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Abstract

:

Tyrosine kinase inhibitors have often been reported to treat early-stage hormone-receptor-positive breast cancers. In particular, neratinib has shown positive responses in stage I and II cases in women with HER2-positive breast cancers with trastuzumab. In order to augment the biopharmaceutical attributes of the drug, the work designed endeavors to explore the therapeutic benefits of neratinib in combination with naringenin, a phytoconstituent with reported uses in breast cancer. A UPLC-MS/MS method was developed for the simultaneous estimation of neratinib and naringenin in rat plasma, while imatinib was selected as the internal standard (IS). Acetonitrile was used as the liquid extractant. The reversed-phase separation was achieved on a C18 column (100 mm × 2.1 mm, 1.7 µm) with the isocratic flow of mobile phase-containing acetonitrile (0.1% formic acid) and 0.002 M ammonium acetate (50:50, % v/v) at flow rate 0.5 mL·min−1. The mass spectra were recorded by multiple reaction monitoring of the precursor-to-product ion transitions for neratinib (m/z 557.138→111.927), naringenin (m/z 273.115→152.954), and the IS (m/z 494.24→394.11). The method was validated for selectivity, trueness, precision, matrix effect, recovery, and stability over a concentration range of 10–1280 ng·mL−1 for both targets and was acceptable. The method was also assessed for greenness profile by an integrative qualitative and quantitative approach; the results corroborated the eco-friendly nature of the method. Therefore, the developed method has implications for its applicability in clinical sample analysis from pharmacokinetic studies in human studies to support the therapeutic drug monitoring (TDM) of combination drugs.
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1. Introduction


Breast cancer is considered one of the leading causes of mortality in the female population and the second most commonly reported cancer globally [1]. Over recent years, there has been continuous drug approval for the treatment and management of breast cancer. As per the WHO statistics of 2020, around 2.5 million deaths are estimated between 2020 and 2040. The early diagnosis of breast cancer, with confirmation of its genetic basis and heterogeneity, helps in selecting the right chemotherapeutic drugs for breast cancer treatment. In the past few years, the United States Food Drug Administration (USFDA) has approved several tyrosine kinase inhibitors for breast cancer treatment, which are very effective in HER2-overexpressed/amplified breast cancers [2,3]. Tyrosine kinase inhibitors specifically block the abnormal signal transduction, which is necessary for the proliferation of the cancer cells, and also show anti-epithelial growth factor receptor (EGFR) activity.



Neratinib (NER), a tyrosine kinase inhibitor, was approved by the USFDA in July 2017 as an extended adjuvant therapy for adult patients prescribed with trastuzumab for early-stage breast cancers [4,5]. Moreover, it is available in the form of tablets for oral administration at a dose of 40 mg. In contrast, the oral pharmacokinetics of neratinib exhibit a nonlinear absorption profile along with a food effect [6]. To understand the pharmacokinetic and biodistribution profile of the drug, a fast, sensitive, and efficient analytical method is always very useful for preclinical and clinical sample analysis. Very few bioanalytical methods of neratinib alone have been reported in the literature for estimation in rat and human plasma using high-performance liquid chromatography (HPLC) with ultraviolet (UV) and diode/photodiode array detectors (DAD/PDA) [7] and ultra-performance liquid chromatography (UPLC) with mass spectrometer (MS/MS) detectors [8,9,10]. In contrast to these existing methods, the present work aimed to establish a rapid and sensitive bioanalytical method for the quantification of multiple compounds in human plasma samples. This new method also endeavors to support the therapeutic drug monitoring (TDM) program. LC-MS/MS methods have been quite frequently used in TDM owing to their high sensitivity and specificity compared to other analytical techniques, as they quantify drugs irrespective of their natural chromophores or fluorophores [11,12]. Upon the optimization of sample preparation and mass spectrometry conditions, column and internal standard selection, LC-MS/MS methods greatly help in avoiding interference due to the matrix effect and the presence of other analytes and metabolites [13,14].



