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Reported extraction efficiencies (EE) of the minimally invasive microdialysis (uD) technique for linezolid (LIN)
varied in subcutaneous adipose tissue of obese 42.8 % (95 %CI:35.9 %-50.2 %) and non-obese patients 61.0 %
(95 %ClI:54.4 %-67.1 %). EE must be determined in vivo, as in vitro pD systems (EE=94.1 % for LIN) so far fail to
reflect in vivo processes and conditions. This study aimed to develop an in vitro uD system capable of reproducing
in vivo EE of LIN for different populations by mimicking tissue characteristics and processes limiting EE. Based on
the static in vitro uD system two novel systems were developed: (i) mimicking catheter surrounding as artificially
tissue structure (aTS) by creating a porous matrix using milling beads, and (ii) adding a surrounding flow as
artificial tissue perfusion (aTP) through the aTS. While experiments using the aTS uD system resulted in a low EE
of 33.2 % (95 %CI=31.8 %-34.7 %), adding aTP increased EE in a function of aTP, to a maximum of 97.2 % (95
%CI=91.1 %-104 %). The aTP uD system successfully reproduced the median reported in vivo EE range for LIN,
matching EE for obese and non-obese at an aTP of 0.013 and 0.061 mL/min, respectively. By reproducing in vivo
EEs for LIN, the novel aTP uD system (aTPMS) provides a platform for optimising uD settings in clinical trials,

with future studies needed to explore its application to other substances.

1. Introduction

The in vivo microdialysis (uD) technique is the gold standard (De La
Pena et al., 2000; Plock and Kloft, 2005) to determine the pharmaco-
kinetics (PK) directly at the site of action for antibiotics, which is for
most bacteria-antibiotic interaction the interstitial space fluid (ISF) of e.
g, lung, liver, bone, subcutaneous (sc.) adipose tissue and brain. The
diffusion driven uD technique is recommended for drugs, when a direct
translation from plasma PK to the target-site PK is not possible due to
differences between the unbound plasma concentration-time profiles
and the observed concentrations in ISF (Cisp), e.g., for linezolid (LIN) and
meropenem (Busse et al. 2021; Busse et al., 2021b; Ehmann et al., 2020).
Thus, the target-site related PK should be used as surrogate to predict the
antibiotic effect (Craig and Middleton, 1998; Marchand et al., 2016;
Ryan, 1993; van Os et al., 2024; van Os and Zeitlinger, 2021). Micro-
dialysis catheters consist of a semipermeable membrane connected to an
inflow and outflow for the perfusate, which is pumped through the
catheter at rates between 0.5 to 5 pL/min (Plock and Kloft, 2005). In

clinical studies, drug molecules in the ISF diffuse across the membrane
into the perfusate and samples, so-called dialysates, are collected at the
outlet over certain time intervals. Due to the constant perfusate flow
through the catheter an equilibrium between drug concentration in the
perfusate and catheter sampling site in the ISF is not achieved and only a
fraction from Cig is extracted and quantified as uD concentration (Cpja)),
characterising the extraction efficiency (EE) of the catheter. EE from the
tissue ISF into the catheter, commonly described as relative recovery
(RR), cannot be determined directly. Protein binding and unspecific
binding of the drug of interest in the ISF, as well as difficulties to extract
ISF without damaging cells technically preclude the determination of
the true, unbound Cigg, thus EE (Deitchman et al., 2018; Nation et al.,
2018; Nilsson, 2013). Consequently, for each catheter the EE needs to be
determined via catheter calibration to enable the calculation of Cigg from
Cpial- Of the existing calibration methods (Bungay et al., 2006; Kho et al.,
2017; Stenken, 1999) the most common one in clinical trials is the ret-
rodialysis technique, in which the perfusate is replaced by the retro-
perfusate containing a high concentration of the drug of interest. By
conducting retrodialysis calibration the EE is determined, termed

* Corresponding author: Freie Universitaet Berlin, Institute of Pharmacy, Department of Clinical Pharmacy and Biochemistry, Kelchstr. 31 12169 Berlin, Germany.
E-mail addresses: robin.michelet@fu-berlin.de (R. Michelet), charlotte.kloft@fu-berlin.de (C. Kloft).

https://doi.org/10.1016/j.ejps.2025.107085

Received 19 September 2024; Received in revised form 19 February 2025; Accepted 29 March 2025

Available online 29 March 2025

0928-0987/© 2025 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://orcid.org/0000-0003-4045-7948
https://orcid.org/0000-0003-4045-7948
mailto:robin.michelet@fu-berlin.de
mailto:charlotte.kloft@fu-berlin.de
www.sciencedirect.com/science/journal/09280987
https://www.elsevier.com/locate/ejps
https://doi.org/10.1016/j.ejps.2025.107085
https://doi.org/10.1016/j.ejps.2025.107085
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejps.2025.107085&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

F.L. Miiller et al.

