. Therefore, the specific signature peptide of adalimumab was selected because it
was distinguishable from human IgG1.

A LC-QTOF-MS/MS method was developed for the determination of adalimumab in rat plasma
using a specific signature peptide (APYTFGQGTK) to demonstrate the feasibility of this method
for adalimumab or its biosimilars. The calibration curve was acceptable over a concentration
range from 1 to 100 μg/mL for adalimumab using quadratic regression with 1/concentration
weighting. This LC-QTOF-MS/MS method was sensitive, selective, accurate and reproducible for the
determination of adalimumab concentration and has been applied successfully to an adalimumab rat
PK study. There was no significant species-dependent matrix effect between rats and other preclinical
species, which means this method would be applicable to other preclinical sample analyses without
developing new reagents for sample preparation. In conclusion, this method was useful for the analysis
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of adalimumab and could also be used as a complementary method for adalimumab or its biosimilars
in early-stage research and development.

Author Contributions: Y.P., M.-H.P. and Y.G.S. designed the experiment; Y.P., N.K., J.C., M.-H.P., B.i.L., S.-H.S.
and J.-J.B. performed the experiments; Y.P., N.K. and J.C. analyzed the data; Y.P. wrote the paper; Y.G.S. reviewed
and revised the paper.

Acknowledgments: This research was supported by a research fund of Chungnam National University.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ecker, D.M.; Jones, S.D.; Levine, H.L. The therapeutic monoclonal antibody market. MAbs 2015, 7, 9–14.
[CrossRef] [PubMed]

2. Park, M.H.; Lee, M.W.; Shin, Y.G. Qualification and application of a liquid chromatography-quadrupole
time-of-flight mass spectrometric method for the determination of trastuzumab in rat plasma.
Biomed. Chromatogr. 2016, 30, 625–631. [CrossRef] [PubMed]

3. Breedveld, F.C. Therapeutic monoclonal antibodies. Lancet 2000, 355, 735–740. [CrossRef]
4. Catapano, A.L.; Papadopoulos, N. The safety of therapeutic monoclonal antibodies: Implications for

cardiovascular disease and targeting the pcsk9 pathway. Atherosclerosis 2013, 228, 18–28. [CrossRef] [PubMed]
5. Voller, A.; Bartlett, A.; Bidwell, D.E. Enzyme immunoassays with special reference to elisa techniques.

J. Clin. Pathol. 1978, 31, 507–520. [CrossRef] [PubMed]
6. Balkwill, F. Tnf-alpha in promotion and progression of cancer. Cancer Metastasis Rev. 2006, 25, 409–416.

[CrossRef] [PubMed]
7. Azevedo, V.F.; Troiano, L.D.C.; Galli, N.B.; Kleinfelder, A.; Catolino, N.M.; Martins, P.C.U. Adalimumab:

A review of the reference product and biosimilars. Biosimilars 2016, 6, 29–44. [CrossRef]
8. Sandborn, W.J.; Hanauer, S.B.; Rutgeerts, P.; Fedorak, R.N.; Lukas, M.; MacIntosh, D.G.; Panaccione, R.;

Wolf, D.; Kent, J.D.; Bittle, B.; et al. Adalimumab for maintenance treatment of crohn’s disease: Results of the
classic ii trial. Gut 2007, 56, 1232–1239. [CrossRef] [PubMed]

9. Darwish, I.A. Immunoassay methods and their applications in pharmaceutical analysis: Basic methodology
and recent advances. Int. J. Biomed. Sci. 2006, 2, 217–235. [PubMed]

10. Liu, H.; Manuilov, A.V.; Chumsae, C.; Babineau, M.L.; Tarcsa, E. Quantitation of a recombinant monoclonal
antibody in monkey serum by liquid chromatography-mass spectrometry. Anal. Biochem. 2011, 414, 147–153.
[CrossRef] [PubMed]

11. Becher, F.; Pruvost, A.; Clement, G.; Tabet, J.C.; Ezan, E. Quantification of small therapeutic proteins in
plasma by liquid chromatography-tandem mass spectrometry: Application to an elastase inhibitor epi-hne4.
Anal. Chem. 2006, 78, 2306–2313. [CrossRef] [PubMed]

