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Amikacin is a first-line antibiotic frequently used in the neonatal intensive care unit. It exhibits changed pharmacokinetic
(PK) behavior with physiological and clinical conditions such as hypothermia, leading to nephrotoxicity in neonates.
Therefore, clinical laboratories require a practically adaptable analytical method to monitor amikacin regularly and to
conduct PK studies. Currently available analytical methods for amikacin employ tedious, time-consuming, and non-
reproducible derivatization techniques and ion pairing reagents. With the use of mixed mode hydrophilic interaction
ion-exchange Liquid Chromatography with tandem mass spectrometry (LC-MS/MS), a sensitive analytical method
that avoids the time-consuming derivatization step and the ion suppression caused by the ion-pairing reagent has been
validated, including clinical sample analysis. The separation was achieved on a polymer-based Hydrophilic interaction
liquid chromatography (HILIC) pakVC-50 2D (150 x 2.1) mm, 5 um column using a mobile phase consisting of
acetonitrile and ammonia solution with gradient programming. The method involved simple protein precipitation with
chilled acetonitrile followed by water-based extraction to achieve the highest possible recovery from a 50 pl plasma
aliquot. The method is linear in the 0.5-100 pg/ml range, with a regression coefficient of 0.99843. The accuracy and
precision of the method were within acceptable limits and had an overall recovery of 97.32% and 98.39% at lower quality
control and higher quality control, respectively.

INTRODUCTION

oral bioavailability and permeability (Fatima ez a/., 2019). As a re-

Amikacin is a broad-spectrum, semi-synthetic amino-
glycoside antibiotic that inhibits protein synthesis in a concentra-
tion-dependent manner by irreversibly binding to the bacterial 30s
ribosome (Fourmy et al., 1996; Illamola et al., 2016; Krivoy et al.,
1998; Mingeot-Leclercq et al., 1999). In the biopharmaceutical
classification system, amikacin is placed in class III due to its poor
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sult, it is administered intravenously or intramuscularly and is pre-
dominantly excreted by the kidneys (Vogelstein et al., 1977). It is
an antibiotic that is extensively used in newborn critical care units
for meningitis, pneumonia, intra-abdominal infections, sepsis,
joint infections, and urinary tract infections (Logre et al., 2020).
Amikacin shows significant variations in pharmacokinetic (PK)
behavior in neonates due to their highly dynamic physiological
state. Sufficient PK studies need to be conducted in this vulnera-
ble population to establish proper dosage regimens (Cristea ef al.,
2017). Additionally, therapeutic drug monitoring (TDM) needs to
be conducted in patients with comorbidities and in conditions such
as hypothermia and kidney failure to ensure that the treatment
does not cause toxicity (Bleyzac et al., 2001; Saez Fernandez et
al., 2019). There is an imminent need for a cost-effective, sensi-
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tive, reproducible, and reliable bioanalytical technique (Bleyzac et
al.,2001; De Cock et al., 2012; Gijsen et al., 2021; Illamola et al.,
2016; Klein et al., 1992; Wargo and Edwards, 2014).

Many analytical techniques have been reported for the
quantitative analysis of amikacin (Bleske et al., 1987; Glinka et al.,
2020; Stead, 2000; Thompson and Burd, 1980). However, the
specificity, sensitivity, and adaptability of these methods are
constrained by the chemistry of amikacin. Immunoassays have
limitations due to the cross-reactivity of concurrently administered
medications, metabolites, and endogenous compounds from
complex matrices (Mehta, 1992; Tate and Ward, 2004). The
chromatographic analysis of amikacin is complicated by its
retention and detection issues. Due to the lack of a chromophore
in the amikacin structure (Fig. 1), the high-performance liquid
chromatography-UV-visible spectroscopy (HPLC-UV) based
methods need derivatization, which raises the bar for accuracy
and reproducibility. Amikacin molecules have multiple ionic
groups (four amine and eight hydroxy groups), which have a
major influence on retention and ionization patterns and cause
difficulties in retention in a normal CI8 column and require
complex procedures. This intricate procedure becomes practically
challenging when applied to quantitative analysis. The problem
with poor chromatographic column retention could be resolved
using ion-pairing reagents such as pentafluoropropionic acid
(PFPA) and heptafluorobutyric acid (HFBA) anhydride (da Silva
et al., 2020; Dijkstra et al., 2014). However, the use of ion-pairing
reagents is constrained by ion suppression in LC-MS, prolonged
equilibration times, lower column life, and the need for frequent
ion source cleaning (Annesley, 2003; Gustavsson et al., 2001). A
few chromatographic separations using ammonia solution with a
high pH have been reported without the use of ion-pairing agents
or derivatization (Chan et al., 2020), but the extreme column
operating conditions restrict its routine use. Hydrophilic interaction
liquid chromatography (HILIC) based separation is a good research
option to overcome these challenges (Oertel et al., 2004).

