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Abstract

:

Extracellular vesicles (EVs) are 50–1000 nm membranous vesicles secreted from all cells that play important roles in many biological processes. Exosomes, a smaller-sized subset of EVs, have become of increasing interest in fundamental biochemistry and clinical fields due to their rich biological cargos and their roles in processes such as cell-signaling, maintaining homeostasis, and regulating cellular functions. To be implemented effectively in fundamental biochemistry and clinical diagnostics fields of study, and for their proposed use as vectors in gene therapies, there is a need for new methods for the isolation of large concentrations of high-purity exosomes from complex matrices in a timely manner. To address current limitations regarding recovery and purity, described here is a frontal throughput and recovery analysis of exosomes derived from human embryonic kidney (HEK) cell cultures and human urine specimens using capillary-channeled polymer (C-CP) fiber stationary phases via high performance liquid chromatography (HPLC). Using the C-CP fiber HPLC method for EV isolations, the challenge of recovering purified EVs from small sample volumes imparted by the traditional techniques was overcome while introducing significant benefits in processing, affordability (~5 $ per column), loading (~1012 particles), and recovery (1011–1012 particles) from whole specimens without further processing requirements.
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1. Introduction


Extracellular vesicles (EVs), originally considered to be “cellular dump trucks”, are a heterogeneous population of phospholipid bilayer membrane-bound vesicles actively released by all cell types [1]. Typically ranging from 50–1000 nm in diameter, EVs contain proteins, DNA, mRNA/miRNA, and other noncoding RNAs from their host cells [2,3,4,5]. They also serve as biomolecule transportation vehicles because of their ability to strategically deliver relevant molecules to local and distant cells [2,3,4,5]. EVs are generally classified into three broad categories: exosomes (30–200 nm), microvesicles (100–1000 nm), and apoptotic bodies (>500 nm) [2,3]. However, due to limitations in current isolation methods, it is difficult to differentiate exosomes from other microvesicles due to size/density overlap, and the lack of immediate information needed to distinguish between the vesicle development pathways; therefore, the generic term “EVs” is used here.



Because of their relative abundance in biological fluids and characteristic components, many attempts have been made to implement EVs for several promising applications. EVs have been suggested as candidates for use as vectors in gene [6,7] and drug therapies [8,9,10,11], liquid biopsy diagnostic markers [12,13], and even as components in cosmetics [10,14]. However, the broad translation of EVs into these areas remains limited due to the lack of understanding of EV fundamentals resulting from the inability to obtain highly concentrated and pure EV yields [14,15]. Standard approaches for EV isolations have included ultracentrifugation (UC), size-exclusion chromatography (SEC), ultrafiltration (UF), immunoaffinity (IAF), and polymer precipitation (PP)-based isolation methods [2,3]. Of these, the UC method is commonly regarded as the “gold standard” EV isolation technique [2,3,16]. However, this method, like the others, is limited by low yield recoveries, co-isolation of protein/lipoprotein aggregates, low throughput, high capital costs, and potential disruption of EV membrane structures due to the extreme centrifugal forces required [2,3,16]. Many of the aforementioned isolation methods require biofluid sample volumes of 5–10 mL, at minimum. Few EV isolation methods are suitable for processing sample volumes across the sub-mL to 100 mL range. In the case that liters of EV-rich cell cultures are employed in vector production, multiple isolation methods are likely required [3]. For context, Aronin, Khvorova, and colleagues [14,17,18,19,20,21], commented on a study, noting that a single dose of exosomes for a single mouse transfusion requires 109–1011 particle concentrations, which would require liters of conditioned media to isolate the dose necessary to treat one animal. Typically, the low EV recoveries produced by traditionally used isolation methods are simply not fit for translation into research, clinical, or therapeutic EV applications, and insufficient EV purities complicate the generation of a necessary understanding of EV fundamentals.



As an alternative, Dittmer and colleagues combined cross-flow filtration (CFF)/polyethylene glycol (PEG) and Capto Core SEC to produce biologically active EVs of concentrations up to 1014 EV mL−1 from 1 L of cultured body cavity-based lymphoma-1 cells [22]. While this method did indeed produce concentrated EV recoveries, there were concerns of contamination and protein-lipoprotein co-isolation, despite employing three different isolation methods [22]. Thus, simple, robust, and high-throughput EV isolation methods are needed that are not limited by cost, long, laborious processing times, purity, and yield restraints. Of much interest is the development of an EV isolation method able to load and recover highly concentrated, pure populations of EVs repeatedly from sample volumes on the µL to mL, and eventually liter, scales.