European Journal of Pharmaceutical Sciences 209 (2025) 107085

Abbreviations

aTP Artificial tissue perfusion

aTPgpso Artificial tissue perfusion at half maximal extraction
efficiency

aTPMS  Artificial tissue perfusion microdialysis system

aTSMS  Artificial tissue structure microdialysis system

Cbial Microdialysis concentration

Cisp Interstitial space fluid concentration

Cper Retroperfusate concentration

D: Diffusion coefficient in tissue

EE Extraction efficiency

EEgase Baseline extraction efficiency

EEMax Maximal extraction efficiency

HPLC-UV/VIS High-performance liquid chromatography
ultraviolet/visible

ISF Interstitial space fluid

LIN Linezolid

MB Milling beads

uD Microdialysis

PK Pharmacokinetic

RR Relative recovery

D Relative delivery

rDarp Relative delivery from the aTPMS
rDats Relative delivery from the aTSMS
IDRrEr Reference relative delivery

RRa1p Relative recovery from the aTPMS
RRats Relative recovery from the aTSMS
RRggr Reference relative recovery

RS Ringer’s solution

s.c. Subcutaneous

sIVMS  Static in vitro microdialysis system

relative delivery (rD), ie. extraction of molecules from the retro-
perfusate into the tissue ISF. Indeed, as diffusion kinetics across the
membrane are assumed to be independent from the direction of diffu-
sion, RR is assumed to equal rD (Zhao et al., 1995) and Cpj,) are con-
verted to Cigr by dividing by rD when the system is in steady-state
(Bungay et al., 2001).

The oxazolidinone antibiotic linezolid (LIN) has been well studied in
the ISF of different tissues using uD (Andreas et al., 2015; Dehghanyar
et al., 2005; Eslam et al., 2014; Gee et al., 2001; Schwameis et al., 2017;
Stolle et al., 2008; Thallinger et al., 2008; Wiskirchen et al., 2011). Its EE
depends on perfusate flow, membrane (type), length of the catheter, and
the permeability of the drug in the catheter-surrounding matrix. Tissue
ISF permeability, i.e. movement of molecules in the ISF, can exhibit
patient-specific variability, which can lead to lower EE in specific sub-
populations: For LIN, in vivo EE in subcutaneous adipose ISF of 42.8 %
(95 %CI:35.9 %—50.2 %) for obese patients and 61.0 % (95 %CI:54.4
%—67.1 %) for non-obese were determined (Busse et al., 2021a),
compared to observed in vitro EE between 90.2-97.9 % (Burau et al.,
2019). In vivo, tissue characteristics and structure have been shown to
restrict the permeability of substances, depending on the substance
diffusion coefficient in the tissue (Dy), tissue perfusion and drug elimi-
nation from the tissue. Typically, when tissue permeability is lower than
that of the pD catheter, it becomes the limiting factor for EE (Bungay
et al, 2006; Chen et al, 2002). In vitro, however, the
catheter-surrounding matrix, typically a well-stirred ISF-like solution, is
considered to not restrict permeability, and only catheter membrane
permeability limits EE. These differences imply that in vitro systems in
their current state are not capable of reproducing median reported in
vivo EE. Yet, the use of in vitro systems is highly recommendable to
perform feasibility studies prior clinical uD studies. Currently, an
evidence-based optimisation of uD settings to ensure sufficient EE in vivo
is not possible and relies on the expertise of clinical personnel. An in vitro
uD system predicting in vivo EE is currently not available and would help
support evidence-based recommendations for clinical uD settings,
thereby fostering the usage of uD in clinical studies. The aim of this study
was thus to (i) develop an in vitro uD system that reproduces in vivo EE
for different populations by mimicking D; and tissue perfusion using LIN
as a model substance, and (ii) compare the resulting EE to published in
vivo data of LIN in different study populations.

2. Materials and methods
2.1. Materials

Linezolid was obtained from Pfizer (Peapack, New Jersey, USA).
Acetonitrile of analytical grade was obtained from VWR Chemicals

(Fontenay-sous-Bois, France) and ultra-pure water was generated using
a Millipak® system (Merck Millipore, Darmstadt, Germany). Sterile
Ringer’s solution (RS) was obtained from B. Braun Melsungen AG
(Melsungen, Germany). CMA 63 catheters and CMA/102 pumps were
purchased from mbDialysis and CMA/Microdialysis AB, respectively
(both in Stockholm, Sweden). 1 mL Omnifix syringes fitting the uD
pumps were purchased from B. Braun SE (Melsungen, Germany). Safe-
lock vials (0.5-1.5 mL), as well as adjustable pipettes and tips
(20-1000 pL), were sourced from Eppendorf (Hamburg, Germany).
Milling beads (MB) with diameters of 200-300 um (SiLibeads, Sigmund
Lindner, Warmensteinach, Germany), 100 ym and 200 pm (Power
Beads, Hosokawa Alpine, Japan), and 50 um diameter (Biihler, Uzwil,
Switzerland) were used. A magnetic stirrer (RCT basic) from IKA
Labortechnik GmbH (Staufen, Germany), and a Sonorex Digitec ultra-
sonic bath (Typ DT 106) from Bandelin Electronic (Berlin, Germany)
were used. The ISMATEC MV-CA 4 pump from Cole-Parmer GmbH
(Wertheim, Germany) was used in combination with Tygon LMT-55
stopper tubing (IDEX Health & Science GmbH, Wertheim, Germany)
and Tygon LMT extension tubing (Carl Roth, Karlsruhe, Germany)
(further specification see supplements 7.1).

