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The techniques currently used for drug, metabolite, and biomarker determination are based on sample collection, and
therefore they are not suitable for repeated analysis because of the high invasiveness. Here, we present a novel method
of biochemical analysis directly in organ during operation without need of a separate sample collection step: solid-phase
microextraction (SPME). The approach is based on flexible microprobe coated with biocompatible extraction phase that is
inserted to the tissue with no damage or disturbance of the organ. The method was evaluated during lung and liver
transplantations using normothermic ex vivo liver perfusion (NEVLP) and ex vivo lung perfusion (EVLP). The study
demonstrated feasibility of the method to extract wide range of endogenous compounds and drugs. Statistical analysis
allowed observing metabolic changes of lung during cold ischemic time, perfusion, and reperfusion. It was also
demonstrated that the level of drugs and their metabolites can be monitored over time. Based on the methylprednisolone
as a selected example, the impairment of enzymatic properties of liver was detected in the injured organs but not in
healthy control. This finding was supported by changes in pathways of endogenous metabolites. The SPME probe was
also used for analysis of perfusion fluid using stopcock connection. The evaluation of biochemical profile of perfusates
demonstrated potential of the approach for monitoring organ function during ex vivo perfusion. The simplicity of the
device makes it convenient to use by medical personnel. With the microprobe, different areas of the organ or various
organs can be sampled simultaneously. The technology allows assessment of organ function by biochemical profiling,
determination of potential biomarkers, and drug monitoring. The use of this method for preintervention analysis could
enhance the decision-making process for the best possible personalized approach, whereas post-transplantation mon-
itoring would be used for graft assessments and fast response in case of organ failure.
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Monitoring of organ function during transplantation or
intersurgery tissue analysis is a common approach in clinical
practice. However, there are some limitations related to these
procedures; for instance, chemical characterization is mainly
performed from blood or urine samples because of the easy
access to these matrices, whereas for histology studies, only a
small piece of tissue is collected. Non- and low-invasive
monitoring procedures are conducted by imaging techniques
that do not give insight into the biochemistry of the
organs. Nevertheless, sample collection is necessary in order
to investigate changes in metabolic profiles, or estimate

concentration of a drug or biomarker in the studied region
(eg, cancer tissue). The most commonly used approach
involves removing a piece of tissue either by using a biopsy
needle or cutting a fragment of tissue during surgery.
However, because of the risk of complications involved in
invasive procedures, such as bleeding, these procedures can-
not be repeated to monitor changes over time, or to collect
samples from different organ regions (eg, different lobes of
the liver or lung). Typically, biopsy tissue is subjected to
histological examinations that evaluate the structure of the
tissue and verify type, degree, and range of the abnormalities.
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More recently, techniques involving the tracking of
biochemical alterations on a global view have been gaining
popularity. These techniques can be used to find specific
biomarkers or get information about the pathways corre-
sponding to a given disease. Nicholson et al,1 in their review
on metabolic phenotyping in clinical and surgical environ-
ments, emphasized several aspects of bringing this tool to
clinics. The authors drew a picture of time-extended
metabotyping of individual patients that would allow for
diagnosis and prevention, assessment of disease progress, and
effectiveness of the applied treatment. They also highlighted
the lack of ‘molecular diagnostic and prognostic instruments’
in the surgical environment that is ‘the most personalized
therapeutic option’ of treatment. The importance of meta-
bolomics and monitoring of biomarkers in transplantation
has been previously reviewed by Wishart2 in 2005; as is
indicated by Wishart,2 the main advantage of metabolomics
over genomics, transcriptomics, or proteomics is a timescale
of occurring changes; the effect of stimuli on small molecules
can be detected within seconds or minutes, whereas changes
in protein level or profile or gene expression can only be
observed within a matter of days or weeks.

