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Abstract

:

Solid organ transplantation is a life-saving intervention for patients suffering from end-stage organ failure. Although improvements in surgical techniques, standards of care, and immunosuppression have been observed over the last few decades, transplant centers have to face the problem of an insufficient number of organs for transplantation concerning the growing demand. An opportunity to increase the pool of organs intended for transplantation is the more frequent use of organs from extended criteria and the development of analytical methods allowing for a better assessment of the quality of organs to minimize the risk of post-transplant organ injury and rejection. Therefore, solid-phase microextraction (SPME) has been proposed in various studies as an effective tool for determining compounds of significance during graft function assessment or for the chemical profiling of grafts undergoing various preservation protocols. This review summarizes how SPME addresses the analytical challenges associated with different matrices utilized in the peri-transplant period and discusses its potential as a diagnostic tool in future work.
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1. Introduction


Solid organ transplantation is a life-saving intervention for patients suffering from end-stage organ failure. The transplantation of livers, kidneys, hearts, and lungs has become a routine part of clinical care worldwide, and has contributed to higher survival rates and greater quality of life among patients [1]. Over the last few decades, advancements in surgical techniques, standards of care, and immunosuppression have significantly improved transplantation outcomes. However, the number of patients on waiting lists for all solid organs has rapidly increased, resulting in an ever-growing disparity between organ availability and demand [2]. Furthermore, this shortage of donor organs is exacerbated by the fact that many organs are ultimately deemed unsuitable for transplantation due to strict criteria and are discarded as a result [3]. Indeed, it is estimated that only 20% of lungs and less than 40% of hearts are considered suitable for transplantation [4,5].



Given this scarcity of viable organs, strategies aimed at increasing the donor pool, reducing patient wait times, and decreasing the number of unnecessarily discarded organs are crucial. Among such strategies, one of the most notable is the use of organs from expanded criteria donors (ECD) and donors after circulatory death (DCD) [6,7]. However, it is well known that compared with standard criteria donors (SCD), marginal grafts tend to have worse outcomes, including an increased risk of delayed graft function (DGF) and primary nonfunction incidence (PNF) [8,9]. Hence, there is a great need for accurate methods of assessing graft quality and estimating donor risk, especially in relation to marginal grafts. Currently, an organ’s suitability for transplantation is determined based on detailed parameters, including the donor’s medical history and examination results. Depending on the organ, different parameters will be considered. The factors taken into account when assessing organ quality include, among others: smoking history, chest X-rays, oxygenation, active infections, hemodynamic stability, electrocardiograms, echocardiograms, serum bilirubin, AST, ALT, creatinine concentration, visual assessment of the organ, and biopsy [7,10,11,12,13]. Unfortunately, the decision-making process for accepting an organ for transplantation is always subjective to some extent and often lacks sufficient overall predictive power. Furthermore, many of the evaluated parameters cannot be used as independent predictors due to their low specificity.



The transplant team’s visual assessment of donor organs is often fundamental in decision-making. Although a general inspection can help to identify tumors and anatomical changes, this method is subjective and depends on the transplant team’s experience level [12]. In the case of heart transplants, several studies have indicated that elevated troponin levels in donor serum may be related to primary graft dysfunction (PGD). However, higher troponin levels in serum from donors who have experienced brain death may be a result of the brain’s degradation rather than an indication of myocardial damage [7,14]. Similarly, left ventricular dysfunction is another common reason for discarding potential transplant organs, but this condition may be caused by a potentially reversible sequela of brain death, rather than a defective heart [14]. For lung transplants, non-smokers are ideal donors, as a donor history of smoking has been related to PGD. Nonetheless, findings have shown that recipients who received a graft from an actively smoking donor have significantly lower mortality compared to patients who remained on the waiting list [15]. In the case of kidney and liver transplantation, pre-transplant biopsies remain the gold standard for diagnosing organ injury. However, histological assessments are usually applied selectively, predominantly in ECD and DCD grafts, and the frequency of performed biopsies varies between medical facilities and countries. Although biopsies can provide comprehensive information relating to organ status, the role of a pre-transplant biopsy in graft evaluation is intensely debated. The use of biopsies to evaluate graft quality is hampered by two major limitations: the low reproducibility of results between on-call pathologists, and their time-consuming nature. Previous studies have analyzed the consistency of scores assigned to kidney donor biopsies by different on-call pathologists and the retrospective evaluation of the same sections performed by the renal pathologist. Interestingly, a correlation between donor histology and graft outcome was observed in the evaluations performed by the renal pathologists, but not in the evaluations performed by the on-call pathologists [16]. Thus, histological evaluation remains only one component of graft assessment and should not be the sole determinant in deciding whether to accept an organ for transplantation or to discard it. All of the above examples illustrate the comprehensiveness and complexity of organ-quality assessment and the decision-making processes. In an attempt to improve and standardize the evaluation process, researchers have developed several scoring systems aimed at providing an objective estimate of post-transplant survival based on donors’ and/or recipients’ characteristics. Two of these systems, the Kidney Donor Risk Index (KDRI) and the Liver Donor Risk Index (LDRI), are among the most established metrics for estimating graft survival; however, new solutions are still being proposed [17]. Although risk indices can facilitate and improve the decision-making process, they are not intended to serve as the only metric for determining donor suitability; rather, they should be utilized as part of a comprehensive evaluation along with other factors. Furthermore, while donor age is one of the most influential factors in calculating most risk indexes, it is not well-established whether these indexes can be applied to elderly and pediatric donors [18,19].



