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INTRODUCTION
As part of ongoing efforts to enhance the healthcare 

system, implementing the “five rights” strategy—the right 
patient, right drug, right time, right dose, and right route—is 
crucial for achieving effective and safe clinical outcomes [1,2]. 
The “five rights” become particularly important when dealing 
with drugs having low therapeutic windows, drug/metabolite 
toxicity, development of treatment resistance, and therapy in 
specific patient populations. To get the right dose, it is imperative 
to assess the pharmacokinetics (PK) of drugs in the targeted 

patient population. In recent years, neonatal pharmacotherapy 
has gained significant attention as healthcare professionals and 
regulatory agencies strive to optimize drug dosing and improve 
therapeutic outcomes in this vulnerable patient population. 
The challenges associated with administering medications to 
neonates are multifaceted, ranging from the unique physiological 
characteristics of neonates to the limited availability of PK 
data for many drugs in this population. This leads to off-label 
prescriptions and incorrect dosing in the neonatal population 
preventing the implementation of the five rights [3–10].

Antibiotics are lifesaving medicines for all classes 
of the population irrespective of their age. Neonates are very 
vulnerable to infections and need to be treated with the right 
antibiotics at the right dose to prevent death and lifelong 
complications arising out of infection [11–14]. The choice of 
antibiotics depends on the suspected pathogens and the clinical 
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ABSTRACT
Precise dosing of antibiotics in the neonatal population is a challenge due to insufficient pharmacokinetic data in 
neonates. The lack of suitable analytical methods is a roadblock to achieving this goal. The aim of the present study 
is to develop simultaneous LC-MS/MS methods for nine antibiotics from the neonatal plasma and dried blood spot 
samples and to compare them for their sensitivity, selectivity, accuracy, and other related validation parameters. The 
chromatographic separation was obtained using Acclaim120 C18 (150 × 4.6 mm, 3 µ) column on an LTQXL linear 
ion trap LC-MS/MS with a gradient program. The method was fully validated as per the ICHM10 guideline. The 
method has successfully passed all the validation criteria including the matrix effect, carry over, dilution integrity, 
and has shown reproducible recovery on extraction from plasma. The results of the stability studies were satisfactory, 
and the method was successfully applied for the analysis of clinical samples. In contrast to the plasma method, the 
DBS method failed to show linearity and is not suggestive for analysis of the selected antibiotics.
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condition of the patients. In neonatal care, antibiotics such 
as ampicillin (AMPI), amikacin (AMK), gentamicin (GTN), 
cefotaxime (CXIME), ceftriaxone (CXONE), piperacillin (PIP)-
tazobactam (TAZ), cefoperazone (CFPZ)-sulbactam (SUL), 
cefuroxime (CFUME), meropenem (MERO), vancomycin 
(VCN), and so on, are the preferred choices [47,48]. Given the 
significance of prudent antibiotic use in preventing antibiotic 
resistance, neonatal care providers must practice antibiotic 
stewardship. This involves choosing the most appropriate 
antibiotic, administering the correct dosage, and limiting the 
duration of treatment in order to avoid superfluous exposure 
and reduce the risk of antibiotic resistance. Antibiotic-treated 
neonates are closely monitored for treatment response. This 
includes monitoring clinical signs, laboratory results (such as 
blood cultures and inflammatory markers), and any potential 
antibiotic adverse effects. In addition to treatment, infection 
prevention is a primary focus for premature neonates who are 
particularly susceptible to infection [49]. Premature infants may 
also be given prophylactic doses of antibiotics to reduce the 
risk of early-onset sepsis, particularly if their mothers have risk 
factors for transmitting infections. The dosage, Cmax, and half 
of the commonly used antibiotics in pediatric care are given in 
Table 1.