The most common analytical platforms for this type of
global profiling are mass spectrometers coupled to liquid or
gas chromatographs and nuclear magnetic resonance spec-
trometers. However, these powerful instruments, and parti-
cularly mass spectrometers, require appropriate sample
preparation before analysis. Several protocols describing tis-
sue sample preparation for metabolomics, metabolic profil-
ing, or fingerprinting have been proposed, but most of them
are based on the removal of a piece of tissue, followed by
labor-intensive and time-consuming homogenization, drying,
and multisolvent extraction,3–5 therefore limiting their on-
site use. To overcome this challenge and provide a tool where
direct untargeted analysis of tissue sample can be performed,
matrix-assisted laser desorption/ionization (MALDI) was
introduced. Nevertheless, although offering very good spatial
resolution, this method still requires several hours to complete
an analysis.6 Recently, the concept of an ‘intelligent knife’ was
presented. In this approach, the authors used a mass spectro-
meter for real-time analysis of volatile compounds present in
vapor created by the electric knife used during surgery.7–9

Conversely, for non- and semi-volatile analysis of polar
compounds, microdialysis (MD) can be used; however, the
MD probe needs to be connected with a pump via tubing,
requiring additional power supply. This practically restricts
the use of MD to single-probe sampling, limiting its exploi-
tability for spatial resolution studies such as drug distribution
or simultaneous comparative analysis of different tissue regions,
such as tumor vs healthy tissue. On the other hand, MD
offers good temporal resolution from constant monitoring of
target analytes to collection of dialysate at different time
points that ensure detectable amounts of the analytes.

Therefore, there is a gap in the clinical investigation field
regarding analysis of semi- and non-volatile broad-range

polarity compounds found in tissue with good special and
temporal resolution, particularly in real, or close to real time.
Such a technique would allow clinicians to make immediate
decisions, and take action accordingly. In the current article,
we present for the first time the use of in vivo solid-phase
microextraction (SPME) for tissue analysis in a clinical
environment. The applicability of the method for direct
tissue extraction was verified during an experimental animal
study using ex vivo lung perfusion (EVLP) and normother-
mic ex vivo liver perfusion (NEVLP). The details of both
approaches to organ preservation before transplantation are
described elsewhere.10,11

SPME is a technology invented in the early 1990s. It
already has an established position as a standard method in
environmental and food analysis. The validation of SPME in
bioanalysis has been demonstrated for different applications,
including determination of drugs, as well as endogenous
compounds.12,13 Recently, the feasibility of the method was
also shown for global screening purposes.14–17 The main
advantages of in vivo SPME, being a low invasive and non-
disturbing method to the system under study, were demon-
strated for pharmacokinetics and metabolomics in blood,18–23

whereas in vivo tissue analyses were conducted for analysis of
pharmaceuticals in living fish.24,25 In addition, with the
SPME technique, blood sampling can be performed directly
from a vein by using a hypodermic needle-assembled SPME
probe (Figure 1) or by insertion of the probe to the vein
through the i.v. catheter.18 This approach can be successfully
employed in larger animals (dogs, pigs, and so on) and
humans. For small animals such as rodents, because of the
small size of their vessels, a number of interfaces facilitating
the use of a SPME probe were developed. In addition, to
control blood flow through the interface and increase the rate
of extraction, a syringe or pump can be connected to the
interface.19–23 For tissue sampling, the SPME fiber can be
placed in the studied tissue either by using the needle-
assembled device, as it is proposed in this work, or by using
specially designed tissue samplers, as reported for fish muscle
sampling.25 In order to provide fully quantitative results, a

Figure 1 The SPME probe with no assembly (a) and assembled in

hypodermic needle (b, c). The probe shown with exposed polymeric

coating used for analyte extraction (b) and with the coating hidden

inside the needle for protection during storage and transportation (c).
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number of calibration approaches suitable for various in vivo
and on-site applications were developed and validated.26 It
should also be highlighted that SPME quantitates total as well
as free concentrations, thus providing information about the
biologically/pharmacologically active fractions of the com-
pound. The experience gained over the past years permits us
to propose in vivo SPME as a method for tissue analysis
suitable for monitoring of organ assessment, drug con-
centration and distribution, and biomarker discovery. The
results present herein include the proof-of-concept data
covering all the aspects mentioned above.