HILIC columns consist of a wide variety of silica gel and
polymer surfaces, chemically modified with diol, amine, amide,
cyno, and carboxyl groups, and retain polar analytes by hydrogen
bond or ionic interaction. For analytes with polycationic functional
groups that make them very polar, like aminoglycoside antibiotics
(amikacin), the best way to separate them is with a mixed-mode

HILIC ion-exchange column with a polar surface and a modified
carboxyl group (Buszewski and Noga, 2012).

To get around the problems and unrepeatable results of
earlier methods that used derivatization and ion pairing reagents,
this work aimed to develop and test a HILIC LC-MS/MS-based
analytical technique for figuring out how much amikacin is in
neonatal plasma samples.

MATERIALS AND METHODS

Reference standards, reagents, and biological sample

Tobramycin (internal standard) and amikacin sulfate
were supplied by Sigma Aldrich (Sigma-Aldrich, St. Louis,
MO) as secondary pharmaceutical standards. Strong ammonia
solution and LC-MS grade acetonitrile were provided by Merck,
India. Merck Millipore Direct Q-3 UV water purification system
was used to obtain Type-I water. Clinical samples were collected
after informed consent from patients meeting the inclusion
criteria. The Institutional Ethical Committee (IEC) 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.

Apparatus

The analysis was performed on Dionex Ultimate 3000
HPLC from Thermo Fisher Scientific LLC. It was equipped with
a temperature-controlled autosampler and column compartment
connected to an LTQ-XL mass spectrometer. A polymer-based
HILICpak VC-50 2D (150 x 2.1) mm, 5 p column from Shodex,
Japan, was used for the analysis. Ryan Labs, an Indian company,
provided autosampler vial inserts with a 0.3 ml volume. The K2
EDTA tubes used to collect blood samples were purchased from
CML Biotech Private Limited, India. The Sanyo Ultra-Low
freezer, China was used for the storage of samples to study the
long-term stability. The short-term stability samples, working
standard solutions, and standard stock solutions were all stored
at 2°C-8°C in a Godrej Eon refrigerator, India. During various
stages of sample preparation, the samples were centrifuged in a
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Figure 1. Structure and chemistry of amikacin.



Matcha et al. / Journal of Applied Pharmaceutical Science 13 (02); 2023: 029-038 031

REMI C24 cooling centrifuge that had a rotor head of R-248 M
(24 x 1.5 ml).

Chromatography conditions

Gradient programming of mobile phase A (1.5% v/v
ammonia solution in water) and mobile phase B (acetonitrile) at
a flow rate of 0.2 ml/minute and a column oven temperature of
40°C has been used to obtain the chromatographic separation.
The gradient program started with an initial 70% A and increased
linearly to 90% A over 5 minutes. It was then held for 5 minutes
before returning to its initial condition in 1.5 minutes and kept for
conditioning for 4.5 minutes. The injection volume was 5 pl, and
the autosampler temperature was maintained at 8°C.