For better pharmacotherapeutic action, chemotherapeutic drug combinations with phytopharmaceuticals, especially antioxidants, have been extensively explored in the past few decades [15,16]. In this regard, we found naringenin (NRN) to be one of the potential phytopharmaceutical agents for various cancers, including breast cancer [17,18]. NRN potentially exhibits a dose-dependent increase in caspase-3 and caspase-9 activity-mediated apoptosis in breast cancer cells [17]. Additionally, it reduces cell proliferation and inhibits the migration of breast cancer cells via inflammatory and apoptosis cell signaling pathways. For the quantification of NRN in preclinical and clinical samples, a suitable bioanalytical method is required to understand the pharmacokinetic and pharmacodynamic behaviors of the drug. A score of research studies have documented the analytical estimation of NRN in biological matrices employing HPLC [19,20,21], LC-MS/MS [22], and related techniques. However, the sensitivity or lower limit of quantification (LLOQ) reported in the HPLC methods was in the range of 0.1–15 µg·mL−1 [19,20,21], while the LC-MS/MS method by Ma et al. (2006) reported double peaks for NRN in rat plasma despite a good LLOQ of 5 ng·mL−1 [22]. On the contrary, the current method showed a single peak for NRN with high resolution, although LLOQ was found to be 10 ng·mL−1, which is still good for the routine analysis of the drugs in preclinical and clinical samples.



Green analytical chemistry (GAC) is a recent approach growing in popularity amongst analysts. However, any analytical procedure’s green or eco-friendly nature dramatically affects environmental sustainability and the overall economy of the method development. With many screening and identification processes, chemists have recommended solvents and reagents that promise to fulfill the above intent. With scientists presenting newer approaches now and then, it has been a critical task for the analyst to choose between the various greenness assessment tools available. The National Environmental Methods Index (NEMI), Green Analytical Procedure Index (GAPI), and eco-scale (etcetera) are some of the most widely utilized tools for assessing a method’s greenness. Several scientists have reported the benefits and justifications of using such approaches for examining the eco-friendly nature of different analytical procedures [23,24]. A detailed discussion of their goals and rationale for assessment can be found elsewhere. In the current study, two assessment approaches, namely NEMI and AES, were adopted to qualitatively and semi-quantitatively determine the method greenness score.



In analytical science, method development for simultaneous estimation of two or more compounds provides cost and time economy in the analysis and colossal resource savings. However, method development for the simultaneous estimation of compounds is quite tedious, as many factors tend to influence the retention capacity of the drugs due to variations in their physicochemical characteristics. Therefore, in the present work, the researchers focused on developing a UPLC-MS/MS method to estimate NER and NRN in rat plasma simultaneously. Furthermore, the developed analytical method was validated according to current regulatory guidelines and employed to assess the stability of both analytes [25]. Additionally, the bioanalytical method’s greenness was assessed considering some of the latest approaches discussed by various analysts [23,24].




2. Materials and Methods


2.1. Chemicals and Reagents


NER was purchased from Weihua Pharma (Hangzhou, China), and NRN (Purity > 99%) was purchased from TCI Chemicals (India) Pvt. Ltd. (Chennai, India), while the internal standard (IS), imatinib (Purity > 98%), was generously provided by Dr. Reddy’s Laboratories Ltd. (Hyderabad, India). The LC-MS grade acetonitrile (ACN) and distilled water were purchased from J.T. Baker Chemicals (Mumbai, India), and ammonium acetate, ethyl acetate, formic acid, and ammonium formate were obtained from Fluka Analytical (Seelze, Germany). The other chemicals and reagents obtained were of analytical reagent grade.




2.2. UPLC-MS/MS Instrument and Conditions


The instrumental analysis was performed on the ACQUITY® UPLC-MS/MS system (Waters Corp., Milford, MA, USA) fitted with a binary pump system, autosampler unit, and column compartment. A ZsprayTM Xevo TQD (Waters Corp., Milford, MA, USA) mass spectrometer working with positive mode electrospray ionization (ESI) detected and quantified the analytes of NER and NRN. The detailed instrumental setting preferences for different test parameters are displayed in the Supplementary Information, Table S1.




2.3. Animal Ethical Approval


The animal study protocol was approved by the Institutional Animal Ethic Committee (IAEC) of Roland Institute of Pharmaceutical Sciences (RIPS) (Berhampur, Odisha 760010, India), with the protocol number 146/Chairman IAEC, RIPS, Berhampur (Approval Date: 13 November 2021). The animal care and maintenance were carried out as per the guidelines of the Committee for the Purpose of Control and Supervision of Experiments on Animals (CPCSEA). Healthy male Wistar rats (weighing between 180 and 220 g) were housed in polypropylene cages with free access to a standard diet and water ad libitum. Moreover, the animals were exposed to regular day and night cycles to maintain their circadian rhythms.