12. Domon, B.; Aebersold, R. Mass spectrometry and protein analysis. Science 2006, 312, 212–217. [CrossRef]
[PubMed]

13. Heudi, O.; Barteau, S.; Zimmer, D.; Schmidt, J.; Bill, K.; Lehmann, N.; Bauer, C.; Kretz, O. Towards absolute
quantification of therapeutic monoclonal antibody in serum by lc-ms/ms using isotope-labeled antibody
standard and protein cleavage isotope dilution mass spectrometry. Anal. Chem. 2008, 80, 4200–4207.
[CrossRef] [PubMed]

14. Roopenian, D.C.; Akilesh, S. Fcrn: The neonatal fc receptor comes of age. Nat. Rev. Immunol. 2007, 7, 715–725.
[CrossRef] [PubMed]

15. Li, H.; Ortiz, R.; Tran, L.; Hall, M.; Spahr, C.; Walker, K.; Laudemann, J.; Miller, S.; Salimi-Moosavi, H.;
Lee, J.W. General lc-ms/ms method approach to quantify therapeutic monoclonal antibodies using a common
whole antibody internal standard with application to preclinical studies. Anal. Chem. 2012, 84, 1267–1273.
[CrossRef] [PubMed]

16. Shen, H.W.; Yu, A.M. Conference report: New analytical technologies for biological discovery. Bioanalysis
2010, 2, 181–184. [CrossRef] [PubMed]

17. Ferri, N.; Bellosta, S.; Baldessin, L.; Boccia, D.; Racagni, G.; Corsini, A. Pharmacokinetics interactions of
monoclonal antibodies. Pharmacol. Res. 2016, 111, 592–599. [CrossRef] [PubMed]

206



Pharmaceutics 2018, 10, 61

18. Cross, T.G.; Hornshaw, M.P. Can lc and lc-ms ever replace immunoassays? J. Appl. Bioanal. 2016, 2, 108–116.
[CrossRef]

19. Wilffert, D.; Bischoff, R.; van de Merbel, N.C. Antibody-free workflows for protein quantification by lc-ms/ms.
Bioanalysis 2015, 7, 763–779. [CrossRef] [PubMed]

20. Kaymakcalan, Z.; Sakorafas, P.; Bose, S.; Scesney, S.; Xiong, L.; Hanzatian, D.K.; Salfeld, J.; Sasso, E.H.
Comparisons of affinities, avidities, and complement activation of adalimumab, infliximab, and etanercept
in binding to soluble and membrane tumor necrosis factor. Clin. Immunol. 2009, 131, 308–316. [CrossRef]
[PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

207



pharmaceutics

Article

Simultaneous Determination of Procainamide and
N-acetylprocainamide in Rat Plasma by
Ultra-High-Pressure Liquid Chromatography
Coupled with a Diode Array Detector and Its
Application to a Pharmacokinetic Study in Rats

Anusha Balla 1, Kwan Hyung Cho 2, Yu Chul Kim 3,* and Han-Joo Maeng 1,*

1 College of Pharmacy, Gachon University, Incheon 21936, Korea; aanushaballa@gmail.com
2 College of Pharmacy, Inje University, Gimhae 50834, Korea; chokh@inje.ac.kr
3 Department of Pharmaceutical Engineering, Inje University, Gimhae 50834, Korea
* Correspondence: yckim@inje.ac.kr (Y.C.K.); hjmaeng@gachon.ac.kr (H.-J.M.);

Tel.: +82-55-320-3399 (Y.C.K.); +82-32-820-4935 (H.-J.M.)

Received: 9 March 2018; Accepted: 27 March 2018; Published: 30 March 2018

Abstract: A simple, sensitive, and reliable reversed-phase, Ultra-High-Pressure Liquid
Chromatography (UHPLC) coupled with a Diode Array Detector (DAD) method for the simultaneous
determination of Procainamide (PA) and its major metabolite, N-acetylprocainamide (NAPA), in rat
plasma was developed and validated. A simple deproteinization method with methanol was applied
to the rat plasma samples, which were analyzed using UHPLC equipped with DAD at 280 nm, and a
Synergi™ 4 μm polar, reversed-phase column using 1% acetic acid (pH 5.5) and methanol (76:24, v/v)
as eluent in isocratic mode at a flow rate 0.2 mL/min. The method showed good linearity (r2 > 0.998)
over the concentration range of 20–100,000 and 20–10,000 ng/mL for PA and NAPA, respectively.
Intra- and inter-day accuracies ranged from 97.7 to 110.9%, and precision was <10.5% for PA and
99.7 to 109.2 and <10.5%, respectively, for NAPA. The lower limit of quantification was 20 ng/mL for
both compounds. This is the first report of the UHPLC-DAD bioanalytical method for simultaneous
measurement of PA and NAPA. The most obvious advantage of this method over previously reported
HPLC methods is that it requires small sample and injection volumes, with a straightforward,
one-step sample preparation. It overcomes the limitations of previous methods, which use large
sample volume and complex sample preparation. The devised method was successfully applied to the
quantification of PA and NAPA after an intravenous bolus administration of 10 mg/kg procainamide
hydrochloride to rats.