Although antibiotics are being extensively used in the 
neonatal intensive care unit, the current practice of determining 
the neonatal dose is by extrapolation from the pediatric dose. 
However, the direct extrapolation of the adult dose is not 
suggestive because newborns and infants have highly dynamic 
body physiology. Precision dosing of these antibiotics is 
not possible because of the lack of comprehensive PK data 
in the newborn population. One of the reasons for this is the 
difficulties encountered in designing PK studies in newborns. 
Population pharmacokinetic (PopPK) studies can be utilized 
in PK evaluations to overcome the limitations of traditional 
individual-based PK studies in neonates. By utilizing data from 
a large patient population, PopPK modeling and simulation 
enables the estimation of drug disposition parameters and 
the exploration of various factors influencing drug exposure 
in neonates [50,51]. Knowledge gained from population PK 
studies can inform evidence-based dosing guidelines, aid in 
preventing drug-related adverse events, and guide therapeutic 

drug monitoring strategies. There is an urgent need to establish 
the PK profile of neonates so that precise dosing is possible.

The first and foremost requirement for a PK evaluation 
is a sensitive analytical technique that can quantify minute 
quantities of drugs from complex matrices such as blood 
[52–54]. The volume of blood samples, the procedure used 
for collection, and lack of sensitive analytical techniques are a 
few of the several problems. It is essential to have a sensitive 
analytical technique that can quantify the said antibiotics 
from neonatal blood samples. The LC-MS/MS technique can 
overcome the resolution issues particularly observed with polar 
and multi-ionic antibiotics with poor chromatographic retention 
[55–62]. Sampling is always a concern in the vulnerable 
neonatal population. Dried blood spot (DBS) sampling is the 
preferred choice in neonates in comparison to traditional venous 
sampling because of its non-invasive nature. In this work, we 
explore the capability of LC-MS/MS in analyzing the nine 
antibiotics from minute quantities of plasma and DBS samples.

MATERIALS AND METHODS

Reference standards, reagents, and biological sample
Secondary Pharmaceutical Standards: Ampicillin, 

Cefoperazone, Cefotaxime, Ceftriaxone, Cefuroxime, 
Meropenem, Piperacillin, Sulbactam, Tazobactam, and Ceftiofur 
(Internal standard) were procured from Sigma-Aldrich. LC-MS/
MS grade acetonitrile was supplied by Merck, India. Type-I water 
for all the analysis was produced in-house in the Merck Millipore 
Direct Q-3 UV water purification system. Clinical samples were 
collected after informed consent from patients meeting the 
inclusion criteria. The Institutional Ethical Committee approval 
was obtained from Kasturba Medical College and Kasturba 
Hospital Institutional Ethics Committee (Registration No. 
ECR/146/Inst/KA/2013/RR19), Manipal dated August 13, 2019 
(certificate number 558/209) and Clinical Trials Registry, India, 
dated October 22, 2019 (CTRI/2019/10/021750), respectively. 
Whole blood and plasma samples from healthy adult human 
volunteers were used for method development and validation.

Instruments
Dionex Ultimate-3000 HPLC system hyphenated 

with LTQ-XL linear ion-trap mass spectrometer, Thermo Fisher 

Table 1. Dosage, Cmax, and half-life of the commonly used antibiotics in neonatal intensive care. 

Antibiotics
Dose (IV) Cmax (mg/l) Half-life (hour)

References
Adult (g) Pediatrics (mg/kg) Adult Pediatrics Adult Pediatrics

Piperacillin 4.0 25–50 277.0 49.80–107.0 0.88 0.51–0.54
[15–18]

Tazobactam 0.5 25–50 34.4 11.9–26.5 0.78 0.50–0.60

Cefoperazone 1.0–2.0 50–100 153.0–252.0 110–352 1.2 6.0–8.0 [19–23]

Sulbactam 2.0–4.0 40–80 ~130.0 51 1 1.3–2.0 [24,25]

Cefotaxime 0.5–2.0 25–50 38.0–210.0 70–100 1.2 4.0– 6.0 [26–29]

