
����������
�������

Citation: Sheikh, A.A.; Alam, O.;

Rub, R.A.; Iqbal, M.; Medhi, K.;

Alsalman, A.J.; Imran, M.; Alshehri,

S.; Ghoneim, M.M.; Shakeel, F.

UPLC-MS/MS-Based Analysis of

Trastuzumab in Plasma Samples:

Application in Breast Cancer Patients

Sample Monitoring. Processes 2022,

10, 509. https://doi.org/10.3390/

pr10030509

Academic Editors: Hsiao-Wei Liao

and Guan-Yuan Chen

Received: 7 February 2022

Accepted: 1 March 2022

Published: 3 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 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 (https://

creativecommons.org/licenses/by/

4.0/).

processes

Article

UPLC-MS/MS-Based Analysis of Trastuzumab in Plasma
Samples: Application in Breast Cancer Patients
Sample Monitoring
Aadil Ahmad Sheikh 1, Ozair Alam 1,* , Rehan Abdur Rub 1, Muzaffar Iqbal 2,3 , Kunjahari Medhi 4,
Abdulkhaliq J. Alsalman 5, Mohd Imran 6 , Sultan Alshehri 7 , Mohammed M. Ghoneim 8

and Faiyaz Shakeel 7

1 Department of Pharmaceutical Chemistry, School of Pharmaceutical Education and Research, Jamia Hamdard,
New Delhi 110062, India; aadilsheikh230@gmail.com (A.A.S.); rehan.a.rub@gmail.com (R.A.R.)

2 Department of Pharmaceutical Chemistry, College of Pharmacy, King Saud University,
Riyadh 11451, Saudi Arabia; muziqbal@gmail.com

3 Central Laboratory, College of Pharmacy, King Saud University, Riyadh 11451, Saudi Arabia
4 Medical Oncology, Batra Hospital and Medical Research Centre, New Delhi 110062, India;

medhiaiims@gmail.com
5 Department of Clinical Pharmacy, Faculty of Pharmacy, Northern Border University,

Rafha 91911, Saudi Arabia; kaliqs@gmail.com
6 Department of Pharmaceutical Chemistry, Faculty of Pharmacy, Northern Border University,

Rafha 91911, Saudi Arabia; imran.pchem@gmail.com
7 Department of Pharmaceutics, College of Pharmacy, King Saud University, Riyadh 11451, Saudi Arabia;

salshehri1@ksu.edu.sa (S.A.); faiyazs@fastmail.fm (F.S.)
8 Department of Pharmacy Practice, College of Pharmacy, AlMaarefa University,

Ad Diriyah 13713, Saudi Arabia; mghoneim@mcst.edu.sa
* Correspondence: oalam@jamiahamdard.ac.in

Abstract: Trastuzumab is a target-based recombinant humanized IgG1 monoclonal antibody (mAbs),
extensively employed for treatment of metastatic breast cancer with human epidermal growth
receptor 2 (HER2) overexpression. Studies around the world have reported that mAbs have sub-
stantial inter-patient unpredictable absorption, distribution, metabolism, and excretion (ADME-
pharmacokinetics) because of multiple elements manipulating the concentration of mAbs in plasma.
Herein, we have established a bioanalytical technique using UPLC-MS/MS with an easy sample
workup method and in-solution digestion protocol to assay the trastuzumab plasma samples from
breast cancer patients in clinical studies. Surrogated proteolytic peptides were used for accurate quan-
tification of trastuzumab (CanMab) with a trastuzumab signature peptide with [13C6, 15N4]-arginine
and [13C6, 15N2]-lysine stable isotope-labeled (SIL) peptide. Experiments to validate the method were
accurately carried out according to the guidelines mentioned in the bioanalytical method validation
protocol. The evaluation established excellent linearity over a wide range of 5–500 µg/mL. The
experimental procedure was efficaciously performed in a pilot study of five breast cancer patients
and residual concentrations of drugs from responding and non-responding subjects were compared.
The receiver operating characteristic (ROC) examination displayed that 52.25 µg/mL was the Cmin

threshold predictive response with a satisfactory sensitivity of 88.58% and specificity of 79.25%.

