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Microdialysis is an important technique for in vivo sampling of tissue's biochemical composition.
Understanding the factors that affect the performance of the microdialysis probes and developing
methods for sample analysis are crucial for obtaining reliable results. In this work, we used experimental
and numerical procedures to study the performance of microdialysis probes having different
configurations, membrane materials and dimensions. For alcohol research, it is important to understand
the dynamics of ethanol metabolism, particularly in the brain and in other organs, and to simultaneously
measure the concentrations of ethanol and its metabolites — acetaldehyde and acetate. Our work
provides a comprehensive characterization of three microdialysis probes, in terms of recovery rates and
backpressure, allowing for interpretation and optimization of experimental procedures. In vivo

experiments were performed to measure the time course concentration of ethanol, acetaldehyde, and
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Accepted 11th June 2024 acetate in the rat brain dialysate. Additionally, the combination of in vitro experimental results with
numerical simulations enabled us to calculate diffusion coefficients of molecules in the microdialysis
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1. Introduction

Microdialysis, a widely used in vivo sampling technique suitable
for conscious animals, offers a means of continuous analyte
sampling through a catheter called a microdialysis probe. The
probes are commonly designed in two configurations, concen-
tric' and side-by side.> The probe features a semipermeable
membrane at its tip, allowing passive diffusion of analytes from
the target tissue. The probe is continuously perfused with
a solution (perfusate) that closely mimics the ionic and chem-
ical composition of the tissue fluid surrounding the probe. The
resulting dialysate, the solution leaving the probe, is collected at
specific time intervals for subsequent off-line analysis, which
can include Fourier-transform infrared spectroscopy (FTIR),?
gas chromatography with flame ionization detection (GC-FID),*
liquid chromatography-mass spectrometry (LC-MS)?® or capillary
electrophoresis.® Microdialysis has proven successful for
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thus providing additional insights for probe selection and data interpretation.

sampling a variety of analytes, including but not limited to
adenosine,” glutamate,® inosine,’ lactate,’ and more."*** This
technique is particularly well-suited for the sampling of small
extracellular water-soluble molecules such as ethanol and its
primary metabolites. While the microdialysis technique is
currently mainly used for research purposes, its use for clinical
monitoring is important. For example, it is used for monitoring
brain chemistry changes over time of hospitalized traumatic
brain injury patients.'**?

For alcohol researchers, it is crucial to have a reliable
method to sample ethanol and its metabolites in vivo, as both
ethanol and its metabolites can lead to harmful effects.*
Ethanol can be metabolized through various pathways, with the
primary route involving alcohol dehydrogenase (ADH)-catalyzed
oxidation to acetaldehyde.'” Acetaldehyde itself is known to be
genotoxic and carcinogenic, which likely contributes to the
development of certain types of cancer.” Previous studies
suggest that an elevated acetaldehyde concentration in the rat
brain significantly induces behavioral effects that are charac-
teristic of addictive drugs.' Furthermore, ADH-catalyzed
oxidation forms one molecule of NADH, increasing respiratory
chain activity, and thereby, oxygen use and reactive oxygen
species formation.”® The oxidation of ethanol to acetaldehyde
can also be driven by cytochrome P4502E1 (CYP2E1) when large
amounts of alcohol are consumed.* CYP2E1 metabolism cau-
ses a significant release of free radicals, weakening defenses

This journal is © The Royal Society of Chemistry 2024
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against oxidative stress. Acetaldehyde is metabolized into
acetate by aldehyde dehydrogenase. Although acetate has
a lower acute toxicity than acetaldehyde, acetate may also
mediate some of ethanol's behavioral effects; the molecule
easily crosses the blood-brain barrier and produces sedation
and ataxia.”” Furthermore, acetate might contribute to addictive
behavior by regulating gene expression.” Therefore, quantifi-
cation of ethanol and its metabolites is important for the
investigation of concentration-dependent neuropharmacolog-
ical changes in the brain that occur during ethanol
consumption.

Previous work has shown that ethanol and its metabolites
can be measured in vivo under various conditions. For example,
microdialysis has been used in conjunction with gas chro-
matograph (GC) with flame ionization detection (FID) to
measure ethanol concentrations in the nucleus accumbens of
the rat's brain in three different rat lines in vivo.** GC-FID is
highly sensitive to hydrocarbons and facilitates quantitative
analysis of volatile organic compounds in headspace, often
using the solid phase microextraction (SPME) technique.*
Compared to gas chromatograph with mass spectrometry (GC-
MS), GC-FID system is typically less expensive and easier to
operate, which makes it suitable for routine analysis. Time
course measurement of ethanol concentration has been per-
formed during ethanol self-administration procedure using in
vivo microdialysis.* Furthermore, microdialysis has also been
used as a tool to quantify the concentration of ethanol to study
the physiological and pharmacological effects of ethanol on the
brain.>** The technique has also been used to measure ethanol
and acetaldehyde concentrations simultaneously in freely
moving rats.* Acetate has been studied using microdialysis for
determination of the pharmacokinetic properties of a chemo-
therapeutic agent.*®