2.4. Preparation of Standards and Sample


Separate stock solutions (1 mg·mL−1) of NER, NRN, and IS were prepared using ACN as a diluent. Precisely measured, 0.05 mL and 0.1 mL of analytes and IS were pipetted from the stocks and spiked into rat plasma samples (0.5 mL). After liquid-liquid extraction (LLE), the final dilution of eight concentrations of 10, 20, 40, 80, 160, 320, 640, and 1280 ng·mL−1 of NER and NRN and 10 ng·mL−1 of IS were obtained. Then, three specified concentrations viz. 100, 500, and 1000 ng·mL−1 were defined as QC solutions for the analytes, while 10 ng·mL−1 was taken as the IS for the validation results. The solutions were stored at −20 °C until the final analysis.




2.5. Bioanalytical Extraction from the Rat Plasma


Blood was collected from the retro-orbital plexus of anesthetized Wistar rats. The heparinized blood produced plasma when centrifuged at 10,000 rpm for 10 min. The recovered plasma was kept at −20 °C after the plasma harvesting operation. Aliquots of 0.05 mL of the analytes and 0.1 mL of 200 ng·mL−1 IS were accurately measured and spiked in Eppendorf tubes, which were well mixed for 5 min. The extraction medium, ACN (1 mL), was added to all samples, followed by 2 min of vortex mixing and 5 min centrifugation at 3000 rpm (4 ± 2 °C). Precisely measured 0.5 mL of the organic fraction was pipetted and dried. The final dilution was prepared to 1 mL using mobile the phase, and the syringe was filtered before injection into the instrument. The prepared samples were always stored at −20 °C until analysis.




2.6. Validation Protocol


Multiple bioanalytical method validation guidelines, such as the USFDA, China Food and Drug Administration (CFDA), etc., were referred to and employed to establish the validity of the current UPLC-MS/MS method.



2.6.1. Selectivity


Selectivity plays a critical role in establishing the uninterefered simultaneous quantification of analytes in a biological matrix, such as plasma. The absence of interference at analyte retention was used to establish method selectivity by comparing the chromatograms of the blank plasma from six animals with spiked samples.




2.6.2. Linearity and Sensitivity


Over the course of three days, eight-point analyte linearity curves were created utilizing the spiked plasma samples with concentrations ranging from 10 to 1280 ng·mL−1. The linearity plots were created using the drug-to-IS peak area ratio (y-axis) versus the spiked NER and NRN concentrations (x-axis). Further, the lower limit of quantification (LLOQ) was determined using six replicate samples that qualify for a minimum level of trueness and precision. For establishing trueness and precision at LLOQ, a maximum allowable deviation of 20% was permitted.




2.6.3. Trueness and Precision


We conducted hexaplicate analysis at LLOQ (10 ng·mL−1) and low, mid, and high QC samples with 100, 500, and 1000 ng·mL−1 of NER and NRN, respectively, over three days to examine the trueness and precision of the method. The authors used percent relative standard deviation (% RSD) to define the method’s trueness and precision, in addition to the amount of analyte recovered. The maximum variance allowed was 15% of the specified nominal level.




2.6.4. Carryover and Dilution Integrity


A blank sample was injected after the immediate analysis of the highest calibration standard to test carry-over. The absence of a significant carry-over can be confirmed by obtaining a peak area not more (<20%) than that of the LLOQ.



Subsequently, the dilution integrity was tested by spiking the blank rat plasma with analytes and diluting it ten times in blank plasma within the studied range, with a maximum allowed deviation of ±15% for trueness and precision.




2.6.5. Matrix Effect and Extraction


The extracted peak regions of NER, NRN, and IS were directly compared to the spiked plasmatic blanks, revealing the extraction recovery at three QC levels. Additionally, a comparison of the peak areas of the analytes and IS in the plasma of rats to that of the equi-concentration standard solutions leads to inferring the extent of the influence of the matrix.




2.6.6. Stability Study


NRB and NRN were studied for their stability in bench top and short-term (room temperature) for 6 h and 24 h, respectively. At a temperature of −20 °C, long-term (14 days) and freeze–thaw (3 cycles) stability was assessed. The post-preparative stability study of the analytes was performed at 8 °C. All of the above stability studies were performed using analytes at their LQC and HQC concentration levels (n = 6).