Another way to increase the donor pool is the implementation of new organ preservation methods. At present, static cold storage (SCS) is the standard technique for organ preservation in clinical practice due to its readily available logistics and low cost. The hypothermic conditions of SCS reduce the organ’s metabolic activity and oxygen demand, thereby reducing ischemic injury. However, ECD grafts appear to be more prone to prolonged ischemia, resulting in increased morbidity and mortality in recipients. Thus, the technique of preserving these types of organs is crucial [20,21]. In recent years, numerous preclinical and clinical studies have sought to develop and optimize alternative organ-preservation methods in an attempt to improve the outcomes of ECD graft transplantation. Currently, the proposed machine perfusion methods can be divided into three categories based on the pumping temperature of the preservation solution and the oxygen supply (i.e., with or without oxygen): normothermic (35–37 °C), sub-normothermic (20–25 °C), and hypothermic (4–10 °C) [22]. These methods are advantageous because they minimize the risk of organ damage and early allograft dysfunction (EAD), in addition to allowing the administration of additional pharmacological agents for protective ischemic postconditioning and for assessing organ function immediately before transplantation [4,5]. Unfortunately, although machine perfusion enables the monitoring of perfusion parameters that can predict organ viability after transplantation, there is still a lack of representative methods for assessing graft quality.



Solid-phase microextraction (SPME) is a widely accepted analytical method in bioanalysis. Undoubtedly, the analysis of volatile compounds in the headspace of a given sample is both the original and most studied application of SPME. However, in recent years, the direct extraction of non-volatile compounds from complex matrices has emerged as a very attractive alternative to conventional sample preparation methods in bioanalysis. While SPME fibers—which are probes with a small diameter (ca. 250 nm)—are the most well-known geometry, thin-film devices are also frequently used, as their larger coating area and use of higher sorbent volumes enables greater sensitivity. The literature contains numerous reviews detailing developments in and applications of SPME [23,24,25,26,27,28,29,30]. In addition, there is an ever-growing trend showing that the SPME technique is increasingly used for sample preparation prior to analysis in recent years (Figure 1).



In brief, SPME is an equilibrium-based technique that extracts via free concentration. In complex matrices containing macromolecules (e.g., proteins), small species equilibrate with the macromolecules so that they are partially bound and partially free. In general, the more hydrophobic the compound, the higher the binding and the lower the free concentration; therefore, one would expect SPME to perform poorly in recovering these species. However, the coatings most commonly used in bioanalysis, such as C18 or mixed-mode coatings, have a high affinity toward hydrophobic compounds, thus compensating for the aforementioned phenomenon. The opposite situation is observed for hydrophilic metabolites, thereby allowing SPME to provide balanced coverage of the compounds. Another feature of SPME that should be emphasized is its capacity for capturing unstable species, which is made possible by its ability to extract small compounds while excluding large molecules. The chemistry and porosity of commonly used SPME coatings restrict the penetration of macromolecules into the sorbent, which protects the absorbed metabolites from enzymatic degradation. Moreover, due to the small size of probes (e.g., fibers), SPME affords minimal invasiveness and allows the same organ to be sampled several times without damaging the tissue. Conventional sample preparation methods demand the collection and homogenization of tissue, followed by the extraction of analytes with aqueous and organic solvents. Such techniques are widely used; however, their complex protocols make them unsuitable for on-site extraction. Additionally, tissue collection usually restricts analysis to a single sampling because repeated biopsy carries the risk of tissue damage and other side effects [31]. Because of SPME’s unique features—which include, but are not limited to, balanced analyte coverage, minimal invasiveness [32], lack of physical sample consumption [33], the ability to extract labile metabolites and determine free (i.e., active) concentrations of metabolites [34], and the biocompatibility of SPME probes—new applications are continually being tested and proposed. As mentioned above, one of the major challenges in transplant surgery is assessing graft quality and function in order to minimize the risk of post-transplant organ injury and rejection. Given the above-discussed possibilities, SPME has been proposed in various studies as an effective tool for determining compounds of significance during graft function assessment, or for the chemical profiling of grafts undergoing various preservation protocols. The recent literature contains numerous papers detailing the use of SPME and omics approaches to assess the quality of organs intended for transplantation. As such, this review summarizes how solid-phase microextraction addresses the analytical challenges associated with different matrices utilized in the peri-transplant period (Figure 2) and discusses its potential as diagnostic tool in future work. The main assumptions of the cited studies are summarized in Table 1.