However, to date, ethanol, acetaldehyde, and acetate have
not been simultaneously measured in the brain in vivo. More-
over, the extent of ethanol metabolism that may occur in the
brain and contribute to acetaldehyde and acetate levels is still
controversial. Acetate, a short chain fatty acid, is difficult to
analyze using gas chromatograph because it is susceptible to
tailing and may yield an irregular peak shape, and it has also
been shown to produce ghosting on a gas chromatogram due to
adsorption to the column.?* Ghost peaks occur when analytes
have lower-than-expected retention times, which is typically
caused by confounding interactions with the mobile or
stationary phase. Although methods to reduce ghosting of short
chain fatty acids exist, such as adding formic acid to the mobile
phase, or using a special porous polymer stationary phase, these
modifications require specialized equipment and produce
narrower linear ranges.** Microdialysis is capable of sampling
the multiple compounds of interest in ethanol metabolism
simultaneously. However, limitations of the analytical tech-
niques may complicate simultaneous quantification. Other
analytical techniques such as infrared spectroscopy (IR) have
been used in conjunction with microdialysis for simultaneous
measurement of glucose and lactate in traumatic brain injury
patients.® Since ethanol, acetaldehyde, and acetate produce
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clear and distinct mid-IR spectra,*® sampling with microdialysis
and quantification with mid-infrared is a feasible approach.

In order to better understand and characterize the perfor-
mance of microdialysis probes in different configurations, in
vitro microdialysis experiments were performed. First, micro-
dialysis experiments were performed with individual analytes -
ethanol, acetaldehyde and acetate, to characterize three
microdialysis probes having different membranes, configura-
tions and dimensions. Then, to demonstrate the capability of
quantifying the concentrations of the three molecules simul-
taneously, in vitro microdialysis measurements were performed
on the mixture of the three compounds, and the collected
sample was measured using infrared spectroscopy. To optimize
the experimental design, the flow recovery rate was measured at
different backpressures to determine the maximum pressure
a probe can withstand without leading to erroneous results. In
vivo microdialysis was performed to measure the time course
ethanol and acetaldehyde concentration in rat brain after
ethanol consumption based on the probe characteristics.
Through computational modeling, the diffusion characteristics
of ethanol, acetaldehyde and acetate in the dialysis membranes
were numerically studied. The diffusion coefficient of the three
compounds was estimated by fitting the experimental results to
a three-dimensional (3D) model. The findings from this study
will guide researchers to select appropriate probes for a partic-
ular application, thereby advancing the field of in vivo sampling
and ethanol metabolism research.

2. Materials and methods

2.1. Materials and instruments

2.1.1. Microdialysis probes. Lab-made probes were fabri-
cated using the same method described in a previous paper,
which employed a side-by-side configuration.** In brief, two
pieces of fused silica tubing were used for the inlet and outlet
lines of the probe. Both pieces of tubing were inserted into
a piece of regenerated cellulose membrane (Spectra/Por®) with
a molecular weight cutoff (MWCO) of 13 kDa. The working
distance of the probes was defined by the difference in length of
the two pieces of silica tubing within the membrane. Epoxy was
used to coat the portion of the membrane not used for dialysis,
which determined the effective membrane length. For this
study, probes with a 2 mm working distance were fabricated.

Additionally, two commercially available probes were used
for direct comparison with the lab-made probe. One probe
(MAB 4.15.2., Microbiotech/se AB, Stockholm, Sweden) had
a 2 mm polyethersulfone (PES) membrane with a MWCO of 6
kDa. The other probe (CMA/11 14/01, Harvard Apparatus, Hol-
liston, Massachusetts) had a 1 mm cuprophan membrane with
the same MWCO of 6 kDa. Both of these probes have
a concentric configuration.

2.1.2. Artificial cerebrospinal fluid (aCSF) and reagents. An
artificial cerebrospinal fluid (aCSF) was prepared to simulate
the chemical and ionic composition of the interstitial fluid of
the brain, according to a previous study.*® The concentration of
each component was as follows: NaCl at 149 mM (Sigma,
1002755229), KCl at 2.8 mM (Fluka, 409316), CaCl,-2H,0 at
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1.2 mM (Sigma, 21097), MgSO,-6H,0 at 1.2 mM (Sigma, 63068),
ascorbic acid at 0.25 mM (Fluka, 95209), and glucose at 5.4 mM
(Sigma, SLBV7620). Ethanol was obtained from Decon Labs (200
proof), while acetic acid (A6283) and acetaldehyde (402788) were
both obtained from Sigma-Aldrich. All the solutions were
prepared in aCSF.