Keywords: procainamide; N-acetylprocainamide; ultra-high-pressure liquid chromatography; rat;
plasma; pharmacokinetics

1. Introduction

Procainamide (PA, p-amino-N-[2-(diethylamino)ethyl]benzamide monohydrochloride; 4-amino
-N-[2-(diethylamino)ethyl]benzamide) (Figure 1A) is a type IA cardiac antiarrhythmic drug, which has
been widely used to treat supraventricular or ventricular arrhythmia for more than 60 years [1,2],
and is the drug of choice for the treatment of hemodynamically-tolerated, sustained, monomorphic
ventricular tachycardia [3–5]. In addition to the above-mentioned therapeutic aspects, it has been
shown that PA has other pharmacological effects, for example, it reduces the hepatotoxic and
nephrotoxic effects of cisplatin and has been reported to have anti-inflammatory effects in a rat
model of sepsis [6,7]. However, PA has potentially-serious adverse effects, such as, hypotension,
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polymorphous ventricular tachycardia, lupus-like syndrome, or agranulocytosis, and its applicability
is limited by its narrow therapeutic window [2,8,9].

PA is predominantly metabolized to N-acetylprocainamide (NAPA) (Figure 1B) by
N-acetyltransferase II in liver, and NAPA has similar pharmacologic activity to PA [10,11].
The metabolic activity for PA to NAPA shows high inter-subject variation due to a genetic
polymorphism in N-acetyltransferase II. It has been shown that the systemic exposure ratio of
NAPA/PA in rapid acetylators is higher than that of slow acetylators [10–12]. Because NAPA is
an active metabolite, the pharmacological and adverse effects observed after PA administration
might be due to both PA and NAPA. For these reasons, the determination of the concentrations
of PA and NAPA in the systemic circulation is likely to be necessary to investigate the
Pharmacokinetic/Pharmacodynamic (PK/PD) and/or Toxicokinetic/Toxicodynamic (TK/TD)
properties, and the development of an analytical method for simultaneous determination of PA
and NAPA levels in plasma is required.

Figure 1. Chemical structures of (A) procainamide; (B) N-acetylprocainamide; and (C)
N-propionylprocainamide (the Internal Standard, IS).

A small number of methods has been devised to quantitate PA and NAPA simultaneously
in plasma by Thin Layer Chromatography (TLC) [13,14], Gas-Liquid Chromatography (GLC) [15],
and HPLC [16–26], but most lack sensitivity and/or specificity. Although several UV-HPLC methods
achieved sensitivity and specificity improvements, they require multistep sample preparations that
involve Liquid–Liquid Extraction (LLE), evaporation, and reconstitution. In addition, large sample
volumes (0.2–2.5 mL) and injection volumes (10–100 μL) are required [16–26] (Table S1). To our
knowledge, no method for the simultaneous determination of PA and NAPA by Ultra-High-Pressure
Liquid Chromatography (UHPLC) has been described to focus on the analytical application of
preclinical studies. UHPLC systems utilize small particle sizes in columns, which increases separation
efficiencies and leads to better resolutions and sensitivities, and reduces the times required for
analysis [27,28]. In the present study, a UHPLC-Diode Array Detector (DAD)-based method requiring
simple protein precipitation for sample preparation was developed and validated for the simultaneous
determinations of PA and NAPA in plasma, and successfully applied to a pharmacokinetic study in rats.