2. Monitoring Graft Function in Donor Specimens


One of the first protocols involving both thin-film and solid-phase microextraction explored the diagnostic value of bronchoalveolar lavage fluid (BALF) in lung transplant patients [35]. The presence of bile acids (BAs) and pepsin in BALF is a marker of the aspiration of gastric components, which carries a risk of obliterative bronchiolitis and allograft dysfunction. In routine clinical practice, the total concentration of bile acids is measured using an enzymatic assay; however, this method is not specific and might be associated to cross-reactions. Mass spectrometry coupled to liquid chromatography is capable of successfully measuring individual bile acids. As such, Bessonneau et al. combined this approach with PAN-C18-coated thin-film microextraction (TFME) blades for the determination of cholic acid (CA) and deoxycholic acid (DCA), which served as representatives of di- and trihydroxy bile acids, respectively. Their method-validation results showed good figures of merit, with an RSD < 4% and an LOQ of 0.02 μmol/L. In addition, the results obtained for the clinical samples revealed that the proposed method was able to detect the investigated bile acids at concentrations below the LOQ. The summary concentration of the two acids ranged from 0.02 to 0.06 μmol/L and was correlated with the results of the enzymatic assay (TBA 0.01 to 0.24 μmol/L). While no correlation was found (R2 = 0.11) when all of the studied samples were included in the comparison, the removal of one patient’s data resulted in a correlation coefficient of 0.92. BALF samples were also extracted using fibers with a mix-mode coating, followed by untargeted profiling on a high-resolution orbitrap mass spectrometer. Here, the results revealed that of the few thousand detected features, three belonged to bile acids, with 7-ketolithocholic acid as the predominant type (ca. 94% of all BAs). The summary peak area of the identified bile acids correlated with the TBA enzymatic assay data (R2 = 0.86). Interestingly, the principal component analysis plot showed clear separation between two groups of patients, which was characterized by the TBA value < and > 0.05 μmol/L. This separation was driven by the 13 metabolites in the “TBA > 0.05 μmol/L” group but was absent in the other. Among these compounds were three bile acids, one steroid, three fatty aldehydes, one fatty alcohol, two prenol lipids, one fatty amide, and two fatty acids (p-value <0.01 and fold change ≥5). These results highlighted the importance of re-considering the TBA cut-off value for “healthy/sick” BALF samples, which is currently set for 0.2 μmol/L. Furthermore, Bessonneau et al.’s work also demonstrated the potential diagnostic value of metabolites apart from BAs in assessing the risk of obliterative bronchiolitis and lung allograft dysfunction. Elsewhere, Stefanuto et al. proposed a different SPME-based approach for identifying PGD after lung transplantation in BALF and blind bronchial aspirate (BBA) samples [36]. To this end, the authors employed 2 cm divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS) fibers to extract volatile compounds from the headspace of 20 mL headspace vial that contained 500 µL of lung fluid samples and was sealed with a PTFE/silicone cap. The extracted analytes were then analyzed via two-dimensional gas chromatography coupled to a time-of-flight mass spectrometer (HS-SPME-GC × GC-TOFMS). In the first step, samples obtained at the end of transplant surgery were profiled and the VOC patterns of patients who later developed severe PGD and those who either did not develop PGD, or who only developed low-grade PGD (0-2), were compared. In the next step, a support vector machine (SVM) with a linear kernel on the training set model was built to select features discriminating the studied groups at the first 6 h after transplantation. For 20 selected compounds, the SVM model provided sensitivity of 0.63, specificity of 0.94, and positive and negative predictive value of 0.87 and 0.80, respectively. The majority of the detected compounds were up-regulated in grade 3 PGD (Figure 3).



Given the complexity of the factors influencing the VOC profiles, the authors employed a multivariate analysis of variance (MANOVA) to assess how clinical risk factors influenced the VOC patterns. The results showed no statistically significant relationships between the VOC profile and the type of donation, cause of death, or time of ischemia. Instead, the donor’s body mass index (BMI) was found to be most strongly correlate with the VOC pattern (p < 0.05). From a biochemical point of view, the results indicated the potential importance of lipid peroxidation in the development of PGD; from a diagnostic point of view, the findings demonstrated that the analysis of volatile compounds in lung fluids may be applicable in clinical practice.



Yang et al. tested a completely different hypothesis in liver transplant patients [37]. In this work, they sought to determine the concentrations of two drugs (i.e., rocuronium bromide (ROC) and tranexamic acid (TXA)) routinely used during transplant surgery in order to evaluate liver and kidney performance in patients receiving grafts from living donors (LD) or heart beating brain dead donors (HBD). Although the transplanted grafts in living donors were smaller (<50%) compared to those from the HBDs (full size), the latter group of grafts may result in worse outcomes due to the longer ischemia times required for graft preservation. Rocuronium bromide is primarily eliminated through hepatobiliary excretion (up to 90%), with the kidneys excreting only about 10%. In contrast, the kidneys are the main route through which TXA is eliminated (>95%). Therefore, the simultaneous monitoring of these two drugs can potentially provide insight into the development of multiorgan dysfunction in the neohepatic phase. The extractions were performed using high-throughput TFME with stainless steel blades coated with polyacrylonitrile (PAN) and weak cation exchange (WCX) particles according to a previously published method [46]. The WCX particles were selected to compensate for the characteristics of ROC; specifically, as a quaternary ammonium compound, sample preparation for ROC can be challenging due to its propensity to interact with glass surfaces. Moreover, prior studies have reported that due to its instability in collected blood samples, ROC analysis requires sample acidification, which may affect the analysis of other metabolites and drugs from the same sample. The method proposed by Gorynski et al. [46] enabled the effective extraction of both analytes of interest without the need for matrix modification. The obtained data was further used to build pharmacokinetic profiles of the targeted drugs using a two-compartment model. In the case of ROC, liver clearance was lower in the HBD group, while the LD group showed similar clearance to that observed in people with normal liver function. While the comparison of TXA renal clearance did not reveal any significant differences between the HBD and LD cohorts, it was found to be slightly lower than normal in both cases. In addition to targeted drug analysis, TFME coated with hydrophilic-lipophilic balance (HLB) particles was applied for the metabolomic profiling of plasma. The HBD and LD groups formed separate clusters, with oxidized lipids and bile acids being identified as the main discriminating metabolites. The SPME-LC-MS measurements were supplemented by determining the relative expression of miR-122, miR-148a, and γ-glutamyltranspeptidase (GGT), a known biomarker of liver injury. Indeed, GGT levels were significantly higher in HBD patients, suggesting that this increase may have been the result of cold ischemia time (CIT) and may result in injury to the sinusoidal epithelial cells. The study’s findings demonstrated that ROC analysis may be a good indicator of early liver function, while TXA clearance may be a promising marker of the granular filtration rate and, consequently, chronic or acute renal injury, which may lead to early graft dysfunction. On the other hand, metabolomic profiling may help to develop a more detailed understanding of the mechanisms underlying the development of graft injury, in addition to identifying potential diagnostic biomarkers.