Ceftriaxone 1.0–2.0 25–50 150.0–257.0 136–230 5.5 5.0–15.0 [30–32]

Ampicillin 0.2–0.5 100–400 87.5–116.5 36–257 0.7–1.5 2.2–5.5 [33–38]

Meropenem 0.5–1.0 10–40 30.0 19.3–73.8 1.0 1.58–3.8 [39–41]

Cefuroxime 0.75–1.5 50–100 26.0–73.0 105–152 1.0–2.0 1.6–5.8 [42–46]
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Scientific LLC was used for the LC-MS/MS analysis. Ryan 
Labs, an Indian company, provided autosampler recovery vials. 
The blood samples were collected in 0.5 ml K2 EDTA tubes, 
CML Biotech Private Limited, India. The DBS samples were 
collected in Whatman903®paper. The clinical and long-term 
stability samples were stored in Sanyo MDF-U32V Ultra-Low 
temperature freezer China. For 2°C to 8°C storage conditions, 
Godrej Eon refrigerator, India, was used. A REMI C24 cooling 
centrifuge with an R-248 M (24 1.5 ml) rotor head was used 
to centrifuge the samples at multiple points in the sample 
preparation process.

Chromatographic conditions
The chromatographic separation was obtained using 

Acclaim120 C18 (150 × 4.6) mm, 3 µ column, Thermo Fisher 
Scientific, USA, in gradient elution using acetonitrile (A) and 2 
mM ammonium acetate buffer pH adjusted at 6.40 with dilute 
ammonia solution. The gradient programming started with 
76% B, linearly reducing to 40%B in 4 minutes, holding for 1 
minute and returning to the initial condition in 1 minute and 5 
minutes conditioning with a total run time of 11 minutes at 0.4 
ml/minute flow. The column oven was maintained at 35°C and 
autosampler at 10°C. The autosampler injection volume was set 
to 1µl for the plasma sample and 5µl for the DBS sample.

Mass spectrometry
Ionization in the mass spectrometer was accomplished 

with a heated electrospray ionization source operated at 
capillary temperature 350°C, source heater temperature 420°C, 
sheath gas flow 50 arb, auxiliary gas flow 16 arb, sweep gas 
flow 0 arb, source voltage 4.0 kV, source current 100 uA and 
capillary voltage 47/-2 in positive and negative polarity. The 
detailed mass spectrometric scan event is presented in Table 2 
and Table S1.

Clinical sample collection
A total of 53 plasma samples from the 46 subjects 

receiving Piperacillin/Tazobactam as the standard care plan of 
the hospital were collected into 0.5 ml K2 EDTA tube between 
0.25 and 12 hours after the 15 minutes intravenous infusion, 
centrifuged to 7,000 rpm at 4°C to separate out the plasma and 
stored at −70°C in deep freezer until the analysis. The clinical 

Table 2. Mass spectrometric scan events.

Analyte Scan event
Normalized 

collision 
energy

Piperacillin - c norm, (516.00) → (329.0–331.0) 30.0%

Tazobactam - c norm, (299.00) → (254.0–256.0) 22.0%

Sulbactam - c norm, (232.00) → (187.0–189.0) 20.0%

Ceftriaxone + c norm, (555.00) → (395.0–397.0) 25.0%

Cefotaxime + c norm, (456.00) → (395.0–397.0) 20.0%

Ceftiofur (IS) + c norm, (524.00) → (240.2–242.2)    25.0% *

Cefoperazone + c norm, (646.00) → (529.0–531.0) 40.0%

Cefuroxime + c norm (442.04) → (362.9–364.9 35.0%

Ampicillin + c norm (350.18) → (159.0–161.0) 35.0%

Meropenem + c norm (384.18) → (339.3–341.3) 35.0%

Figure 1. Plasma and DBS sample extraction flow chart.
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DBS samples were not collected as the method performance 
was not optimized for the use.