Mass spectrometry

The mass spectra ionization source was heated
electrospray ionization that was run under the following conditions:
spray voltage (4.20 kV), heater temperature (380°C), capillary
voltage (45 V), capillary temperature (350°C), tube lens offset
voltage (140 V), sheath gas flow rate (45 arb), auxiliary gas flow
rate (12 arb), and sweep gas flow rate (0 arb) units. The collision-
induced dissociation (CID) for tobramycin m/z 586.0—424.6
was achieved at a normalized collision energy of 18.0% with an
isolation width of 4.0 and the CID of amikacin m/z 468.0—325.0
was achieved at a normalized collision energy of 35.0% with an
isolation width of 4.0, respectively in positive MS/MS scan.

Preparation of stock solution

Amikacin and tobramycin standard stock solutions in
water were prepared at concentrations of 6,813.0 and 1,000.0 pg/
ml, respectively. Working standards of amikacin in the range of
12.6-2,500.0 pg/ml were prepared by serial dilution of stock. A
working standard of internal standard (IS) having a concentration
of 300.0 pg/ml was prepared from tobramycin stock solution in
water.

Calibration and quality control (QC) samples

Healthy adult human pooled plasma was spiked at 4%
(v/v) with the appropriate working standard solution to get the
calibrator concentrations of 0.5, 1, 2, 4, 8, 25, 50, 65, 80, and
100 pg/ml. QC samples were generated in the same manner, with
concentrations of 0.5, 1.5, 40, and 80 pg/ml, indicating the lower
limit of quantification (LLOQ), lower QC (LQC), medium QC
(MQC), and higher QC (HQC).

Clinical sample collection

A prospective longitudinal observational study was
designed to collect plasma samples from patients for clinical
validation. The neonates who met the inclusion criteria for this
study and received amikacin as part of their routine treatment
were enrolled after obtaining the necessary consent and IEC
clearance. Certified nurses collected the blood samples,
which were centrifuged at 4,600x g for 5 minutes to obtain a
clear plasma specimen and stored at —80°C until analysis.

Plasma sample preparation

Into a 1.5-ml conical-shaped centrifuge tube, 10 pl of
working standard solution of IS and 50 pl of plasma sample were
taken and mixed. The above mixture was precipitated with 160 ul
of cold acetonitrile, extracted with 160 pl of water, and centrifuged

at 9,392x g at 4°C for 10 minutes to get a clean supernatant for
LC-MS/MS analysis.

Method validation

The analytical method was validated as per the US-
FDA and ICH M10 guidelines (ICH, 2022; U. S. Food and Drug
Administration, 2018). The evaluation included parameters like
system suitability, selectivity, carry-over, matrix effect, recovery,
linearity, accuracy, and precision as well as dilution integrity and
stability.

System suitability

A set of six MQC replicate samples were analyzed to
ensure the system’s performance. This is evaluated by monitoring
the column back pressure, retention time, and area response.

Selectivity and carry-over

A selectivity study was performed to determine the
ability of the method to differentiate and measure any potential
interference present in the blank matrix. Six blank plasma matrices
from different individuals were sourced and injected after LLOQ.
There should not be any interference at the retention time of the
analyte.

The difference in the measured concentration of analyte/
IS caused by residual analyte/IS from the prior sample that remains
in the autosampler injector was also evaluated by injecting a blank
matrix after the LLOQ and upper limit of quantification (ULOQ)
in six replicates. Responses in the blank matrix at analyte retention
time should be less than 20% of LLOQ, and less than 5% of LLOQ
for IS to ensure that there is no carry-over.

Matrix effect

Amikacin was spiked at LQC and HQC in three
replicates from six healthy individuals to study the effects of
different plasma sources on amikacin measurement and evaluated
to ensure accuracy within £15% of the nominal concentration and
precision % Coefficient of variance (CV) not more than 15%.

Linearity and LLOQ

Three independent calibration curves (CC) were
performed on three different days in the range of 0.5-100 pg/ml
calibrators. The linearity curves were plotted by taking weighing
factor 1/X in Qual browser, XCalibur software, and calculating
the slope and intercept. The back-calculated concentration of
calibrator standards was assessed to be within £20% of the nominal
concentration of amikacin for LLOQ and +15% for other CC
standards, indicating that the approach is appropriate for the tested
range. The LLOQ was set by the visual method by observing the
precision from six replicate injections and a signal-to-noise ratio
not less than 10 at 0.5 pg/ml.