2.1.3. Gas chromatography with flame ionized detector
(GC-FID). A gas chromatograph (GC, Scion 436) equipped with
a flame ionization detector (FID) and an 8400 Bruker auto-
sampler was used to measure ethanol and acetaldehyde in the
sample. The system consists of an HP Innowax capillary column
(30 m x 0.53 mm x 1.0 pm film thickness), with hydrogen as
the carrier gas with a flow rate set at 15 mL min~'. A carboxen/
PDMS coated solid phase micro-extraction (SPME) fiber
(Supelco) was used for extraction and desorption, with times of
0.5 and 2 min for ethanol, and 5 and 5 min for acetaldehyde.
The injection temperature was set to 280 °C. A circulating water
bath was used to heat the sample carousel, and the sample vials
were heated to 39.0 °C. The column oven temperature was set to
65 °C and 25 °C for ethanol and acetaldehyde, respectively. A
sample volume of 2 puL was used. Calibration of the GC-FID
using ethanol and acetaldehyde solutions at different concen-
trations is included in the ESI in Fig. S1, where the measured
detector signal is plotted as a function of concentration.

2.1.4. Ultraviolet-visible (UV-Vis) spectroscopy. Measuring
acetate using gas chromatograph is challenging due to the need
for a special column. Alternatively, ultraviolet-visible spectro-
photometry has the ability to detect acetate at low mM levels.
High sensitivity is important for the quantification of samples
collected at high flow rates, which result in low recovery rates
and low concentrations in the dialysate. The SmartSpecTM 3000
spectrophotometer was used to measure the concentration of
dialysates sampled from the solution containing only acetate in
aCSF at different flow rates. A UV-transparent cuvette with
a 1 cm path length was used. The absorbance of the cuvette
filled with aCSF was taken as the background. Characterization
of the absorbance of acetate at different concentrations is
shown in Fig. S2 in the ESL{ The absorbance at 212 nm was
collected to calculate the acetate concentration in the samples.*®

2.1.5. Fourier-transform infrared (FTIR) spectroscopy. To
enable the simultaneous measurement of ethanol and its metab-
olites, a sample containing the three analytes was quantified using
a Fourier-transform infrared (FTIR) spectrometer (Nicolet iS50,
Thermo Fisher Scientific) equipped with a liquid cell (Pike Tech-
nologies) in transmission mode. The concentrations of ethanol,
acetaldehyde, and acetate in the dialysate samples were measured

=

| =]

Fig. 1
probes.

4324 | Anal. Methods, 2024, 16, 4322-4332

=

View Article Online

Paper

simultaneously to calculate the recovery rates. The liquid cell's
path length was set to 25 um, which corresponds to a minimum
sample volume of 30 uL. The number of scans was 180, and the
spectral resolution was 0.482 cm™'. The spectrum of aCSF was
used as the background for absorbance calculations.

2.2. Experimental setups for in vitro microdialysis and
backpressure measurement

Fig. 1(a) shows the experimental setup of the in vitro micro-
dialysis experiment. The setup used in this research is similar to
a previously published work.** In short, a 100 mL media bottle
was used to contain different compounds prepared in aCSF to
simulate the brain environment after ethanol administration
and investigate the performance of the probe. The probe was
dipped into the solution through a hole drilled on the cap which
was sealed to minimize evaporation of the standard solution. A
hotplate (Fisherbrand™ Isotemp™, Thermo Fisher Scientific)
was used to heat up the solution and maintain the temperature
at 37 °C which was monitored by a thermometer. A magnetic
stirrer was used to ensure uniform temperature and concen-
tration distribution throughout the solution. A syringe pump
(11 Elite, Harvard Apparatus) was connected to the inlet of the
probe to perfuse aCSF during microdialysis. At the outlet, a 250
uL centrifuge tube, which was placed in ice to minimize evap-
oration during the sample collection process, was used to
collect the dialysate. Finally, the collected samples were
analyzed using a UV spectrometer, FTIR spectrometer and GC-
FID for quantification.