2. Materials and Methods

2.1. Chemicals and Reagents

Procainamide hydrochloride (HCl) (MW 271.79 g/mol, purity ≥ 98.0%), NAPA (MW 277.36 g/mol,
purity ≥ 99.0%) and N-propionylprocainamide (NPPA, MW 291.39 g/mol, purity ≥ 99.0% and the
Internal Standard (IS) used) (Figure 1C) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Methanol was purchased from Honeywell Burdick and Jackson (Muskegon, MI, USA). Acetic acid
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and triethylamine were from Sigma-Aldrich (St. Louis, MO, USA). Water was purified using the
aquaMAX™, ultra-pure water purification system (YL Instruments, Anyang, Korea). All other
chemicals and solvents were of reagent or HPLC grade and used without further purification.

2.2. UHPLC System and Chromatographic Condition

The analysis was performed using the Agilent 1290 Infinity II UHPLC system
(Agilent Technologies, Santa Clara, CA, USA), equipped with an auto-sampler (G7167B),
a flexible pump (G7104A), a Multicolumn Thermostat (MCT) (G7116B), and a DAD detector (G7117A).
A Synergi™ 4 μm polar, Reversed-Phase (RP) 80A column (150 × 2.0 mm, Phenomenex, Torrance,
CA, USA) was used for separation. Isocratic elution was employed with a mobile phase consisting
of 1% acetic acid, pH 5.5 (containing 0.01% triethylamine), and methanol (76:24, v/v) at a flow
rate 0.2 mL/min. Before use, the mobile phase was adjusted to pH 5.5, filtered, and degassed.
The injection volume was set at 2 μL, and the DAD detector to 280 nm. The column and autosampler
tray were maintained at 25 ◦C and 4 ◦C, respectively.

2.3. Preparation of Calibration Standards and Quality Control (QC) Samples

Stock solutions of PA, NAPA, and NPPA (IS) were prepared separately at 1 mg/mL by dissolving
accurately-weighed amounts of the compound in Double-Distilled Water (DDW). A series of working
standard solutions of each compound were prepared by serial dilution of the respective stock solutions
with DDW. A working internal standard solution of 200 ng/mL was prepared by diluting the IS stock
solution in methanol. Calibration curve standard samples of PA and NAPA were prepared by spiking
90 μL of drug-free rat plasma with 10 μL of working standard solutions to give final concentrations
of 10, 20, 50, 100, 200, 500, 1000, 2000, 5000, 10,000, and 100,000 ng/mL for PA, and 10, 20, 50, 100,
200, 500, 1000, 2000, 5000, and 10,000 ng/mL for NAPA. QC samples were prepared in the same way
to final concentrations of 20 (Lower Limit of Quantification (LLOQ)), 60 (low QC), 8000 (mid QC),
and 80,000 ng/mL (high QC) for PA, and 20 (LLOQ), 60 (low QC), 800 (mid QC), and 8000 ng/mL
(high QC) for NAPA. All stock and working solutions were stored at −20 ◦C until required for analysis.

2.4. Sample Preparation

A simple protein-precipitation method was used for the analysis. Plasma samples (100 μL) were
transferred into separate Eppendorf tubes and an aliquot of 200 μL of IS (200 ng/mL of NPPA in
methanol) was added. After vortex-mixing for 1 min and centrifugation at 15,000 rpm for 15 min at
4 ◦C, 2 μL aliquots of the methanolic supernatants were injected into the UHPLC system.

2.5. Method Validation

The devised method was validated for selectivity, sensitivity, linearity, accuracy, precision,
recovery, and stability. The selectivities for PA and NAPA were evaluated to determine possible
interference by endogenous substances. Blank plasma samples from six randomly-selected
Sprague-Dawley (SD) rats were used, and the UHPLC chromatograms of blank plasma, blank plasma
spiked with PA (100 ng/mL), blank plasma spiked with NAPA (100 ng/mL), and blank plasma spiked
with IS (200 ng/mL) were compared. Linearity was assessed by plotting the peak area ratios of each
analyte to IS versus the nominal concentrations ranging from 20–100,000 and 20–10,000 ng/mL for PA
and NAPA, respectively. Least squares regression with a weighting factor of 1/x was used to construct
five calibration curves and to determine the correlation coefficient. Intra-day and inter-day precision
and accuracy for PA and NAPA were evaluated by analyzing six replicates of QC samples (20, 60,
8000, and 80,000 ng/mL for PA and 20, 60, 800, and 8000 ng/mL for NAPA) over 5 consecutive days.
Accuracies were calculated as mean ratios of observed and nominal concentrations. The precision was
defined as Relative Standard Deviation (RSD). Six sets of QC samples were prepared on five different
days, and each set of samples was analyzed within 24 h. Limits of Detection (LODs) and LLOQs for
PA and NAPA were determined by visual evaluation and using Signal-to-Noise ratios (S/N) of 3:1 and
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5:1, respectively. The acceptance criteria for precision and accuracy at LLOQ are within 20% RSD for
precision and between 80% and 120% for accuracy.