Łuczykowski et al. developed a high-throughput sample-analysis protocol based on TFME to evaluate the metabolomic profiles of bile samples from porcine model donors with mild (HBD) and moderate warm ischemia (DCD) grafts that had been subjected to SCS or normothermic ex vivo liver perfusion (NEVLP) prior to transplantation [38]. Extraction was performed using steel blades coated with an HLB sorbent, and each sample consisted of 10 µL of bile diluted in phosphate-buffered saline (1:99). The extraction and desorption times were 120 min, and an ACN:H2O (80:20, v:v) mixture was selected as the desorption solution. The findings showed that the bile produced in the SCS-preserved livers was characterized by increased levels of chenodeoxycholic acid, arachidonic acid, and 5S-hydroxyeicosatetraeonic acid, as well as saturated and monounsaturated LPCs, which may be due to changes in the bile acid synthesis pathways and organ inflammation. In addition, the metabolomic profile of bile produced by the SCS-preserved livers changed after a short-term (30 min) ischemia (22 and 7 statistically significant differentiating compounds for reperfusion and POD, respectively), while significant changes only appeared in the NEVLP group after 90 min. These metabolites primarily consisted of amino acids and lipids, including bile acids and steroid compounds, along with their derivatives. Moreover, a linear relationship was observed between levels of lipids from the LPC group and the organ ischemia time. Ultimately, Łuczykowski et al. identified a number of metabolites worth considering in future targeted and fully validated analyses as potential markers of changes occurring in preserved grafts. Based on the above experiment, Łuczykowski et al. conducted a subsequent pilot study to assess whether BA concentrations in bile are correlated with changes in the transplanted organ [39]. Here, sample preparation was performed via TFME using C18 sorbent as the extraction phase and methanol as the desorption solvent. Due to the high concentration of BA in this biological matrix, dilution factors of 100x and 20,000x were used to cover a wide range of primary and secondary BA concentrations. Conjugated forms of bile acids (with taurine or glycine) were significantly predominant in the bile samples compared to unconjugated forms. High concentrations of taurocholic acid characterized the perfusion period and they remained high during reperfusion in the 90′DCD group. Furthermore, prolonged ischemia caused an increase in taurodeoxycholic (15,87 ± 8,22 vs. 2,83 ± 0,57 ug/mL) and glycodeoxycholic acid (135,82 ± 78,5 vs. 18,56 ± 4,57 ug/mL) levels in the first days after transplantation compared to the HBD group.




3. Monitoring Graft Function by Direct Analysis of Graft


As noted above, the wide range of SPME applications is largely attributable to the tremendous variability of the devices. One unique feature making SPME ideal for in vivo and in situ analyses of intact tissues and organs is its low invasiveness when using the fiber geometry. There are other restrictions and requirements related to in vivo sampling, particularly when human subjects are involved in the studies, such as biocompatibility, single use of the devices, and sterilizability in the conditions established in the given hospital (in most cases, via autoclaving or ethylene oxide sterilization). As previously detailed, SPME is a safe and minimally invasive tissue sampling technique capable of providing coverage for a broad spectrum of metabolites. Moreover, the miniaturized nature of the device enables simultaneous analysis in different areas of the organ and more importantly, multiple analyses of the same organ over time.