Backpressure builds up when pumping fluid into a micro-
dialysis probe due to the long and narrow inlet and outlet tubing.
Knowing how much backpressure can be withstood by the probe
is critical for experimental design since high backpressure tends
to cause ultrafiltration (leakage of fluid out of the membrane to
the surrounding medium due to the pressure gradient across the
membrane) which can lead to erroneous results and misinter-
pretation of data. To measure the backpressure in a probe, a uPS
(LabSmith) pressure sensor was connected closely to the probe
inlet on one end and to the syringe pump on the other end as
shown in Fig. 1(b). In the experiments, aCSF was perfused at
room temperature, which is 25 °C. The backpressure at the
membrane was determined by subtracting the pressure drop
between the probe inlet and the membrane from the measured
pressure. This pressure drop can be calculated using the Hagen-
Poiseuille equation by considering the perfusion flow rate,
viscosity, and dimensions of the probe. The uProcess™ software

Pressure
sensor

(a) Experimental setup for in vitro microdialysis probe characterization. (b) Experimental setup for measuring backpressure of microdialysis

This journal is © The Royal Society of Chemistry 2024
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was used in conjunction with an interface (EIB200, LabSmith) to
control the device and record the data.

2.3. Invivo study

2.3.1. Surgery procedure for securing cannula for micro-
dialysis probe. A female Long-Evans rat (Envigo Laboratories,
Indianapolis, IN, USA), weighing 242 grams and older than 9
weeks, was anesthetized with 5% isoflurane in an induction
chamber. Once it stopped moving, the rat was then transferred
to a stereotaxic apparatus and the isoflurane was set to 2%
through a nose cone. A guide cannula was implanted above the
brain region of the striatum. A tether bolt, which was used for
securing the probe during microdialysis, and the guide cannula
was secured on the skull using anchor screws and dental
cement. The rat was given a seven-day post-surgical recovery. All
the procedures follow the NIH Guide for the Care and Use of
Laboratory Animals and were approved by the Institutional
Animal Care and Use Committee.

2.3.2. Ethanol self-administration training. Rats were
trained to self-administer ethanol by providing 15% ethanol
solutions three days a week for 24 hours for 3-5 weeks. Once
intake stabilized, the rats were then switched to a 30 min
limited access session to mimic the condition that would occur
during microdialysis sampling.

2.3.3. In vivo sample collection and analysis. A lab-made
probe with an active membrane length of 3 mm was inserted
into the striatum of a Long-Evans rat the day before micro-
dialysis sample collection. Before insertion, the probe was
continuously perfused with aCSF at a flow rate of 1.0 uL min~".
The rat was conscious and freely moving during the experiment.
The flow rate was then lowered to 0.1 pL min~" overnight. The
flow rate was increased to 1.0 pL min~' two hours before
starting sample collection. A bottle containing 15% ethanol
solution was provided to the rat, with sample collection inter-
vals set at 10 minutes increments for a duration of two hours
and 30 minutes. This included the collection of three baseline
samples prior to ethanol administration. A gas chromatograph
(GC, 430-GC, Bruker) equipped with a flame ionization detector
(FID) and an autosampler (COMBI PAL-xt) was used to measure
ethanol, acetaldehyde and acetate in the brain dialysate
samples. A capillary column (30 m x 0.53 mm x 1 pm film
thickness) was used, with helium as the carrier gas with a flow
rate set at 8.5 mL min . A carboxen/PDMS coated solid phase
micro-extraction (SPME) fiber (Supelco Analytical, Bellefonte,
PA) was used for extraction and desorption. Acetate quantifi-
cation involved esterification to methyl acetate, according to
a previous study,*” followed by the analysis of methyl acetate
using headspace gas chromatography. In this process, 1 uL of
sulfuric acid and 1 pL of methanol were added to a 5 pL acetate
solution in a conical gas vial, sealed with a septum, and incu-
bated at 50 °C for 45 minutes. After cooling on ice, 2 puL of the
mixture was transferred to a GC vial for quantification. The
sample volume for ethanol and acetaldehyde was also 2 pL. The
oven temperatures for ethanol, acetaldehyde, and methyl
acetate were set at 65 °C, 30 °C, and 75 °C, respectively. The
incubation temperatures were 35 °C for ethanol, 25 °C for

This journal is © The Royal Society of Chemistry 2024
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acetaldehyde, and 35 °C for methyl acetate. The injector
temperature was maintained at 220 °C. The extraction times
were 3 minutes for ethanol, 5 minutes for acetaldehyde, and 3
minutes for methyl acetate, with a desorption time of 1 minute
for all analytes. Calibration details of the GC-FID for in vivo
experiments using ethanol, acetaldehyde, and methyl acetate
solutions at varying concentrations are provided in the ESI,
Fig. S4.7

2.4. Numerical simulations

3D models of the probe were constructed according to its
geometry and configuration using a commercially available
finite-element multiphysics simulation software (COMSOL 5.4)
with a computational fluid dynamics (CFD) module. Both
convection and diffusion effects were solved in the Laminar
Flow Module coupled with the Transport of Diluted Species
Module. The flow was assumed to be laminar throughout the
probe due to small dimensions and slow flow velocity, resulting
in a small Reynolds number (Re < 10). To simulate the recovery
rate of the probes under the same experimental conditions,
a constant concentration of 20 mM was applied to the surface of
the membrane as a boundary condition for two reasons: the
concentration in the surrounding is uniform due to well-mixing
condition, and the loss of ethanol molecules can be neglected
due to the large reservoir volume.