Keywords: trastuzumab; UPLC-MS/MS; breast cancer; therapeutic drug monitoring

1. Introduction

HER2 overexpressing metastatic breast and gastric cancer are mostly diagnosed can-
cers across the world. These cancers have overexpressed cell surface HER2 receptors, and
it is proposed that the overexpression or gene amplification of HER2 has been traced in
about 20–30% of breast cancers [1]. Elevated activation of HER2 results in multiple down-
stream pathways leading to unusual ontogenesis of cancerous cells. The over-expression
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of HER2 in breast cancer cells triggers the amplification of the signal transduced by other
receptors of the HER family via the formation of homodimers and heterodimers. The
HER2 receptor, also called the ‘transmembrane tyrosine kinase receptor’ is comprised
of a ligand-binding domain which is extracellular, intracellular, or cytoplasmic tyrosine
kinase domain and a transmembrane domain. The activation of HER2 commences with the
formation of homodimers or heterodimers with other EGFR proteins, resulting in dimeriza-
tion and autophosphorylation and/or transphosphorylation of particular tyrosine kinase
residue in EGFR domains which are intracellular in nature. The downstream molecular
cascade is further activated, such as Ras/Raf/nitrogen-activated protein kinase (MAPK)
and phosphoinositide 3-kinase/Akt, and the phospholipase Cγ (PLCγ)/protein kinase C
(PKC) pathways that promote cell growth and survival and cell cycle progression and block
cell cycle advancement by prompting the establishment of p27/Cdk2 centers/complexes.
Abnormal cell proliferation and hyper activation of these signaling pathways are observed
in cancer cells due to the upregulation of HER2 [2,3].

Trastuzumab is an IgG1 Kappa humanized monoclonal antibody (MAB), derived from
Chinese hamster ovary (CHO) cell culture, and it is widely used to treat various malig-
nancies, including adjuvant or metastatic breast cancer and gastric cancer. Trastuzumab
has been found to mediate the activation of antibody-dependent cell-mediated cytotoxic-
ity(ADDC) by attracting immune cells, such as natural killer cells, to the tumor sites that
overexpress HER2 receptors and this is the reason why it is primarily used for the HER
positive breast cancer treatment [4]. Trastuzumab recieved initial USFDA approval in 1998
(HERCLON) for the treatment of cancer [5]. Now the exclusive right of the HERCLON has
expired, and several biosimilars of trastuzumab, including OGIVRI (trastuzumab-dkst),
HERZUMA (trastuzumab-pkrb), and KANJINTI (trastuzumab-anns) have been accepted
for the management of breast and gastric cancers with overexpressed HER2. The recom-
mended dose for trastuzumab administered as intravenous (IV) infusions ranged between
10 and 500 mg once in a week with a starting preliminary 8 mg/kg dose which is permeated
over a period of 90 min, which was later decreased to 6 mg/kg over a period of 30 to 90 min
every 3 weeks. Trastuzumab has a dose-dependent pharmacokinetic profile, with an aver-
age t1/2 between 2 and 12 days at the recommended dose of 10–500 mg [6,7]. At maximum
dose of 500 mg, the plasma concentrations (Cmax) were found to be 377 µg/mL [8].

In the case of mAbs, a prominent interpatient variability has been observed. The inter-
patient variability in clearance and distribution (43%, 29%) has been studied and reported
for trastuzumab. The clearance of mAbs is inversely proportional to the minimum effective
concentration, resulting in less trough concentrations with increased clearance, leading to
significant illness management at completion of the dosing period. Therefore, we must
understand the mechanisms governing interpatient variability in mAbs pharmacokinetics
to get insight into how to achieve optimal clinical response. It has been reported that
exposure–response data displayed that subjects with decreased plasma trough concentra-
tions are at the risk of failure of treatment protocol. Subjects reflecting maximum diseased
state can be seized in a deprived exposure–response phase and are the ones who need
optimization of doses for better pharmacological response [9].

TDM helps in monitoring the therapeutic effectiveness of drug molecules and assists
in correlating the loss of response of mAbs. Here, we have employed triple-quadrupole
(TQD) mass spectrometer that can be employed for LC-MS and LC-MS/MS methods.
Preparation of samples includes: (a) the separation of heavy chains from lighter chains after
reducing disulfide bonds; and (b) cleavage using trypsin to produce numerous peptide
chains from the immunoglobulin. For quantitative analysis of mAbs, peptides which
are particular to the flexible section of mAbs on either light or heavy chains and these
regions did not undergo cross-reaction with human sequences. In order to mollify the
peptide load, plasma samples of mAbs are either demodulated or supplemented. The
extracted/demodulated samples were then denatured using guanidine HCL (unfolding of
protein), reduced using dithiothreitol (reduction of cysteine residue causes breakdown of
disulfide bonds linking light and heavy chains of mAb), alkylated using iodoacetamide



Processes 2022, 10, 509 3 of 15

(cysteine residues alkylation inhibits reformation of disulfide bonds), and finally processed
by trypsin into reduced fragments of peptide chain. This mixture of peptide must be parted
using liquid chromatography before loading the sample for mass spectrometry (MS/MS).
After the separation is completed, the mass of the interested peptide is recorded. In the
mass spectrometer, the peptide chain is cleaved/delinked forming an ion fragment, and
the transition of ion pair which is employed for quantification, on the TQD [10].