2.2. General in vitro uD set up

The static in vitro uD system (sIVMS) (Simmel et al., 2013) was used
as the basis to develop in vitro artificial tissue pD systems and to deter-
mine reference EE (Section 2.3). The sIVMS consisted of a test tube
(volume of 15 mL) holder with a heating block to maintain the tem-
perature at 37 °C. In each experiment, uD catheters were connected to 1
mL Omnifix syringes. CMA/102 pumps were used throughout all
experimental settings to apply the perfusate flow though the catheter.
CMA 63 catheters with a molecular mass cut-off of 20 kDa and a
membrane length of 30 mm were used, corresponding to catheters used
in vivo for LIN (Dehghanyar et al., 2005; Eslam et al., 2014; Gee et al.,
2001; Stolle et al., 2008; Thallinger et al., 2008).

2.3. Reference extraction efficiencies in the sIVMS

EE reference values (RRrgr and rDggr for microdialysis and retro-
dialysis, respectively) were determined at optimal (well-stirred) condi-
tions of the catheter surrounding matrix. The catheters were inserted
into a test tube containing 14 mL of a well-stirred Cigp=6 pg/mL LIN in
RS corresponding to clinically relevant maximal LIN concentration
(Ehmann et al., 2020) (Fig. 1A). As retroperfusate (Cpe;), RS with
Cper=60 pg/mL or Cpe;=80 ug/mL LIN was used. To determine RRygr
and rDggr, 23 experiments were performed according to the schedule in
Fig. 2.
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Fig. 1. Schematic of three experimental microdialysis systems; (A) reference experiment in the static in vitro pD system (sIVMS), (B) artificial tissue structure pD
system (aTSMS) with milling beads, and (C) artificial tissue perfusion uD system (aTPMS) with surrounding milling beads; red circles: drug molecules, grey circles;

milling beads.
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Fig. 2. Sampling schedule for all experiments: from 30 to 150 min: microdialysis setting; from 180 to 270 min: retrodialysis setting blue arrows: catheter-
surrounding matrix samples taken in all systems (SIVMS, aTSMS, aTPMS); red arrows: catheter-surrounding matrix samples taken from the artificial tissue perfu-
sion microdialysis system (aTPMS). Abbreviations: aTSMS. artificial tissue structure microdialysis system; sIVMS. static in vitro microdialysis system; rD: relative

delivery; RR: relative recovery.

2.4. Artificial tissue structure system (aTSMS)

To mimic the tissue structure of the in vivo ISF of the target site
around the catheter, inert milling beads (MB) made from yttrium-
stabilized zirconium with diameters of 200-300 upm SiLibaeds
(referred to as 250 pm), 100 ym and 200 pm Power Beads, and 50 um MB
were used (Fig. 1B). A Cigg=6 pg/mL LIN in RS was mixed with 100 g of
MB. To remove remaining air from the submerged MB, the solution was
stirred and degassed using an ultrasonic bath until no more air bubbles
emerged from the MB. The filling procedure started by placing a 10 cm
long straw in the test tube from the sSIVMS as placeholder for the catheter
and 3 mL of Cigr solution of 6 pug/mL LIN in RS was added. With a
spatula, the degassed MB were added around the straw until % of the test
tube was filled. The catheter was inserted into the straw which was
carefully removed from the MB without pulling the catheter. If the
membrane was not completely submerged in the MB, the procedure was
repeated starting from the filling of the test tube. The samples of the Cisg
solution were taken from liquid above the MB to not alter processes
within the MB matrix and to prevent damaging catheters. As retro-
perfusate Cpe,=60 pg/mL LIN in RS was used. A total of 60 experiments
were conducted, with 15 experiments for each MB diameter to deter-
mine RR,rs and rD,ts, following the sampling schedule in Fig. 2.