2.7. Integrative Application of Multiple Green Metrics Tools


The integrated approach of combining the National Environmental Methods Index (NEMI) procedure and the Analytical Eco-scale (AES) method was followed to ensure the greenness of the developed bioanalytical method [24,25]. NEMI deals with the identification of chemicals and reagents that are harmful to the environment and assigns green shades to eco-friendly ones in a typical pictogram highlighting each of them. Such reagents and chemicals are broadly classified as PBT (persistent, bioaccumulative, and toxic), H (hazardous), C (corrosive), and W (waste generation capability). Contrary to NEMI, a purely semi-quantitative approach of AES allocates penalty points (PPs) to an analytical method according to a corresponding amount of reagent depleted and subsequent possible hazards per single analysis. Additionally, it considers overall power demand, waste produced, and any operational risks for assigning PPs. Final greenness scores of 75 and above identify a method as being eco-friendly [26,27,28].





3. Results


3.1. Preparation of the Plasma Samples


A single-step extraction procedure was used to extract NER, NRN, and the IS from the rat plasma. The procedure employed acetonitrile as the most suitable extraction medium with higher recoveries. The addition of acetonitrile helped in protein precipitation and the partition of the analytes and IS during the liquid–liquid extraction process. The extraction recovery was observed to be quite satisfactory for the investigated analytes and the IS. There were no other peaks observed for the plasma components except for the analytes and IS, which ratified a lack of interference with the analytes.




3.2. Mobile Phase Selection and Optimization: A Greenness Perspective


The mobile phase of selection for a UPLC-MS/MS relies solely on the volatility properties and compatibility with the MS/MS system. Only a few restricted options befit these criteria and are used accordingly for vivid applications. However, if a green UPLC-MS/MS method is intended for development, one must adhere to the principles of green analytical chemistry (GAC) and prioritize the use of ethanol as an organic proportion. However, the greenest solvent, ethanol, is less preferred in reversed-phase chromatography because of higher viscosity and UV cutoff than methanol or acetonitrile. With lower viscosity and UV cutoff values than methanol, acetonitrile is the most preferred organic phase for UPLC-MS/MS. Additionally, it has better volatility properties than methanol, which support its use as a mobile phase component. Adding 0.1% formic acid into the mobile phase supports investigations under the positive ionization mode. Ammonium acetate in LC-MS grade water with a pH adjusted to 3.5 using acetic acid served as the aqueous phase. Finally, the method’s greenness was ensured by executing the NEMI and AES work strategies, which are described below in detail.




3.3. Investigation of Method Greenness


For a preliminary qualitative method greenness evaluation, the NEMI pictogram procedure was executed. In this procedure, the persistent, bioaccumulative, toxic, hazardous, and corrosive chemicals and reagents and their probable waste production capabilities were assumed to be alarming if they crossed 50 g. In the present evaluation, three quadrants indicated greenness, except for the quadrant denoted for hazard (H). Figure 1 portrays the NEMI multi-quadrant plot with notions for associated hazards. This helped us to be cautious for minimal possible hazards and to proceed with the penalty scoring system of AES. An overall score of 90 (Table 1) categorized the present method as green. This integrated approach ensured method greenness. From the above investigations, we inferred the exceptionally green nature of the method and its suitability for routine use, as it supports the current thinking to establish an AES framework.




3.4. Optimized LC and MS Conditions


ACQUITY UPLC® ethylene bridged hybrid (BEH) columns (Waters Corp., Milford, MA, USA) made of 1.7 μm particles of C8 and C18 were tested. Upon testing with the isocratic mode of separation, desired chromatographic results were obtained within 4 min. The flow of the mobile phase was 0.5 mL·min−1 (Supporting Information, Table S1). In-built Intellistart functionality automated the MS scanning and ESI optimization for NER, NRN, and the IS. This function selected the ion transitions (Figure 2A–C) for NER (m/z of 557.138→111.927), NRN (m/z of 273.115→152.954), and the IS (m/z 494.5→394) out of the three available peaks. The Intellistart supported automated optimized MS/MS conditions for the valid quantification of the analytes, which are listed in the Supporting Information, Table S2. The typical MS/MS fragmentation products for NER, NRN, and the IS have also been provided in Figure 2.




3.5. Validation of Results


The results for the method validation parameters and their acceptance criteria are described in the below sections.



3.5.1. Method Selectivity


The analyzed MRM chromatograms recorded for the blank plasma of six separate animals (Supporting Information, Figure S1A–C) showed an absence of any interference at the identified retention times for NER and NRN (Supporting Information, Figure S2A–C). This ensured adequate method selectivity to support the quantification of the analytes.