We have employed sequencing grade trypsin to digest the mAbs and to achieve
effective digestion of proteins which is a critical step in producing targeted peptides
required for perfect quantification. Unavailability of signature peptides necessary for
perfect quantification is attributed to incomplete digestion of peptides. To overcome this,
we can incorporate the trypsin cleavage in the synthetic internal standard for protein
quantification. The good thing with trypsin is that it is highly specific, assertive, stable,
and cleaves exclusively C-terminal region to arginine residues and lysine residues. The
advantage of cleaving C-terminal region to arginine residues or lysine residues results
in peptide generation in the desired mass range for fragmentation through tandem-mass
spectrometry (MS/MS) and exceedingly basic residues are then placed at the C-terminal
region of the peptides. This leads to generation of high mass y-ion sequences and enables
tandem mass spectrometry to be effortlessly accountable [11].

In protein bio-therapeutics including mAbs, the surrogate peptide methodology is
extensively employed for quantification. It is of the right choice to use surrogate pep-
tides employing a TQM spectrometer because the unique selectivity of the instrument is
very efficient in distinguishing the same element of isotopes of endogenous peptides and
surrogate characterized peptides. The high selectivity and specificity of the instrument
precisely correct the variability that may occur due to essential properties of peptides and
undistinguishable separation data obtained through chromatography. MS ionization offers
reliable quantification and facilitates the determination of absolute richness. The threats
that are linked with background signal interferences originating from intricate natural
matrices are alleviated using a surrogate peptide approach. This approach offers accurate
and highly reliable quantification of huge biomolecules and does not require development
of particular antibodies [12,13].

Here, we have employed the LC-MS/MS approach to demonstrate the implementation
of TDM strategies at the bedside. The variation in the PK parameters (clearance) that is
associated with drug exposure levels demands such techniques that have the potential to
forecast the drug efficacy and adapt dosing when the drug exposure levels in the patients
are insufficient. The employment of TDM in routine clinical exercise requires a rapid and
roust bioanalytical method that will ensure the applicability of the method in real clinical
settings [14]. Operating LC-MS/MS is very interesting and challenging as well because
of intense multiplicity and density of plasma proteins [15]. To overcome this challenge,
we have employed efficient preparation of samples to eliminate possible interferences.
The method developed offers an easy sample preparation workflow, meeting the routine
requirement in relations to cost, efficiency, and analysis. This pilot study is designed to
reflect a systematic demonstration of original procedure and to assess whether easy and
quick management of remaining and/or maximal plasma concentrations of trastuzumab
could be an admissible approach to anticipate management effectiveness in breast cancer
patients. The developed assay was successfully employed in a pilot study of 20 breast
cancer patients and residual concentrations of drugs from responding and non-responding
subjects were compared.

2. Materials and Methods
2.1. Chemicals and Materials

Trastuzumab (CANMAb) as a standard drug (150 mg) was obtained from Biocon
(Mumbai, India). Acetonitrile (LC-MS grade), methanol, dithiothreitol, and iodoacetamide
were procured from Sigma Aldrich (St. Louis, MO, USA). Formic acid and ammonium
acetate were obtained from Fluka Chemical (Darmstadt, Germany). Sequencing grade
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trypsin was procured from Promega (Madison, WI, USA). Internal standard (ISTD) of
trastuzumab signature peptide with a heavy labeled [13C6, 15N4]-arginine and [13C6,

15N2]-
lysine was acquired from Sigma Aldrich (St. Louis, MO, USA).

2.2. Preparation of Standard Solution

Stock solutions of standard drug trastuzumab were prepared at a concentration of
15 mg/mL in bacteriostatic water for injection (BWFI) and kept at 4 ◦C. Intermediate
spiking solutions at a concentration of 2 mg/mL were obtained employing fresh human
plasma. Serially diluted intermediate solution with blank plasma to obtain standards (5,
10, 20, 50, 100, 200, 400, and 500 µg/mL) and QC samples (15.2, 249, and 396 µg/mL).
Stock solution of internal standard trastuzumab (100.0 µg/mL) was obtained at 1.0 mg/mL
concentration. All CC and QC samples and internal standard solutions were prepared on
ice and finally stored at −65 ± 10 ◦C.

2.3. Preparation of Sample

A simple and fast workflow was developed and aimed at routine patient management
of trastuzumab concentration (Figure 1). In solution, tryptic digestion was performed
using standard protocol. A quantity of 400 µL from 2 mg/mL (drug concentration) was
denatured using guanidine HCL (6 M, 60 µL) in 20 mM Tris HCL (200 µL). The solution
obtained was further processed for disulfide bond reduction using 60 µL of 20 mM DTT
(dithiothreitol) at 60 ◦C for 2 h. It was then alkylated, employing 170 µL of 20 mM IAMI
iodoacetamide at 25 ◦C in the dark. Sequencing grade modified trypsin (15 µg/sample)
and a sample (mixed together) were incubated at 37 ◦C whole night for tryptic digestion.
The tryptic digest plasma sample was appeased/quenched using 0.1% formic acid.