As the analytes diffuse into the probe, their concentration in
the brain decreases, and if the rate of diffusion into the probe is
higher than the rate of diffusion from the brain into the region in
the vicinity of the probe, then a lower local concentration of the
analyte is established in a volume of tissue adjacent to the probe
membrane. To simulate this depletion effect in the rat brain
during in vivo microdialysis, a simplified cylinder model with
a 2 mm radius and 3 mm height was used to represent the
sampled brain region which has a similar volume as the rat
striatum.*® The model configuration is shown in the ESI in
Fig. S5. A constant concentration boundary condition was
applied to the boundary of the brain. The diffusion coefficient of
analytes in the brain was assumed to be approximately the same
as that in water due to limited information in published papers.

3. Results and discussion

3.1. Recovery rate as a function of flow rate

Characterization of microdialysis probes with different config-
urations can help with understanding their performance, which
is important for experimental design and optimization. One
important parameter that can be used to quantify the perfor-
mance of the probes is the analyte recovery rate, which is
defined as the analyte concentration of the sample collected at
the outlet (in dialysate) versus the analyte concentration in the
external medium.

In this study, three different probes were directly compared:
a lab-made probe, a commercial MAB probe and a CMA probe.
The details of the probes and their schematics are provided in
Fig. 2. These probes with different membrane materials were
used to measure the recovery rates of ethanol, acetate, and

Anal. Methods, 2024, 16, 4322-4332 | 4325
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Fig.2 Schematic of (a) a lab-made probe, (b) a commercial MAB probe and (c) a commercial CMA probe. The membrane lengths and diameter
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acetaldehyde at different flow rates, to allow for direct
comparison.

Fig. 3(a)—(c) show the recovery rates of ethanol, acetaldehyde,
and acetate for different flow rates, using the lab-made probe,
commercial MAB probe and commercial CMA probe, respec-
tively. In general, higher recovery rates were observed for slower
flow rates as expected since slowing down the flow rate allows
more time for molecules to diffuse into the membrane. For flow
rates above 1 pL min~" the recovery rates are very low, below
20%.

Acetaldehyde showed the highest recovery rates for all
probes, followed by ethanol and then acetate. This agrees with
previous work by Chen et al.** who showed that smaller mole-
cules have higher diffusion coefficients in the membrane,
resulting in a higher recovery rate. Additionally, probes with
different membrane materials and configurations show
different performance. Since the pore sizes of the three
membranes are much bigger than the size of the molecules, the
effect of pore size on the performance is not significant, which
is verified in the later section of numerical simulation. Since no
clear difference in terms of recovery rate is observed between
different configurations of the probes, the results may suggest
a minor effect of probe configuration design on its perfor-
mance. CMA probes have the lowest recovery rates compared to
the other two probes due to the shorter membrane length.
These results provide information on the performance of the
probes for individual analytes, thus offering deeper insight into
the data interpretation of the simultaneous measurement of the
three analytes in the following section.

4326 | Anal Methods, 2024, 16, 4322-4332

3.2. Recovery rates for simultaneous microdialysis sampling
of ethanol, acetaldehyde and acetate

The ability to simultaneously sample ethanol, acetaldehyde,
and acetate is crucial in advancing our understanding of the
effects of ethanol metabolites, which has not been demon-
strated using microdialysis to date. In this in vitro test, simul-
taneous sampling of the mixture of ethanol, acetaldehyde, and
acetate, each at a concentration of 20 mM was performed using
the lab-made microdialysis probe.

The analysis to determine the concentrations of each
compound in the dialysate were performed using a Fourier
transform infrared spectrometer (FTIR) with a liquid cell having
a path length of 25 um. Absorbance spectra of mixtures con-
taining 5, 10, 15, and 20 mM for each analyte were used to relate
an absorbance peak of each compound to its concentration, as
shown in the ESI in Fig. S4.f The symmetric C-O stretching
peak around 1046 cm ', C-O stretching peak around
1175 em™ "', and C-O stretching peak around 1280 cm™ ' were
used for the quantification of ethanol, acetaldehyde, and
acetate, respectively. A flow rate of 1 uL min~" was selected as it
reduces the sample collection time and minimizes evaporation
of the analytes in the dialysates while being collected, while
maintaining a high enough recovery rate to detect individual
analytes using infrared spectroscopy.

