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Abstract:

 Barrier tissue protects the body against external factors by restricting the passage of molecules. The gastrointestinal epithelium is an example of barrier tissue with the primary purpose of allowing the passage of ions and nutrients, while restricting the passage of pathogens and toxins. It is well known that the loss of barrier function can be instigated by a decrease in extracellular calcium levels, leading to changes in protein conformation and an increase in paracellular transport. In this study, ethylene glycol-bis(beta-aminoethyl ether)-N,N,N',N'-tetra acetic acid (EGTA), a calcium chelator, was used to disrupt the gastrointestinal epithelial barrier. The effect of EGTA on barrier tissue was monitored by a novel label-free method based on an organic electrochemical transistor (OECT) integrated with living cells and validated against conventional methods for measuring barrier tissue integrity. We demonstrate that the OECT can detect breaches in barrier tissue upon exposure to EGTA with the same sensitivity as existing methods but with increased temporal resolution. Due to the potential of low cost processing techniques and the flexibility in design associated with organic electronics, the OECT has great potential for high-throughput, disposable sensing and diagnostics.
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1. Introduction

Understanding and controlling the barrier function of epithelial tissue is of great importance for pharmaceutical research and drug development, as well as having applications in diagnostics and fundamental research. Manipulating barrier function is primarily applicable in targeted drug delivery, which involves the specific transport of a molecule across the lumen to the underlying tissue. Developing methods to achieve such transport is of particular relevance for drug delivery across gastrointestinal tissue. In some cases, an agent is used to temporarily increase permeability of the cell layer and allow passage of a drug [1]. Further, drug delivery assays require adequate in vitro cell models to assess drug transport. In vitro models for barrier tissue are also necessary to assess the effects of toxins or pathogens, for the purpose of both diagnostics and the study of diseases. Regardless of application, the goal of in vitro models is to mimic in vivo barrier tissue behavior.

Barrier tissue generally consists of tightly packed layers of epithelial cells. Individual cells are joined to one another by junctional proteins, which act as cell-cell seals [2]. In addition, the cells are anchored to underlying tissues. The anchoring provides an asymmetric architecture to the barrier, in which the apical side is exposed to the lumen, and the basal side is attached to the basal lamina [3,4]. This architecture provides selective transport across the barrier, which can be modulated to increase the passage of nutrients via transient opening of the apical junction [5,6]. The apical junction is composed of two distinct junctions; the tight junction (TJ), found closest to the apical side, and the adherens junction (AJ), found underneath the TJ [7]. These junctions comprise complexes of intracellular and transmembrane proteins. The major proteins involved in TJs are claudins [8], occludins [9] and ZO-1 [10,11], while AJs consist primarily of E-cadherin and catenin [12]. Beneath the apical junction are additional junctional complexes known as desmosomes, which contribute to cell integrity [13]. The integrity of junctional protein complexes, and hence the integrity of barrier tissue, is known to be affected by outside stimuli. In particular, the function of some proteins such as cadherins, are sensitive to the concentration of extracellular calcium. Cadherins, found in both the adherens junction and the desmosome contain multiple calcium binding domains [14]. When insufficient calcium is present, cadherins are not able to form homo or heterojunctions with adjacent cells [15]. As a consequence, the proteins are internalized, leading to an opening of the paracellular pathway. Other tight junction associated proteins that require the presence of calcium include G proteins, protein kinase C and calmodulin [16]. Hence, decreases in extracellular calcium concentration can lead to disassembly of TJs. In fact, a calcium switch assay is often used to study TJ reformation after removal and then replacement of calcium [16].