Figure 1. Graphical description of peptide digestion workflow for trastuzumab analysis.
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Desalinization of acidified tryptic peptide mixture was carried out using SUPEL-
SELECT HLB (30 mg/L mL) SPE cartridges. The cartridges were maintained with methanol
(1 mL, LC-MS grade) and formic acid solution (1 mL, 0.1%) on solid-phase extraction
multiplies by employing low pressure. Acidified tryptic digest mixture was loaded on
cartridges and washed away with a formic acid solution (1 mL, 0.1%). Peptides were then
eluted using 30 µL (2×) of elution mixture; 2% NH4OH in acetonitrile and water (50:50) into
pre-labeled gathering tubes. Eluted samples were speed Vac concentrated under ambient
temperature conditions. The dried tryptic peptide mixture was reconstructed in formic
acid (30 mL, 0.1%) and acetonitrile (5%) for analysis using UPLC-MS/MS.

2.4. Mass Spectrometry and Chromatographic Conditions

Mass spectrometric analyses were carried out using UPLC-MS/MS on XEVO TQ-S
triple quadrupole mass spectrometer (Waters, Milford, MA, USA) operated using MassLynx
software (version 4.1). The spectrometer was connected to an Acquity I-Class UPLC system
(Waters, Milford, MA, USA). Chromatographic separation was carried out employing
a gradient combination of solvent A (0.1% solution of HCOOH in water) and B (0.1%
HCOOH in acetonitrile). Peptide chains were parted on an Acquity UPLC BEH Shield C18
column, 2.1 × 50 mm, 1.7 µm, (Waters, Milford, MA, USA) using a gradient B (5 to 33%)
for a period of 10 min along with a flow rate of 0.3 mL/min at 40 ◦C. MS/MS data were
obtained using electrospray ionization technique in positive mode and multiple reaction
monitoring mode (MRM) was employed for the transition of selected peptides using a
source, ion spray voltage of 3000 V, and a desolvation temperature ranging between 150
and 450 ◦C, respectively. The entrance potential was kept at 12 eV and cone voltage was
maintained at 40 V.

2.5. Assay Validation

The devolved assay was validated as per guidelines cited by USFDA for validation of
bioanalytical method [16]. The validated factors/parameters include linearity, selectivity,
matrix effects, and correctness. Recognition measures for calibration standards (±20%) and
QCs (±25% at the LLOQ) were carried out in line as per recommendations for LC-MS/MS
methods [17].

2.6. Patients

A total of 20 breast cancer patients (all females), mean age (68), and range (48–81) were
enrolled for this pilot study undergoing treatment at Batra Hospital and Research Centre
New Delhi. All the patients were managed with trastuzumab comprising treatment regimen
from October 2018 to May 2019. Six patients/subjects were earlier treated with radiotherapy
and 11 patients were managed using at least one line of chemotherapy (combination X).
All the patients were informed about the study and informed consent was signed prior
to sampling. The approval from local ethics committee (Scientific Research and Ethics
Review Committee Batra Hospital and Research Centre 1, Tughlaqabad Institutional Area
M.B. Road, New Delhi-110062) with Letter No. SRERC/2018/19/09 and Submission No.
SRERC/2018/TH/24 was obtained before the commencement of the study. Throughout the
whole study, all the experiments were performed according to the latest ethical guidelines.
Sampling of blood was carried out by skilled nurses using standard protocol in medical
oncology. Toxicity was checked at proper intervals following CTCAE V3.0 (Common
Terminology Criteria for Adverse Events) grading while efficacy was assessed following
RECIST1.0 (response evaluation criteria in solid tumors). The patients were categorized
into two groups—i.e., non-responding subjects (reflecting progressive disease) and subjects
with clinical benefits (stable disease, showing partial or complete response).

2.7. Pharmacokinetic Sampling

Pharmacokinetic sampling was carried out after almost 2 months of treatment with
trastuzumab or 5 courses were administrated to attain steady state. Two samples of blood
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samples were obtained straightaway on venous blood collection tubes after administering
trastuzumab (Cmin, or trough levels) and instantly after infusion (Cmax). These samples of
blood were then immediately centrifuged (3000× g, 15 min 4 ◦C), fractions of plasma were
then obtained and maintained at a temperature of −80 ◦C until further processing.

3. Results
3.1. Method Development
3.1.1. Analytical Procedure for Optimization

During analytical procedure, optimization of both mass spectrometry and chromato-
graphic conditions were carefully optimized to achieve highest possible responses of
signature peptides with optimal sensitivity and accuracy. The mass spectrometry (MS)/MS
parameters in multiple reaction monitoring (MRM) mode were optimized by injecting
5 µL of the trypsin-digested sample of 2 mg/mL of working standard. The ion-source
parameters (source and desolvation temperatures, gas flow rates, and capillary and cone
voltage collision energy) were optimized individually to achieve maximum responses. The
ion source temperature of 150 ◦C, desolvation temperature 450 ◦C, cappilary volatage 3 kV,
and cone voltage 40 V showed the best product ion formation with the highest sensitivity
during optimization. As far as selecting of column is concern, Acquity UPLC HSS T3
(1.8 µm, 2.1 × 50 mm), Acquity HSS C18 (1.8 µm, 2.1 × 50 mm), and Acquity UPLC BEH
Shield C18 (1.7 µm, 2.1 × 50 mm) were evaluated, and among them, the last one produced
better separation compared with the rest and was selected for peptide separation. After
that, the mobile phase compositions were optimized to maximize peak resolution and
signal-to-noise (S/N) ratio. Initially, acetonitrile and water both containing 0.1% formic
acid were tried in isocratic and gradient modes of elution. The gradient mode produced
better separation for both target and internal standard (IS) peptides which was further
optimized to achieve optimum gradient programming with flow rate.

