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ABSTRACT

Introduction: The use of conventional methods of drug administration
during antibiotic therapy of critically ill patients may be insufficient since
the minimum inhibitory concentration required for effective therapy may
not be maintained for the required amount of time due to the peculiarities
of the patients’ pharmacokinetics. Endolymphatic therapy has been
proposed as an alternative approach.

Aim: The evaluation of meropenem pharmacokinetics during
endolymphatic antibiotic therapy and its comparison to intravenous
administration route.

Materials and methods: The blood samples from patients treated
with meropenem endolymphatically (n = 1) and intravenously (n = 1) were
analyzed using high-performance liquid chromatography with diode-array
detection and high-performance liquid chromatography with electrospray
ionization tandem mass-spectrometry.

Results: In intravenous and endolymphatic administration of meropenem
minimum plasma concentration at steady state was 10 pg/ml and
16.39 pg/ml, maximum plasma concentration at steady state - 42.41 ug/mi
and 42.57 ug/ml, area under the curve at steady state - 363.997 ug-h-ml”
and 521.86 ug-h-ml, mean residence time - 8.446 and 11.365 hours.
Conclusion: Our results demonstrate longer persistence of meropenem
in circulation after endolymphatic administration thus indicating preferable
pharmacokinetics. Additionally, minimum plasma concentration at steady
state after endolymphatic treatment remained at a high level, exceeding
minimum inhibitory concentration. However, further studies in larger
cohorts are required for obtaining reliable confirmations of endolymphatic
administration route benefits.
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Introduction

Carbapenems belong to the class of p-lactam broad-spectrum
antibiotics, structurally similar to penicillin, where the sulfur atom is
replaced by acarbonatom [1]. Allelse being equal,among all carbapenems,
meropenem is currently preferred because of the greater activity against
gram-negative bacteria, which is increased by the possibility of higher
doses due to less neurotoxicity [2]. Meropenem is actively used in modern
clinical practice inthe Russian Federation and a number of other countries.
In the Russian Federation, it is included in a number of existing clinical
recommendations of the Ministry of Health of the Russian Federation,
for example, a drug of choice for patients with severe community-
acquired pneumonia and risk factors for infection with P. aeruginosa
and enterobacteria®??.

The most important pharmacokinetic/pharmacodynamic parameter
of carbapenems is the ratio of the time when the concentration of the free
drug exceeds the minimum inhibitory concentration (MIC) to the time
between injections of the drug. This is expressed as a percentage time
above MIC and requires 20% to achieve bacteriostatic effect
of carbapenems and 40% to achieve maximum bactericidal effect.
The MIC value depends on a specific microorganism and ranges from
0.03 to 8 pg/ml, reaching in some cases up to 32 ug/ml for resistant
pathogens. It is worth noting that the value of this indicator required
to achieve a certain effect is different for different groups of beta-lactams
[3, 4]. Patients with severe infectious diseases are at risk of reaching
only subtherapeutic concentrations (insufficient percentage time above
MIC) due to pathophysiological changes affecting the pharmacokinetics
of the drug, for example, renal and hepatic dysfunction, increased
renal clearance, increased apparent volume of distribution [5]. Plasma
concentrations of carbapenems may be insufficient with recommended
dosages for severely ill patients with increased volume of distribution
or for dialysis patients [2].

The use of intravenous or intramuscular routes of administration
in antibiotic therapy of severe infectious diseases is not enough to achieve
the necessary therapeutic effectiveness and eliminate pathogens. As
an alternative approach, the use of endolymphatic therapy has shown
its effectiveness in military field surgery, oncology, urology, gynecology,
traumatology, phthisiology, as well as in the treatment of acute surgical
diseases of the abdominal cavity [6]. Endolymphatic administration allows

! Community-acquired pneumonia in adults: clinical guidelines. Ministry of Health of the Russian Federation. 2024. (In Russian). Accessed 22.08.2025. https://cr.minzdrav.
gov.ru/preview-cr/654_2

2 Urinary tract infection: clinical guidelines. Ministry of Health of the Russian Federation. 2024. (In Russian). Accessed 22.08.2025. https://cr.minzdrav.gov.ru/view-cr/281_3