Calibration standards
The calibrators and QCs for the plasma and DBS 

matrix were prepared by spiking 3.33% and 5% working 
standard solution to blank plasma and blank whole blood 
(adjusted 40%v/v hematocrit). The 40 µl of the spiked whole 
blood was applied over Whatman903®paper for preparing 
calibrators and QCs of DBS. The concentration of calibrators 
and QCs is presented in Table 3 and Table S2.

Sample preparation
To clean up the plasma and DBS, the protein 

precipitation technique using cold acetonitrile was used. The 
workflow for the plasma and DBS sample preparation is 
depicted in Figure 1. For all the processes, the low retention 
type microcentrifuge tube and pipette tips were used to reduce 
the pipetting error.

Method validation
Validation of the method was performed adhering to 

bioanalytical method validation guideline- ICH-M10 [63,64]. 
The plasma and DBS methods were evaluated for their 
selectivity, specificity, linearity, accuracy, precision, recovery, 
dilution integrity (DI), and stability. Additional parameters like 
the effect of hematocrit and blood volume effects also were 
explored in the case of the DBS method.

RESULTS AND DISCUSSION

Method development strategy
During method development, we took into 

consideration various aspects that can affect the analysis, as 

summarized in Table 4 and Figure 2 [65]. As the sample dilution 
was involved, the pipetting and micro-centrifuge tube with low 
retention were selected to avoid errors during sample handling. 
As there were nine analytes, making individual stocks, working 
solution, and spiking could exceed the limit of 5% spiking in the 
blank matrix, leading to precipitation of the matrix. Therefore, 
stock and working solutions of analytes were set in such a 
way that the calibrator does not exceed the 5% spiking limit. 
For the optimization of chromatographic separation, the LogP 
and pKa of analytes were considered. Various buffers such as 
0.1% formic acid in water, 2–5 mM ammonium acetate, 2–5 
mM ammonium format, and 2–5 mM ammonium bicarbonate 
along with acetonitrile and methanol at various isocratic and 
gradient elution were explored in Kinetex C18 (50 × 3) mm, 
2.6 µ; Kinetex F5 (50 × 3) mm, 2.6 µ; HypersilGold (100 × 
4.6) mm, 3 µ and Acclaim 120 C18 (150 × 4.6) mm, and 3 µ 
column with 0.2–0.6 ml flow rate. The retention of the analytes 
sulbactam, tazobactam, and ceftriaxone was challenging with 
short columns. Along with chromatographic separation, the 
ion suppression due to co-elution of analytes, change in mass 
response with solvent and their ratio, and peak shape of all 
nine analytes were taken into consideration. Finally, a gradient 
elution with acetonitrile and 2 mM ammonium acetate buffer 
pH 6.40 at a flow rate of 0.4 ml/minute was found to be most 
optimal. For the mass spectrometer optimization (tuning), 500 
ng/ml of each analyte was infused with direct injection and the 
precursor ion was identified to obtain a prominent fragment ion 
with optimal normalized collision energy. The H-ESI ion source 
parameters, such as heater temperature, sheath gas, auxiliary 
gas, capillary temperature, voltage, and so on, were optimized 
to attain the maximum sensitivity required for analytes of 
interest in this study. The injection volume for both plasma and 
DBS samples were explored based on the LLOQ requirement, 
linearity of response, and peak shape. The method showed 

Table 3. Calibration curve range for nine antibiotics in plasma and DBS.