To address the prevalent limitations of available isolation methods, Marcus and co-workers [23,24,25,26,27,28,29,30,31,32] developed a hydrophobic interaction chromatography (HIC) method for the isolation and purification of EVs from a variety of complex biological matrices. The HIC method is performed on polyester (PET) capillary-channeled polymer (C-CP) fiber stationary phases, providing unique benefits in terms of low solvent transport impedance and highly efficient solute mass transfer versus other chromatographic stationary phases [33,34,35,36,37,38]. PET C-CP fiber phases have been successfully employed for EV isolation in conventional HPLC column [23,24,25,30], and solid-phase extraction (SPE) spin-down tip formats [31,32,39]. Using these methods, EVs have been successfully isolated from a plethora of biofluids, including cell culture media, plasma, serum, urine, unpasteurized goat milk, cervical mucus, and saliva [27,29,30]. Most importantly, high efficiency and throughput HIC C-CP methods have allowed for concentrated EV recoveries to be obtained (1010 to 1012 particles mL−1), with up to 95% recovery from the original matrices despite the great chemical and physical matrix complexities and the use of 10–100 mL sample volumes [29]. Further, the C-CP phases have allowed for EV isolations to be performed on reasonable time-scales (<15 min), with recovered populations free from low-density lipoprotein (LDL) contaminants [30], as well as the retention of biological integrity and purity of EVs as confirmed by immuno/protein-assays and electron microscopy techniques [29,30].



One of the major concerns for the use of EVs in therapeutics and as clinical diagnostic tools is the demand for isolation methods that can efficiently harvest the vesicles from complex biological matrices. Here, we compare the loading and recovery characteristics of these capillary-scale (300 mm long × 0.76 mm diameter) C-CP fiber columns for two disparate, yet very relevant systems: serum-free, suspension-adapted human embryonic kidney cell (HEK293T/17 SF) culture milieu and human urine. Due to their rapid proliferation, high EV yield, and ability to be genetically manipulated, HEK293T/17 SF cells have been used as producer cells for large-scale production of concentrated EVs for therapeutic vector applications [40,41,42,43,44,45]. Human urine represents the ideal case of a liquid biopsy, where the relative abundance and non-invasive collection of urine makes it an ideal source of biomarkers to diagnose and classify diseases, especially for screening large populations [46,47]. However, both specimens present complex matrices that make it difficult to isolate EVs in high purity. The novelty of this effort lies in the direct comparison of isolation characteristics from these two important matrices, on volume and time scales of relevance to diverse research communities. To determine the loading and recovery characteristics of EVs, frontal analysis (breakthrough curves) and elution recovery experiments were performed. Experimental variables included the load and elution flow rates as well as the primary EV concentrations. Transmission electron microscopy (TEM) was used to confirm the physical integrity and size of the EVs. By determining the loading, recovery, and throughput of EVs from these complex biological samples using the fiber stationary phases, the present work sets the groundwork for additional scale-up processes using the fibers. These efforts will advance fundamental research, clinical analysis, and therapeutic vector aspects of EV utilization.




2. Experimental


2.1. Chemicals and Sample Preparation


Ultrapure-grade ammonium sulfate and HPLC-grade acetonitrile (ACN) were purchased from VWR (Solon, OH, USA). Phosphate buffered saline (PBS) (10x; Life Technologies Corporation, Grand Island, NY, USA) was diluted to 1x with deionized water (18 M Ω cm) obtained from a Millipore water system (Billerica, MA, USA). Commercial lyophilized exosomes derived from the cell culture media of human embryonic kidney (HEK293) cells and the urine of healthy donors (HansaBioMed Life Sciences, Tallinn, Estonia) were reconstituted according to the manufacturer’s instructions using sterile Milli-Q water to provide a concentration of ~3.6 × 1011 particles mL−1 and ~3.3 × 1012 particles mL−1, respectively. The commercially available exosomes were utilized as “standards” for quantification efforts (with the understanding that these are not certified as a reference standard). No information regarding purity or classification was provided by the manufacturer.