% Meningococcal Infection in Children: clinical guidelines. Ministry of Health of the Russian Federation. 2023. (In Russian). Accessed 22.08.2025. https://cr.minzdrav.gov.
ru/view-cr/58_2
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you toincrease the flow of the drug into the pathological site (inflammation,
wound, degenerative tissues, etc.) due to transport mediated by
immunocompetent cells [7]. With endolymphatic administration,
antibiotics are delayed in the lymphatic system for up to 24-48 hours,
creating a depot of the drug in the body, followed by a slow dosage of them
into the blood. When in lymph, it is expected that up to 50% of the dose
of the administered antibiotic is adsorbed on the surface of lymphocytes,
in addition, unstable coupling of drugs with immunoglobulins occurs,
which ensures the entry of antibiotics into the site of inflammation
together with immunocompetent cells and immunoglobulins [8].
Endolymphatic administration involves direct administration of the drug
into the lymph in the following ways: catheterization of the peripheral
lymphatic vessel (antegrade method) or superficial lymph node
(intranodular method), through the thoracic lymphatic duct (retrograde
method). A number of authors note the advantage of endolymphatic
methods of administering drugs compared to traditional ones: faster
recovery and recovery of patients, shorter length of hospital stay, reduced
number of complications, reduced side effects of drugs [9].

Since meropenem refers to time-dependent antibiotics, that
is, the effectiveness of treatment depends on the time of retention
of the antibiotic concentration in the site of infection above the MIC for
this pathogen, an important factor ensuring the effectiveness of therapy
is therapeutic monitoring of the antibiotic concentration in order
to adjust the dose in case of insufficiency of the percentage time above
MIC indicator, which requires a sensitive, specific and suitable for
routine analysis method for the quantitative determination of antibiotic
in biosamples. The high-performance liquid chromatography (HPLC) with
diode-array detection (HPLC-DAD) method was developed and validated
to monitor the concentration of meropenem in blood plasma, and HPLC
with electrospray ionization tandem mass-spectrometry (HPLC-ESI-MS/
MS) to assess the concentration in white blood cells. The aim of this study
was the evaluation of meropenem pharmacokinetics during endolymphatic
antibiotic therapy and its comparison to intravenous administration route
using HPLC-DAD and HPLC-ESI-MS/MS methods.

Materials and methods

Selection of biosamples

Two critically ill patients aged 36 (patient 1) and 45 (patient 2) with
sepsis, hospitalized in April 2023, received 1 g of meropenem twice a day
participated in the study, the first received meropenem intravenously,
the second endolymphatically. Blood plasma was selected as possible
biosamples for analysis to study the pharmacokinetics of meropenem
during endolymphatic administration and further therapeutic monitoring.
Based on the literature data on meropenem plasma concentration levels,
HPLC-DAD was selected as the assay method.

Also, to evaluate the hypothesis of the delivery of antibiotics by
immunocompetent cells to the site of inflammation, it was proposed
to analyze lysates of leukocytes previously isolated from whole blood.
Given the lower expected concentrations than plasma, HPLC-ESI-MS/MS
was selected as the assay method.

Blood sample preparation

To obtain plasma, whole blood was centrifuged at 2500 revolutions
per minute (RPM) for 15 minutes, and the supernatant was transferred
to an individual tube.

2025;2 (2) 27
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300 puL of plasma was transferred to a 1.5 mL microtube, 600 pL
of acetonitrile was added, and centrifuged at 13000 RPM for 10 minutes
to precipitate proteins. The supernatant was transferred to an individual
vial and the samples were stored at -70 °C until analysis.

Sample preparation of peripheral blood mononuclear cells

To obtain leukocyte lysates, the peripheral blood mononuclear cells
(PBMCs)isolation method followed by lysis was used. Awhole blood sample
(5 mL) was transferred to saline tube 1 (5 mL). Ficoll solution (3 mL) was
then added to tube 2 (15 mL). Ficoll solution has a specific density of 1.077
g/ml, which ensures the correct separation of blood layers. After neatly
layering the blood (from tube 1) onto the gradient (tube 2), centrifugation
was performed at 400 g (20 min). The principle of the gradient separation
method is based on the separation of blood cell elements by size when
centrifuged in a Ficoll gradient with a specific density of 1.077 g/ml.