In this study, we use Caco-2 cells grown on permeable transwell filters. When cultured in this format, these cells are known to form polarized monolayers with an apical brush border, similar to that found in the human colon [17]. More specifically, differentiated monolayers of Caco-2 cells create a barrier similar to that observed in vivo. Confluent monolayers of Caco-2 cells are widely used by the pharmaceutical industry to evaluate the absorption of oral drugs: the fraction of drug absorption can be directly correlated with the apparent permeability of the drug molecule across the cell layer [18]. The dependence of barrier integrity of the Caco-2 cells on calcium concentration has been confirmed [19], with the internalization of TJ and AJ proteins occurring when calcium concentrations decrease to micromolar levels [20]. As discussed above, disruption of junctional protein complexes leads to opening of the intercellular junction. To mimic this effect in vitro, we exposed Caco-2 monolayers to EGTA (Ethylene glycol-bis(beta-aminoethyl ether)-N,N,N',N'-tetra acetic acid), a specific calcium chelator. EGTA has been shown previously to have dramatic effects on paracellular permeability and transepithelial resistance (TER) [1,21]. In particular, E-cadherin was found delocalized from the cell periphery after treatment with EGTA [22,23]. To monitor the barrier integrity of epithelial tissue on exposure to EGTA, we use a recently introduced method based on an organic electrochemical transistor (OECT) [24,25]. We validate the OECT results with traditional characterization techniques, including immunofluorescence staining of junctional adhesion proteins, permeability assays and measurement of transepithelial resistance (TER).



2. Experimental Section

Cell Culture. Caco-2 cells from ATCC were seeded at a density of 5 × 104 cells/insert (1.1 cm2). Cells were routinely maintained at 37 °C in a humidified atmosphere of 5% CO2, in DMEM (Advanced DMEM Reduced Serum Medium 1×, Invitrogen) with 2 mM Glutamine (Glutamax™-1, Invitrogen), 10% FBS (Fetal Bovine Serum, Invitrogen) and Pen-strep (5,000 (U/mL) Penicillin-5000 (µg/mL) Streptomycin, Invitrogen). For all experiments, Caco-2 cell layers were used after 3 weeks in culture, corresponding to a TER of 400–500 Ω·cm2 and a maximum apparent permeability of 1 × 10−6 cm·s−1, consistent with literature reports [26]. Cells were cultured on transwell filters with a 0.4 µm² pore size and area of 1.1 cm2. For OECT measurements only, 24 transwell filters were used. Cells were exposed various concentrations of EGTA, from a stock solution of 0.6 M EGTA in DI water, pH adjusted to 7.4 with 1 M Tris-HCl. EGTA was added to the basal side of the cell filter, without changing media. Controls confirmed that the act of addition/removal of basal solution alone did not disrupt the barrier tissue layer.

Immunofluorescence. After exposure to EGTA, Caco-2 cells grown on filters were fixed with 3–4% paraformaldehyde in PBS pH 7.4, for 15 min at room temperature. Permeabilization was performed using 0.25% Triton in PBS, for 10 min at room temperature and with a blocking step consisting of 1% BSA in PBST (0.05% Tween 20 in PBS), for 30 min at room temperature. Mouse monoclonal anti-E-cadherin and rabbit polyclonal anti-claudin-1 and anti occludin were used at 5 µg/mL (Invitrogen), in 1% BSA in PBST for 1 h at room temperature. Monolayers were then incubated for 1 h at room temperature with the secondary antibodies Alexa Fluor 488 goat anti-mouse IgG and Alexa Fluor 568 goat anti-rabbit (Molecular Probes). Finally, the cells were incubated for 5 min at room temperature with Fluoroshield with DAPI (Sigma Aldrich), mounted and examined with a fluorescent microscope.

Permeability Assays. After exposure to EGTA, a permeability marker (Lucifer Yellow) was added to the apical side of the monolayer and fluorescence was measured after 1 h incubation at 37 °C in a humidified CO2 incubator. The value of the apparent permeability (Papp) was calculated according to the following relationship: Papp = ((Flux × Vbas)/t) × (1/Co × A) and Flux = 100 × (LYbas × Vbas)/(LYapi × Vapi), where LYbas and LYapi are the concentration of Lucifer Yellow in the basal and apical sides of the hanging porous filter, respectively, Vbas and Vapi are the volume in the basal and apical sides, respectively, t is the time of incubation, Co is the initial concentration of Lucifer Yellow (LY) on the apical side and A is the area of the filter. At least two samples were measured for each condition.

CellZscope Measurements. The CellZscope (Nanoanalytics) measures the impedance of barrier-forming cell cultures grown on permeable membranes and provides the transepithelial electrical resistance as output. Impedance of cell layers grown on filters as previously described, were measured in complete DMEM. During EGTA exposure, TER values were measured continuously.