3.1.2. Selection of Signature Peptides

The selection of a unique surrogate peptides is most important for the quantification
of proteins by LC-MS/MS analysis. Due to high similarity of amino acid sequences of
Mabs, unique and appropriate peptides can only be found in complementarity-determining
regions (CDRs) of trastuzumab. During MRM transition optimization, various precursors
to product ion of peptides were acquired and screened using MultiQuant software for
comparing the peak area responses of various tryptic peptide transitions. Meticulous man-
ual data analysis was performed to filter the peptides and it was observed that fragment
crystallizable (Fc) region peptides showed a high degree of sequence similarity to endoge-
nous IgG in the human plasma. Peptide sequences with charge states +2; FTISADTSK
(504.772/667.341) and IYPTNGYTR (542.775/808.395) were selected as quantifier peptides
for trastuzumab as it produces the highest MS/SM responses. Signature peptides were
further confirmed to be located in the fragment antigen-binding (Fab) region by trypsin
digestion procedure which uniquely represents the CDR regions of trastuzumab. The
spectra representations of signature peptides are shown in Figure 2.

3.1.3. Digestion Workflow Optimization

The concentration/amount of tris buffer, trypsin, incubation time, and temperature
was optimized systematically to achieve recovery of peptides and reproducible and time-
effective sample processing. The addition of an alkylation step contributed to an increased
and consistent recovery of tryptic peptides. Furthermore, using a SUPER-SELECT HLB
SPE cartridge provide µ-elution steps for high-throughput sample preparation. The SPE
procedure step (conditioning, washing, and elution) were optimized to achieve consistent
recovery and lower matrix effects.
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Figure 2. Spectral representation of signature peptides for trastuzumab quantification.

3.2. Method Validation
3.2.1. Selectivity and Matrix Effect

Assay selectivity was determined by screening the blank human plasma samples
selected from six different lots. These blank plasma samples were co-processed with the
plasma samples spiked at LLOQ level (5 µg/mL) with ISTD. During analysis by UPLC-
MS/MS method, no significant interfering peaks in blank samples (compared to LLOQ
samples) were observed at the retention time of trastuzumab and ISTD. The represen-
tative TIC chromatograms of trastuzumab at LQC level are shown in Figure 3. These
findings confirmed that the proposed assay is selective and specific for the quantitative
analysis of trastuzumab in human plasma samples and is in compliance with international
regulatory guidelines.

The matrix effect which was expressed as %ME, was screened in six different lots
of human plasma spiked with trastuzumab and ISTD at LQC and HQC levels. The four
different aliquots of these samples were spiked in blank post-processed plasma samples
and, after analysis, its responses were compared with responses of aqueous samples. Slight
ion suppression effects (<15%) have been observed in processed plasma samples with slight
variations between them (≤5%). These results indicate that the obvious matrix effects are
negligible for analysis of trastuzumab and ISTD.
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Figure 3. MRM chromatogram of signature peptides, SILuMAB, illustrating signal in spiked plasma
samples.



Processes 2022, 10, 509 9 of 15

3.2.2. Linearity and the LLOQ of the Assay

The assay linearity was determined by preparing three different calibration curves
(CCs) in blank human plasma spiked with all eight different calibrators (5–500 µg/mL). The
CCs were plotted by using the area responses of analyte/ISTD versus nominal concentration
of analyte. All CCs were linear with best fitting having a mean correlation coefficient (r2) at
0.9965 (±0.0015) over the concentration ranges. The weighting factor was optimized and
1/x2 showed best results during back calculation of the concentration of the calibrators. The
back calculated concentrations of different calibrators of CCs were within the acceptable
limit of the ranges. The lowest concentration of the CCs (5 µg/mL) was considered as
LLOQ of the assay which was determined with acceptable accuracy and precision and its
responses were five times higher than the bank samples.

3.2.3. Precision and Accuracy

The precision (expressed as CV, %) and accuracy (expressed as % difference from
nominal values) of trastuzumab in human plasma samples were evaluated at LLOQ and
all three QC concentrations (LQC, MQC, and HQC) and are presented in Table 1. The
intra-run (within day) and between run (inter-day) were evaluated by using six replications
of all four types of samples. The intra-run and inter-run precision of trastuzumab were
found to be ≤10.1% ≤ 8.9%, respectively. These results confirmed that the developed assay
is accurate and precise and therefore reliable for quantification trastuzumab in plasma
samples.