Standards
Piperacillin, Cefotaxime Cefoperazone, Ceftriaxone, 

Cefuroxime Ampicillin, Meropenem Tazobactam, Sulbactam

Plasma DBS Plasma DBS Plasma DBS Plasma DBS

Calibrator 1 0.50 2.29 1.00 5.71 0.48 2.15 0.10 0.93

Calibrator 2 1.00 4.57 2.05 11.41 0.95 4.29 0.20 1.85

Calibrator 3 2.50 15.25 4.10 38.05 2.38 14.30 0.50 6.17

Calibrator 4 5.00 58.64 8.19 146.33 4.77 55.02 1.24 23.75

Calibrator 5 10.01 90.21 16.38 225.13 9.53 84.64 3.10 36.53

Calibrator 6 20.02 120.29 40.96 300.17 19.07 112.86 7.76 48.71

Calibrator 7 40.04 160.38 102.39 400.22 38.13 150.47 15.52 64.94

Calibrator 8 54.47 200.48 127.99 500.28 51.88 188.09 25.87 81.18

Calibrator 9 74.11
NA

159.98
NA

70.58 32.34
NA

Calibrator 10 100.83 199.98 96.03 40.43

LLOQ 0.50 2.29 1.00 5.73 0.48 2.29 0.10 0.93

LQC 1.47 6.75 3.00 16.84 1.42 6.75 0.25 2.73

MQC 42.12 85.20 83.33 212.62 40.43 85.20 17.18 34.50

HQC 80.03 170.40 166.65 425.24 76.82 170.40 34.36 69.00
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linearity in the proposed range with 2 µl injection volume 
for the plasma sample and 5 µl for the DBS sample. During 
sample extraction from the DBS matrix, a single common 
procedure for all the nine analytes was explored, considering 

the use of this method for simultaneous estimation of selected 
nine antibiotics. The extraction parameters in different steps 
such as punch size, extraction solvent addition steps, ratio of 
solvent, time of extraction, pH of extraction solvent, and so on, 
also were optimized. The representative chromatogram of the 
simultaneous estimation of nine antibiotics at LLOQ in LC-
MS/MS is shown in Figure 3.

Results of validation

Selectivity
To ensure the ability of the method to differentiate 

and measure the analyte in the presence of potential interfering 
substances in the blank plasma and DBS matrix, six blank 
samples from 6 different individuals and two hemolyzed blood 
samples (prepared by spiking 2% v/v of hemolysed blood in 
non-hemolyzed whole blood).

The selectivity run showed the absence of response in 
blank plasma matrix, plasma matrix from a hemolyzed blood 
sample, and DBS matrix mimicked by spotting whole blood, 
showing the method is selective to antibiotics of interest.

Table 4. Physiochemical properties of analytes selected for method 
development.

Analyte Molecular 
weight (g/mol) LogP pKa

Piperacillin 517.16 0.50 4.14

Tazobactam 300.29 −1.40 2.1

Cefoperazone 645.67 −0.70 2.55

Sulbactam 233.24 −1.00 3.09

Ceftriaxone 554.58 −1.70 1.72, 3.15, 4.34

Cefotaxime 455.47 −0.50 3.4

Ampicillin 349.40 1.35 2.5, 7.3

Meropenem 383.46 −0.60 3.28, 9.39

Cefuroxime 424.38 −0.16 2.96

Ceftiofur 523.6 1.60 3.7

Figure 2. Factors attributable to LC-MS/MS analysis.
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Specificity
This study spiked a blank matrix with eight antibiotics, 

skipping one antibiotic and IS. The response at the retention 
time of skipped antibiotics was evaluated. The interference of 

the concomitant medications such as caffeine, amikacin, and 
gentamicin was also evaluated by spiking in the blank matrix. 
The effect of EDTA in the plasma matrix and interference of the 
DBS card for the DBS matrix-based analysis was also evaluated.

Figure 3. Representative chromatogram of simultaneous estimation of nine antibiotics at LLOQ in LC-MS/MS.
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There was no response at the retention time of 
the skipped antibiotic in the presence of other antibiotics 
and concomitantly administered amikacin, gentamicin, and 
caffeine, demonstrating the ability of the method to detect and 
differentiate the analyte from concomitant medications during 
simultaneous analysis.