A human embryonic kidney cell line (HEK293T/17 SF), which was modified to a serum-free, suspension-adapted culture environment (to avoid the limitations of using fetal bovine serum) was obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA) [48,49,50]. As previously described [48], the HEK293 cells were grown in BalanCD HEK293 cell culture media (Irvine Scientific, Santa Ana, CA, USA) supplemented with L-glutamine (8 mM) and insulin-transferrin-selenium (ITS) (10 mL mL−1) (Corning, Corning, NY, USA). The culture flask was placed in a 37 °C shaking incubator (160 rpm) with 5% CO2. To monitor the concentration and viability of the cell line, a VI-CELL XR Cell Viability Analyzer (Beckman Coulter, Brea, CA, USA) employing the trypan blue dye exclusion method was used. All milieu samples were filtered with a 0.22 mm PES syringe filter prior to use. In terms of the human urine matrix sample, fresh morning urine from a healthy, consenting donor was obtained and filtered with 0.2 mm PES filters before use. No other sample manipulations were performed.




2.2. Chromatographic Columns


The PET C-CP fibers were extruded in the Department of Material Science and Engineering at Clemson University. To create the capillary column, 448 PET C-CP fibers were collinearly aligned and pulled through a 30 cm polyether-ether-ketone (PEEK) tube with an inner diameter of 0.76 mm (IDEX Health & Science LLC, Oak Harbor, WA, USA). The capillary column had a bed volume of 0.0817 mL and a total fiber surface area of 0.384 m2. Following packing, the column was mounted on the HPLC system and washed successively with DI-H2O, ACN, and DI-H2O at a flow rate of 0.5 mL min−1, until a stable absorbance baseline was achieved at 216 nm to ensure anti-static coatings applied to the fiber during the production (extrusion/drawing) process were removed.




2.3. Instrumentation and Methods


All chromatographic measurements were performed on a Dionex Ultimate 3000 HPLC system (LPG-3400SD quaternary pump and MWD-3000 UV-Vis absorbance detector; Thermo Fisher Scientific, Sunnyvale, CA, USA) controlled by the Chromeleon 7 software. UV-Vis absorbance at 216 nm was used for all post-column detection and analysis. However, 280, 203, and 254 nm were also monitored due to previous studies citing EV detection at these wavelengths [23,27].



A NanoVue Plus spectrophotometer (GE Healthcare; Chicago, IL, USA), set to measure absorbance at 216 nm, was used for the method of standard addition to determine the concentration of EVs in the primary human urine sample [29]. As presented and validated previously with complex human biofluid samples [29], the method of standard addition was used here to determine the concentration of EVs in the HEK293T/17 SF milieu and human urine sample types, where known volumes and concentrations of the EV standards (3.6 × 1011 and 3.3 × 1012 particles mL−1, respectively) were spiked into the unknown sample. Briefly, three 2 μL aliquots of the HEK293T/17 SF milieu and urine (diluted 1:10 in 1x PBS) were spiked once, twice, and three times with the diluted EV standards (ranging from 3.6 × 1011 particles mL−1 to 1.1 × 1012 particles mL−1 and 6.6 × 1010 particles mL−1 to 1.9 × 1011 particles mL−1, respectively). The total sample volume was then adjusted to 20 μL using 1x PBS. The NanoVue spectrophotometer measured the absorbance of each sample at 216 nm (n = 5). The linear regressions for the milieu (R2 = 0.9996) and the urine (R2 = 0.9863) were extrapolated and used to determine the concentration of EVs in HEK293T/17 SF milieu and the human urine samples as 1.5 × 1012 and 1.2 × 1012 particles mL−1, respectively.