Table 1. Patients’ characteristics and stage of disease.

Patient ID Age Sex Type of Cancer Stage of Disease

BOA/42/TRB 55 M Head-and-neck cancer
(mouth) Locally advanced cancer

NCY/52/TRB 60 M Head-and-neck
cancer(mouth) Locally advanced cancer

TNS/85/TRB 53 F Head-and-neck cancer
(larynx) Metastatic disease

LCV/58/TRB 66 M Head-and-neck
cancer(oropharynx) Metastatic disease

UNT/88/TRB 49 F Head-and-neck cancer
(larynx) Locally advanced cancer

3.2.4. Stability

Trastuzumab (mAbs) is a biological group of molecules and therefore its stability
under different storage and exposure conditions needs to be assured. All stabilities studied
were determined in six replicates using LQC and HQC concentration against freshly
prepared CCs. Its stability during freeze–thaw cycles was determined by processing the QC
samples after doing three freeze(at −65 ± 10 ◦C)–thaw (+4 ◦C) exposures and analyzing
the samples (LQC and HQC) against CCs. The short-term stability was determined by
processing the samples (LQC and HQC) and keeping them for 8 h for at +4 ◦C. The auto
sampler stability was performed by storing the tryptic digest mixture in the auto-sampler
for 96 h, maintaining a temperature of +4 ◦C. The long-term stability was determined
after performing the digestion steps of the samples by keeping them for two months at
−65 ± 10 ◦C. All samples were found to be stable during the analysis of the QC samples
after the proposed exposure conditions (Table 2). These results confirmed that the peptides
are stable and are less susceptible for degradation at anticipated temperature/storage
conditions.
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Table 2. Precision and accuracy values at LLOQ, LQC, MQC, and HQC concentration of trastuzumab
in human plasma samples during the course of validation (n = 6).

Nominal
Concentration

(µg/mL)

Intra-Run Inter-Run

Measured
Concentration
(µg/mL ± SD)

Precision
(CV, %) Accuracy (%)

Measured
Concentration
(µg/mL ± SD)

Precision
(CV, %) Accuracy (%)

5.32 5.43 ± 0.50 6.4 101.9 5.22 ± 0.45 8.6 98.0
15.2 15.16 ± 1.52 10.1 99.6 15.12 ± 1.19 7.9 99.3
249 241 ± 22.3 9.2 97.3 244 ± 16.5 6.8 97.9
396 412 ± 38.4 9.3 104.2 411 ± 36.7 8.9 103.9

3.2.5. Robustness

All the parameters needed to check the robustness were checked to improve the
method sensitivity and to alleviate the overall robustness. Mobile phase pH, concentrations
of additives in the eluent, organic solvent content in the eluent, column temperature, flow
rate, drying gas flow, nebulizer gas flow, and ion source configuration were used to evaluate
the robustness of the method.

3.3. Toxicity and Efficacy

Following CTCAE V3.0. Criteria, 30% of patients (i.e., 6 out of 20) had reported grade-3
(severe) toxicities which include anemia, thrombocytopenia, mucositis, and nephrotoxicity.
Moreover, two patients reported severe radiation induced dermatitis; however, no grade-4
toxicities were reported here. In RECIST 1.0. evaluation, 50% (i.e., 10 out of 20 patients)
had progressive disease while the remaining half (50%) were categorized as responding
with treatment (i.e., patients with clinical benefit) including 35% patients (7 out of 10) with
partial response and 15% patients (3 out of 10 patients) with complete response. Almost half
of the patients (9 out of 20 patients) died during the follow-up period. The average survival
was almost one year from the start of trastuzumab therapy. Standard t-test was used to
calculate the differences between clinical benefit and progressive disease and p-value < 0.05
was considered as statistically significant. In addition, t-test was also used to determine the
differences in exposure levels between patients with and patients without severe toxicities.
Comparisons of proportions were performed using Fisher’s exact test considering the small
number of patients.

3.4. TDM and Exposure Pharmacodynamics Relationships

Out of 20 patients; we are only able to receive five patients’ plasma samples for
determination of Cmin and Cmax values. As presented in Tables 3 and 4, the range of
Cmin was 50.3 to 100.3 with mean concentration value of 68.76 µg/mL however the range
for Cmax values was 118.2–160.2 µg/mL with mean concentration value of 138.4 µg/mL.
Finally, receiver operating characteristic (ROC) curve analysis showed that 52.25 µg/mL
concentration was the Cmin threshold predictive of response with an acceptable sensitivity
(88.58%) and specificity (79.25%).



Processes 2022, 10, 509 11 of 15

Table 3. Stability of trastuzumab under different temperature and storage conditions.