Accuracy and precision

Six replicates of QC samples were injected at LLOQ,
LQC, MQC, and HQC to assess accuracy and precision within the
run. Three separate runs for accuracy and precision over successive
days were used to establish between-run accuracy and precision.
An acceptable limit of £15% accuracy (£20% for LLOQ) and
<15% CV precision was used to evaluate the bias of computed
concentrations using the nominal concentrations of QCs and the
coefficient of variation. Prior to each accuracy and precision run,
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a linearity run was performed for compliance with the acceptance
limit as indicated in the linearity range.

Recovery

The pre-extraction and post-extraction spiked QC and
IS working standard was performed in five replicates at LQC
and HQC to assess the extent and uniformity of analyte and IS
extraction from plasma by direct area-to-area comparison method
with an acceptance limit of <10% coefficient of variation from
mean recovery.

Dilution integrity

A 2.5 x ULOQ (250 pg/ml) of amikacin from an
independent stock solution was spiked into the blank plasma
and analyzed after diluting 3-4 times with blank plasma to
ensure the dilution integrity of this method. The back-calculated
concentrations of the integrity samples should be within the
tolerance level of +15% accuracy and precision %CV not more
than 15%.

Stability

The stability of the standard stock solution of amikacin
and internal standard was assessed at 2°C-8°C on 0, 3, 7, 15, and
30-day time points. The stability of amikacin in plasma matrix
at room temperature (bench-top stability, 24 hours), autosampler
stability (at 8°C, 24 hours), processed sample stability (at 2°C—8°C

freezer, 48 hours), freeze-thaw stability (at —80°C, five cycles at
24 hours interval) were evaluated at low concentration and high
concentration QCs. The long-term stability of amikacin in the
plasma matrix at —80°C was evaluated on 0, 3, 7, 15, 30, and the
60-day time points both at LQC and HQC.

Clinical validation

The clinical study was carried out with the approval
of the institutional ethics committee. A total of 45 samples
were collected from 33 neonates at random times from subjects
undergoing routine clinical investigations and analyzed in 2
separate sequences with independent calibration standards. The
study findings were compared to the US-FDA recommendation of
apeak in the range of 24-35 pg/ml and a trough in the range of 2—5
ng/ml for patients receiving amikacin (Cristea et al., 2017). Peak
is defined as 1 hour after the start of the infusion or 30 minutes
after the end of the infusion, and trough is defined as within 30
minutes of giving the next dose.

RESULTS AND DISCUSSION

Method optimization

During method development, we considered all the
possible sources of errors with respect to the analysis, as shown in
Figure 2 (Annesley, 2003; Sonawane et al., 2019). Due to its strong
polarity, amikacin is not retained in many reverse-phase columns
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Figure 2. Factors attributable to analytical method development and analysis in LC-MS/MS.
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used in chromatography. This presented a substantial obstacle
to overcome while developing a chromatographic procedure for
amikacin. As shown in Table 1, conventional methods have either
employed high-pH aqueous ammonia solution or reverse-phase
columns with volatile ion-pairing reagents in the mobile phase.
Ton pairing reagents, however, lead to ion suppression in mass
spectrometers, making them unfit for routine analysis.