MATERIALS AND METHODS
Male Yorkshire pigs, 25–35 kg, were utilized for this study.
All animals received humane care in compliance with
the ‘Principles of Laboratory Animal Care’ formulated by the
National Society for Medical Research and the ‘Guide for the
Care of Laboratory Animals’ published by the National
Institutes of Health. All experimental protocols have been
approved by the Animal Care Committee at the Toronto
General Hospital.

EVLP
In brief, donor lungs were harvested and preserved at 4 1C,
and then transferred to the XVIVO chamber (Vitrolife,
Denver, CO, USA). The left atrial (LA) cannula was first
connected to the circuit. Flow was initiated slowly in a ret-
rograde manner to de-air the pulmonary artery (PA) can-
nula. The PA cannula was then connected to the circuit and
anterograde flow started at 150ml/min with the perfusate
(SteenTM Solution, Vitrolife) at room temperature. The
temperature of the perfusate was then gradually increased to
37 1C. When 32 1C was reached (usually over 30min), ven-
tilation was started and the perfusate flow rate was gradually
increased. The flow of gas used to deoxygenate and provide
carbon dioxide to the inflow perfusate via a gas exchange
membrane was then initiated. Mean PA pressures were
maintained between 10 and 15mmHg. The LA pressure was
maintained between 3 and 5mmHg. Mechanical ventilation
setting was: tidal volume of 7ml/kg, at 7 breaths per min,
positive end-expiratory pressure (PEEP) of 5 cm H2O and an
inspired oxygen fraction (FiO2) of 21%. Detailed information
about the technical aspects of the procedure can be found
elsewhere.10

NEVLP
A model of donation after cardiac death (DCD) liver retrieval
was created by inducing cardiac arrest by potassium chloride
at the end of the vascular dissection during the organ
retrieval procedure. Briefly, the donor pigs were sedated with
ketamine (0.2mg/kg), atropine (0.08mg/kg), and midazolam
(0.06mg/kg), and induced with isoflurane (5%). Following
intubation, the pigs were ventilated with 100% oxygen and
2% isoflurane for the duration of the procedure. Laparotomy
was then performed, and the infrarenal inferior vena cava

(IVC), aorta, renal arteries, superior mesenteric artery, celiac
trunk and hepatic artery (HA), portal vein (PV), suprahe-
patic IVC, bile duct, and the subdiaphragmatic abdominal
aorta were then dissected free and encircled. The gallbladder
was removed from the liver. The donor pigs received
30 000 IU of heparin in total, 5min before cardiac arrest.
Following 45min of cardiac arrest in all three groups, the
organs were flushed with 2 l of cold UW solution and stored
on ice. The liver was then removed, an arterial back table
preparation was performed, 1 l of UW solution was infused
with pressure into the liver artery, and the liver was stored in
cold UW solution. The upper and lower part of the IVC were
cannulated with a 1/2� 3/8 reducer (RAUMEDIC, Helm-
brechts, Germany); portal vein and liver artery were cannu-
lated using a 3/8� 1/4 and 1/4� 3/8 reducer (RAUMEDIC)
in case of subnormothermic ex vivo liver perfusion
(SNEVLP). Blood was collected during warm ischemia time
(WIT) from the donor. Erythrocytes were isolated by soft
spin and stored in CPDA (500ml, Terumo, Summerset, NJ,
USA). After 4 h of cold ischemic time (CIT), the liver was
perfused ex vivo using Steen solution and washed erythro-
cytes (10% hematocrit). Three different times of WIT (0, 38,
and 78min) were evaluated. As a control group, 0min of
WIT was chosen, whereas 38min WIT was used to have
severe injury in the graft. If the graft remained transplantable
and 78min was used to have an organ suffering from extreme
injury, transplantation of these organs would fail in 100% of
the cases. Detailed information about the technical aspects of
the procedure can be found in Boehnert et al.11