The very first trials to use SPME for the direct extraction of metabolites from organ grafts focused on evaluating not only the method’s efficiency, but also the utilized storage and transportation conditions [40]. For the latter objective, the authors used pig liver grafts undergoing NEVLP. Six 7 mm mix-mode fibers were used to perform extractions on-site during graft perfusion, while three identical fibers were used to perform extractions from liver fragments, which had been collected at the beginning of the medical procedure and stored at −80 °C after being transported to the laboratory in dry ice. Immediately after sampling, the six fibers were divided into two groups. The first group was subjected to desorption on-site, with the resultant extracts being transported to the laboratory and stored using the same conditions described for the tissue, while the second group of fibers was secured in the empty vials for transportation and storage. As expected, the results revealed marked differences between the three approaches. The authors suggested that the discrepancies between on-fiber storage and in vivo sampling followed by extract storage may have been due to the partial evaporation of the desorption solvent, and thus, the preconcentration of the metabolites. To address this issue, complete evaporation and reconstitution in lab would be advisable. On the other hand, the in vivo vs. ex vivo sampling was characterized by differences in the presence of metabolites. For instance, in the extracts from ex vivo sampling, the authors observed the absence of some labile metabolites (e.g., itaconic acid, hypoxanthine, lactaldehyde or hydroxyacetone), but the presence of metabolites recognized as the products of the primary metabolite degradation (e.g., diacylglycerol). Although the untargeted nature of these studies precluded the strict monitoring of the extracted metabolites’ stability, the results indicated that in vivo sampling followed by on-fiber storage was the most convenient strategy. With regards to method performance, the authors tested three fiber coating lengths (i.e., 4, 7, and 15 mm) for 30 min extractions from liver tissue. The best sensitivity was observed for the 15 mm coating, while reproducibility was better for the two shorter coatings, which was likely due to the heterogeneity of the liver. When selecting the optimum sorbent length, it is very important to carefully consider all aspects of the experiment, including: the main goal of the experiment (spatial resolution studies e.g., characterization of the specific region such as malignant lesion vs. obtaining average information about the studied area); characteristics of the sampled tissue (homo- vs. heterogenous); size of the studied area; and the properties and concentrations of the compounds of interest. Furthermore, in clinical environments, particularly during surgical procedures, restrictions related to sampling time are very challenging from an analytical perspective. Specifically, while the method’s overall sensitivity largely depends on the coating length and extraction time, both parameters must be as small as possible to ensure that the method is minimally invasive and disturbs the subject as little as possible. For that reason, the authors of the above study selected probes with a 7 mm coating for use in subsequent experiments. Another practical aspect discussed in [40] was the option of using needle-assembled fibers, which enable penetration through harder tissues such as muscles or barriers (e.g., pleura). Although this approach is slightly more invasive, it is still less so than a regular biopsy, while continuing to allow for sampling with no physical tissue consumption. The extraction coverage results showed that the proposed method provided coverage ranging from 239 molecular features in negative ionization mode for lung sampling to 1580 in positive ionization mode for liver samples, thus confirming the excellent efficiency reported previously for SPME. As emphasized in previous metabolomics studies using SPME, the number and range of the metabolites extracted via SPME is lower compared to conventional sample preparation methods based on tissue collection, homogenization, and multi-solvent extraction, because SPME is an equilibrium technique that extracts via free fraction of metabolites. Thus, only metabolites present in their free form are available for extraction. This feature can be either an advantage or a disadvantage depending on the biological information the researcher wants to obtain from their study. If the main goal is to identify the active molecules involved in a given mechanism, then SPME is a good choice; however, if the objective is to characterize all molecules in the studied system independently based on their biological activity, then more conventional strategies should be considered. The optimized protocol described in [40] was subsequently used in pilot studies conducted on liver and lungs, wherein sampling times of 20 and 30 min were used, respectively [41]. Similar to the previously described studies on ROC and TXA [37], these studies showed that monitoring drugs routinely used during the transplantation procedure may shed light on changes in liver function. The authors found that methylprednisolone was only present in non-ischemic organs, while no drug metabolites were detected in livers subjected to 38 and 78 min of warm ischemia time (WIT), thus suggesting impaired organ function. This hypothesis was supported by observed alterations in endogenous compounds from the Krebs, pentose cycles, and TCA pathway. The metabolic profiling of lungs at different stages of their transplantation procedure (i.e., CIT, ex vivo perfusion (EVLP) and after revascularization) revealed clear differences between the subsequent groups of samples and enabled the tentative identification of metabolites that have been up- and down-regulated under different conditions and factors. In addition to organ sampling, the authors proposed monitoring metabolites in perfusate circulating throughout the graft in a closed circuit as a non-invasive approach for monitoring graft function during perfusion. In addition, this experiment bypassed the need for sample withdrawal, as extraction was performed by exposing the SPME needle-assembled fibers to the perfusate by inserting them into the three-way stopcock—which was equipped with a Luer-lock connected to the perfusate line—for 2 min. In this study, all sampling was conducted in triplicate. Unsupervised analysis of the data showed clustering of the samples at different perfusion time points, indicating the occurrence of alterations in the studied organs, mainly involving amino acids, fatty acids, and their derivatives.