The percentage recoveries of PA and NAPA in plasma after deproteinization with methanol were
calculated. UHPLC peak areas of PA and NAPA in plasma after deproteinization with methanol were
compared with those obtained from four nominal concentrations in methanol. Percentage IS recovery
was determined at a concentration of 200 ng/mL.

The stabilities of PA, NAPA, and IS were evaluated under different conditions. To determine the
stabilities of stock solutions of analytes and the IS, three replicate stock solutions (100 ng/mL for PA and
NAPA, and 200 ng/mL for IS) were analyzed and peak areas were compared with a stock solution after
storage for 6 h at room temperature and 4 weeks at −20 ◦C. To determine the stabilities of analytes and
IS in rat plasma, short-term stability, long-term stability, freeze-thaw stability, and autosampler stability
were assessed at four concentrations of PA and NAPA (20, 60, 8000, and 80,000 ng/mL for PA and 20, 60,
800, and 8000 ng/mL for NAPA), with three replicates for each concentration. The short-term stability
was assessed by allowing QC samples to stand at room temperature for 4 h prior to analysis; long-term
stability by storing QC samples at −20 ◦C for 4 weeks; freeze-thaw stability cycle by subjecting QC
samples to three cycles of freezing at −20 ◦C for 24 h; and thawing at room temperature. In addition,
the analysis was repeated after 24 h to determine auto-sampler stability at 4 ◦C.

2.6. Application to Pharmacokinetic Studies of Procainamide HCl

The animal experiment was performed in accordance with the Guidelines for Animal Care and
Use issued by Gachon University. Experimental protocols involving the animals used in this study
were reviewed and approved by the Animal Care and Use Committee of the Gachon University
(#GIACUC-R2017011, approval date on 25th May 2017). Sprague-Dawley (SD) rats (7–8 weeks
old, 220–280 g) were purchased from Nara Biotech (Pyeongtaek, Korea). Food and water were
freely provided, and animals were allowed a week to adjust to the laboratory environment before
commencing the experiment and maintained under a 12:12 h light/dark cycle.

To evaluate the relevance of the analysis method, an Intravenous (IV) pharmacokinetic study of
PA was performed in SD rats. Rats were anesthetized (with a mixture of Zoletil and Rompun) and
then a femoral vein and artery were cannulated for drug administration and blood sample collection,
respectively [29]. PA HCl in saline (10 mg/kg) was then administered (n = 5) via the cannulated
femoral vein. Blood was then collected at 0 (blank), 1, 5, 15, 30, 60, 120, 180, 240, 360, and 480 min after
drug administration. After each blood sampling, the volume of blood collected was replaced with an
equal volume of saline to compensate for blood loss. Collected blood was immediately centrifuged at
14,000 rpm for 15 min at 4 ◦C, and plasma was then separated and stored at −20 ◦C until analysis.

The plasma concentration–time profiles of PA and NAPA were plotted and analyzed using the
non-compartmental method using WinNonlin (Ver. 5.0.1) [29]. For PA, the Area Under the plasma
Concentration–time curve (AUC) was calculated using the linear trapezoidal method. AUClast (from
time zero to last time point), AUCinf (from time zero to infinity), total body Clearance (CL), Volume
of distribution at steady state (Vss), Mean Residence Time (MRT), and elimination half-life (t1/2), of
PA were determined individually. Similarly, the pharmacokinetic parameters of the major metabolite,
NAPA, were obtained including peak Concentration (Cmax) and Time to reach Cmax (Tmax). In addition,
the AUC ratio of PA and NAPA (AUCNAPA/AUCPA) was calculated using AUCinf values for each rat.

3. Results and Discussion

3.1. Optimization of Chromatographic Analysis

To develop a simple method suitable for the simultaneous determination of PA and NAPA,
chromatographic conditions, such as, eluent, column, and column conditions, were optimized.
The mobile phase used had a methanol content that differed slightly from that used in a
previously-reported method [20]. Namely, a slight increase in methanol content in the mobile phase
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improved the peak shapes and shortened the total run time. A polar-RP column was found to provide
suitable retention times and better peak shapes than other columns (e.g., C-8 and C-18 columns).
For example, tested C-8 and C-18 columns generated peak tailing, with a poor quantitation limit, or
required a long retention time of IS (i.e., more than 30 min).