The recovery rates of ethanol, acetaldehyde, and acetate are
shown in Table 1. The results obtained from three different
probes with three repeats are presented as an average followed
by standard deviation. The recovery rates of each analyte in the

This journal is © The Royal Society of Chemistry 2024
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Table 1 Recovery rates for each compound within a mixture con-

taining 20 mM of ethanol, 20 mM of acetaldehyde, and 20 mM of
acetate

Probe 1 Probe 2 Probe 3
Ethanol 38.7 £ 2.2% 37.2 +1.1% 36.4 + 1.4%
Acetaldehyde 43.2 + 2.1% 38.6 + 1.7% 41.5 £ 2.7%
Acetate 38.1 + 1.6% 35.6 + 1.4% 33.9 £2.3%

mixture are comparable (within 10% difference) to those
measured individually, which may indicate that there is no
significant interaction between the analytes. Furthermore, the
successful demonstration of applying microdialysis to a mixture
suggests the possibility of sampling multiple analytes simulta-
neously without compromising accuracy.

While the concentration of ethanol used in this study falls
within the physiological range, the concentrations of the other
two metabolites, acetaldehyde and acetate, are higher than the
physiological levels. This fact should not affect the micro-
dialysis recovery rates of ethanol, acetaldehyde, and acetate.
Considering the capability of infrared spectroscopy to measure
the three compounds, more work needs to be done in order to
optimize the measurement configuration of the infrared tech-
nique and to determine the limits of detection before it can be
used for analysis of in vivo dialysate samples.

3.3. Invivo microdialysis in rat brain

In order to demonstrate the changes of ethanol, and its
metabolites acetaldehyde and acetate, in the brain, in vivo
microdialysis was performed during and after alcohol
consumption. In Fig. 4, a 15% ethanol solution was provided at
time zero. During the 30 minute drinking session, 0.32 g kg™ " of
ethanol was consumed by the rat. Fig. 4 shows the time course
concentration of ethanol, acetaldehyde and acetate in the rat
brain dialysate. In the figure, the concentration at “negative

times” represents baseline values, and each sample
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concentration is presented at the midpoint of its respective
collection time interval. The concentration of ethanol in the
dialysate reached a maximum of 9.31 mM around 20 minutes
after ethanol consumption and experienced a nearly linear
decline over time. The concentration of acetaldehyde in the
dialysate was approximately 100 times lower than that of
ethanol. The first three acetaldehyde data points were within
the noise level and thus were not included. The acetate
concentration in the dialysate spiked from a baseline concen-
tration of 0.06 mM to 0.24 mM.

The actual concentration of these compounds in the brain
can be estimated using in vitro recovery rates values, however
these may not fully account for the differences between the
simulated environment and the actual brain conditions. The
estimated peak concentrations of ethanol, acetaldehyde and
acetate in the brain reached 16.34, 0.19 and 0.56 mM during the
experiment. The time-course concentration of ethanol and its
metabolites provides insights into understanding the dynamic
changes in these chemicals.

3.4. Backpressure measurement

Narrow tubing with an inner diameter of tens of microns is
often used to fabricate microdialysis probes. In addition, the
diffusion process at the tip of the probe benefits from the small
inner diameter due to the high surface-to-volume ratio.
However, high pressure can easily build up when perfusing the
aCSF through the probe because of the narrow inner diameter
of the inlet and outlet tubing that are part of the probe. If high
backpressure is present, more fluid will tend to permeate across
the membrane and out of the probe. Also, high backpressure
can result in failure of the syringe due to leakage of fluid behind
the syringe plunger tip. The loss of fluid can lead to underes-
timation of recovery rate and erroneous results.

To quantify the loss of sample during microdialysis, the flow
recovery rate is defined as the sample volume collected at the
outlet divided by the total volume perfused by the syringe pump
over a given period. As the backpressure increases, the flow
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Fig.4 Time course of dialysate concentrations of ethanol, acetaldehyde, and acetate in a rat's brain over a 2 hour period during and after alcohol

consumption.
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recovery rate decreases mainly due to ultrafiltration. Practically,
a probe is considered unreliable if the flow recovery rate drops
below 90% at any point during microdialysis.* Different perfu-
sion flow rates were applied to the probes to build up different
values of backpressure. Each pressure level was held for 15
minutes to ensure that the system had reached a steady state.
Fig. 5(a) shows the flow recovery rate at different backpressures
for both lab-made and MAB probes with 2 mm membrane
length. The average maximum pressure that the lab-made and
MAB probes can withstand was found to be 459.3 kPa and 145.1
kPa with a standard deviation of 40.2 kPa and 72.3 kPa,
respectively. The lab-made probes showed significantly higher
endurance toward the applied backpressure and more consis-
tent performance compared to the MAB probe. Factors that may
contribute to this difference between probes include ultrafil-
tration across the PES membrane compared with regenerated
cellulose or better sealing between the membrane and tubing.