OECT Fabrication. The conducting polymer formulation consisted of PEDOT:PSS (Heraeus, Clevios PH 1000), supplemented with ethylene glycol (Sigma Aldrich, 0.25 mL for 1 mL PEDOT:PSS solution), dodecylbenzenesulfonic acid (DBSA, 0.5 µL/mL), and 3-glycidoxypropyltrimethoxysilane (GOPS) (10 mg/mL), the latter serving as a heat activated cross-linker to ensure film stability in aqueous solutions. Devices were fabricated on glass slides with channel dimensions defined using a parylene peel-off technique described previously [27,28]. In this technique, a parylene film is deposited on glass and subsequently patterned using conventional photolithography techniques. PEDOT:PSS is deposited on the glass/parylene pattern. When the patterned parylene is removed from the glass substrate via mechanical peeling, PEDOT:PSS is left on the glass in the negative spaces. This technique allows the patterning of sensitive materials, in that it avoids exposure of the active layer (here, the conducting polymer) to harsh developers, solvents, or other etchants. Following PEDOT:PSS deposition, devices were baked for 1 h at 140 °C in atmospheric conditions. A PDMS well was added to confine the electrolyte and define the channel area. The OECTs in this study have a channel width of 2 mm and a channel length of approximately 6 mm, resulting in a channel area of approximately 12 mm2. PEDOT:PSS lines extending from the well served as the source and drain contacts.

OECT Measurements. For OECT measurements, Ag/AgCl served as the gate electrode. All measurements were made using a Keithley 2612 Source Meter and customized Labview software. Cell media (as described above) was used as the electrolyte. Measurements were performed at ambient temperature, but controls were conducted to ensure that temperature effects do not dominate changes in OECT response within the time required for measurements. Measurement parameters were chosen to avoid exposing the cell layers to a voltage drop above 0.5 V, as high voltages have been shown to damage bilayer membranes [29]. OECT data were collected using the following parameters: VDS = −0.2 V, VGS = 0.3 V, VGS on time = 2 s, off time = 28 s. Data are shown in the form of a normalized response of the OECT. The magnitude of modulation of drain current on application of a gate voltage pulse (ΔID) is divided by the baseline current Io. The resulting ΔID/Io dataset (unitless) is normalized to a [0,1] scale for easier data visualization and device to device comparison. Included in each measurement, but not shown, is a baseline of ΔID/Io after cell layer removal, to aid in the assignment of NR = 1. In this way, NR = 1 refers to no barrier properties, and NR = 0 refers to full barrier properties of the cell layer (although not full suppression of OECT modulation [24]). See Appendix for further description.



3. Results and Discussion

Barrier tissue cells grown on 24 well filters were integrated with an OECT as illustrated in Figure 1. A transwell filter hosting the cell layer is placed within an electrolyte well, between the Ag/AgCl gate electrode and the PEDOT:PSS channel.

Figure 1. Illustration of organic electrochemical transistor (OECT) barrier tissue sensor. S, D, and G refer to the source, drain and gate electrodes. The channel area refers to the portion of PEDOT:PSS that is in contact with the electrolyte, and is defined by the PDMS well.
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3.1. OECT Measurement of EGTA Mediated Barrier Tissue Disruption

In an OECT, the drain current (ID) between the source and drain electrodes is modulated by the application of a gate voltage. The mechanism for current modulation relies on the electrochemical doping and dedoping of a degenerately doped conducting polymer film in contact with an electrolyte [30,31]. A positive gate voltage induces a flux of positive ions into the transistor channel, dedoping the polymer film and reducing conductivity. On release of this potential, the ions leave the film and the original doping level, and hence conductivity, is restored. The ID transient response to a square gate voltage pulse is directly correlated with the magnitude of ionic flux into the conducting polymer. In the present device architecture, the barrier properties of the cell layer modify this ionic flux. Thus, monitoring the ID response to square VG pulses, shown in Figure 2 as normalized response (NR), yields information about the barrier properties of the cells with respect to ions in the electrolyte. Figure 2(a) shows the OECT normalized response as a function of time in the presence and absence of a cell layer. As illustrated in Figure 2(a), operation of the OECT with no cell layer corresponds to NR = 1, which is associated with a high ionic flux through the electrolyte and into the polymer channel. When intact barrier tissue is present, the ionic flux is reduced, and NR = 0. Figure 2(b) shows the OECT response in the presence of barrier tissue on addition of varying concentrations of EGTA. On introduction of 1 mM EGTA to the basolateral side of the transwell filter, we observe negligible changes in the normalized response of the OECT, indicating little or no disruption of barrier properties. There is perhaps a slight, transient increase in TER, which returns to baseline levels after 15 min. It is possible that there is a very slight decrease in ion flux. This has been observed with other compounds at low concentrations and may be explained by a tightening of the ion permeable TJ pores due to subtoxic exposure of certain chemicals [32]. Increases in TER have also been observed with an increase in permeability upon overexpression of occludin, illustrating functional decoupling of these two parameters [33].