To obtain the highest recovery using a straightforward method, we selected deproteinization
by methanol over liquid-liquid or solid-phase extraction. The deproteinization method was further
optimized in terms of organic solvent. We tested acetonitrile and methanol, and subsequently selected
methanol because it provided better peak shapes and sensitivity.

3.2. Selectivity

UHPLC chromatograms of blank rat plasma samples verified the absence of interference at the
retention times of PA, NAPA, and IS, which were 6.8, 9.9, and 15.6 min, respectively. Figure 2 shows
representative chromatograms of blank plasma (Figure 2A), plasma spiked with IS (Figure 2B), plasma
spiked with PA and IS (Figure 2C,E), and plasma spiked with NAPA and IS (Figure 2D,F).

Figure 2. Cont.
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Figure 2. Chromatograms of (A) blank rat plasma; (B) plasma spiked with IS (200 ng/mL);
(C) plasma spiked with procainamide (20 ng/mL, lower limit of quantification (LLOQ)) and
IS (200 ng/mL); (D) plasma spiked with N-acetylprocainamide (20 ng/mL, LLOQ) and IS
(200 ng/mL); (E) plasma spiked with procainamide (1000 ng/mL) and IS (200 ng/mL); (F) plasma
spiked with N-acetylprocainamide (500 ng/mL) and IS (200 ng/mL) and (G) 30 min after
intravenous administration of procainamide hydrochloride (10 mg/kg). PA: procainamide, NAPA:
N-acetylprocaiamide, IS: internal standard.

3.3. Linearity

The calibration curve (n = 5) for PA was linear over the concentration range 20–100,000 ng/mL,
and that for NAPA was linear over the range 20–10,000 ng/mL. Least squares regression
with a weighting factor of 1/x was used to determine the calibration curves of PA and NAPA.
The calibration equation for PA was y = (0.00198 ± 0.00007) x + (0.00804 ± 0.00391) with a
coefficient of determination (r2) of 0.9995 ± 0.0004, the calibration equation for NAPA was
y = (0.00262 ± 0.00015) x + (0.03151 ± 0.01200) with a coefficient determination (r2) = 0.9984 ± 0.0012.
The results indicate that UHPLC-DAD response for both analytes was directly proportional to analyte
concentration in plasma, and that assays were linear and reliable.

3.4. Precision and Accuracy

To determine intra- and inter-day accuracies and precisions, QC samples of PA and NAPA were
prepared at concentrations of 20, 60, 8000, and 80,000 ng/mL and 20, 60, 800, and 8000 ng/mL,
respectively. Six replicates were analyzed at each concentration. A summary of intra- and inter-day
accuracies and precisions of PA and NAPA is provided in Table 1. Intra-day accuracies for PA ranged
from 98.6 to 110.9% and RSDs from 2.0 to 7.5%, and inter-day accuracies ranged from 97.7 to 100.1%
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and RSDs from 5.2 to 10.5%. Similarly, intra-day accuracies for NAPA ranged from 99.7 to 109.2% and
RSDs from 1.0 to 6.1%, and inter-day accuracies ranged from 100.8 to 106.3% and RSDs from 4.6 to
10.5%. Hence, intra- and inter-day accuracies and precisions for both analytes were within the ranges
of standard FDA guidelines [30].

Table 1. Accuracy and precision of procainamide and N-acetylprocainamide in plasma.

Analytes
Nominal

Concentration
(ng/mL)

Intra-day (n = 6) Inter-day (n = 30)

Measured
Concentration

(ng/mL)

Precision
(RSD %)

Accuracy
(%)

Measured
Concentration

(ng/mL)

Precision
(RSD %)

Accuracy
(%)

PA

20 22.1 2.0 110.3 19.5 10.5 97.7
60 60.5 7.5 110.9 59.9 7.1 99.8

8000 7890 4.2 98.6 8011 5.2 100.1
80,000 79,079 4.0 98.9 78,994 6.0 98.7

NAPA

20 20.0 6.1 99.7 20.9 10.5 104.3
60 62.1 3.3 103.4 60.5 9.1 100.8

8000 873.2 1.0 109.2 850.1 4.6 106.3
80,000 8031 5.1 100.4 8238 6.1 103.0

PA: procainamide; NAPA: N-acetylprocainamide; RSD: relative standard deviation.