Storage/Temperature
Nominal

Concentration
(ng/mL)

Mean ± SD
(ng/mL ± SD)

Precision
(% CV)

Accuracy
(%)

Freeze–thaw
15.2 14.70 ± 1.03 7.04 96.7
396 370 ± 18.94 5.12 93.4

Auto-sampler 15.2 15.2 ± 0.61 4.0 99.7
396 413 ± 42.7 10.4 104.5

Short-term
15.2 15.9 ± 0.53 3.32 104.6
396 410 ± 17.4 4.24 103.6

Long-term 15.2 14.5 ± 0.74 5.08 95.3
396 406 ± 15.63 3.85 102.6

Table 4. Residual and maximal concentration (µg/mL) of trastuzumab in breast cancer patients.

Patient ID Residual Concentration of
Trastuzumab (µg/mL)

Maximal Trastuzumab
Concentration (µg/mL)

BOA/42/TRB 50.3 150.5
NCY/52/TRB 80.5 148.3
TNS/85/TRB 54.5 115.2
LCV/58/TRB 100.3 160.2
UNT/88/TRB 58.2 118.2

Mean 68.76 138.48
SD 21.14 20.41

CV, % 30.75 14.74

4. Discussion

In around 20 percent of breast cancer, HER2 enhancement can be detected and it is
linked to invasive phenotype conditions. In metastatic and adjuvant settings, trastuzumab—
a mAb HER2 antibody—has a significant clinical advantage. However, after adjuvant
therapy with trastuzumab, some patients experience recurrence of the disease and most
patients with metastasis do not gain therapeutic benefits or develop refractory disease
within 1 year of treatment [18]. A growing hypothesis is that upstream pharmacokinetic
problems, particularly low plasma concentration levels, may be the cause of poor responses
in some patients treated with normal but inadequate dosing, in addition to possible down-
stream tumor deregulation [19]. Nothing about the pharmacokinetics of mAbs is known
to date [20]. For years, the invention of precise bioanalytical methods for the measure-
ment of plasma concentrations in routine patients has remained a challenging task [21].
Ligand-binding assay, in which most of the methods widely used are related—particularly
enzyme-linked immunosorbent assays (ELISA) such as canonical ELISA methods, either as
part of clinical registration or in academic research—have long been the standard method
for TDM of therapeutic antibodies [22,23]. In addition, some commercial kits are now also
available, but only a few clinical pharmacokinetic laboratories in oncology settings or uni-
versity hospitals have experience with the proper handling of in-house ELISA procedures,
which may limit the widespread use of this technique as part of routine bedside moni-
toring of therapeutic drugs. Moreover, these methods lack the selectivity to distinguish
between significant molecular differences (such as point mutations in the target protein
or post-translational modifications) and display limited multiplexing capabilities. In this
regard, we have established a simple and original UPLC-MS plasma trastuzumab test
method that meets the conflicting routine TDM sensitivity, simplicity, solidity, and low-cost
requirements. A fast sample preparation workflow with SPE µ-elution technique and
sensitive with specificmass spectrometric detection are the basis of this original technique.
Efficient quantification of residual concentrations was performed in all test samples with
the combination of easy and rapid (i.e., 2 h) pellet digestion and high-pH reverse pellet frac-
tionation prior to low-pH separation LC. The degree of ionization suppression, estimated