Fig. 5(b) shows the flow recovery rate at different back-
pressures for lab-made and CMA probes with 1 mm membrane
length. The average maximum pressure that the lab-made and
CMA probes can withstand was found to be 585.2 kPa and 497.7
kPa with a standard deviation of 6.8 kPa and 18.3 kPa, respec-
tively. The difference in performance may be due to different
membrane materials and fabrication processes. Higher
backpressure resistance and better consistent performance
were observed on probes with shorter membrane length. Probes
with longer membrane lengths tend to be more affected by
ultrafiltration due to the larger surface area, which is reflected
in the lower flow recovery rate at a similar pressure level. As
a result, both membrane length and the length of lines con-
necting the probe and the pump need to be optimized when
designing the system to avoid incorrect interpretation of the
sample due to backpressure induced ultrafiltration. Back-
pressure measurements were also conducted at five different
flow rates, at both 25 °C and 37 °C. The variation in back-
pressure due to temperature was less than 5% for all
measurements, as shown in Fig. S6.f Further details are
provided in the ESLT
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3.5. Numerical simulations

3.5.1. Determination of diffusion coefficient of analytes in
membranes. Microdialysis is a diffusion-based sampling tech-
nique. However, the diffusion coefficient in the membranes is
not known and is not provided by the manufacturer, which
makes it difficult to design or choose the most suitable probe
for a specific application. In addition, the diffusion coefficient is
an important factor for the interpretation of results and probe
design. A mathematical framework for calculating concentra-
tion distribution inside and outside a concentric microdialysis
probe was described in a previous study.* The concentration
distribution can be used to determine the diffusion coefficient
of analytes in different membranes. However, for side-by-side
microdialysis probe geometry, the boundary conditions are
more complex, and therefore mathematical calculation does
not exist. For these side-by-side probes, the diffusion coefficient
of analytes in different membranes can be determined numer-
ically through regression analysis with the simulated and
experimental results.** This method can be used for probes with
either concentric or side-by-side configuration. The diffusion
coefficient of each analyte is corrected to 37 °C using the Stokes-
Einstein law for diffusion in solution according to another
previous study to match the experimental condition.*®

Table 2 shows both the diffusion coefficients of ethanol,*
acetaldehyde** and acetate*” in water and our results of the
diffusion coefficients in membranes made of cellulose, poly-
ethersulfone (PES), and cuprophan (CUP). The coefficient of
determination for all the simulated values is greater than 0.985
indicating accurate fitting of the experimental data. The simu-
lation shows that acetaldehyde has the highest diffusion coef-
ficient, followed by ethanol, and acetate has the lowest diffusion
coefficient in all three membranes. To compare the diffusion
effect in different membrane materials, ethanol, acetaldehyde
and acetate have a 12.5%, 5.1%, and 32.3% higher diffusion
coefficient in PES membrane than in the cellulose membrane,
respectively. The higher diffusion coefficient in the membrane
results in a 7.7%, 0.1% and 34.0% higher recovery rate for
ethanol, acetaldehyde and acetate respectively. The results
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Fig.5 Comparison of the flow recovery rate at different backpressures between lab-made and commercial probes with (a) 2 mm and (b) 1 mm

membrane lengths.
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Table 2 Diffusion coefficients of ethanol, acetate, and acetaldehyde in water (from literature) and in different membranes at 37 °C (determined in

this study)

Diffusion coefficient Ethanol (x107'9)

Acetaldehyde (x107'°) Acetate (x107%)

In water (m? s 1) 15.8 (ref. 41)

In cellulose membrane (m*s™*) 1.2 + 0.1
In PES membrane (m? s ") 1.3+ 0.1
In CUP membrane (m” s~ ) 1.3 £0.1

imply a close correlation between the diffusion coefficient of
analytes in the membrane and the recovery rate.