Frontal loading and elution recovery (load/elute) studies were employed under HIC processing conditions, as visually represented in Figure 1. Buffer A (2.0 M (NH4)2SO4 dissolved in 1x PBS, pH = 7.4) was used as the loading medium, and buffer B (40% v/v ACN in 1x PBS, pH = 7.4) was used as the EV elution buffer [30,51]. For the load step, each biofluid was introduced (at t = 5 min) continuously in a 50:50 mixture of the loading: elution buffer (i.e., 1 M (NH4)2SO4: 20% v/v ACN in PBS, pH = 7.4) and held for a ~10 min window. This set of solvent conditions allows for the passage of salts, small organic molecules, and concomitant proteins, so that only the target EVs are retained [26]. As seen in the following chromatograms, the 10 min load step was more than sufficient to achieve breakthrough. For the rinse step, the same 50:50 mixture of the two bio-fluid free buffers was applied for ~5 min to remove lingering proteins on the fiber surface. As depicted in the chromatograms, little to no protein elution was observed. Finally, buffer B was employed for the elution of EVs, again for ~15 min, to ensure the EV elution peak had adequate time to return to baseline, a time more than sufficient under all experimental conditions. To ensure the column was re-equilibrated prior to the next run, two 5-min runs of the biofluid-free 50:50 mixture of buffers A and B were added at the beginning and end of each experimental run. The entire gradient program for the capillary column was ~40 min. It is recognized that the respective solvent windows were more than sufficient for the individual processes, and so there are opportunities for future improvement aspects relative to process throughput.



Frontal loading experiments were used to assess the EV adsorption and determine the dynamic binding capacities for the EV populations on the C-CP fiber stationary phase [35,52,53,54,55,56]. The current work builds on previous work to examine the capability of the C-CP fibers to load and recover EVs from complex matrices [26]. Therefore, to maintain consistency in comparison with earlier efforts, the throughput (T) and yield (Y), calculated as described by Singh and Pinto [57], were employed as the figures of merit in the present work. Frontal analysis first allows for the determination of the amount of adsorbed solute (Q′) based on its concentration (mg mL−1), the delivery rate (mL min−1), and the time (t′ in min) to reach the point at which the absorbance value at the column exit reaches one-half of the value of the maximum value following column saturation (C/C0 = 0.5), as depicted in Figure 1. The process throughput ( T ) is a measure of the ability to adsorb and recover the solute, as expressed in Equation (1), where the amount recovered (Q′) is determined via the standard addition approach, and the elution time (t″) is added as the time necessary to complete the recovery.


  T     m g   m i  n  − 1     =  Q  t ′ + t ″    



(1)







Percentage yield (Y) is a measure of the efficiency of recovering the adsorbed solute as depicted in Equation (2), computed as the amount of EVs recovered (Q) divided by the amount of EVs loaded (Q′) multiplied by 100.


  Y  %  =  Q  Q ′   ×   100  



(2)







A Hitachi HT7830 UHR 120 kV TEM was used to verify the physical integrity and size of the EVs. To prepare samples for TEM imaging, 5 mL aliquots of the EV-containing samples were drop-cast onto a carbon grid and allowed to sit at ambient temperature (~28 °C) for 20 min. The grid was then blotted dry and washed with water for 2–3 s before being blotted dry again. The grids were then fixed in 2% paraformaldehyde for 5 min and washed in water for 2 min. Finally, the grids were stained in 1% uranyl acetate for 15 s before being blotted, washed in water, and allowed to dry in a desiccator at room temperature (~28 °C) prior to imaging. With TEM imaging, the size (30–200 nm) and the well documented cup-shape morphology of the vesicles was determined for each sample and compared to the commercially available exosomes derived from both the HEK293 cell culture media and human urine. As such, and based on extensive previous experience [27,29], it was assured that the load/elution conditions provided for recoveries of intact vesicles.





3. Results and Discussion


Previously, multiple studies have illustrated the efficacy of the HIC processing protocol to yield EVs that maintain their native vesicular physical structure while retaining their surface bioactivity as measured by immunoassays towards surface proteins such as tetraspanins CD9 and CD81 [29,32]. Likewise, mass spectrometric proteomic analyses have demonstrated the ability of the HIC protocol to achieve high purity levels with respect to host cell proteins, lipoproteins, and other non-EV cellular components [28,30]. Therefore, the premise was to evaluate the relative processing characteristics of throughput and yield in obtaining the highest quantities of EVs per unit of processing time, a major limitation in other isolation procedures.



3.1. Effect of Feed Stock Concentration on Column Capacity, Recovery, and Yield


As a point of characterization for the capillary columns, the effect of the EV feed concentration on frontal throughput and yield was analyzed. The concentration of solutes in a surface adsorption process effects both the kinetics of adsorption as well as the potential for competition amongst the solutes for surface binding sites. As alluded to previously, for these respective sample types, cell culture media would pose a far greater challenge for EV adsorption than the human urine. Specifically, the milieu presents a solution of far higher density and viscosity, and having a free protein content, while the human urine has a much higher salinity/osmolality.