Processes 2022, 10, 509 12 of 15

at only about ≤15%, demonstrates the effectiveness of the fractionation method. It may be
linked to the complementarity between high-pH fractionation and low-pH reverse-phase
chromatography and optimized wash and elution conditions in the SPE. Quantification
based on trastuzumab calibration parameters, processed in a similar manner and at the
same time as clinical samples—coupled with SIL-peptide internal standardization at the
early stage of the procedure—demonstrated high accuracy and precision, in line with the
most recent bioanalytical recommendations, and full analytical range and sensitivity of
the method. Moreover, reproducibility, accuracy, and transition by stable isotope dilution
protein measurement laboratories and TQD instruments have already been well demon-
strated [24,25]. Together with the high accuracy and precision of our assay, it makes the
way for easy cross-validation and reproducibility of trastuzumab assays between clinical
pharmacokinetic laboratories. This initial approach showed its robustness and full ability
to differentiate non-responsive patients from patients with clinical benefit when assessed
as part of a pilot study in trastuzumab-treated patients. Based on residual and maximum
concentration control, neither population-based identification of individual PK parameters
nor absolute exposure level simulations were found, e.g., this technique was used in the
actual routine atmosphere of the institute to measure its performance under natural envi-
ronment conditions. For example, routine care staff conducted sampling, and samples were
then taken to the laboratory as routinely used tubes, without complete control of the shelf
and the conditions of transport from sample collection to laboratory. However, our strict
analytical conditions have never impaired the matrix effect, considering that samples could
have remained unattended before being shipped to the laboratory and that regular patients
are even more polymedicated than is commonly the case in real clinical trials. Indeed, no
inclusion criteria other than trastuzumab therapy have been maintained and a number of
stages, co-medications, and sufficient breast cancer localization have been considered. This
variety in the pilot study was also not a confounding factor. For example, it has been found
that patients with metastatic diseases are equally spread to non-responsive patients and to
clinically helpful patients (data not shown). Concomitant radiotherapy or the treatment
of carboplatin versus cisplatin, which was linked with 5-FU, which also did not impact
clinical outcomes (data not shown). We found that there were extremely variable levels of
trastuzumab sensitivity among patients. For example, the mean value of trough level was
68.75 µg/mL with % CV of 30.75%, while mean Cmax level was 138.4 µg/mL with % CV of
14.7%, indicating that variation in residual range concentration of trastuzumab achieved
more than the than the median concentrations for other patients at the end of the infusion.
Conversely, the median concentration was smaller for some other patients than the residual
concentrations found elsewhere. Furthermore, as has already been shown in other pop-
ulations, the effectiveness was associated with the pharmacokinetics of trastuzumab, as
both Cmin—and, to some extent—Cmax levels were higher in stable/responsive patients
than in progressive disease patients. A marked difference in Cmin values was first shown
and the ROC analysis found that residual concentrations above 52.25 µg/mL, with 88.58%
sensitivity and 79.25% specificity, were closely correlated with clinical gain. We have
noticed that there was a smaller statistical gap in their respective Cmax values between
stable/responsive patients and non-response patients. Considering that the Cmin could be
more important than Cmax therapeutic efficacy values for trastuzumab is consistent with
the PK/PD relationship of the majority of mAbs used in the treatment of breast tumors.
Huge antibodies are difficult to infiltrate solid tumors and it is also widely agreed that
it is easy to meet only extracellular targets of the outer cell layer of the tumor mass over
time. In laboratory models, it has already been shown, in particular with trastuzumab,
that its distribution decreases with the distance from the blood vessels and that there is no
antibody in hypoxic regions such as the tumor core [26]. As a result, retaining continuous
inhibition of usable tumor surface EGFR targets with prolonged trough levels may be a safer
way to optimize effectiveness than to acquire elevated Cmax values and thus significant
volumes of plasma trastuzumab that will essentially be unable to penetrate deep tumor
tissues. Here, both patients had KRas and NRas wild-type status and could thus respond to
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anti-EGFR therapy in principle. However, 50% of patients have progressive ailments, given
the favorable downstream pharmacogenomic profile. Accordingly, our findings suggest
that patients with residual concentrations of trastuzumab below 52 µg/mL are likely to
have their dose changed to higher doses to raise dosage levels and increase efficacy, noting
that a PK/PD interaction of this type has not been illustrated by toxic cases. However,
in this pilot trial, despite efforts to change the dosage, much of the adverse effects we
found (i.e., cardiotoxicity) could not be due to anti-EGFR treatment, but rather to related
chemotherapy—i.e., cisplatin, carboplatin, and 5-FU [26–29]. Finally, in this pilot study,
the number of patients and the study length were also too limited to determine adequate
survival. We found, however, that the mean survival of nine dead patients in the low Cmin
level subgroup (four patients) was 6 months while the average survival of those in the high
Cmin subgroup (five patients) was 13 months. This finding was consistent with the positive
effect we have observed between higher residual trastuzumab concentrations and clinical
effectiveness, albeit viewed only as a pattern with no statistical significance. The current
dose strategy for oncology and especially targeted therapy, such as mAbs in chemotherapy,
is perceived to be sub-optimal for some patients and thus needs better dosing methods
for optimal drug dosage for each specific patient. Therefore, individualized TDM-guided
dosing with mAb has the ability to be used in clinical oncology [30].

5. Conclusions

In this study, a UPLC-MS/MS assay has been developed and validated for the quan-
titative determination of trastuzumab in human plasma. The method was successfully
applied in the measurement of residual and maximal concentration of trastuzumab in
breast cancer patients. While monocentric and performed in a small number of patients,
this prospective evidence-of-concept research strongly indicates that monitoring of residual
trastuzumab concentrations using the UPLC-MS/MS technique is feasible and inexpensive
while providing conclusive evidence to predict clinical efficacy, in addition to standard
downstream pharmacogenomics tests at a tumor level. This approach could also be utilized
as a convenient approach for implementing a TDM strategy with trastuzumab for early
decision-making (i.e., titrating the trastuzumab dose for personalized therapy). Instead
of dosing, the TDM could be used to customize the schedule; that is, to determine when
the patient will reach the trough concentrations that will lead to efficacy. Eventually, this
could reduce drug costs by preventing excessive treatment. TDM with PK modeling and
simulation along with randomized prospective trials are needed to verify if precision
medicine can be part of immunotherapy [31]. Creating a clinical application of TDM first
requires an expansion of the evidence base, then simplifying sampling strategies, such as
using dried blood spots or body fluids other than blood. Pharmacometrics that combine
pharmacokinetics, individual patient characteristics, and drug concentrations should utilize
Bayesian estimations and provide clinics with clinical decision support [32].
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