SPME
Materials and methods
Acetonitrile, methanol, and water (all LC/MS Optima grade)
were purchased from Fisher Scientific (Ottawa, Canada).
Prototypes of biocompatible SPME mix-mode probes (C18
with benzenesulfonic acid, 45 mm thickness, 4, 7, and 15mm
length of coating) were provided by Supelco (Bellefonte, PA,
USA). The standards used for preparation of instrumental
QC samples were purchased from Sigma-Aldrich (D-pheny-
lalanine, L-tryptophan, cholic acid, deoxycholic acid) and
CDN isotopes (L-phenyl-d5-alanine).

In vivo extraction from liver and lung
Before use, all fibers underwent preconditioning for a mini-
mum of 60min of exposure to methanol/water (1:1 v/v). In
addition, for the lung sampling, sterilization of the fibers was
performed by steam autoclaving at 121 1C for 30min. The
preconcentration mixture (methanol/water, 1:1 v/v) was also
sterilized by filtering using 0.45 mm pore size sterile syringe
filters. The extraction time of lung was 20min and liver
30min. Immediately after sampling, fibers were rinsed with
deionized water, dried with Kimwipe and placed on dry ice in
the empty vials. After being transported to the laboratory, all
fibers were placed at � 80 1C until analysis.
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Liquid chromatography/mass spectrometry analysis (LC/MS)
The samples were analyzed by reverse-phase liquid chroma-
tography (Accela, Thermo Scientific) coupled to bench top
orbitrap mass spectrometer (Exactive, Thermo Scientific).
The details and conditions of the LC/MS method can be
found elsewhere.14,16,17

Data processing and statistical analysis
The raw data files obtained from Thermo Xcalibur were
converted to .mzXML using MSConvert software. Subse-
quently, MZmine software version 2.10 was used for data
processing. For filtering, Savitzky–Golay method was used;
mass detection was done with exact mass method, using 5e3

noise level. For chromatogram builder, m/z tolerance of 0.001
or 5 p.p.m. was used. The chromatogram deconvolution was
performed using the Savitzky–Golay method, and for the
alignment, the ‘join aligner’ option was selected. After data
processing, the first min (0–1min) corresponding to column
void volume and the last 5min of column reequilibration
(35–40min) were excluded from the analysis. Given chro-
matograms were subjected to manual peak picking, and all

signals with unacceptable shapes, as well as those present in
blank, were removed from the analysis. The final data were
exported to a .csv file and used for statistical analysis using
SIMCA-Pþ software version 12.0.1. Pareto scaling was chosen
for performing principal component analysis. The statistical
confidence level represented as Hotelling T2 ellipse on PCA
graphs was 95%. Discriminate metabolites were selected
using score contribution plots. The first 10 compounds with
the highest absolute contribution score were chosen for
further analysis. Putative identification of the compounds
selected was performed by comparison of the exact masses
obtained from the experimental data with those in the
Human Metabolome Database (http://www.hmdb.ca)27 with
the mass tolerance of 5 p.p.m.

RESULTS
Tissue Sampling with SPME Fiber During Surgical
Operation
The approach used for sampling of lung and liver is shown in
Figure 2. Sampling of the liver during perfusion using non-
assembled and needle-assembled probes is presented in

Figure 2 Sampling of organs by SPME with no tissue collection. The in situ extraction of liver with nonassembled (a) and needle-assembled SPME

fibers (b), in vivo extraction of lungs with nonassembled SPME fibers (c), and the view of the sampled area after extraction (d).
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Figures 2a and b, respectively. As a proof of concept, it was
also demonstrated that i.v. catheter can be used as a guide
cannula for the nonassembled fibers (left part of Figure 2b).
Photos shown in the Figure 2c and d were taken during lung
transplantation experiments. Figure 2c shows in vivo extract-
ion with nonassembled fibers that were placed in the tissue
with no guide cannula. Figure 2d presents lung tissue after
SPME probe withdrawal.