3.5. Sensitivity

Initially, LODs and LLOQs of PA and NAPA were determined by visual evaluation and found
to be 10 and 20 ng/mL, respectively. LOD and LLOQ values were also determined using S/N ratios
with acceptability of ≥3 for LOD and ≥5 for LLOQ. The S/N ratios for the LOD and LLOQ of PA
were 3.7 and 6.7, respectively, and for NAPA were 3.5 and 5.9, respectively. Further, the LLOQ values
for both analytes were confirmed to meet specified precision and accuracy values. The LLOQs for
PA and NAPA were confirmed at 20 ng/mL, with accuracies less than 113.7% and 117.3% for PA and
NAPA, respectively, and percent RSD of 10.5% for both PA and NAPA. The representative UHPLC
chromatograms at LLOQ of PA and NAPA are shown in Figure 2C,D. Compared to LLOQs from
previous literatures, it is indicated that our LLOQs for PA and NAPA using UHPLC-DAD are highly
sensitive, without condensation in rat plasma. Although a previously-reported HPLC method with
LLE provided better sensitivity for both PA and NAPA, this method is unlikely accessible for the
preclinical pharmacokinetic studies due to the large sample volume required (i.e., 500 μL) [20].

3.6. Recovery

PA recovery was determined at concentrations of 20, 60, 8000, and 80,000 ng/mL and NAPA
recovery at concentrations of 20, 60, 800, and 8000 ng/mL. IS recovery was determined at 200 ng/mL.
Mean PA recovery values ranged from 95.6 to 103.3% and RSDs from 0.4 to 8.3%, while mean NAPA
recovery values ranged from 93.7 to 100.0% and RSDs from 0.4 to 10.8%. Thus, recoveries for both
analytes were near 100% and reproducible.

3.7. Stability

To determine the stock solution stabilities of PA, NAPA, and IS (100 ng/mL for PA and NAPA,
and 200 ng/mL for IS), analytes were analyzed in triplicate after standing at room temperature for 6 h
or at −20 ◦C for 4 weeks. As compared with fresh stock solutions, the determined stability values (%)
of PA, NAPA, and IS were 103.3, 99.8, and 101.3%, respectively, after standing at room temperature for
6 h, and 104.6, 103.4, and 102.0%, respectively, after storage for 4 weeks at −20 ◦C. The stabilities of
PA and NAPA in rat plasma were determined at four concentrations of PA and NAPA (20, 60, 8000,
and 80,000 ng/mL for PA and 20, 60, 800, and 8000 ng/mL for NAPA) in triplicate. As compared
with freshly-prepared QC samples, the stability (%) of PA in plasma QC samples allowed to stand
at room temperature for 4 h was 91.6–108.1%, and that of samples stored at −20 ◦C for 4 weeks was
91.6–107.8 %. The stability (%) of PA after three freeze-thaw cycles, and after storage at 4 ◦C in an
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autosampler for 24 h, were 95.6–103.6% and 94.4–104.6%, respectively. Similarly, short-term, long-term,
freeze-thaw, and autosampler stability ranges of NAPA were 95.3–102.0%, 92.4–102.6%, 96.3–102.7%,
and 98.3–102.7%, respectively. The results of stability studies for PA and NAPA are listed in Table 2.
These results show that PA and NAPA were stable under these storage and processing conditions.

Table 2. Stability of procainamide and N-acetylprocainamide in plasma 1.

Concentration (ng/mL)
Stability (%)

PA NAPA

Freeze-thaw stability (3 cycles)
20 103.6 ± 7.9 97.3 ± 6.5
60 98.9 ± 1.5 96.3 ± 2.0

8000 99.8 ± 1.0 102.7 ± 1.8
80,000 95.6 ± 0.8 100.3 ± 2.2

Auto-sampler stability (24 h at 4 ◦C)
20 104.6 ± 6.0 102.7 ± 0.9
60 103.1 ± 2.2 98.3 ± 1.2

8000 103.4 ± 2.2 101.1 ± 3.0
80,000 94.4 ± 1.5 100.2 ± 1.7

Short-term stability (4 h at room temperature)
20 108.1 ± 6.7 97.2 ± 9.4
60 103.5 ± 11.1 99.0 ± 1.6