2.5. Artificial tissue perfusion system (aTPMS)

To mimic the tissue perfusion, a flow through aTSMS was added
(Fig. 1C), referred to as artificial tissue perfusion (aTP). In the aTPMS,
50, 100, and 250 um MB diameters were used and aTP was controlled
using a peristaltic pump and Ismatec Tygon tubes with an inner diameter
of 0.51 mm. Compared to the aTSMS, an adapted filling procedure of the
test tubes was applied utilising the peristaltic pump: First, the inflow
spiral-tube was placed at the bottom of the test tube and the straw was

inserted. Second, dry MB were added, and the inflow was connected to
the peristaltic pump set to a high flow rate of ~1 mL/min of catheter
surrounding solution. During the filling the placeholder straw and
spatula were used to stir the MB ensuring constant filling without air
stuck in the MB matrix. Third, the catheter was then inserted into the
straw the same way as described above for the aTSMS (Section 2.4). To
keep the volume of the catheter surrounding solution within the system
constant, excess solution above the MB was withdrawn at the same
pump rate as the inflow (Fig. 1C).

Before each experiment, the flow rate of the peristaltic pump was
determined (n = 2). Flow rates from 0.05 to 0.5 mL/min were set, as well
as Cigp=6 pg/mL and retroperfusate of Cpe,=80 ug/mL LIN in RS were
used. Retrodialysis, uD and matrix samples (LIN in RS) were taken ac-
cording to the schedule in Fig. 2.

2.6. General experimental settings of uD and retrodialysis investigations

Before each experiment and when switching from pD to retrodialysis,
flushing with an initial perfusate flow of 10 uL/min for 10 min followed
by an equilibration phase with perfusate flow of 2 pL/min for 20 min
was applied. Perfusate flow throughout sampling phase was 2 uL/min. In
total, per experiment 4 uD samples and 3 retrodialysis samples of 30 min
intervals over 2 and 1.5 h, respectively, were collected (Fig. 2). To
prevent evaporation the samples were collected in 0.5 mL safe lock vials
on ice. After every experiment, the catheters were carefully removed
from the matrix, inserted into ultra-pure water, and flushed with ultra-
pure water at 10 uL/min for at least 30 min. All uD, retrodialysis and
matrix LIN samples were stored at 8 °C and analysed directly after the
experiment using a validated HPLC-UV/VIS assay (Buerger et al., 2003)
and EE (i.e. RR and rD) was calculated according to Eq. (1):

— Cpial)

( CPer
EE = 1
(CPer - CISF) ( )
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with Cpe, being the perfusate, Cp;a the dialysate and retrodialysate, and
Cisr the unbound LIN concentration in the in vivo ISF or in vitro catheter
surrounding matrix. In case of microdialysis setting, Cper Was equal to
0 and the equation for EE, corresponding to RR, simplified to

_ Chial
CISF

@

For rD, when Cigr is 0, i.e. at the start of the experiment, the equation
for EE simplified to

CDial

mMm=1-
CPer

3)

otherwise, Eq. (1) needs to be used.
2.7. Statistical analysis

All resulting EE and Cigr were analysed using R v. 4.3.1 (R Founda-
tion for Statistical Computing, Vienna, Austria). Relationship between
aTP and EE was investigated using nonlinear regression utilising the
nlme package. The corresponding RR and rD values were compared
using paired t-tests, while comparisons of EE between reference values
and aTSMS were performed using unpaired t-tests. A significance level of
a=0.05 was applied for all statistical tests.

3. Results
3.1. Reference experiments using sIVMS

RRpgr and rDrep were determined in 23 experiments yielding 92
microdialysis and 69 retrodialysis samples using 7 catheters. The mean
value derived from each experiment (per day and catheter) were 89.9 +
6.4 % for RRpgr and 91.5 + 4.5 % for rDggr. No significant difference
was found between RRggr and rDgrgr (mean difference:—2.1 %, 95 %
CI=-5.5 %—-1.2 %, p-value=0.16) (Fig. 3, green crosses). The EE
remained constant over time (Fig. 4, top left panel, green circles).

3.2. Artificial tissue structure system (aTSMS)

In total, EE from 60 experiments were collected (240 microdialysates
and 180 retrodialysates), and data from three experiments were dis-
carded due to membrane leakage; these broken catheters were replaced
in the subsequent experiment. Furthermore, seven experiments were
excluded when the difference between RR and rD was larger than +10 %
points, i.e., data analysis comprised 50 experiments.

System
B ® Reference
> ® aTSMs
[ aTPMS
>
8
[ Milling bead diameter
ﬂ>b + Reference
2 ® 50 um
'?'; A 100 ym
& * 200 ym

® 250 um

40 60 80 100

Relative delivery, %

Fig. 3. Relative delivery versus relative recovery determined in the (i) reference
system (green, n = 23 experiments), (ii) artificial tissue structure microdialysis
system (aTSMS, blue, n = 50 experiments) and (iii) artificial tissue perfusion
microdialysis system (aTPMS, yellow, n = 73 experiments) with the line of
identity; symbols: diameter size of milling beads.
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Fig. 4. Extraction efficiency over time in all in vitro systems, representing
relative recovery (yellow area) and relative delivery (blue area), experiments
grouped by the applied artificial tissue perfusion; top left panel: extraction ef-
ficiencies from reference system (green circles) and artificial tissue structure
system, lines: mean extraction efficiency.