Matrix effect
The matrix effect was evaluated by analyzing three 

replicates of low and high QCs; each prepared using a matrix 
from 6 different individuals. For each matrix source considered, 
the accuracy was within ± 15% of the nominal concentration, 
and the precision (percent coefficient of variation (%CV)) was 
not more than (NMT) 15%.

Carryover
The carryover was evaluated by injecting six sets of 

LLOQ, ULOQ, and Matrix Blank. There was no response in 
any matrix blank samples run after ULOQ at the retention of 
any analytes, meeting the criteria of NMT 20% response of 
analytes and NMT 5% response of IS in blank compared to 
LLOQ.

Linearity
The linearity of the method in the concentration 

range, as depicted in Table 5, was evaluated by analyzing 
three independent sets of calibrator solutions with known 
concentrations of antibiotics of interest that cover the expected 
concentration of the samples over three different days. The 
back-calculation was performed as a quantitative area ratio 
method, Quadratic, 1/X^2 weighing factor using Quan browser, 
Xcalibur software tool. The intercept, slope, weighing factor, R2 
values, and calibration curve plots of three calibration curves for 
each analyte are provided in Supplementary data. All the LLOQ 
levels of analytes were within 20% of the respective nominal 
concentration, and other calibrators were within 15% of the 
respective nominal concentration. The correlation coefficient 
of all the analytes was NLT 0.99, indicating the method was 
linear at a defined concentration range. The Intercept, Slope, 
X-value, and R2 values of three calibration curves in the plasma 
matrix are shown in Table S1. The calculated % recovery after 
back calculation from the linearity plot for each calibrator in the 
plasma matrix is shown in Table S2. The calibration curves of all 
antibiotics are shown in Figure S1,2,3,4,5,6,7,8,9, respectively.

Table 5. Intercept, Slope, X-value, and R2 values of three calibration curves in plasma matrix.