Due to the polar nature of aminoglycosides, we
investigated the suitability of a mixed-mode hydrophilic cation-
exchange HILICpak VC-50 2D column as an alternative to the
more often employed reverse-phase columns. HILIC ion exchange
columns can withstand high pH of up to 12, which is an essential
requirement for the chromatographic separation of amikacin. The
HILICpak VC-50 2D column is recommended for use with a flow
rate of 0.1-0.3 ml/minute, an oven temperature of 4°C—60°C, and
a maximum back-pressure limit of 100 bars. A good peak shape,
retention time, and mass spectrometer sensitivity were achieved
by maintaining a flow rate of 0.2 ml/minute and a column oven
temperature of 40°C, respectively, at a back-pressure of around

84 bars. The ideal condition for HILIC chromatography is to
use a higher ratio of organic solvent compared with the aqueous
phase to retain the polar analytes. However, in the case of the
HILICpak VC-50 2D (150 x 2.0) mm column, the eluent required
a higher ratio of strong basic pH in the aqueous phase to reduce
the ionic strength. Therefore, the polarity of the mobile phase was
increased by increasing the aqueous ammonia solution over the
organic phase (acetonitrile) from 10% to 90% as a trial-and-error
method. Reducing the run time and obtaining a sharp peak shape
in the HILICpak column was another challenge compared to the
reverse phase column. The final gradient program was set as
initially 30% acetonitrile, brought linearly to 10% in 5 minutes,
and kept constant at 10% acetonitrile for another 5 minutes for
elution of both internal standards and amikacin. The use of lower
pH conditions led to the ionization of amikacin, causing a strong
ionic interaction with the stationary phase leading to tailing and
a broad peak shape. Using an alkaline pH of 11.5 combined with
1.5% ammonia produced the best peak shape and elution results.
Since the pKa value of amikacin is about 9.7, it is unionized

Table 1. The previously reported bioanalytical LC-MS/MS method for amikacin.

Total LLOQ and
Column Mobile phase and gradient program run Detection  linearity Merits Demerits Reference
time range
Acquity® HSS  Solvent A: 0.1% formic acid and 0.01% of 35 UHPLC- 0.5-100 No derivatization step Use of ion-pairing  da Silva ez
T3 (2.1 x100)  Heptafluorobutyric acid (HFBA) (mobile ~ minutes =~ MS/MS pg/ml in sample preparation reagent and sharp  al. (2020)
mm, 1.8 um phase A) from dried plasma spot. gradient, column
Solvent B: Acetonitrile with 0.1% formic conditioning time
acid and 0.01% of HFBA not explained.
The gradient started at 90% A, held for 0.5 Ton-suppression
minutes, followed by a linear gradient to and lack of
30% A in 3.5 minutes. reproducibility.
ACQUITY Solvent A: 60 mM ammonia solution 6 UHPLC- 0.25-80 No derivatization step Solid phase Chan et al.
UPLC BEH . minutes ~ MS/MS ng/ml in sample preparation extraction (SPE) (2020)
Solvent B: acetonitrile
C18 (2.1 x procedure and the
150) mm, 1.7 Initial: 2% B, 0-0.5 minutes: 2% B, 0.5— time-consuming
pm 0.6 minutes: 2%—15% B, 0.6-1.6 minutes: sample preparation.
15%-45% B, 1.6-2.1 minutes: 45%-95%
B, 2.1-2.7 minutes: 95% B, 2.7-2.8
minutes: 95%—2% B, 2.8-6 minutes, 2% B.
HyPURITY™ Solvent A: Water 6 LC-MS/ 0.25-25.0 No derivatization step Use of Ton Dijkstra
C18 (2.1 x 50 Solvent B: Methanol minutes MS png/ml in sample preparation. pairing reage?nt. etal.
)ymm, 3 pum Ion suppression (2014)
Solvent C: 5% HFBA in water throughout and lack of
the run. reproducibility.
Initial A 77.5%-50% on 0.5 minutes, A
43% at 1.20 minutes brought back to initial
condition at 5.51 mi with total run time 6
minutes.
zwitterionic Solvent A: (5/95/0.2, v/v/v) and solvent 10.8 LC-MS/ 100-5000 No derivatization step ~ Very sharp gradient, Oertel
ZIC-HILIC B (95/5/0.2, v/v/v) are a mixture of minutes MS png/ml in sample preparation SPE procedure, et al.
column, (2.1 acetonitrile, 2 mM ammonium acetate, and and sample volume (2004)
% 100) mm formic acid. comparatively more.
Initially, 100% A for 6 minutes, changes to Time-consuming
10% A in 1 minute, held up to 7 minutes. sample preparation.
HILICpak Solvent A: 1.5% Ammonia Solution 16 LC-MS/ 0.5-100 No derivatization Run-time is Proposed
VC-50 2D . . minutes MS pg/ml and no ion pairing relatively long analytical
(4.6 x 150) Solvent B: Acetonitrile reagents. Sample due to the gradient method
mm, 5 um Initially, 75% A, gradually changes to 90% preparation with protein program.