3.5.2. Method Linearity and Quantitation Limits


A concentration range over 10–1280 ng·mL−1 of both NER (y = 0.082x + 0.071) and NRN (y = 0.060x + 0.058) was found to be linear (R2 = 0.998). Figure 3 depicts the linear calibration plot for NER and NRN between concentrations (ng·mL−1) versus the analyte/IS peak area ratio. At the lowest concentration of 10 ng·mL−1, both the analytes (Table 2)were adequately quantified (Figure 4A–C)and established as the method’s LLOQ values.




3.5.3. Trueness and Precision


The results obtained for trueness (% recovery) and precision (% RSD) at LLOQ, LQC, MQC, and HQC levels are listed in Table 2. In addition, the intraday and interday recoveries for NER were found to be between −8.7 and −10.5% (% RE), while for NRN, the values were found to be between −8.76 and −10.6% (% RE), respectively. Moreover, the method’s preciseness was found to be between 1.1 and 2.8% (% RSD) for both the analytes, indicating its acceptability for bioanalytical applications.




3.5.4. Carryover and Dilution Integrity


Carryover was not observed by analyzing the blank plasma samples instantly after analyzing the highest calibration concentration of the analytes. In the dilution integrity studies for NER and NRN, the actual samples’ concentrations were above the upper limit of the calibration range. The mean diluted concentrations were acceptable within ±6.8 and 7.5% of the nominal concentration for NER and NRN, respectively.




3.5.5. Extraction Recovery and Matrix Effect


Analyte recovery was found to range between 85.81 and 88.21% for NER and 87.09 to 89.44% for NRN, respectively (supporting information, Table S3), at different studied concentrations. The matrix effect was found to be 10.12–14.13% and 9.61–13.07% for NER and NRN, respectively. In addition, the %RSD values of NER, NRN, and IS were found to be within 2%. These results implied the good extraction of NER and NRN in the plasma of rats and negligible influence of the studied matrix.




3.5.6. Stability of the Analytes


The stability test conditions such as bench-top, short-term, long-term, freeze–thaw, and post-processing were tested for NER, NRN, and IS in the rat plasma. The data in Table 3 indicate the stable nature of the analytes in the plasma of rats under the investigated stress conditions, where good extraction recovery and a lack of interference of any plasma components with analytes were observed.






4. Discussion


NER and NRN are a promising combination of modern and natural constituents for the effective management of breast cancer. The former controls breast cancer by its irreversible binding to epidermal growth factor receptors. In contrast, the latter is a derivative aglycone of hydrogenated flavanone origin that inhibits the migration of cancer cells to other body regions, alongside other health benefits that control disease progression. However, to efficiently monitor the therapeutic output of such a combination of drugs, sound bioanalytical LC-MS/MS methods are necessary. The qualitative identification and accurate quantitative determination of analytes in complex biological samples are key benefits of using such techniques. The current UPLC-MS/MS method was newly developed and validated per the regulatory guidelines governing the bioanalysis of drugs in biological fluids. The uncomplicated recovery of analytes from the rat plasma signifies the aptness of the current hyphenated method for the proposed purpose. Combined greenness assessment using contemporary techniques and a high greenness score (score = 90) for the optimized chromatographic condition aptly separated and quantified the analytes and promised environmental sustainability for future use. The method’s validation results were satisfactory, with a sensitive linear range of analyte concentrations that engulfed the trueness, precision, selectivity, and good LLOQ values. The final results of all such studies were beneficial to the guidance and reference values that the USFDA and other regulatory bodies have established. No carryover was observed, and the dilution integrity was acceptable. The recovery of analyte greater than 85%, supported with the least matrix effect, vouches for the method’s suitability. Finally, the results of the stability study under different stress conditions suggest the acceptable nature of the analytes in the studied matrix.




5. Conclusions


A UPLC-MS/MS method was developed to simultaneously quantify NER and NRN from rat plasma. During the pre-development and optimization phase, the investigations constituted the use of greenness assessment tools such as NEMI and AES, which construed the greenness of the present method. In addition, sensitive LLOQ values were found to befit the method linearity. Further, the validation results from trueness and precision, selectivity, carryover, dilution integrity, recovery and matrix effect, and stability studies matched method intent and were satisfactory. Hence, after assessing the overall study results, the present method conforms to the requirement of simultaneous bioanalytical quantification of the cited analytes for therapeutic drug monitoring in plasmatic samples. The excellent outcome of this work can potentially be linked to evaluating the pharmacokinetic parameters of the drugs in animals and humans.
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Figure 1. NEMI-oriented method greenness assessment pictogram. 
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Figure 2. Representative parent to daughter ion MRM transitions and the fragmentation products formed for (A) NER, (B) IS, and (C) NRN at LLOQ. 
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Figure 3. Calibration curve of NER and NRN. 
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Figure 4. Representative MRM chromatogram of blank plasma samples of (A) NER, (B) IS, and (C) NRN at LLOQ. 
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Table 1. Overall penalty points and greenness score of the current bioanalytical method.
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Reagents