To Determine the Drug Level and Metabolism in EVLP
System
To demonstrate the possibility of simultaneous monitoring of
drug and products of its metabolism, we have selected
methylprednisolone (MP) as a standard medication used during
NEVLP and EVLP procedures. The drug was administered as
solumedrol, 500mg, in the perfusion solution at the begin-
ning of NEVLP and then 500mg hourly. To find metabolites
of MP, a comprehensive list of potential metabolites of the
drug was taken from a recently published article where the
authors used a mass spectrometer for identification of pro-
ducts originating from all potential metabolic pathways of
MP.28 In the current study, the data obtained from liver
sampling were analyzed in negative ionization mode and
subjected to a target search of MP metabolites. MP was detected
in all liver samples that underwent the used preservation
protocol, but it was not detected in the sham (Figure 3). The
screening of MP metabolites revealed formation of the
17a21-dihydroxy-6a-methylpregna-1,4-diene-3,11,20-trione,
which is the product of 11-oxidation of the parent drug. The
metabolite, however, was detected only in the extract from

healthy liver (WIT 0min), but not in the injured organs
(WIT of 38 and 78min).

Monitoring Changes of Endogenous Metabolites in EVLP
System
Taking into consideration the fact that study of each
animal case includes three basic stages, CIT, ex vivo
organ perfusion (EVLP/NEVLP), and reperfusion, the data
obtained from one entire lung transplantation experiment
were subjected to principal component analysis (PCA). The
PCA (Figure 4) presents clustering of the lung samples
obtained during CIT, EVLP, and reperfusion. As can be
noticed, the most distinct differences were observed for the
EVLP cluster.

It was not the intention of the authors to draw conclusions
of clinical matter, but rather demonstrate the possibilities
that the new technology offers in terms of biochemical
profiling of living organs. Therefore, selection of the meta-
bolites contributing to differentiation between CIT and EVLP
samples was performed and presented as an example.
The compounds were tentatively recognized as eicosanoids:
prostaglandin F1a; 13,14-Dihydro PGE1; 13,14-Dihydro
PGF2a; leukotriene A4; 14,15-EpETE; 5-KETE; 12-HEPE;
14,15-EpETE; 18R-HEPE; 15-HEPE; 17,18-EpETE; 5-HEPE;
one of the compounds was identified as main primarily
metabolite of melatonin: 6-hydroxymelatonin.

Noninvasive Monitoring Metabolic Changes through
Perfusate Sampling
In addition to tissue sampling, SPME was also used for
extraction of analytes from perfusion fluids used in EVLP
and NEVLP. To access the fluid standard, a three-way stop-
cock with luer-lock was connected to the perfusion system
(Figure 5). As for a tissue sample, in this case, no sample was
collected. As for other matrices, monitoring the changes over
time was performed. The evidence of changes occurring
with the progression of the lung perfusion as well as the
map of molecular features changed over time of EVLP are
shown in Figures 6a and b, respectively. The labeling
of the samples on the PCA plot indicates different sampling
time points starting from 0 h of EVLP through 3 h, 6 h, 9 h,
and to 12 h.

DISCUSSION
Tissue Sampling with SPME Fiber During Surgical
Operation
The in vivo sampling of lung and liver using SPME was
performed during EVLP and NEVLP. As it can be seen, there
are many options of introduction of the SPME probes to the
tissue and the format of the device allows for low invasive
sampling. The picture presents sampling of liver with the
SPME probe nonassembled and assembled in a hypodermic
needle (Figures 2a and b) and the sampling of a lung using
an unassembled fiber (Figure 2c). The size of the fiber is
o200 mm, and does not damage the sampled tissue, as it can

Figure 3 Detection of methylprednisolone (MP) and its metabolite in

liver after drug administration during NEVLP. M1 indicates 17a21-

dihydroxy-6a-methylpregna-1,4-diene-3,11,20-trione, a metabolite of MP.