Stryjak et al. conducted a proof-of-concept study to demonstrate this technology’s suitability for characterizing changes during the cold preservation of kidneys [42]. Specifically, Stryjak et al. assessed how prolonged ischemia and the accompanying oxidative stress affected the condition of kidneys subjected to static cold storage using a rabbit model. Extraction was performed by inserting duplicate SPME probes (4 mm length mixed-mode extraction phase) into each kidney cortex for 30 min at 5 different time points: immediately following the removal of kidneys, and after 2, 4, 6, and 21 h of cold preservation. The results revealed a significant change in the metabolic profile of the kidney over the first 4 h of storage. The most pronounced alterations were observed in the levels of essential amino acids, which changed depending on exposure to the ischemic milieu, and purine nucleosides, which are associated with various metabolic pathways involved in the production of reactive oxygen species (ROS). Among the identified metabolites, the presence of adenosine and adenosine monophosphate was notable, as this indicated the adenosine-dependent nature of the mechanisms underlying preconditioning and protection against renal ischemia. Other notable identified metabolites also included inosine, hypoxanthine, and xanthine. Furthermore, the short half-life of some of the identified metabolites highlights this analytical approach’s usefulness for capturing unstable and short-lived compounds. Moreover, Stryjak et al. extended the existing protocol for use in lipidomic studies and optimized it for in vivo studies on a porcine model and in human subjects [43]. Since biological applications necessitate a compromise between the method’s sensitivity and repeatability and the restrictions inherent to medical procedures, it is necessary to determine the optimal extraction phase length and extraction time. Although equilibrium extraction provides the highest sensitivity, the authors decided to use pre-equilibrium conditions for safety reasons, as this would avoid affecting the operation’s total duration. The findings confirmed that a 10-min extraction using probes coated with 7 mm of mix-mode (MM) sorbent provided sufficient sensitivity for a broad spectrum of metabolites, enabling the effective profiling of the renal cortex during ex vivo kidney perfusion, in vivo prior to organ harvest, and in vivo after revascularization. The developed protocol used 100 µL of desorption solutions consisting of ACN:H2O (80:20, v:v) and IPA:MeOH (50:50) for the metabolomic and lipidomic analyses, respectively. The SPME method’s potential for evaluating kidney quality during the transplantation procedure was demonstrated in a pig autotransplantation model, with particular emphasis on HBD and DCD donors [44]. For both donor types, extractions were performed in vivo prior to retrieval; after 1 h, 3 h, 5 h, and 7 h of perfusion; and again in vivo immediately after revascularization. Additionally, the DCD kidneys were also sampled after 45 min and 2 h of warm ischemia. Direct tissue sampling was carried out for 30 min using probes coated with 7 mm of MM extraction phase. The utilized metabolomic and lipidomic platforms enabled the identification of a set of metabolites that may have diagnostic value in monitoring organ function before transplantation. The metabolomic data revealed changes in purine levels between the HBD and DCD groups. The accumulation of adenosine observed during perfusion in the HBD group may be associated with its protective effects against ischemia-reperfusion injury IRI, while the reduced levels of inosine observed during reperfusion in the DCD group may be associated with a worse prognosis after transplantation. In addition, changes in the levels of certain amino acids were found to be correlated with the organ’s warm ischemia duration. For instance, increased levels of alanine and valine are associated with impaired organ function, can be a sensitive discriminator of ischemia, and may lead to less favourable outcomes. On the other hand, the decrease in histidine concentrations during WIT may have resulted from ongoing inflammatory processes and the development of oxidative stress. The lipidomic portion of the work revealed differences in LPC levels between the HBD and DCD organs and an upward trend in the level of these metabolites during WIT. Although the exact mechanisms governing the effects of LPC on the graft remain unclear, this group of lipids may be associated with increased oxidative stress, increased inflammatory responses, and the remodelling of cell membranes. Furthermore, the decreased PC/PE ratio in the DCD organs during reperfusion may be associated with impaired liver regeneration, alterations in energy metabolism, increased cell leakage, and endoplasmic reticulum stress. This research was continued by Warmuzińska et al., who used an SPME chemical biopsy to compare the effects of SCS, normothermic ex vivo kidney perfusion (NEVKP), and hypothermic machine perfusion (HMP) on the lipidomic profile of a graft in a renal DCD autotransplantation porcine model [45]. Similar to Stryjak et al.’s study, 7 mm length MM fibre probes were employed to perform 30 min direct extractions from the kidney cortex. The samples were harvested in vivo before retrieval; after 1 h and 2 h of warm ischemia; after 1 h, 3 h, 5 h, and 7 h of perfusion; in vivo immediately after reperfusion; and in vivo under deep anesthesia at the time of sacrifice on postoperative day 3. The findings indicated that the preservation temperature had a more significant impact on the lipidomic profile than the mechanical character of perfusion. Higher levels of CARs, PCs and PEs (including ether-linked), PIs, TGs, most LPCs, and LPEs were observed in the hypothermic preservation group, which may be related to IRI, mitochondrial dysfunction, and oxidative stress. The obtained results also revealed that the NEKVP method may have a beneficial effect on graft function. Specifically, NEKVP-perfused kidneys showed lower accumulation of pro-inflammatory lipids, which contributes to improved graft function after perfusion compared to hypothermic preservation methods.