Drug Calibration curve Intercept, Slope, X-value, R2

Ceftriaxone

I Y = −0.159128+0.268283*X−0.000223365*X^2   R^2 = 0.9951

II Y = −0.165016+0.271646*X−0.000295235*X^2   R^2 = 0.9955

III Y = −0.164848+0.271574*X−0.000270556*X^2   R^2 = 0.9956

Cefotaxime

I Y = 0.00136653+0.0242491*X+8.95397e−005*X^2   R^2 = 0.9958

II Y = -0.00173982+0.032136*X+6.62509e−005*X^2   R^2 = 0.9932

III Y = −0.000756475+0.0402463*X+0.000109473*X^2   R^2 = 0.9936

Cefoperazone

I Y = 0.00091965+0.0124405*X+5.54673e-006*X^2   R^2 = 0.9953

II Y = 0.00183729+0.0105879*X+1.32432e-005*X^2   R^2 = 0.9956

III Y = 0.000895418+0.0100438*X+2.42937e−005*X^2   R^2 = 0.9961

Piperacillin

I Y = 0.00229094+0.0287998*X+1.53338e−005*X^2   R^2 = 0.9946

II Y = 0.00196767+0.0318921*X+1.84654e−005*X^2   R^2 = 0.9987

III Y = 0.000441436+0.0170086*X+7.82226e−007*X^2   R^2 = 0.9977

Sulbactam

I Y = 0.00160834+0.110478*X+0.000798047*X^2   R^2 = 0.9931

II Y = 0.00354043+0.121964*X−0.000198646*X^2   R^2 = 0.9940

III Y = 0.00346219+0.0921389*X+0.000129963*X^2 R^2 = 0.9934

Tazobactam

I Y = 0.00436141+0.189212*X−0.00105968*X^2 R^2 = 0.9960

II Y = 0.00456412+0.286173*X-0.00252195*X^2 R^2 = 0.9947

III Y = 0.00539839+0.247152*X−0.00207054*X^2 R^2 = 0.9949

Cefuroxime

I Y = −0.00291992+0.0186255*X−6.20053e−007*X^2   R^2 = 0.9916

II Y = −0.00397282+0.0185615*X−2.50968e−006*X^2   R^2 = 0.9940

III Y = −0.00341882+0.0180278*X+3.81339e−006*X^2   R^2 = 0.9945

Ampicillin

I Y = 0.00419302+0.0692249*X+0.000198296*X^2 R^2 = 0.9955

II Y = 0.00379704+0.0698799*X+0.000150072*X^2 R^2 = 0.9969

III Y = 0.00357277+0.0702756*X+9.60903e-005*X^2 R^2 = 0.9959

Meropenem

I Y = 1.59822e−005+0.00672411*X+9.62082e-006*X^2 R^2 = 0.9945

II Y = 3.53064e−006+0.00674274*X+9.60232e−006*X^2   R^2 = 0.9948

III Y = −1.31339e-005+0.00676768*X+9.57756e−006*X^2   R^2 = 0.9938
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Figure 4. Accuracy results of plasma LC-MS/MS method (PIP: Piperacillin, CFPZ: Cefoperazone, CXONE: Ceftriaxone, CXIME: 
Cefotaxime, SUL: Sulbactam, TAZ: Tazobactam, AMPI: Ampicillin, MERO: Meropenem, CFUME: Cefuroxime).

Figure 5. Precision results of plasma LC-MS/MS method.

Accuracy and precision
Within-run accuracy and precision in plasma were 

evaluated by analyzing six replicates at LLOQ, LQC, MQC, and 
HQC concentration levels in each analytical run. The accuracy 
and precision across runs were assessed by examining the QC 
concentration levels in three separate analytical runs conducted 
over 3 days. The data from all runs were combined to establish 
the overall accuracy and precision. The accuracy ranged from 
87.87% to 116.50%, within the acceptable range of ±15% at 
LQC, MQC, and HQC, and within ±20% at LLOQ, relative to the 
nominal concentration and coefficient of variance (CV) 1.68%–
11.17%. The detailed accuracy and precision are represented in 
Figure 4, Figure 5, and Table S3,4,5,6,7,8,9,10,11, respectively.

Recovery
Recovery experiments were conducted for each 

analyte in five replicates at the LQC, MQC, and HQC levels 

using plasma and DBS (40% v/v HCT) matrices. The recovery 
of all analytes from the plasma matrix exceeded 85%, with less 
than 15% CV, indicating consistent and reproducible recovery. 
The recovery from the DBS matrix was comparatively lower, 
with variable recovery surpassing the acceptability limit, as 
seen in Figure 6 and Table S12. The failure in the precision 
during recovery (>15%CV) from the DBS matrix resulted due 
to the varying physicochemical properties of the analytes, which 
impacts the extraction process. This suggests that achieving the 
extraction may be challenging with a single standard extraction 
method.

It is worth noting here that the choice of solvent 
and extraction process for analytes from DBSs depends on 
several critical factors related to the chemical properties such 
as polarity, solubility, ionization, matrix properties (DBS 
filter paper), protein binding, porosity of the paper, blood 
components, and analyte stability. The presence of co-extracted 
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matrix interferences and the choice of extraction method also 
have an effect on the recovery. The extraction process becomes 
complex, when there are multiple analytes, and achieving good 
recovery and consistency in extraction is difficult. Therefore, 
choosing an extraction solvent (or mixture of solvents) suitable 
for all analytes is practically impossible. However, procedures 
like adjusting the pH to match with the analyte pKa, use 
of additives such as surfactants (e.g., triton X-100, SLS) to 
improve solubility, use of sonication or vortex mixing, and so 
on, could be tried to enhance extraction recovery and thus the 
linearity.