A in 5 minutes, hold constant for 5 minutes
and column conditioning back to initial.

precipitation with
efficient recovery.
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at a pH of 11.5. This reduces the ionic interaction between the
analyte and the cationic functional group of the stationary phase,
resulting in a sharp peak (Kulkarni ez al., 2016a, 2016b). In this
method, linearity in the range of 0.5-100 pg/ml was chosen for
TDM in neonates, considering that the C__of amikacin is below
60 pg/ml according to published literature (Cristea ez al., 2017;
Illamola et al., 2016; Smits et al., 2015). The method was set to
a 5-pl injection volume based on the area response of amikacin
at LLOQ.

System suitability

The system suitability test had IS and amikacin retention
time within 3.0 = 0.30 and 10.0 = 1.0 minutes, respectively, with
column back-pressure fluctuation of not more than three bars. Due
to the polycationic nature of the analytes, it was observed that
even a slight change in the composition of the mobile phase had a
significant impact on the MS response. Therefore, the strength and
pH stability of the 1.5% (v/v) ammonia solution and the MS scan
event were deemed to be of utmost importance. The representative
chromatograms of LLOQ at 0.5 pg/ml, ULOQ at 100 pg/ml, and
the mass spectrum are depicted in Figure 3.

Selectivity and carry-over

The responses in the blank plasma samples at the
retention time of amikacin and IS were less than 20% and 5%,
respectively, compared to the plasma-spiked LLOQ for the
selectivity and carry-over run.

Matric effect

To study the matrix effect of plasma, spiked plasma
LQC and HQC were prepared in three replicates from the plasma
of six different healthy individuals. The overall accuracy ranged
from 95.22% to 96.60% with a coefficient of variance of 3.18%
to 5.30% at LQC and 94.46% to 98.44% with a coefficient of
variance of 2.45% to 5.72% at HQC, demonstrating an acceptable
matrix effect of <15% of the nominal concentration and precision
of <15% CV.

Linearity range

Each of the independent CC runs between 0.5 and 100
pg/ml produced a regression coefficient (1?) of not less than 0.99,
showing a strong correlation between the area ratio of the analyte
to the internal standard. Results are summarized in Table 2.
The back-calculated concentration of calibrator standards was
within +20% of the nominal concentration of amikacin for LLOQ
and £15% for other CC standards, indicating that the method is
appropriate for the tested range.

Accuracy and precision

Prior to each accuracy and precision run, a linearity run
was assessed for compliance with the acceptance limit indicated
in the linearity range. The back-calculated concentrations of
spiked plasma QCs were within acceptable limits of accuracy
and precision, as shown in Table 3. Within-run accuracy in three
different runs was between 93.61% and 97.75%, and the precision
was between 2.45% and 6.06%. Between-run accuracy from three

separate runs was 94.70%-98.10%, with a precision of 3.82%—
5.47%.

Recovery

Amikacin recovery from pre-extraction compared to the
post-extraction spiked QC plasma samples, showed 97.32% assay
(5.15% CV) at LQC and 98.39% assay (3.34% CV) at HQC for
amikacin and for IS (tobramycin) was 98.65% (4.51% CV).

Dilution integrity

Back-calculated concentrations of the three- and four-
times dilutions of the integrity sample showed 96.27% and
97.01% assay with coefficients of variation of 2.97% and 3.50%,
respectively. These results remained within the tolerance level of
+15% accuracy and <15% precision from nominal concentrations.