After centrifugation, various layers of whole blood were visible. The
main cellular component of blood is red blood cells, which make up
45% of the total blood volume. The remaining 55% is plasma. The
PBMCs fraction lies just below the plasma layer. It includes lymphocytes
(T- and B-cells), naive cells, monocytes, dendritic cells, stem cells.
Granulocytes, which are heavier than PBMCs, are located between their
layers and the erythrocyte layer.

Next, 3 mL of the formed PBMCs ring was sampled over the entire
cross-sectional area of the tube by pipetting through the plasma fraction.
The PBMCs fraction was transferred to another tube with 10 mL saline.
The contents of the tube were centrifuged at 400 g (7 min). As a result,
PBMCs settled at the bottom of the tube, 500 ul of guanidine lysis
solution was added to PBMCs to disrupt the leukocyte membrane. The
last stage of sample preparation is protein precipitation by adding 400 pl
of acetonitrile to 200 pl of PBMCs lysate and centrifuged at 13000 RPM
for 10 minutes. The supernatant was transferred to an individual vial
and the samples were stored at -70 °C until analysis.

High-performance liquid chromatography with diode-

array detection development

A system consisting of an Agilent Infinity Il 1260 high-performance
liquid chromatograph equipped with a gradient pump, column
thermostat, degasser, manual input and diode-array detector was used
for chromatographic separation and detection of meropenem in plasma
samples.

The following reagents and materials were used: acetonitrile (HPLC
grade =99.9%), ammonium acetate (=98%), acetic acid (=99%),
concentrated ammonia solution, purified water (Milli-Q) for HPLC,
meropenem trihydrate drug substances (series: 110522; manufacturer:
Sintez OJSC), intact plasma samples.

To prepare mobile phase (MP) A, 1.925 g of ammonium acetate was
placedina1000 mL resistant glass bottle and dissolvedin1000 mL of water,
1.925 mL of acetic acid was added, mixed, and the pH of the solution was
adjusted to 6.0 + 0.1 with concentrated ammonia solution. The resulting
solution was filtered through a 0.45 ym membrane filter and degassed. To
prepare MP B, 1000 mL of acetonitrile was placed in a 1000 mL refractory
glass bottle.

To validate the method and further quantify, model reference standards
prepared by mixing 500 uL of the corresponding working solution with
500 pL of intact plasma were used, after which sample preparation was
carried out as described above. The concentrations of the obtained

2025;2(2)
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standard calibration solutions correspondedto the following concentration
range: 5, 10, 25, 50, 100, 250, 500, 1000 pg/mL.

Development of high-performance liquid chromatography
with electrospray ionization tandem mass-spectrometry
procedure

A system consisting of an Agilent Infinity Il 1290 high-performance
liquid chromatograph equipped with a gradient pump, column thermostat,
thermostatic multisampler, degasser and ESI-MS/MS detector was used
for chromatographic separation and detection of meropenem in leukocyte
lysates.

The following reagents and materials were used: acetonitrile (HPLC
grade =99.9%), formic acid (=99%), purified water (Milli-Q) for HPLC,
meropenem trihydrate drug substances (batch: 110522; manufacturer:
Sintez OJSC), intact plasma samples.

To prepare MP A, 1000 mL of water and 1000 mL of formic acid were
added and mixed in a 1.0 mL refractory glass bottle. To prepare MP B,
1000 mL of acetonitrile was placed in a 1000 mL resistant glass bottle
and 1.0 mL of formic acid was added and mixed.

To validate the method and further quantify, model reference standards
prepared by mixing 500 uL of the corresponding working solution with 500
pL of intact plasma were used, after which sample preparation was carried
out as described above. The concentrations of the obtained standard
calibration solutions corresponded to the following concentration range:
0.01,0.05,0.25,0.5,1,2.5, 5,75 and 10 ug/mL.