In one of the most recent studies on this topic, SPME was applied to sample myocardium during prolonged ex situ heart perfusion (ESHP) [5]. In this work, a porcine model was used for protocol development and exploratory analysis, while two explanted human hearts that had been declined for transplantation and used for scientific purposes were treated as validatory grafts. In the porcine model, sampling was conducted at various in vivo and ex vivo stages (i.e., heart beating before harvesting the organ and during perfusion, respectively). The human hearts were only monitored during the ESHP procedure. The untargeted screening covered both the polar metabolome and the lipidome, thereby offering a comprehensive insight into the molecular changes taking place within the examined organs. From a biological perspective, increased metabolite dysregulation in response to prolonged organ preservation indicated the presence of inflammatory processes, the progression of mitochondrial oxidative stress, the disturbance of mitochondrial bioenergetics, and the dysregulation of many lipids, with increases in the level of species negatively impacting the tissue. An especially interesting component of the study was the authors’ comparison of the results obtained with SPME and those obtained via solid-liquid extraction (SLE) performed on biopsies collected from the same hearts that had been sampled with SPME probes. The results confirmed that SLE enables more comprehensive analyte coverage, particularly with respect to lipid species that are integrated components of cell membranes, and that are not present in free form or are present at concentrations that are too low to be detected by SPME. In contrast to SLE, SPME proved to be more effective in detecting unstable and intermediate compounds and in offering better sample clean-up, which enabled the detection of low abundance species and a greater variety of lipid subclasses. In SLE, sample homogenization followed by solvent extraction releases and dissolves compounds bound to macromolecules located in different organelles and fractions of the cells and tissues, thus providing higher sensitivity; however, this improved sensitivity comes at the cost of compromised extract clean-up and the production of matrix effects.




4. Conclusions


This review’s up-to-date survey of SPME-based studies focusing on graft monitoring in the peri-transplant period demonstrates this technology’s profound potential for use in the diagnostic process. The ability to process different biofluid samples regardless of their complexity can be effectively exploited to monitor the state of the graft after surgery when access to the organ is very limited or impossible. On the other hand, the minimally invasive nature of SPME fibres creates the unique opportunity to directly monitor biochemical changes occurring in the graft over the entire period of transplantation (i.e., “from donor to recipient”). Furthermore, untargeted studies, particularly on well-controlled animal models, can lead to a better understanding of the mechanisms underlying organ injury and rejection, in addition to identifying metabolites with potential diagnostic value. Considering the fact that SPME devices have been directly coupled with stand-alone instruments (e.g., mass spectrometers) in numerous studies, it can be envisioned that such strategies can be used for determination of discovered biomarkers. Given SPME’s short sample preparation time and ability to perform on-site extractions without the need for sample consumption, combined with its ability to provide the rapid, quantitative, and sensitive determination of target analytes, the use of this technology to obtain results in close to real time appears to be an attainable goal.
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Figure 1. The number of articles that include SPME as a sample preparation method. Numbers are based on PubMed searching for “SPME” or “solid-phase microextraction” in titles and/or abstracts. 






Figure 1. The number of articles that include SPME as a sample preparation method. Numbers are based on PubMed searching for “SPME” or “solid-phase microextraction” in titles and/or abstracts.



[image: Separations 10 00153 g001]







[image: Separations 10 00153 g002 550] 





Figure 2. Exemplary application of solid-phase microextraction in solid organ transplantation. Details are discussed in the text. 
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Figure 3. Ratio of the normalized areas of the 20 selected features. Reprinted from [36] with permission under a Creative Commons Attribution 4.0 International License. 
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Table 1. Applications of solid-phase microextraction in solid organ transplantation.
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	Monitored Organ
	Biological Specimen
	Sampling Mode (Ex Vivo/In Vivo; Head-Space/Direct Immersion HS/DI)
	Device Geometry and Coating Chemistry
	Target Analyte
	Comments
	Reference





	lung
	bronchoalveolar lavage fluid (BALF) (human)
	ex vivo; DI
	TFME, PAN-C18
	cholic acid (CA), deoxycholic acid (DCA)
	
	
comparison of the results with total bile acids concentration performed by enzymatic assay





	[35]



	lung
	bronchoalveolar lavage fluid (BALF) (human)
	ex vivo; DI
	fiber, mix-mode
	untargeted profiling
	
	
separation of patients with TBA < and > TBA > 0.05 mmol/L driven by bile acids, steroid, fatty aldehydes, fatty alcohol, prenol lipids, fatty amide, fatty acids suggested re-consideration TBA cut-off value for “healthy/sick” BALF samples





	[35]



	lung
	bronchoalveolar lavage fluid BALF and blind bronchial aspirate (BBA) (human)
	ex vivo; HS
	fiber, DVB/CAR/PDMS
	untargeted profiling
	
	
20 compounds selected with support vector machine (SVM) model resulted in a sensitivity of 0.63, specificity of 0.94, positives and negatives predictive value of 0.87 and 0.80, respectively;



	
no relationship between the type of donation, cause of death or time of ischemia and VOC profile was statistically significant;



	
donor BMI correlated with the VOC pattern





	[36]



	liver
	plasma (human)
	ex vivo; DI
	TFME, PAN-WCX
	rocuronium bromide (ROC), tranexamic acid (TXA)
	
	
testing drugs as potential markers of early graft dysfunction using living donors (LD) and heart beating brain dead donors (HBD);



	
ROC showed lower liver clearance in HBD group;



	
TXA showed no difference in renal clearance in HBD and LD, but in both cases it was lower than normal; supported by analysis of known biomarkers of liver injury





	[37]



	liver
	plasma (human)
	ex vivo; DI
	TFME, HLB
	untargeted profiling
	
	
searching biomarkers of early graft dysfunction;