The scheme presents detection of MP and M1 in the extracts obtained

from sham liver, and three grafts subjected to different times of warm

ischemia time (WIT). The numbers represent average signal intensities of

mass spectrometer calculated from three fiber replicates. Relative

standard deviation (r.s.d.%) varied between 3 and 11%.
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be seen on the picture taken after removing the probe
(Figure 2d). The hypodermic needle allows for easier hand-
ling of the fiber. Currently, a new, more user-friendly design
that permits one-hand operation of the device is under
development.

The core of the probe is built from titanium–nickel alloy
that makes it very flexible and prevents breaking. The type of
SPME probe used for the experiments was a biocompatible
co-polymer that permits a wide range of extraction of small
metabolites and drugs (molecular weight o1000Da) varying
in physiochemical properties. These features of the probe
were described previously for direct extraction from human
plasma.29 The time used for the current sampling approach
was 20 and 30min for lung and liver, respectively. The
fundamentals of SPME as an equilibrium method show that
the longer the extraction time, the higher sensitivity of the
assay, until the maximum value for a given analyte is reached.
Although time of extraction may not be a major concern for

in vitro/ex vivo applications, with the highest possible sensi-
tivity being achieved by optimum experimental conditions,
in real-world application, the sensitivity needs to be compro-
mised, and time of sampling must be adjusted within the
medical protocol time. As the overall procedure of organ
preservation using ex vivo perfusion lasts several hours,10,11 a
sampling time of 20 and 30min was considered as a good
compromise between sensitivity and temporal resolution.

The SPME probe could also be used for postsurgery
monitoring when the fiber is placed inside the examined
organ through the guide cannula or catheter, similar to a
biopsy needle. The testing of the concept of placing the SPME
fiber through the 20 gauge i.v. catheter in the liver was done
intrasurgically (Figure 2b), as the insertion of a fiber through
the abdominal wall would require a longer catheter and a
fiber with a longer wire. This approach will be a subject of
future experiments. As expected, the results obtained using
the probe inserted via the i.v. catheter were similar to the one
obtained with the hypodermic needle assembly.

Despite the small volume of coated polymer, the extraction
efficiency of the SPME is comparable with standard methods
in terms of analyte coverage and sensitivity.14 A metabolo-
mics study of the lung and liver demonstrated the SPME
ability of extraction for a wide range of small molecular weight
analytes varying in physicochemical properties, including
endogenous compounds as well as drugs.

To Determine the Drug Level and Metabolism in EVLP
System
MP was chosen for this proof-of-concept analysis of drug
metabolism as it undergoes several biochemical pathways
and, as a result, a number of its metabolism products can be
expected. Among them, there are metabolites that can be
analyzed either in positive or in negative ionization mode,
and this was important from the analytical point of view in
this study. As mentioned before, solumedrol was adminis-

Figure 4 Principal component analysis of samples collected during EVLP. Triangles indicate cold ischemic time, diamonds indicate EVLP, and dots

indicate reperfusion.

Figure 5 Sampling of perfusate during EVLP using mix-mode SPME

probes.
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tered in perfusate, and this explains the absence of the
drug in the sham extract and its presence in the liver
sampled during NEVLP. The presence of 17a21-dihydroxy-
6a-methylpregna-1,4-diene-3,11,20-trione only in the
extracts obtained from control (WIT 0min) may suggest
failure of enzymatic function in the cases where liver was
subjected to 38 and 78min of WIT (Figure 3). This finding
was also supported by the alteration of the Krebs and
pentose cycles in injured livers; different levels of compounds
related to TCA pathways such as oxoglutaric acid, oxalacetic
acid, glucaric acid, or galactaric acid, or compounds related
to the pentose cycle (D-glucaro-1,4-lactone) were found in
healthy and injured livers. The lack of organ recovery in both
WIT 38 and WIT 78min livers can be explained by the fact
that SPME sampling was performed at the beginning of
the perfusion, and the effect of the procedure on organ
regeneration requires a few hours to take effect. Further
experiments have been carried out to monitor the progress of
the regeneration of enzymatic properties of liver during
NEVLP.