Validation of bioanalytical methods

The methods were validated in accordance with the rules for conducting
bioequivalence studies of drugs within the Eurasian Economic Union
(approved by decision No. 85 of the Council of the Eurasian Economic
Commission of 03.11.2016) for the following validation parameters:
specificity, limit of quantification, linearity, analytical range, precision
(repeatability), accuracy, transfer effect, matrix effect, stability. All obtained
values complied with the regulatory documentation requirements.

Results

High-performance liquid chromatography with diode-

array detection

To develop the HPLC-DAD method, a chromatographic column was
selected: Agilent Eclipse Plus C8, 4.5 x 150 mm in size, octasilane (C8)
sorbent, 5 microns. An Eclipse Plus C18 2.1 x 12.5 mm, 5 um protective
column was used to protect the main column from biological sample
related substances. The MP composition was optimized as follows: MP A
25 Mm ammonium acetate buffer pH 6.0 = 0.1, MP B acetonitrile in a ratio
of 89:11, the elution mode is isocratic. Oven temperature 30 °C, injection
volume 20 pL. To select the wavelength of detection, the ultraviolet
spectrum of the meropenem substance solution was recorded (Fig. 1),
the obtained maximum absorption corresponded to the literature data
and amounted to 298 nm. The retention time of the meropenem peak was
about 3 minutes.

Typical chromatograms of the blank, the lowest concentration
standard calibration solution (5 pg/mL) and the patient’s plasma sample
with maximum concentration are presented in Fig. 2. The developed
method was used to analyze the blood plasma of two seriously ill patients
receiving 1 g of meropenem twice a day, at 9 am and 5 pm intravenously
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FIG. 1. The ultraviolet spectrum of the meropenem substance solution
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FIG. 2. Typical high-performance liquid chromatography with diode-array detection chromatograms of blank (A),
lowest concentration standard calibration solution (B), patient’s plasma sample with maximum concentration (C)
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Table. Comparative pharmacokinetic parameters for intravenous and endolymphatic routes of administration

Route of administration Minimum plasma Maximum plasma Areaunder the Mean
concentration at steady concentration at steady curve at steady residence
state, pg/ml state, pg/mi state, pg-h-ml- time, h
Intravenous 10 42.41 363.997 8.446
Endolymphatic 16.39 42.57 521.86 11.365

and endolymphaticaly, respectively. Blood was collected at O, 0.083,
1,2,3,4,5,6, 8,12, 24, 27 and 28 hours. Comparative pharmacokinetic
parameters (Table) were calculated from the concentrations found.

From the obtained pharmacokinetic parameters, it can be seen that,
despite comparable maximum plasma concentration at steady state with
intravenous and endolymphatic routes of administration, in the second
case, the drug remains in the body for a longer time, which demonstrates
the mean residence time indicator. Also, with endolymphatic
administration, minimum plasma concentration at steady state remains at
a fairly high level, exceeding MIC = 12 ug/ml, which is critical for achieving
a therapeutic effect during antibiotic therapy.

High performance liquid chromatography with

electrospray ionization tandem mass-spectrometry

The HPLC-ESI-MS/MS method was developed on a chromatographic
column for ultra HPLC “Zorbax Eclipse C18”, C18, 50 x 21 mm, 1.7 um.
An Eclipse Plus C18 21 x 125 mm, 5 ym protective column was used
to protect the main column from biological sample related substances.
The MP composition was selected as follows to obtain a positively
charged parent ion of meropenem: MP A 0.1% formic acid in purified
water, MP B 0.1% formic acid in acetonitrile, elution mode isocratic, solvent
ratio 95:5%. Oven temperature 30 °C, injection volume 5 L. To select
the multiple reaction monitoring transition for meropenem detection,
the mass spectrum was recorded and the most intense product ion 68.1
was selected (Fig. 3). ESI-MS/MS parameters were optimized to achieve
the highest sensitivity of the method: precursor ion 384.2; product ion
68,1; gas temp 350 °C; gas flow 9 I/min; sheath gas flow 9 I/min; ion spray
voltage 5500; collision energy 51.