Dilution integrity (DI)
The DI working standard was prepared in such a 

way that 5% spiking into blank plasma resulted in two times 

the ULOQ of the respective analyte. Two dilution factors, 1:3 
and 1:4, in five replicate samples, were performed, and the 
accuracy and precision of analytes from nominal concentration 
were evaluated. The DI samples for all analytes demonstrated 
accuracy within ±15% of the expected concentration and 
precision below 15% CV. The DI samples exhibited an accuracy 
ranging from 89.54%–110.80% and a precision ranging from 
2.05%–6.89 %CV, shown in Figure 7 and Table S13.

Hematocrit and blood volume effect (Piperacillin)
The DBS calibrators were prepared by spiking whole 

blood with 40%v/v hematocrit. The recovery from DBS 
with 60%v/v exceeded the accuracy limit of ±15%, Figure 8. 
Critically ill neonates enrolled in this study showed a wide range 
(26%–67% v/v) of hematocrit, Figure 9. Therefore, calibrators 
with a 40%v/v hematocrit level cannot be considered valid.

Short-term stability study in plasma matrix
The stability study of standard stock solution, and 

internal standard solution at 2°C–8°C were evaluated for up to 
30 days. All the stability studies were evaluated at LQC and 
HQC in five replicates. Bench-top stability in the plasma matrix 
was evaluated up to 24 hours at room temperature, autosampler 
stability at 10°C up to 36 hours, processed sample at 2°C–8°C 
for 72 hours, and at three freeze-thaw cycles for samples stored 
at −70°C were evaluated. The short-time stability studies 
demonstrated good stability (decay less than 10%) over the 
study period. The detailed short-term stability study results are 
shown in Figure 10 and Table S14.

Long-term stability study in plasma matrix
The LQC and HQC level long-term stability study 

plasma samples stored at −70° were evaluated for up to 60 days. 
The decay of antibiotics in the plasma at −70°C was not more 
than 10% demonstration of storability up to 60 days before the 
analysis of the sample. The stability study data is presented in 
Figure 11 and Table S15.Figure 6. Recovery results of plasma and DBS LC-MS/MS method.

Figure 7. Dilution integrity accuracy and precision for selected nine antibiotics.
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Figure 8. (A) Effect of blood volume on piperacillin assay, (B) Effect of hematocrit on piperacillin assay.

Figure 9. Distribution of Hematocrit and Hemoglobin in Neonates recruited in this study.
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Figure 10. Short-term stability study results for selected antibiotics at the last time-point of the study period.

Real sample analysis results
A total of 53 plasma samples from the 46 subjects 

were collected between 0.25 and 12 hours after the 15 minutes 
intravenous infusion and processed for the quantitative analysis 
of Piperacillin/Tazobactam. The plasma concentration of 
piperacillin and tazobactam ranged from 8.03–295.50 mg/l and 
0.73–33.54 mg/l, respectively. The concentration distribution 
over time is presented as a time versus concentration plot in 
Figure 12.

CONCLUSION
A robust LC-MS/MS method was developed and 

fully validated for the simultaneous quantification of nine 
antibiotics from the neonatal plasma samples. The method 
utilizes only 5 µl of plasma sample, and hence, can decrease 
the duration of waiting for sample numbers for batch analysis 
and minimize the need to run standard plots for different 

Figure 11. Representation of decay of antibiotics in the plasma at −70°C.

Figure 12. Time versus plasma concentration in 53 plasma samples collected 
from the 46 neonates enrolled in this study: (A) Piperacillin and (B)Tazobactam.
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analytes independently. As a result, daily sample analysis 
for therapeutic drug monitoring and precise dosing will be 
facilitated. Implementing this approach for sample analysis in 
a hospital setting for PK investigations will enhance sample 
processing efficiency and support PopPK and physiologically 
based PK studies. In contrast to the plasma method, the 
DBS method failed the linearity evaluation in the expected 
concentration range and was not validated further. As a future 
scope of the work, as an application of this validated method, 
a study can be undertaken to evaluate the drug interactions as 
well as the effect of disease conditions on the bioavailability 
of these antibiotics.
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