Naturally, the time required to reach saturation is inversely related to the solute concentration for a given sample matrix. For the present work, EV concentrations ranging from ~3.1 × 1010 to 1.5 × 1011 particles mL−1 for the HEK293 milieu, and ~2.4 × 1010 to 1.2 × 1011 particles mL−1 for the human urine were loaded at a relatively mid-range flow rate of 0.5 mL min−1 (U0 = 31 mm s−1). Presented in Figure 2 are representative load/elute profiles for the various solute load conditions, where the lower feed concentrations (plotted here as a function of the stock solution dilution factors) took longer times to reach the target C/C0 = 0.5 values, as expected. Qualitatively, the responses mimic what was realized in previous work by Marcus et al. in which nylon-6 was used as the stationary phase for a frontal loading analysis of proteins (in neat PBS stock solutions) under the HIC conditions [35]. The more dilute solutions show greater rounding of the responses as they approach saturation, a reflection of the lower rates of diffusional transport of the EVs at lower concentration. The final qualitative features depicted in the load/elute profiles are the elution bands of the solutes following the step change in solvent conditions towards EV release. Here, it is very clear that the vesicle recoveries from the urine matrix are more efficient based on the absorbance values/peak areas, which is likely a matrix effect presented by the far more complex cell milieu than for urine. It is also important to point out that, based on the flow rates and concentrations, the method easily processes sample volumes of the order of 0.5 mL for each matrix.



The quantitative results of the load/elute studies for the various concentrations of the milieu and urine samples are presented in Table 1. First, when considering the capture/recovery aspects of the cell milieu sample, it is easily seen that the actual EV loading capacities under these hydrodynamic conditions are invariant with the solute concentrations. To a first level approximation, this is viewed to be a very positive attribute in terms of realizing uniform utilization of the fiber capture surface. As a general observation, the binding capacities of ~5 × 1012 particles on the 30 cm long fiber columns are very consistent with previous C-CP column loading studies of Chinese hamster ovary (CHO) cell bioreactors [26]. A very different response is seen when comparing the respective recoveries of the EVs deposited at different concentration levels. In this case, the respective recoveries are inversely related to the stock solution concentrations, with the percentage yield for the highest dilution factor approaching 44%, while that for the most concentrated load solution is a meagre 5%. Despite the method of loading under conditions that would allow cell debris and proteins to pass unretained, there is clearly a difference in the ability to recover the captured EVs. An initial hypothesis as to why this might be the case is that the higher density milieu solutions may present conditions wherein the EVs either exist as condensates in the initial solution, or form so they are adsorbed onto the surface. In either case, a far more hydrophobic entity would result, which may not be released from the fiber surface. As a final observation, it is relevant to note the precision of triplicate measurements improved with the extent of the stock solution dilution, which is attributed to the decreased complexity of the milieu media upon dilution.



In contrast to the milieu sample, the data for human urine matrix presented in Table 1 reflects some similar and different trends. First, and highly significant, the determined column binding capacities of ~4 × 1012 particles are virtually the same as for the more complex matrix. This fact argues strongly to the effectiveness of the EV loading conditions in promoting the through-passage of media components while retaining the target vesicles. Second, the measurement precision for the adsorption step is far better for the simpler urine matrix. Indeed, the complexity of the milieu sample is reflected in the respective backpressures during the load steps, where those of the milieu are ~20% greater than for the urine, being ~525 vs. 450 psi at 0.5 mL min−1. Third, and in contrast to the milieu samples, the recoveries/yields for the urine-derived EVs are the highest for the most concentrated load solutions. Given that the respective numbers of adsorbed EVs are the same among the dilutions, suggests that some form of experimental determinate error is occurring.




3.2. Effect of Flow Rates on Frontal Yields and Process Throughput


Previous experiments have demonstrated the ability of C-CP fiber columns to operate at high linear velocities (U0) (~100 mm s−1) without mass transfer limitations towards proteins due to the fact that the fiber matrix is virtually non-porous with respect to the size of proteins [34,35,36,58,59]. Certainly, the same is true for the target nanovesicles. This lack of porosity alleviates any intra-phase mass transfer considerations regarding the mobile phase velocities, with the overall efficiency being driven by the solution-surface kinetics. To evaluate potential absorption-desorption kinetic limitations on the process throughput and yield, the loading and elution flow rates (i.e., linear velocities) were varied in tandem from 0.4 to 0.6 mL min−1 (U0 = 24–37 mm s−1). As the actual load amounts for both matrices were invariant with stock solution concentration, and the highest throughput was desired, the experiments were performed on undiluted, native, stock solutions. As such, the respective EV concentrations were 1.5 × 1012 particles mL−1 for the milieu and 1.2 × 1012 particles mL−1 for the urine.