3.5.2. Depletion region of different analytes. The micro-
dialysis process constantly depletes the molecules adjacent to
the membrane surface, which results in a varying concentration
distribution of the analytes in the nearby region, ie., in the
tissue. However, it is challenging to study this depletion effect
experimentally. In this work, through numerical modeling, we
have quantified the extent of the depletion in the tissue as
a function of time for the three analytes. The depletion region
was used to quantify the depletion effect, and it was defined as
the radial distance from the probe where the concentration of

—~

a)
800 ~
600 -
400 ~

200 ~

Depletion region (um)

~~
(9)
N

800 -

600

Depletion region (um)

16.3 (ref. 42) 14.8 (ref. 40)

1.5 £ 0.2 1.0 £ 0.0
1.6 £ 0.1 1.3 £ 0.1
1.5 £ 0.2 1.1 £ 0.1

the analyte in the tissue drops to 90% of the concentration
compared to the concentration where there is no perfusion flow
in the probe.

Fig. 6(a)-(c) show the simulated depletion region for ethanol,
acetaldehyde, and acetate, respectively, as a function of
sampling time and flow rate. These results are for the lab-made
probe model with a 2 mm membrane length. After an hour of
sampling, the depletion region reaches a steady state (where
variation is less than 1% over 5 minutes) and the extent of the
depletion region reaches around 600 pm away from the probe.
Steady state is reached when the number of molecules leaving
the tissue to the microdialysis probe is equal to the number of

T
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Fig.6 Simulated depletion region for different times and different flow rates for (a) ethanol, (b) acetate and (c) acetaldehyde. (d) Depletion region
for different flow rates after 30 minutes of continuous microdialysis sampling.
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molecules arriving to the region near the probe from the
surrounding tissue, which depends on the diffusion coefficient
of the analyte in the tissue.

The depletion time is defined as the time needed for the
depletion region to evolve from the beginning to 90% of its
steady-state extent. The depletion time for all three analytes
decreases significantly when the flow rate increases. For
ethanol, the depletion time drops from 43.7 to 16.2 minutes
when the flow rate increases from 0.1 to 2 L min~". A higher
flow rate removes molecules that diffuse into the membrane,
and this leads to a higher concentration gradient across the
membrane, and this results in more significant depletion.

Fig. 6(d) shows the dependence of flow rate on depletion for
ethanol, acetaldehyde, and acetate. For flow rates higher than
0.2 uL min~', acetaldehyde has the largest depletion region
while acetate has the smallest. However, for flow rates lower
than 0.2 uL min ', the results are reversed. According to Fick's
first law, the concentration gradient is proportional to mass flux
over diffusion coefficient, which is equivalent to recovery rate
over diffusion coefficient at a constant flow rate. The recovery
rate ratio between two analytes at different flow rates is not
constant. At high flow rate, the ratio is smaller than that at low
flow rate. As a result, the concentration gradient ratio between
two analytes varies at different flow rates, causing the relative
size of the depletion region to vary at different flow rates.

The effect of concentration on the depletion region is not
significant for ethanol and its metabolites. In the case of per-
forming 30 minutes of sampling, the depletion region drops by
less than 4% as the concentration in the surrounding decreases
from 20 to 0.1 mM. For probes with different configurations, the
depletion effect was studied using ethanol at 20 mM as an
analyte. After sampling for 30 minutes at 2 pl, min~', no
significant difference in terms of depletion region was
observed. The lab-made probe with a side-by-side configuration
has a depletion region of 613 pm, and the MAB probe with
a concentric configuration has a depletion region of 627 um,
which is within a 3% difference.

4. Conclusions

The performance of microdialysis probes, in terms of recovery
rate, with different configurations and membrane materials,
was characterized in vitro for ethanol, acetaldehyde and acetate
at different flow rates. Simultaneous measurement of all the
analytes at 20 mM was achieved using infrared spectroscopy,
where the collected spectra were directly used for analysis
without pre-processing. The estimated recovery rate for each
analyte, when they were in the same external solution, was
comparable to that measured for each analyte individually,
confirming the possibility of accurately sampling multiple
analytes simultaneously. In vivo microdialysis was performed,
and the time course response after ethanol consumption was
monitored, demonstrating the measurement of ethanol, acet-
aldehyde and acetate.

The experimental data, combined with numerical simula-
tions, were used to determine the diffusion coefficients of
metabolites in different membranes.

ethanol and its
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Acetaldehyde had the highest diffusion coefficient, followed by
ethanol and then acetate. The combination of experimental
data and numerical simulation could also be used to determine
diffusion coefficients for other small molecules.

The evolution of a depletion zone around the microdialysis
probe was studied numerically as a function of time for
different flow rates, different analytes and probes. The perfu-
sion flow rate and sampling time were the determining factors
for the evolution of the depletion region, while the configura-
tion of the probe and the concentration in the surrounding had
only a minor effect. Additionally, the flow recovery rate of the
probe was measured at different backpressures to quantify the
maximum pressure the probe could withstand, which is
important when setting up the microdialysis experiment
system.
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