The LIN nominal Cisp of 6 ug/mL remained constant during the ex-
periment’s duration of 270 min (n = 52, start=6.5 + 0.48 pg/mlL,
end=6.6 + 0.62 pg/mL, Figure S1) and RR,rs and rD,rs matched well
(Fig. 3, blue symbols). The mean RR,rs and rD,g per catheter and MB
diameter (Fig. 5) were compared using a paired t-test and no significant
differences were found: For 50 um, RR,1s and rD,rs were 30.8 % and
29.9 % (p-value=0.058), for 100 um 34.8 % and 35.3 % (p-value=0.53),
for 200 pm 35.4 % and 34.0 % (p-value=0.088), and for 250 um 34.9 %
and 34.6 % (p-value=0.72), respectively. Compared to the reference
experiments a significant decrease of total 56.8 % points for RR,rs and
58.2 % points for rDy7s (t-tests, p-values<0.001) was observed. Between
the MB, a significant difference was found between EE of 50 um and all
other MB diameters (unpaired t-tests; p-value<0.021). In contrast, there
were no significant differences between EE of 100, 200, and 250 um MB.

Furthermore, in microdialysates a decreasing and in retrodialysates
an increasing LIN concentration over time was notable across all MB
diameters, thus, overall mean RR,rs and rD,rg decreased over time from
36.4 + 4.6 % to 30.3 &+ 3.8 % and 36.0 + 5.3 % to 30.9 % + 4.5 %,
respectively (Fig. 4, top left panel and Figure S2).

3.3. Artificial tissue perfusion system

In 82 experiments, RR,7p (from 328 microdialysates) and rDa7p (from
246 retrodialysates) from 6 catheters were determined. 9 experiments
were excluded due to difference >+10 % points between RR,p and
rD,tp (n = 5) or catheter malfunction (n = 4) resulting in 73 experiments
for data analysis. In general, both EE values agreed well as shown in

=

®
= 75
o
s
§ ¢ Mean EE
=
50 .
2 Setting
2 8 Microdialysis
‘g @ E'%:?‘:l gg':;l B Retrodialysis
4 iﬁ
% 25
w

50 100 200 250
Milling bead diameter, pm

Fig. 5. Extraction efficiency (EE) representing relative recovery in a micro-
dialysis setting (blue) and relative delivery in a retrodialysis setting (yellow) for
reference experiments (“0 um”) and different milling bead diameters; box:
interquartile range (IQR), 25th and 75th percentile with the median shown as
horizontal line and mean as red diamond; whiskers: 1.5-times the IQR below
the 25th percentile and above the 75th percentile, respectively; full circles:
indicate extraction efficiencies values outside the IQR.
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Fig. 3 (yellow symbols).

The applied aTP kept LIN Cigr solution nominal concentrations of 6
pg/mL constant during microdialysis with an overall mean of 6.1 + 0.43
ug/mL (Figure S3). During the retrodialysis setting, the LIN Cisg solution
of 6.1 + 0.43 pg/mL initially increased over the sampling period before
reaching a plateau at 7.0 + 0.85 ug/mL at 240 min, for all but the two
highest aTP which remained constant at 5.4 + 0.35 pg/mL (Figure S3).
The EE values were constant over time (Fig. 4). The lowest EE values in
the aTPMS was 57.0 + 6.3 % (rD) at the lowest aTP of 0.043-0.046 mL/
min and highest EE was 87.9 + 1.4 % (RR) at aTP of 0.463 mL/min.
Furthermore, standard deviation was similar throughout reference
setting, aTSMS, and aTPMS with a maximum of 6.6 %, 4.2 % and 7.4 %,
respectively (Table 1). The trend that the 50 ym diameter MB showed a
lower EE as in the aTSMS was not observed and between the 50, 100,
and 250 pm MB no significant difference was observed at similar aTP
below 0.14 mL/min (pairwise t-test, p-value>0.092). At aTP >0.28 mL/
min, pairwise t-tests were not conducted considering the small number
of data points of n = 2—-4 (Table 1).

3.4. Relationship between EE and aTP

The EE in the aTPMS increased with increasing aTP, and remained
within the range of determined EE from the reference system and the
aTSMS (Fig. 6). Using nonlinear regression, the increase of EE was best
described by a saturable relationship represented in a sigmoidal model,
according to Eq. (4):

€]

— FFpg) -
EE(aTP) = EEpes. + <(EEch pase) aTP>

aTPEESD + aTP

where EE represented either RR or rD, the subscript Base and Max de-
notes the baseline and maximum EE, respectively, and aTPggso the aTP
when the half-maximal EE was reached. Nonlinear regression for EE vs.
aTP for each MB diameter revealed negligible differences (Figure S4),
thus the EE from all experiments conducted in the aTSMS and aTPMS
was used without stratification for MB diameters.