Representative responses for the varying flow rates on the load/elution profiles are presented in Figure 3. The chromatograms for the milieu (Figure 3a) and the urine (Figure 3b) both (unsurprisingly) exhibited an increase in the amount of time it took to reach breakthrough (saturation) as the flow rate decreased. Indeed, for the two samples, the transients are virtually superimposable. Likewise, the elution peaks move as a function of the flow rate. Here, of course, it is both the appearance time and the peak widths which are impacted, with higher flow rates yielding more narrow elution bands. A more subtle effect of the higher elution flow rates was an actual dilution of the solute concentrations, as would be expected, since the same number of particles (in theory) would be eluted in a higher solvent volume. For reference, the peak areas for the milieu decreased from ~160 to 100 mAU*min and the urine from ~260–190 mAU*min, in direct proportion with the respective volume flow rates.



The quantitative results regarding variation of the load and elution flow rates on frontal loading and recovery, are presented in Table 2. The first primary observation, which is perhaps counterintuitive, is the fact that for both matrices the number of particles loaded increased with the linear velocity. Here again, the load amounts for the two matrices are very comparable, showing the same sorts of increases with linear velocity. This general response has been seen consistently across protein loading studies on the C-CP fiber phases [35,59,60]. This is a direct response of the open channel structure of the columns, wherein higher linear velocities create greater amounts of shear effects and a thinning of the diffusional distances as described by the Leveque equation [61,62]. Of course, it would be expected that extension to higher velocities at some point limits the solute residence times on the column, and so diminishing returns would be realized.



As might be expected, the respective recoveries and yields between the two matrices were different in their magnitude and response to increases in mobile phase velocity. Here, the milieu solution showed much improved overall yields (maximizing at 65%), showing somewhat reduced efficiency in recoveries at the highest flow rate. On the other hand, the recoveries and yields for the cleaner urine matrix showed improvement as a function of the increased flow rate. Indeed, a value of 100% yield was observed at the load/elute conditions of 0.6 mL min−1. The differences in yields, coupled with the ability to operate at higher processing volume rates, resulted in the ability to process these EVs at a rate of ~9 × 1010 EV min−1 for the cell milieu and ~1 × 1011 EV min−1 for the urine stock. The fact that the relative throughput characteristics for the HEK293- and human urine-derived EVs were virtually identical, points to a high level of matrix independence. Likewise, these yield and throughput values compare very well with those obtained previously for the case of CHO cell-derived EVs [26]; a level of consistency which provides overall validation of the approach, and values that are far superior to competing methods [32].



After examining the effects of varying both the loading and elution flow rates simultaneously, the response of varying only the elution flow rates at a constant loading flow rate was explored to see if the number of recovered EVs was affected. In this case, emphasis was placed on the elution step as a potential means of improving yields, and more specifically, throughput. In the representative chromatograms (Figure 4) each sample loaded reached saturation at approximately 6 min due to the constant loading flow rate of 0.5 mL min−1. However, due to the variation in the elution flow rates, the faster elution flow rates (0.6 mL min−1) eluted EVs off the fibers first, followed in order by the decreasing flow. The decrease in peak broadening observed in Figure 3 was also present in these elution profiles. Here, the peak areas decreased from ~103 to 65 mAU*min for milieu and ~257–163 mAU*min for the urine sample, again in proportion to the expected solute dilution factors for the three conditions.