Figure 2. Normalized response of the OECT. (a) Control NR of OECT with cells (white) and without cells (black), with no exposure to ethylene glycol-bis(beta-aminoethyl ether)-N,N,N',N'-tetra acetic acid (EGTA). (b) In situ monitoring of NR on addition of 1 mM (dark cyan), 10 mM (orange) and 100 mM (violet) EGTA. EGTA is added at time = 0, as indicated by the arrow.
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On addition of 10 and 100 mM EGTA, we observe a concentration dependent reduction in NR, indicating increasing barrier disruption for higher concentrations of EGTA, with the presence of 100 mM EGTA destroying barrier integrity within 45 min. These experiments were carried out for 60 min only due to concerns that extended exposure of the cells to room temperature conditions would induce a change in barrier tissue properties [34]. It should be noted that in all experiments carried out in this study, EGTA was added directly to the cell medium. We anticipate that the use of EGTA in complete DMEM, as opposed to a calcium free buffer, will somewhat mitigate the effect of EGTA. However, as changes in both media and ionic composition are known to affect TER, we wanted to ensure that we saw effects due to calcium chelation alone. As a consequence, it is not surprising that we measure no effect on addition of 1 mM EGTA, as the calcium concentration in complete DMEM is approximately 1–2 mM and EGTA chelates calcium at a ratio of 1:1. In the case of 10 mM EGTA, the signal appears to become saturated but at an NR of slightly greater than 0.5. It is possible that this signal would continue to rise slowly, however we have previously observed a similar situation with low concentrations of hydrogen peroxide [24], where the signal reaches an intermediate level and then does not increase. This could represent a partial opening of the TJ or an inhomogeneous chelation of the calcium across the barrier tissue layer. An important feature of the OECT is the time in which breaches in barrier tissue integrity are detected. In the case of 100 mM EGTA, a 50% increase in NR is observed within 5 min, and the NR plateaus at a value slightly less than 1.0. We believe that the OECT can detect barrier tissue damage more rapidly because it is sensitive to more subtle breaches in barrier tissue integrity. The improved sensing speed has been observed on addition of a variety of toxic compounds (manuscripts in preparation). Of note, while the device is more sensitive to subtle barrier damage, the sensitivity is expected to suffer at the other extreme, suggesting that the present OECT is a poor sensor for the formation of barrier tissue and gross cell death/detachment.



3.2. Validation of EGTA Effect Using Immunofluorescence Staining of Junctional Proteins

Figure 3 shows the immunofluorescence staining of adherens and tight junction proteins carried out after 2 h of exposure to EGTA using antibodies against E-cadherin, occludin and claudin-1. Cell nuclei were stained with DAPI. Control staining on Caco-2 cells without EGTA exposure shows that there is at least partial colocalization of E-cadherin with both occludin (Figure 3(a)) and claudin (Figure 3(b)), and that all three proteins are present at the cell peripheries. The colocalization of E-cadherin with occludin and claudin-1 is indicative of normal maturation and polarization of the cell layer as the presence of AJs are necessary to recruit TJs on the apical side to form apical junction complexes, resulting in an alignment of the AJs and TJs [35]. In the case of occludin the staining is slightly diffuse, the control included. This may partly be because immunofluorescence was carried out on filters rather than on coverslips, leading to slight warping of the substrate. On exposure to 1 mM EGTA, the proteins remain colocalized, with negligible difference compared to the control. On the addition of 10 mM EGTA, delocalization of proteins from the periphery is observed, indicating that the apical junctional complexes have been compromised. E-cadherin is considerably more diffuse in the sample exposed to 10 mM EGTA compared to the control. On exposure of 100 mM EGTA, E-cadherin, occludin and claudin-1 are present, but no longer localized at the cell borders. Previous studies have demonstrated that a 30 min treatment of 4 mM EGTA added to DMEM on the apical and basal side results in the displacement of occludin to the intracellular compartment [36], while a study which exposed Caco-2 cells to EGTA in media without calcium for 20 min [37] showed a normal localization of occludin with aberrant localization of claudin-1.