Estimated EEyax was 97.2 % (95 %CI=91.1 %—104 %) and 93.4 %
(95 %CI=87.4 %—101 %), for RR,7p and rD,tp, respectively. EEp,se for
RRpase Was 33.2 % (95 %CI=31.8 %—34.7 %) and for rDpase 33.3 % (95
%CI=31.9 %—34.7 %). The aTP needed to reach the half-maximal RRsg
of 65.3 % (95 %CI=60.6 %—69.4 %) was 0.070 mL/min (95 %
CI=0.052-0.091 mL/min) compared to the half-maximal rDsg of 63.4 %
(95 % CI=58.7 %—66.6 %) with a similar flow of 0.071 mL/min (95 %
CI=0.052-0.088 mL/min). At flow rates >0.39 mL/min 90 % of the
RRyax and rDyjax was reached (87.6 % RRyax; 84.1 % rDyax).

Table 1

Extraction efficiencies, i.e., relative recovery and relative delivery for experi-
ments in the reference, artificial tissue structure and artificial tissue perfusion
(by pump rate) systems with the respective standard deviation.

aTP System n* Relative delivery Relative recovery
[mL/min] Mean, % SD, % Mean, % SD, %
0 Reference 23 91.5 4.5 89.9 6.6
0 aTSMS 50 33.3 4.2 33.1 3.9
0.043-0.046 aTPMS 15 57.0 6.3 58.6 5.9
0.058-0.061 aTPMS 12 61.0 4.6 63.1 5.8
0.079-0.10 aTPMS 14 65.3 4.8 66.8 5.0
0.11-0.12 aTPMS 10 69.6 6.8 74.6 7.3
0.14-0.14 aTPMS 16 73.9 5.7 76.2 4.9
0.28 aTPMS 4 84.0 29 84.9 7.4
0.46 aTPMS 2 81.7 4.9 87.9 1.4

*number of experiments, mean per experiment was calculated based on 3 ret-
rodialysates and 4 dialysates

Abbreviations: aTPMS: artificial tissue perfusion microdialysis system; aTSMS:
artificial tissue structure microdialysis system; SD: standard deviation.
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Fig. 6. Relationship between extraction efficiency (EE) and artificial tissue
perfusion based on the artificial tissue perfusion microdialysis system and
artificial tissue structure microdialysis system with estimated parameters for
baseline (RRpyse and rDp,se), maximal extraction efficiency (RRyjax and rDyjax)
as well as artificial tissue perfusion (aTPggso) corresponding to the half-
maximal extraction efficiencies (RRsp and rDsp) from nonlinear regression
models. Lines display the regression for microdialysis setting (dashed) and
retrodialysis (dotted), colours the milling bead sizes and symbols the setting.

3.5. Comparison of in vitro to in vivo reported extraction efficiencies

While aTSMS with an EE of 33.3 % underestimated the reported in
vivo values for obese patients of 42.8 % and non-obese patients of 61.0 %
(Burau et al., 2019), the aTPMS reproduced the 95 % CI of the in vivo
reported EE from 35.9 % to 50.2 % for obese and 54.4 % to 67.1 % for
non-obese (Busse et al., 2021a): In vitro EE matched the in vivo EE of 42.8
% for obese patients at an aTP of 0.013 mL/min (95 %CI:0.0033-0.028
mL/min). The EE of 61.0 % for non-obese patients corresponded to a
flow 0.061 mL/min (95 %CI:0.038-0.091 mL/min) (Eq. (4)). The same
experimental pD setting (perfusate flow and catheter) was applied by
Wiskirchen et al. in patients with diabetic foot infections investigating
thigh and wound concentrations of LIN by uD. EE were 39.9 + 14.6 %
for thigh and 46.4 + 17.3 % for wound catheters, corresponding to an
aTP of 0.0088 and 0.020 mL/min, respectively.

4. Discussion

In this study a new in vitro uD system was developed to reproduce EE
observed in vivo. The novel aTPMS was developed by introducing the
catheter into a perfused MB matrix, which mimicked cellular tissue
structure, and tissue perfusion. The aTPMS was developed in two steps:
First the cellular structure was mimicked using MB, described as the
aTSMS followed by the addition of the aTP through the MB matrix
mimicking tissue perfusion, resulting in the aTPMS. The EE of LIN
ranged from 33 % in the aTSMS to 91.5 % in the reference system, in
which the matrix was a well-stirred solution. The EE of the aTPMS was
within the range of the aTSMS and reference system and the impact of
the aTP on the EE was best described by a saturable relationship.

4.1. Impact of milling beads on extraction efficiency

The inert spheres of the MB with controlled diameters formed a
porous matrix with a free volume of 36.5 % (calculations based on the
manufacturer’s specified density and measured total volume). Free
volume fraction between the MB is dependent on the packing and not
the diameter and agreed well with an expected free volume of 36.5 % for
typical bulk packing of spheres (Wu et al., 2003). Furthermore, the
available volume for diffusion in the MB matrix was close to the ISF
volume available for diffusion in vivo, which was estimated to be be-
tween 20 % and 40 % depending on the tissue and trauma caused by the
insertion of uD catheters (Bungay et al., 2003; Dykstra et al., 1992).
Considering the similar free volume around and between the MB and
reported in vivo values as well as the high reproducibility of in vivo
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observed EE in the aTPMS, MB were suitable to mimic the cellular
structure and tortuosity.