As shown in Table 3, when maintaining a constant loading flow rate of 0.5 mL min−1 (U0 = ~31 mm s−1), the number of adsorbed EVs (determined at breakthrough) remained consistent at ~4.9 × 1012 particles for the milieu and 3.8 × 1012 particles for the urine, consistent with the data presented in Table 2. Unfortunately, between the time of taking the data relevant to Table 2 and Table 3, there was a dramatic change in the raw absorbance responsivity of the detector, and so the absolute values in the elution quantification step (EVs recovered) were ~50% lower for the HEK-derived EVs and ~20% lower for urine than the equivalent flow conditions (0.5 mL min−1 load/elute) between the data sets. While the absolute values may be in error, the trends displayed for each EV type as a function of elution flow rate were consistent. In both cases, the yields increased appreciably with increasing flow rate, as did the respective process throughput values. These two trends are in full agreement with the previous load/elution characterizations of proteins on the C-CP fiber columns [35]. While the throughput value increases make implicit sense (higher transport velocities), the fact that the percent yields increased with flow rate is more deeply associated with the fundamental desorption phenomena. As noted previously, when velocities in the column channel structure increase, so too do potential shear effects on the release process, which includes both the physical aspect of shearing from the surface, and the chemical effects related to better solvation around the vesicles.





4. Conclusions


A PET C-CP fiber stationary phase packed into a capillary column format was employed via HPLC operating under a HIC workflow to characterize the loading and recovery capacity of EVs from two diverse, yet highly relevant sources: HEK293T/17 SF cell milieu and human urine. This set of experiments aimed to assess the performance of the method versus other EV isolation methods, which are limited in their practical implementation towards processing sample volumes of relevance from complex matrices with respect to fundamental biochemistry, clinical diagnostic, and biochemical engineering/biotherapeutics fields. The fiber columns demonstrated the ability to consistently load ~1012 particles while recovering 1011 to 1012 particles in less than 10 min. Based on the stable working ranges employed, the actual adsorption process was insensitive to changes in load rates ranging from 0.4–0.6 mL min−1. Clearly, there would be some point at which higher flow rates would begin to limit solute residence times and yield lower amounts of particle adsorption. Advantages were seen in the recovery step as flow rates were increased. Both sets of responses are readily explained based on the open-channel structure existing in the C-CP fiber columns. Overall, the throughput for the EVs in the column ranged from 1010 to 1011 particles min−1. In all instances, the performance with the urine-derived EVs was somewhat better than with the more highly complex cell milieu, though the metrics derived for both were far superior to more established EV isolation methods. Ultimately, it is believed that the capillary-scale C-CP fiber columns used in this study, readily implemented on standard HPLC instruments, can provide a step-change improvement in the processing of EVs from diverse bio-media samples. Future efforts will use these concepts to move the methodology towards scales relevant to bioprocessing applications.
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Figure 1. Temporal evolution of EV load/elution experiments with specific designations for throughput and yield computations as defined by Equations (1) and (2). 
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Figure 2. Frontal load and recovery response for varying the EV loading concentrations of the (a) HEK293T/17 SF milieu and (b) human urine samples at a constant load and elution flow rate of 0.5 mL min−1. 
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Figure 3. Frontal loading response for the effect of varying the loading and elution flow rates of the (a) HEK293T/17 SF milieu and (b) human urine samples from 0.4–0.6 mL min−1. 






Figure 3. Frontal loading response for the effect of varying the loading and elution flow rates of the (a) HEK293T/17 SF milieu and (b) human urine samples from 0.4–0.6 mL min−1.



[image: Separations 09 00251 g003]







[image: Separations 09 00251 g004 550] 





Figure 4. Frontal loading response for the effect of varying the elution flow rate from 0.4–0.6 mL min−1 while maintaining the loading flow rate at 0.5 mL min−1 for (a) HEK293T/17 SF Milieu and (b) human urine samples. 
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Table 1. Effects of varying the loading concentration of the HEK293T/17 SF cell milieu and human urine sample matrices on the loading, recovery, and yield of the capillary column. Precision noted as percent relative standard deviation (%RSD) for triplicates.
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Sample

	
Loading and Elution Flow Rate

(mL min−1)

	
Linear Velocity

(mm s−1)

	
EVs Loaded

(Q′)

(Particles)

(%RSD)

	
EVs Recovered

(Q)

(Particles)

(%RSD)

	
Yield

(%)

(%RSD)

	
Throughput

(T)

(Particles min−1)

(%RSD)






	
HEK293T/17 SF Milieu

	
0.4

	
24.9

	
4.15 × 1012

(0.19)

	
2.00 × 1012

(15)

	
48.0

(15)

	
5.92 × 1010

(15)




	
0.5

	
31.1

	
4.88 × 1012

(0.93)