Monitoring Changes of Endogenous Metabolites in EVLP
System

As mentioned previously, in vivo sampling with an SPME
probe permits metabolic profiling of the organs over time.
This feature is the main limitation of the standard techni-
ques, because collecting tissue sample is highly invasive
and therefore impossible to apply a number of times. The
PCA (Figure 4) obtained on the basis of repetitive
sampling of lung during CIT, EVLP, and reperfusion showed
clustering of the samples belonging to certain group. The
identification of the distinguishing compounds was beyond
the scope of this article, but studies using the presented
approach are in progress, with a greater number of cases
to subsequently demonstrate clinically relevant observations
as well as discover biomarkers that could be used in
these applications. However, by analysis of the found dis-
criminant metabolites for CIT and EVLP samples, it can be
seen that the range of extracted analytes allows to monitor
different classes of compounds starting from those with
low hydrophobicity such as indoles (6-hydroxymelatonin) to

Figure 6 Principal component analysis (a) and loading score plot (b) representing changes occurring during EVLP experiment. Different symbols on

PCA plot correspond to different sampling time points: 0 h-dots, 3 h-diamonds, 6 h-triangles, 9 h-inverted triangles, 12 h-boxes.
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lipids (eicosanoids) characterized as strongly hydrophobic
species.

Noninvasive Monitoring Metabolic Changes through
Perfusate Sampling
The demonstration of the applicability of SPME to low
invasive analysis of tissue was the superior aim of the
presented work, as there is currently no alternative method
permitting repetitive sample collection-free analysis. However,
the technology can be easily extended to different matrices; in
the current experimental design, SPME was also used for
extraction of perfusates. The extraction time of the perfusate
was significantly shorter (2min) because the diffusion of
compounds in liquids is faster in comparison with solid tissue.

The use of PRN adapter allows for simultaneous sampling
of up to three replicates, and this is particularly important in
case of short time intervals between the subsequent data
points. A similar set up can be used for blood sampling in
addition to direct sampling from veins, where the fiber can be
placed into the vein through the hypodermic needle. As for
the direct organ, microsampling from biofluid permits
nondestructive extraction of analytes without interfering
with the system equilibrium.

It can be seen on PCA plot obtained for the EVLP
experiment (Figure 6a) that during the first 9 h of the per-
fusion, position of the samples collected at subsequent
sampling points changed, indicating constant variations in
the studied matrix, whereas samples representing 9 and 12 h
perfusion time formed one cluster, suggesting that no further
changes occurred in the system after 9 h. Figure 6b presents
the map of compounds characterized by their molecular
masses and detected during the described experiments. The
metabolites located away from the plot center are the most
discriminant features involved in differentiation of the ana-
lyzed samples. Among the identified compounds, which
changed between the beginning and the end of the EVLP (0 h
vs 12 h), were metabolites involved in biochemical pathways
of amino acids, mainly phenylalanine and tyrosine, fatty
acids, and their derivatives. More extensive work involving
larger cohorts is undergoing.

One of the major requirements for diagnostic instrumen-
tation used for intrasurgical assessment is time of the
analysis. As such, the next step of the investigation is the
development of a rapid tool for in vivo SPME extraction
coupled directly to a mass spectrometer. Several methods of
such couplings were already proposed.30–36 Current attempts
are being made to select the platforms and determine the
most efficient method for on-site use. As well, investigations
are being conducted to determine the best solution for
different groups of compounds and specific biomarkers
characterized by different properties. Such approaches would
allow results to be obtained in real or close to real time (few
minutes), which is the time frame needed by the surgeon to
take an immediate action on the course of the operation, or
for the anesthesiologist to make changes to the dosage of a

drug. The use of this method for preintervention analysis of
metabolic profiles could enhance the decision-making process
for the best possible personalized approach, whereas post-
transplantation monitoring would be used for graft assess-
ments and fast response in case of organ failure.
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