	
Amount

	
Amount

PP (a)

	
Hazard

	
Hazard

PP

	
Total PP (b)






	
(1) ACN

	
<10 mL

	
1

	
Yes

	
4

	
4




	
(2) Acetate buffer

	
<10 mL

	
1

	
None

	
0

	
0




	
Instrument

	
Energy

	




	
(1) UPLC-MS/MS

	
1.5 kWh per sample

	
2




	
(2) Ultrasonicator bath

	
<0.1 kWh per sample

	
0




	
(3) Filtration pump

	
<0.1 kWh per sample

	
0




	
(4) Centrifuge Unit

	
≤1.5 kWh per sample

	
1




	
(5) Occupational hazards

	
Process Hermetization

	
0




	
(6) Waste

	
<10 mL

	
3




	
Overall PPs:

	
10




	
AES total score:

	
100 – 10 = 90




	
Remark:

	
Excellent greenness








(a) Penalty points. (b) Total PP = Amount PP × Hazard PP.
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Table 2. Method trueness and precision data.
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Analyte

	
Nominal

Concentration

(ng·mL−1)

	
Intraday (n = 6)

	
Interday(n = 18)




	
Trueness (RE, %)

	
Precision

(RSD, %)

	
Trueness (RE, %)

	
Precision

(RSD, %)






	
NER

	
10 (LLOQ)

	
−10.5

	
2.4

	
−10.1

	
2.2




	
100 (LQC)

	
−9.2

	
2.1

	
−10.2

	
2.5




	
500 (MQC)

	
−8.7

	
1.4

	
−9.1

	
1.2




	
1000 (HQC)

	
−10.23

	
1.5

	
−10.5

	
1.3




	
NRN

	
10 (LLOQ)

	
−10.5

	
1.8

	
−9.3

	
1.8




	
100 (LQC)

	
−8.76

	
2.8

	
−10.6

	
1.6




	
500 (MQC)

	
−10.36

	
1.4

	
−9.91

	
1.26




	
1000 (HQC)

	
−10.02

	
1.3

	
−10.01

	
1.1








RE: Relative error; RSD: Relative standard deviation.
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Table 3. Stability data of the method.
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Stability Type

	
Compound

	
Concentration (ng·mL−1)

	
RE, %

	
RSD, %






	
Bench-top at room temperature

(up to 6 h)

	
NER

	
100 (LQC)

	
−11.75

	
2.74




	
1000 (HQC)

	
−13.74

	
1.44




	
NRN

	
100 (LQC)

	
−11.37

	
2.42




	
1000 (HQC)

	
−14.43

	
1.22




	
Short term at room temperature

(up to 24 h)

	
NER

	
100 (LQC)

	
−11.27

	
1.47




	
1000 (HQC)

	
−14.45

	
0.99




	
NRN

	
100 (LQC)

	
−12.4

	
1.38




	
1000 (HQC)

	
−14.33

	
0.57




	
Long-term at −20 °C

(14 days)

	
NER

	
100 (LQC)

	
−11.75

	
1.64




	
1000 (HQC)

	
−13.31

	
2.34




	
NRN

	
100 (LQC)

	
−13.65

	
1.62




	
1000 (HQC)

	
−14.35

	
1.04




	
Freeze–thaw at

−20 °C (up to 3rd

cycle)

	
NER

	
100 (LQC)

	
−12.7

	
1.75




	
1000 (HQC)

	
−11.78

	
1.23




	
NRN

	
100 (LQC)

	
−12.2

	
1.85




	
1000 (HQC)

	
−13.5

	
0.91




	
Post-preparation

at 8 °C

	
NER

	
100 (LQC)

	
−14.7

	
3.14




	
1000 (HQC)

	
−14.08

	
1.86




	
NRN

	
100 (LQC)

	
−11.6

	
2.77




	
1000 (HQC)

	
−12.87

	
1.13








RE: Relative error, RSD: Relative standard deviation.
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