8000 104.0 ± 2.3 102.0 ± 2.7
80,000 91.6 ± 4.6 95.3 ± 2.4

Long-term stability (4 week at −20 ◦C)
20 107.8 ± 1.1 92.4 ± 2.5
60 106.1 ± 12.1 102.6 ± 2.5

8000 101.5 ± 2.4 96.4 ± 1.1
80,000 91.6 ± 4.6 97.3 ± 3.2

1 Results are presented as Mean ± SD (n = 3); PA: procainamide; NAPA: N-acetylprocainamide.

3.8. Application to Pharmacokinetic Studies of Procainamide HCl

The validated analytical method was applied to a pharmacokinetic study of PA HCl in SD rats
that were administered a single dose of 10 mg/kg IV. Representative chromatograms from plasma
samples collected 30 min after IV administration are shown in Figure 2G. PA concentrations in plasma
were measurable for up to 4 h after injection, whereas NAPA was measurable for up to 8 h, as shown
in Figure 3. The pharmacokinetic parameters determined were as follows: t1/2, AUClast, AUCinf, MRT,
CL, Vss, Cmax, and Tmax. The results are summarized in Table 3. The AUCinf, CL, Vss, and t1/2 of
PA were 136 ± 12.1 μg·min/mL, 73.8 ± 6.51 mL/min/kg, 2070 ± 316 mL/kg, and 52.4 ± 2.20 min,
respectively. The AUCinf and t1/2 of NAPA were 177 ± 29.5 and 131 ± 31.7, respectively. The mean
AUCNAPA/AUCPA ratio (based on AUCinf values) was 1.30 ± 0.191. The pharmacokinetic parameters
of PA were comparable to those reported by previous studies [31–33]. Namely, CL, Vss, and t1/2 were
61.94–119.6 mL/min/kg, 3720–4860 mL/kg, and 47.4–55 min, respectively, after IV administration
of PA (50 mg/kg) in rats [31–33]. The pharmacokinetic parameters of NAPA were also similar to a
previous report [32]. The terminal half-life of NAPA after IV administration of PA (50 mg/kg) in rats
was 104 min [32]. Collectively, these observations indicate that the devised UHPLC-DAD method can
be employed to assay plasma samples and perform pharmacokinetic studies on PA and NAPA.
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Figure 3. Application of the developed method to a pharmacokinetic study of procainamide; Plasma
concentration-time profile of (A) procainamide and (B) N-acetylprocainamide after intravenous
administration of procainamide hydrochloride (10 mg/kg) in rats (mean ± SD, n = 5).

Table 3. Pharmacokinetic parameters of procainamide and its metabolite, N-acetylprocainamide after
intravenous administration of procainamide hydrochloride (10 mg/kg) in rats (mean ± SD, n = 5).

Parameter Procainamide N-acetylprocainamide

AUClast (μg·min/mL) 134 ± 12.5 156 ± 36.8
AUCinf (μg·min/mL) 136 ± 12.1 177 ± 29.6

t1/2 (min) 52.4 ± 2.20 131 ± 31.7
MRT (min) 28.5 ± 2.99 181 ± 38.3

Vss (mL/kg) 2070 ± 316 -
CL (mL/min/kg) 73.8 ± 6.51 -

Cmax (μg/mL) - 0.949 ± 0.124
Tmax (min) - 21.0 ± 8.22

AUCNAPA/AUCPA ratio 1.30 ± 0.191

4. Conclusions

In the current study, we devised a UHPLC-DAD-based method for the simultaneous quantification
of PA (a commonly-used antiarrhythmic agent) and its major metabolite, NAPA. The developed
method has advantages over previously-reported HPLC methods. Namely, it requires only a single
protein precipitation step to prepare plasma samples, and is straightforward, rapid, and cheap.
In addition, it requires a relatively small volume (100 μL) of plasma for pharmacokinetic studies,
which invariably involve the testing of large numbers of samples, and the small injection volume (2 μL)
used minimizes carryover. The method exhibits good linearity and precision across the concentration
ranges 20–100,000 ng/mL for PA and 20–10,000 ng/mL for NAPA. In conclusion, the technique used
could be applied to determine concentrations of PA and NAPA simultaneously in preclinical studies.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/10/2/41/s1,
Table S1: Summary of HPLC bioanalytical method for simultaneous determination of procainamide and
N-acetylprocainamide in the previous literatures.
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