Figure 3. Immunofluorescence of proteins in the apical junction upon exposure to EGTA. Monolayers were exposed to various concentrations of EGTA for 2 h and then stained with antibodies against apical junction proteins. In panel a: DAPI (blue), E-cadherin (green) and occludin (red); in panel b: DAPI (blue), E-cadherin (green) and claudin-1 (red). Cells were exposed to 0, 1, 10 and 100 mM EGTA from top to bottom. The scale bar is 10 µm.
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3.3. Validation of EGTA Effect Using CellZscope Measurement of TER and Permeability Assays

Figure 4(a) shows the effect of EGTA on TER, as measured with the CellZScope. As seen with the OECT, exposure to 1 mM EGTA shows a slight change in TER with respect to the control. On exposure of 10 mM EGTA for two and half hours, the mean TER is reduced to approximately 20% of the initial value. On addition of 100 mM EGTA, the reduction in TER is faster, stabilizing at 10% of the initial value. To directly compare the rate of sensing with the OECT, a useful parameter to consider is the time taken to reach a 50% decrease in TER. As mentioned above, the OECT detects a 50% change (increase in NR) within approximately 5 min. In the case of the CellZscope, this change takes approximately 15 min. The time taken to reach a minimum TER value with 100 mM EGTA was 1.5–2 h, compared to 45 min with the OECT. It was previously demonstrated by the EVOM (epithelial Volt-Ohm meter) technique that in the presence of 1 mM EGTA on both sides of the monolayer, a rapid drop in TER value was observed in 10 min [38]. The discrepancy between these results and what we present here can be explained by the increased potency of EGTA when presented to both the apical and basal sides, further exaggerated by the use of a calcium free buffer [23].

Figure 4. % TER value and permeability assays of cells upon exposure to EGTA. Monolayers were exposed to various concentrations of EGTA for 2.5 h. Panel a shows normalized TER value + standard deviation upon exposure to 0 mM (black), 1 mM (dark cyan), 10 mM (orange) and 100 mM EGTA (violet) for 2.5 h. During the experiment, measurements were taken continuously. Panel b shows the apparent permeability after exposure to EGTA. Data represents mean value + standard deviation of experiments made in duplicate.
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Figure 4(b) shows results of permeability assays carried out on Caco-2 monolayers after 2 h of EGTA exposure. The addition of 1 mM EGTA leads to a permeability of (1.08 ± 0.81) × 10−6 cm·s−1, a slight increase compared to the control permeability of (8.81 ± 7.94) × 10−7 cm·s−1. The addition of 10 mM EGTA leads to an increase in permeability to (6.30 ± 1.95) × 10−6 cm·s−1, while treatment with 100 mM EGTA results in a permeability of (1.64 ± 0.14) × 10−5 cm·s−1, 18 times larger than the control value. For comparison, a filter alone typically has a permeability of 1 × 10−4 cm·s−1. Previous studies of Caco-2 permeability have demonstrated a mild increase on exposure of 2 mM EGTA in Krebs buffer, with a more marked increase at 20 mM EGTA (up to 4 hour exposure) [23].