In cases when RR and rD differed by >10 % (n = 12;8 % of total 146
experiments) the data was excluded. Reasons for this may be: The po-
sition of the catheter in the MB matrix, if the catheter has been moved
within the experiment, e.g during the matrix sampling, EE may be
affected. The MB did not allow a determination of the catheters position
throughout the experiment. Another reason may have been remaining
trapped air in the MB matrix close at the catheter membrane (Burau
et al.,, 2019). In 7 experiments uD catheters malfunctioned. The most
sensitive part was the connection of the catheter tubing with the semi-
permeable membrane, which broke when compression along the verti-
cal axis of the catheter was applied during catheter insertion into the
surrounding matrix.

EE in the aTSMS decreased significantly from 91.5 % compared to
the reference system of 33 %. In literature, a change in the rate limiting
process from the permeability of the catheter surrounding matrix to the
membrane permeability was described to cause the decrease in EE and
can be assumed for the aTSMS (Bungay et al., 2006; Chen et al., 2002).
In the aTSMS, LIN molecules distributed by diffusion in the catheter
surrounding matrix which was hindered by MB, as LIN could only
diffuse in the available space between the MB. As a consequence, LIN
concentration may have depleted (RR) or accumulated (rD) in the vi-
cinity of the membrane, resulting in the shown decrease of EE over time
(Fig. 4 and Figure S2). The unexpected difference in EE between 50 um
and larger MB may be attributed to changes in packing, which reduced
free volume for diffusion or trapped air due to a more challenging filling
process. In the aTSMS, larger MB diameters facilitated easier air removal
in contrast to the 50 um MBs. The hydrophobic behaviour in combina-
tion with the surface tension of water caused 50 um MB to trap more air,
resulting in air removal taking twice as long (30 min) compared to larger
MBs to remove.

4.2. Extraction efficiencies in the aTPMS

The aTPMS allowed for an improved and time saving filling pro-
cedure. Benefit of the optimised filling was that the MB matrix was
already in the desired test tube and did not need to be moved into
another test tube as in the aTSMS setting, reducing the risk of reintro-
ducing air. Thus, in the aTPMS, no significant difference between 50 pm
MB and larger MB was observed. For future applications, the use of
larger MB diameters (>50 pm) is recommended due to improved
handling.

In contrast to the aTSMS, constant EE was achieved within experi-
ments. The results indicated that the aTP prevented the accumulation or
depletion of LIN around the catheter, supporting the assumption of a
quasi-steady state, i.e. a constant concertation gradient between the
vicinity of the catheter and nominal matrix concentration in the MB
matrix, within the system after the 30 min equilibration time. At high
aTP, this concentration gradient was assumed to be steeper compared to
lower aTP (Bungay et al., 1989).

The characterised saturable relationship between aTP and EE
revealed that all estimated parameters from the nonlinear regression
model were comparable: Estimates of EEpax (i.e. RRyax and rDyjay)
compared to the determined EE were slightly higher in the reference
systems but agreeing well considering the variability. At lower aTP, the
rate-limiting process was the matrix permeability of LIN. As aTP
increased, the rate-limiting process shifted towards the membrane
permeability. Consequently, with EE approaching the reference values,
LIN Cisr remained constant at the initial concentration (Figure S3). In
the aTPMS, no solubility issues were expected due to the high aqueous
solubility of LIN (3 mg/mL). However, in vivo LIN will diffuse from the
retroperfusate (RS) into the ISF which may have a lower solubility
compared to water, thus, it is advised to consider a suitable retro-
perfusate concentration of poorly soluble compounds to prevent altered
EE due to solubility issues.
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4.3. Comparison to in vivo reported extraction efficiencies

The aTP required to reproduce EE in ISF subcutaneous abdominal
tissue for obese patients (EE:42.8 %) was lower with 0.0013 mL/min
compared to non-obese patients (EE:61.0 %) with aTP of 0.061 mL/min.
From a physiological perspective in abdominal subcutaneous adipose
tissue blood flow in obese patients was reported at 1.75 mL/min/100 g
tissue and differed significantly by a factor of ~2.5 to non-obese patients
with 4.38 mL/min/100 g tissue (Summers et al., 1996). These results
agreed well with the ~4.7-fold difference in aTP in the aTPMS for obese
and non-obese, indicating that a lower tissue perfusion was most likely
the reason for the reduced EE in obese patients. Furthermore, Summer
et al. reported a high variability in blood flow not only between patients
but also within patients if determined at different occasions (Summers
et al., 1996): Blood flow in subcutaneous abdominal tissue for non-obese
varied from 0.98 to 7.69 mL/min/100 g tissue and obese from 0.60 to
3.55 mL/min/100 g tissue, providing a potential explanation for high
retrodialysis-related variability observed in clinical uD studies (Busse
et al., 2021a). The increased EE in infected tissue compared to healthy
tissue in the study from Wiskirchen et al. may be explained by an
increased tissue perfusion or increase in ISF volume due to the inflam-
mation (Wiskirchen et al., 2011). Furthermore, Buerger et al. estimated
LIN EE (perfusate flow 1.5 pL/min) in subcutaneous adipose tissue and
muscles with 53.1 % (CV=31 %) and 59.1 % (CV=17 %), respectively
(Buerger et al., 2006). Even though no significant difference between the
two tissues was found, the higher EE and lower CV in muscles may be a
result of the higher and less variable tissue perfusion of the muscle tissue
compared to adipose tissue.