	
3.19 × 1012

(24)

	
65.0

(24)

	
9.67 × 1010

(24)




	
0.6

	
37.4

	
5.69 × 1012

(0.09)

	
2.85 × 1012

(10)

	
50.0

(10)

	
8.77 × 1010

(10)




	
Human Urine

	
0.4

	
24.9

	
3.19 × 1012

(0.16)

	
2.81 × 1012

(20)

	
70.0

(21)

	
9.16 × 1010

(19)




	
0.5

	
31.1

	
3.82 × 1012

(0.08)

	
3.33 × 1012

(16)

	
87.0

(14)

	
1.11 × 1011

(16)




	
0.6

	
37.4

	
4.43 × 1012

(0.06)

	
4.47 × 1012

(6.0)

	
100

(5.0)

	
1.52 × 1011

(6.0)
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Table 2. The effect of varying loading and elution flow rates on the loading, recovery, throughput, and yield of EVs isolated from HEK293T/17 SF milieu and human urine.
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Sample

	
Loading and Elution Flow Rate

(mL min−1)

	
Linear Velocity

(mm s−1)

	
EVs Loaded

(Q′)

(Particles)

(%RSD)

	
EVs Recovered

(Q)

(Particles)

(%RSD)

	
Yield

(%)

(%RSD)

	
Throughput

(T)

(Particles min−1)

(%RSD)






	
HEK293T/17 SF Milieu

	
0.4

	
24.9

	
4.15 × 1012

(0.19)

	
2.00 × 1012

(15)

	
48.0

(15)

	
5.92 × 1010

(15)




	
0.5

	
31.1

	
4.88 × 1012

(0.93)

	
3.19 × 1012

(24)

	
65.0

(24)

	
9.67 × 1010

(24)




	
0.6

	
37.4

	
5.69 × 1012

(0.09)

	
2.85 × 1012

(10)

	
50.0

(10)

	
8.77 × 1010

(10)




	
Human Urine

	
0.4

	
24.9

	
3.19 × 1012

(0.16)

	
2.81 × 1012

(20)

	
70.0

(21)

	
9.16 × 1010

(19)




	
0.5

	
31.1

	
3.82 × 1012

(0.08)

	
3.33 × 1012

(16)

	
87.0

(14)

	
1.11 × 1011

(16)




	
0.6

	
37.4

	
4.43 × 1012

(0.06)

	
4.47 × 1012

(6.0)

	
100

(5.0)

	
1.52 × 1011

(6.0)
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Table 3. The effect of varying loading and elution flow rates on the loading, recovery, throughput, and yield of EVs isolated from HEK293T/17 SF milieu and human urine.
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Sample

	
Loading Flow Rate

(mL min−1)

	
Elution Flow Rate

(mL min−1)

	
Linear Velocity

(mm s−1)

	
EVs Loaded

(Q′)

(Particles)

(%RSD)

	
EVs Recovered

(Q)

(Particles)

(%RSD)

	
Yield

(Y)

(%)

(%RSD)

	
Throughput

(T)

(Particles min−1)

(%RSD)






	
HEK293T/17 SF Milieu

	
0.5

	
0.4

	
24.9

	
4.90 × 1012

(0.20)

	
7.79 × 1011

(27)

	
16.0

(27)

	
2.33 × 1010

(27)




	
0.5

	
0.5

	
31.1

	
4.88 × 1012

(0.93)

	
1.53 × 1012

(48)

	
31.0

(49)

	
4.64 × 1010

(48)




	
0.5

	
0.6

	
37.4

	
4.91 × 1012

(0.09)

	
1.65 × 1012

(58)

	
34.0

(58)

	
5.04 × 1010

(58)




	
Human Urine

	
0.5

	
0.4

	
24.9

	
3.80 × 1012

(0.12)

	
2.15 × 1012

(4.0)

	
57.0

(5.0)

	
7.12 × 1010

(4.0)




	
0.5

	
0.5

	
31.1

	
3.80 × 1012

(0.15)

	
2.60 × 1012

(5.0)

	
68.0

(5.0)

	
8.70 × 1010

(5.0)




	
0.5

	
0.6

	
37.4

	
3.80 × 1012

(0.08)

	
3.63 × 1012

(12)

	
96.0

(12)

	
1.23 × 1011

(12)
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