Measurement of permeability, although a valuable parameter, must be considered carefully as the permeability measured is molecule-specific (depending on charge and size). Therefore, care must be taken when comparing these data with other parameters that describe barrier tissue integrity, such as TER. In general, a direct correlation between the solute permeability of a cell layer and the TER exist; tight cell layers exhibit high electrical resistance and low permeability, although there are certain conditions where these two parameters can be decoupled [39]. In fact, if the slight increase in permeability can be taken as statistically significant, it is in agreement with literature demonstrating that increases in TER can sometimes be accompanied by increases in permeability (discussed above), thus illustrating decoupling of these two parameters. This can be explained in part by the fact that TER is a parameter that describes an instantaneous snapshot of ion flux through claudin based pores in epithelial tissue layers [40], while permeability is a parameter that describes the transport of larger molecules, most likely through a different pathway, one theory being that larger molecules go through barrier tissue layers via dynamic opening and closing of tight junction strands. For this reason, permeability is a parameter that must be measured over longer time periods, e.g., 1 h. As indicated above, the permeability of Lucifer Yellow was measured after incubation of this compound for 1 hour (after 2 h exposure to EGTA). Therefore, for a fairer comparison, the latter time points should be considered for TER measurements. In the case of the results shown here, a clear increase in permeability is observed with 10 mM and 100 mM EGTA, in line with the trends observed with the OECT and the CellZscope.






4. Conclusions

In this study, we integrate cells with OECTs and demonstrate that the presence of a cell layer modulates the OECT transient response. Upon a decrease of extracellular calcium concentration due to the presence of EGTA, the OECT rapidly senses the breach in the epithelial cell layer in a concentration dependent manner. We validated these results by comparison with traditional techniques such as immunofluorescence, TER measurement and a Lucifer Yellow permeability assay, and found that the data correlates with the results obtained using the OECT. The OECT was able to detect EGTA-induced breaches in epithelial layers with equal sensitivity to the three techniques tested. Of the traditional techniques, only TER measurements (CellZScope) allow dynamic monitoring of barrier tissue integrity. Importantly, the OECT was found to be able to detect EGTA-induced breaches in epithelial layers with increased temporal resolution compared to the CellZscope. The OECT appears to be uniquely sensitive to subtle breaches in barrier tissue integrity, and measures with an extremely fine temporal resolution. We previously showed that the OECT was capable of measuring disruption of barrier tissue caused by exposure to hydrogen peroxide with 30 s [24]. Currently, the device probes the barrier tissue for a duration of 2 s, followed by a 28 off time, to realize a 30 s temporal resolution. The off time of the device serves two purposes: to give the cells adequate time to recover from the voltage pulse, and to allow for the recovery of the PEDOT:PSS film, bringing the drain current back to a baseline value. Duty cycle, and pulse duration could be optimized to observe more dynamic behavior if desired, with the limiting parameter being recovery of baseline current. For sake of comparison, the CellZscope requires 40 s to collect an impedance scan, which puts a hard limit on its temporal resolution.

The CellZscope has an additional advantage in that it has been developed for use in an incubator, allowing continuous, real time monitoring of barrier tissue properties. Although the current prototype of the OECT allows dynamic measurement, it is limited to operation at room temperature. Work is ongoing to transition the OECT to an in situ measurement system to allow integration of traditional cell culture materials and electronics into an incubator to allow longer term measurements and further to streamline the operation for medium to high throughput testing. Future optimization of the OECT device for sensitivity is ongoing;the device is also being adapted for use with additional cell lines to create new tools in different diagnostic applications. In addition, we intend to capitalize on the advantages in low cost fabrication and ease of device design facilitated by the use of conducting polymers towards the goal of high throughput, disposable sensing and diagnostics.
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Figure S1. OECT Characteristics (no cells present.) (A) Output characteristics of the OECT used for barrier tissue sensing. (B) Transfer characteristics (solid line) and transconductance (dashed) for VD = −0.6 V. The transconductance peaks near VG = 0.3 V, the operating VG of the OECT in sensing measurements. (C) ID transient response (solid) to a square VG pulse (dashed). (D) Normalized modulation, ΔID/Io, for the same VG pulse shown in (C). The dashed lines indicate the value extracted from data. Extracted values are subsequently normalized to a [0,1] dataset to obtain normalized response (NR). ΔID/Io values collected prior to sensing (no cells present) are used to define the upper extreme (NR = 1), while ΔID/Io values collected immediately after cells are introduced is used to define the lower extreme (NR = 0). 
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