4.4. Application criteria for the aTPMS

The aTPMS effectively mimicked a scenario for substances where
tissue permeability, thus EE, was driven by diffusion in the tissue ISF and
elimination from the tissue into the vascular system. The aTPMS is
applicable for exogenous substances like LIN, which will not intensively
be metabolised in the tissue (ISF and intracellular), distribution into
cells is fast and in equilibrium (Bungay et al., 1989; Pascual et al., 2002),
and no additional diffusion barrier like the blood brain barrier is present,
EE depends on tissue permeability, thus blood flow and D; (Morgan and
Huang, 1993). However, additional processes as metabolism and active
transport will increase tissue permeability (Bungay et al., 2006) and are
not represented in the aTPMS. Consequently, the determined EE by the
aTPMS may be lower than the expected in vivo EE, when e.g. metabolism
contributes significantly to the tissue permeability in vivo. Furthermore,
differences between the D; in the extracellular matrix in vivo and the RS
used in vitro in the aTPMS are to be expected. This is relevant for large
molecules, as they interact with molecules within the extracellular
matrix decreasing D¢, whereases for small molecules less interaction
between the substance and extracellular matrix is expected. Thus, for
small molecules D; is mainly depending on tortuosity and the available
free volume (Sykova and Nicholson, 2008). Additionaly, around the
catheter a layer of unstirred water is present which may have an impact
on the permeability of LIN in the catheter surrounding matrix (Korjamo
et al., 2009). The thickness of the unstirred water layer is decreased by
smaller MB sizes and higher aTP. As there was no relevant difference in
EE between MB diameters in the aTPMS, the impact of the unstirred
water layer thickness on tissue permeability was assumed to be smaller
compared to the elimination by aTP. However, these additional mech-
anism as well as the fact that the applied aTP was lower compared to the
reported blood flows in vivo, a direct translation to blood flow will
require further investigations. If the aTPMS can be used for other sub-
stances that fulfil application criteria needs to be evaluated.

4.5. Future perspectives

Understanding the impact of D; and tissue perfusion on the EE is
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essential when planning clinical uD studies and analysing uD-related
data. When determining EE in retrodialysis, the assumption is made that
EE does not change during uD sampling. If fundamental changes in tissue
perfusion are expected to occur during the study, i.e. to anaesthesia and
surgery, or in not yet studied populations, the range of expected EE
should be investigated to support uD setting design in future investiga-
tion. Especially tissue distribution in vulnerable populations is impor-
tant and often only few individuals are included in uD studies,
highlighting the importance of the pD setting and the underlying as-
sumptions. The application of the aTPMS to new substances is prom-
ising, as substances with similar tissue permeability have been shown to
exhibit similar EE in vivo and are already used for “calibration by in-
ternal standard”, an extension of the retrodialysis method (Bouw and
Hammarlund-Udenaes, 1998; Knudsen et al., 2021; Lee et al., 2003).
Thus, the principle is likely transferable to the aTPMS as well.

5. Conclusion

A novel in vitro pD system was developed to reproduce in vivo EE by
incorporating a MB matrix that mimicked cellular diffusion barriers, and
a flow mimicking tissue perfusion. The system demonstrated that EE
increased with increasing aTP, reflecting real-world scenarios where
tissue perfusion may vary. The results indicated that in poorly perfused
tissues or when tissue perfusion changes, EE may fluctuate, challenging
the assumption that retrodialysis EE remains constant during sampling.
To account for a changing EE, it would be essential to monitor rate-
limiting processes like tissue perfusion in clinical uD studies, in this
respect the ethanol technique presents a promising option (Wallgren
et al., 1995). The novel aTPMS offers a promising approach to system-
atically investigate differences in EE observed in vivo caused by varying
tissue perfusions, particularly for LIN, and can support the design of
clinical trials, e.g. in new study populations or when different uD cath-
eters need to be used. A broader application of the novel aTPMS is
proposed as well as the comparison to in vivo uD data to other sub-
stances, with tissue distribution mainly driven by diffusion and not
undergoing metabolism.
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