Stability evaluation

The internal standard and stock solution of amikacin
exhibited stability over 30 days, with a total deterioration
of 2.1% = 1.8% and 3.2% + 1.5%, respectively, from the
initial concentration. Table 4 lists the results of experiments
on the stability of the autosampler, bench-top, freeze-thaw,
and processed samples at LQC and HQC levels, all of which
revealed satisfactory stability. Figure 4 illustrates the long-term
stability of amikacin in plasma stored at —80°C. The 60th day of
plasma stability samples revealed a 6.56% + 1.8% decrease from
the initial concentration, indicating no significant reduction in
amikacin concentration.

Clinical validation

All term-neonates enrolled in this study received
antibiotic therapy as part of a hospital standard care plan based
on their body weight, post-natal age, gestational age, and sepsis
consideration, among other factors. The demographic details are
provided in Table 5. A sparse sampling approach was utilized
to avoid sampling intervention. All collected samples’ plasma
amikacin concentrations were analyzed using the developed
method and clinically correlated for the observed levels. Amikacin
plasma concentrations were expected to range between 2 and
35 mg/l for the minimum effective concentration (MEC) and
maximum safe concentration (MSC), respectively. Figure 5 shows
the time after dosing versus plasma concentration for all samples
collected. Few plasma concentrations were found to be outside
the therapeutic range (2-35 mg/l). Three neonates with serum
amikacin concentrations greater than 35 mg/1 had serum creatinine
levels greater than 0.5 mg/l, indicating low plasma clearance,
which could be due to underdeveloped kidneys or deteriorated
kidney function. Subjects with serum creatinine levels greater than
0.7 mg/dl had plasma concentrations of amikacin greater than 3
mg/l even after 30 hours of dosing, indicating that lower clearance
of amikacin correlates with higher serum creatinine levels due to
underdeveloped or deteriorated kidney function. Meanwhile, all
other neonates with serum creatinine levels less than 0.3 mg/dl
achieved plasma amikacin concentrations within the therapeutic
window and fell below 2 mg/l within 24 hours, as expected. These
findings are clinically correlating with the observed concentration
in our assay.
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Figure 3. (A) Chromatogram of amikacin (RT 9.26 minutes) and internal standard (RT 2.88 minutes) (Tobramycin) at
LLOQ. (B) Chromatogram of amikacin (RT 9.29 minutes) and internal standard (RT 2.84 minutes) (Tobramycin) at ULOQ.
(C) Mass spectrum showing Amikacin precursor ion [M + H]"586.27 m/z. (D) Mass spectrum showing amikacin fragment
ion (Top m/z peak [M + H]+, 586.27—425.16 m/z). (E) Mass spectrum showing tobramycin precursor ion [M + H]+, 468.23

m/z. (F) Mass spectrum showing tobramycin fragment ion (Top m/z peak [M + H]+, 468.23—324.20 m/z).
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Table 2. Intercept, slope, and correlation coefficient of three CC plots.

Run ID CC set-1 CC set-I11 CC set-III Average
Intercept 0.00350 0.00689 0.00164 0.00401
Slope 0.02224 0.01401 0.01366 0.01664
2 0.99930 0.99900 0.99700 0.99843

Table 3. Accuracy and precision data of QC samples of amikacin
from spiked plasma.

Amikacin concentration

Parameter LLOQ LQC MQC HQC
0.5pg/ml  1.5pg/ml 40 pg/ml 80 pg/ml
‘Within run
Batch 1
9625+ 9685+ 9775+ 9725+
Accuracy £8D (%) "5 g5 2.53 239 4.05
Precision (% CV) 6.06 2.62 245 417
Batch 2
9423+ 9613+ 9829+ 9799+
Accuracy £8D (%)~ 4¢3 324 251 2.19
Precision (% CV) 5.13 337 2.56 224
Batch 3
9361+ 9597+ 9825+ 9694+
Accuracy 8D (%) 7y 5 3.64 5.74 2.16
Precision (% CV) 429 3.79 5.84 223
Between run
9470+ 9608+ 9810+ 9740+
Accuracy £8D (%)~ 5 15 3.51 407 3.72
Precision (% CV) 5.47 3.66 415 3.82

LLOQ: Lower limit of quantification; LQC: Low-quality control; MQC:
Middle-quality control; HQC: High-quality control.