FIG. 3. Multiple reaction monitoring transition of meropenem
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The retention time of meropenem was approximately one minute,
typical chromatograms of blank, blood plasma and leukocyte lysate
are shown in Fig. 4. These data demonstrate the concentrations
of meropenem in leukocyte lysates at intravenous administration
route at the limit of determination level. In the endolymphatic route
of administration, concentrations of meropenem in lysate ranged from low
limit of quantification to 30 ng/mL, which is associated with a high antibiotic
content in the lymphatic system when directly injected into lymph.

Discussion

Meropenem demonstrates significant pharmacokinetic variability
across different patient populations, underscoring the need for

FIG. 4. Typical high performance liquid chromatography with electrospray ionization tandem mass-spectrometry
chromatograms of blank (A), blood plasma (B) and leukocyte lysate (C)
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individualized dosing strategies. To achieve the necessary therapeutic
effect, various dosage regimens can be considered, including
changing the duration of the infusion and the dose administered as well
as the use of alternative routes of administration [10, 11]. Despite the lower
bioavailability of meropenem for routes of administration other than
intravenously, the time when the concentration of the free drug exceeds
MIC increases [12, 13]. Considering the data obtained on the steady-
state concentrations in this study, this information confirms the above
statement - minimum plasma concentration at steady state for intravenous
route of administration was 10 pg/mil, for endolymphatic was 16.39 ug/ml,
which leads to an increase in the time when the concentration of the free
drug exceeds required MIC. It is necessary to optimize the dosage
regimen to achieve the required MIC for patients with pathophysiological
changes, for example, kidney function or in patients with severe burns,
amputated limbs, because these changes affect the pharmacokinetics
of the antibiotic [14-16]. The use of therapeutic drug monitoring is an
effective approach to optimize dosing, ensuring improved therapeutic
outcomes while reducing the risk of toxicity and reducing the development
of antibiotic-resistant bacteria [17, 18].

A study of the inflammatory exudate of patients receiving
meropenem intravenously shows high concentrations of meropenem
almost comparable to plasma concentrations [19]. Administration
of the antibiotic directly into the lymphatic system will theoretically
increase the concentration of meropenem in exudate, what can be
mediated by the delivery of meropenem to the inflammatory site by
immunocompetent cells, which requires further research. According to our
data, the concentrations of meropenem detected in PBMCs lysate were
below 30 ng/ml for the endolymphatic route of administration, and no clear
signal was obtained for the intravenous route. This shows a higher content
of meropenem in PBMC with the endolymphatic route of administration
than with the intravenous route. In vitro experiments demonstrated
elevated IL-1p secretion in infected macrophages after incubation with
meropenem concentrations above 5 pg/ml, indicating activation of host
innate immune response by pathogen-associated molecular patterns
as a result of the release of damage-associated molecular patterns [20].
Apparently, an increase in the concentration of meropenem in the site
of inflammation will lead to a more active death of bacterial cells, which
in turn will stimulate the immune response more strongly.

Conclusion

The developed methods for the quantitative determination
of meropenem in biological samples of seriously ill patients were
validated in accordance with the current regulatory documents in the field
of bioanalytical studies and tested on real samples taken from seriously
ill patients. In the future, these methods are planned to be used both
for further studies of the comparative pharmacokinetics of meropenem
in various routes of administration, and for therapeutic monitoring
of the concentration of meropenem at the time of antibiotic therapy using
the HPLC-DAD method.

The calculated pharmacokinetic parameters from the results
obtained using the HPLC-DAD method demonstrate the advantages
of endolymphatic administration route over intravenous at
the pharmacokinetic level, however, in order to reach more reliable
conclusions, it is necessary to analyze a larger sample of patients,
and extending the study period to observe steady-state concentrations
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for several days and then comparing groups intravenous
and endolymphatic administration routes for statistically significantly
different results. It is also advisable to continue the study of meropenem
in PBMCs using the developed and validated HPLC-ESI-MS/MS method
to better understand the pharmacokinetic features of endolymphatic
administration and the causes of their occurrence.
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