	
HBD and LD groups discriminated by oxidized lipids and bile acids





	[37]



	liver
	bile (pig)
	ex vivo; DI
	TFME, HLB
	untargeted profiling
	
	
evaluation of the metabolomic profile of bile from livers preserved via SCS and NEVLP: Bile produced in the SCS-preserved livers was characterized by increased levels of metabolites such as CDCA, AA, and 5S-HETE, as well as saturated and monounsaturated LPCs.



	
assessment of the effect of the organ’s ischemic time on the composition of bile: changes mainly in amino acids and lipids, including bile acids and steroid compounds, along with their derivatives





	[38]



	liver
	bile (pig)
	ex vivo; DI
	TFME, C18
	glycocholic acid (GCA), taurocholic acid (TCA), glycochenodeoxycholic acid (GCDCA), taurolithocholic acid (TLCA), glycoursodeoxycolic acid (GUDCA), tauroursodeoxycholic acid (TDCA), glycodeoxycholic acid (GDCA), cholic acid (CA), chenodeoxycholic acid (CDCA), deoxycholic acid (DCA), hyocholic acid (HCA), taurochenodeoxycholic acid (TCDCA), ursodeoxycholic acid (UDCA)
	
	
evaluation of individual bile acid profile of bile samples in the peri-transplant period: the conjugated forms of bile acids were significantly predominant in the bile samples compared to unconjugated forms;



	
high concentration of TCA was characterized the perfusion period and they remained high during reperfusion in the 90′DCD group;



	
prolonged ischemia caused an increase in TDCA and GDCA levels in the first days after transplantation compared to HBD group





	[39]



	lung; liver
	tissue (pig)
	ex vivo, in vivo; DI
	fiber, mix-mode
	untargeted profiling
	
	
evaluation of the method’s efficiency, the utilized storage and transportation conditions;



	
in the extracts from ex vivo sampling, the absence of some labile metabolites (e.g., itaconic acid, hypoxanthine, lactaldehyde or hydroxyacetone), but the presence of metabolites recognized as the products of the primary metabolite degradation (e.g., diacylglycerol) were observed;



	
in vivo sampling followed by on-fiber storage was the most convenient strategy;



	
the best sensitivity was observed for the longer coating, while reproducibility was better for the two shorter coatings, which was likely due to the heterogeneity of the liver





	[40]



	lung; liver
	tissue (pig)
	ex vivo, in vivo; DI
	fiber, mix-mode
	methylprednisolone (MP)
	
	
monitoring drugs routinely used during the transplantation procedure as markers of changes in liver function;



	
methylprednisolone was only present in non-ischemic organs





	[41]



	lung; liver
	tissue (pig), perfusate
	ex vivo, in vivo; DI
	fiber, mix-mode
	untargeted profiling
	
	
evaluation of changes of the metabolic profiling of lungs at different stages of their transplantation procedure;



	
monitoring metabolites in perfusate circulating throughout the graft in a closed circuit as a non-invasive approach for monitoring graft function during perfusion





	[41]



	kidney
	tissue (rabbit)
	ex vivo; DI
	fiber, mix-mode
	untargeted profiling
	
	
assessment of the effect of prolonged ischemia and the accompanying oxidative stress affected the condition of kidneys subjected to static cold storage;



	
a significant change in the metabolic profile of the kidney over the first 4 h of storage;



	
the most pronounced alterations were observed in the levels of essential amino acids, which changed depending on exposure to the ischemic milieu, and purine nucleosides, which are associated with various metabolic pathways involved in the production of reactive oxygen species (ROS)





	[42]



	kidney
	tissue (pig, human)
	ex vivo, in vivo; DI
	fiber, mix-mode
	untargeted profiling
	
	
presentation of a metabolomic and lipidomic protocol for untargeted analyses for graft quality assessment





	[43]



	kidney
	tissue (pig)
	ex vivo, in vivo; DI
	fiber, mix-mode
	untargeted profiling
	
	
evaluation of kidney quality during the transplantation procedure with particular emphasis on HBD and DCD donors;



	
revealed changes in purine and LPC levels between the HBD and DCD groups;



	
level of certain amino acids and LPC were correlated with the organ’s warm ischemia duration;



	
the decreased PC/PE ratio in the DCD organs during reperfusion





	[44]



	kidney
	tissue (pig)
	ex vivo, in vivo; DI
	fiber, mix-mode
	untargeted profiling
	
	
comparison of the effects of SCS, NEVKP, and HMP on the lipidomic profile of a kidney graft;



	
the preservation temperature had a more significant impact on the lipidomic profile than its mechanical characteristics;



	
higher levels of CARs, PCs and PEs (including ether-linked), PIs, TGs, most LPCs, and LPEs were observed in the hypothermic preservation group;



	
lower accumulation of pro-inflammatory lipids during NEKVP method





	[45]



	heart
	tissue (pig), perfusate
	ex vivo, in vivo; DI
	fiber, mix-mode, C18, HLB
	untargeted profiling
	
	
assessment of protocol feasibility for metabolomic and lipidomic profiling of changes associated with declines in myocardial function during ESHP;



	
comparison of the results obtained with SPME and those obtained via solid-liquid extraction (SLE) performed on biopsies





	[5]



	heart
	tissue (human), perfusate
	ex vivo; DI
	fiber, mix-mode, C18
	untargeted profiling
	
	
validation of the experimental protocol and the metabolomic findings during ESHP





	[5]
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