Table 4. Amikacin stability results under different conditions. study.

Stability study condition (% Accuracy = SD)

Concentration Autosampler Bench-top  Freeze- Processed
24 hours, 24 hours, thaw sample
8°C RT five cycles 48 hours, 2-8°C
LQC 98.40% =+ 97.15%+  96.98% =+ 95.85% =+
2.67% 2.57% 5.35% 3.07%
HQC 97.89% + 96.04% +  97.86% =+ 96.11% =+
1.45% 2.65% 3.18% 2.26%

n: Number of replicate sample analyses.

Greenness of analytical procedure

In order to evaluate the eco-friendliness of the proposed
analytical method, a total of 12 GAPI parameters pertaining to the
sample, the reagents and compounds, and the instruments were
analyzed. Collecting, preserving, transporting, storing, processing
methods, extraction scale, solvent or reagent employed, and
additional reagents are sample variables. The amount of solvent/
reagent, health hazards, and safety hazards were associated with

Long Term Stability in Matrix at -80°C
Time (Days)

o I 0

-2.5
-»- LQC
5.0 4 -&- Limit
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Figure 4. Long-term stability data of amikacin in plasma at —80°C.

Table 5. Summary of demographic details of neonatal patients.

S. No. Variable
1 Total no. of subjects 33
2 Male/female 21/12
3 Post-natal age (days) 2 (1-65)
4 Gestational age (weeks) 39 (37-42)
5 Post-menstrual age (weeks) 39.31(37.31-47.42)
6 Birth weight (kg) 2.95(2.074.15)
7 Current weight (kg) 2.85(2.07-4.10)
8 Height (cm) 48 (42-53)
9 Serum creatinine (mg/dl) 0.63 (0.2-1.49)

No. of observations 45

—
(=]

chemicals and reagents. Instrumentation was related to energy,
occupational danger, waste, and waste treatment (Ptotka-Wasylka,
2018). A pictogram (Fig. 6) was constructed using the GAPI
tool, which indicates that the method is eco-friendly. A circle in
the middle of a pictogram represents that the method is suitable
for both quantitative and qualitative purposes. The color red
represents a severe danger to the environment, while yellow and
green symbolize lower danger and better greenness. Overall,
the method was eco-friendly, with five green, seven yellow, and
three red.
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Figure 5. Time versus concentration of amikacin measured in 45 plasma
samples of neonates (MSE: maximum safe concentration and MEC: minimum
effective concentration).

Figure 6. Green Analytical Procedure Index pictogram of proposed LC-MS/
MS method for estimation of amikacin from neonatal plasma. The color red
represents a high danger to the environment, while yellow and green symbolize
lower danger and better greenness. Eight parameters relating to sample
(collection, preservation, transport, storage, types of processing method, scale of
extraction, solvent/reagent used and additional reagent, etc.), three parameters
relating to reagents and compounds (amount to solvent/reagent, health hazard,
and safety hazard) and four parameters relating to instrumentation (energy,
occupational hazard, waste, and waste treatment).

CONCLUSION

A simple, efficient, reproducible, and green analytical
method was developed and validated for the estimation of amikacin
levels in neonatal plasma for PK evaluations and TDM. The method
does not use any derivatization steps or any ion-pairing reagents.
Clinical validation of the method demonstrated that the observed
concentrations of amikacin correlate with the clinical conditions

present in the neonatal subjects. The concentration of amikacin was
found to fall outside the predicted therapeutic window for clinically
unstable neonates in the usual dosing regimen. The developed
technique could be used for neonatal population PK investigations
and could be adapted to clinical laboratories for neonatal therapeutic
monitoring of amikacin. The method will also find its usefulness in
bioavailability and bioequivalence studies of amikacin.
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