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Abstract

:

In vitro cell cultures are used as models for drug discovery. The detection of cell damage biomarkers such as adenylate kinase (AK) is often used in drug screening and cell biology experiments. A microfluidic platform for AK detection was developed with the capability of detecting the AK resulting from the lysis of 10–100 human colorectal adenocarcinoma HCT116 cells. For this assay, AK was captured on the surface of microbeads integrated into a microfluidic device and optically detected using a fluorescently labelled anti-AK antibody. Microfluidic technologies have in addition been used to develop two- and three-dimensional cell culture models that have the potential to accelerate drug discovery. The microfluidic platform was used to detect the AK resulting from the lysis of HCT116 cells cultivated in a microfluidic biochip, demonstrating the potential for the integration of the miniaturised biosensor with the cell chip.
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1. Introduction


Cancer is the second leading cause of death in the world, and therapy resistance is one of the main factors limiting patient outcomes [1]. In cancer, as well as in other diseases, the discovery of new drug candidates is of vital importance to improve treatment outcomes and reduce mortality rates [2,3]. Two-dimensional (2D) or three-dimensional (3D) cell cultures are used as experimental models for drug discovery [4,5,6,7]. The detection of adenylate kinase (AK), a protein present in all cells that is responsible for the high-energy phosphoryl transfer reaction, is often used as a cell damage reporter [8,9] in drug screening. AK is released into the extracellular medium when the cell membrane is damaged, which is taken as an indication of the efficiency of the therapy. The activity of the adenylate kinase released by damaged cells is usually performed in a two-step assay. In the first reaction, AK converts ADP to ATP. In a second reaction, luciferase catalyses the formation of light from ATP and luciferin; the light is then measured using a luminometer. This assay can be time-consuming and requires significant cell volumes (25 µL) and laboratory equipment [10]. In this work, we present a microfluidic biosensing module for the detection of AK based on a direct immunoassay, which was used to detect AK in the supernatant after the lysis of human colorectal adenocarcinoma HCT116 cells.



A recent tendency has been to miniaturise the platforms for cell culture using microfluidic technologies to create cell chips [11]. Cell chips are miniaturised devices in which cells grow in an environment that can be easily manipulated and treated in a controlled and reproducible way at length scales comparable to the cell dimensions [2,12,13,14]. Cell chips have been used to clarify disease mechanisms, in pharmaceutical screening, and in the monitoring of different aspects of cell biology, such as dispersion, migration, and signalling mechanisms [15]. One of the most important potential advantages of cell chips is the possibility of integrating miniaturised sensors for the real-time and space-resolved monitoring of the cell culture in the chip [12]. This can be accomplished through microfluidic chip instrumentation, including, for example, impedance sensors for cell attachment and biomass monitoring, pH sensors to track pH changes caused by cellular metabolism, oxygen optical sensors, or by including a biosensor module [16]. In this paper, the detection of AK was demonstrated for monitoring the effect of cell damage exposure to the chemotherapeutic agent 5-fluorouracil (5-FU) in a cell chip.




2. Materials and Methods


2.1. Reagents


PPA HyperCel, HEA HyperCel, and MEP HyperCel were obtained from Pall Corporation (Port Washington, NY, USA). CM Sepharose, Capto MMC, NHS Sepharose, Heparin Sepharose, Capto MMC Imp Res, and SP Sepharose were obtained from Cytiva (Uppsala, Sweden). Phosphate buffer solution (PBS) 10x, adenylate kinase antibody (1 mg/mL), Accutase, RIPA buffer, aminopropyltriethoxysilane (APTES), Dye BODIPY FL®, and Alexa Fluor® (A430) NHS ester (succinimidyl ester) were obtained from Fisher Scientific (Waltham, MA, USA). AK (42.2 µM), bovine serum albumin (BSA), and polyethylene glycol (PEG) 8000 were obtained from Sigma-Aldrich (St. Louis, MO, USA). The complete cell culture growth medium for HCT116 cells comprised DMEM (modified) medium supplemented with 100 U/mL penicillin and 100 µg/mL streptomycin obtained from GibcoTM (Thermo Fisher Scientific, Waltham, MA, USA), and 10% foetal bovine serum (FBS) obtained from the Biowest (Riverside, MO, USA). Clinical-grade 5-FU (50 mg/mL) was kindly provided by Hospital São Francisco Xavier (Lisbon, Portugal).




2.2. Fabrication of the Biomarker Detection Chamber


The microfluidic devices for AK detection were fabricated with two different heights: (1) 100 μm used for bead packing and (2) 20 μm for the sample and reactant injection and bead trapping (devices in Figure 1A,B). In Figure 1A, the solutions flowed through the same inlet used for bead packing. The microfabrication process used two masks, each for a different height.



The fabrication of the photomasks and master mould for the structures in Figure 1A and Figure 1B can be found in Pinto et al. [17] and Brás et al. [18], respectively. The PDMS was prepared at a ratio of 1:10 with its curing agent (Sylgard 184 silicon elastomer kit, Dow-Corning) poured on top of the mould, and baked for 90 min. The PDMS was then peeled from the mould, and the inlets and outlets were punched with an 18 Gauge syringe; then, the PDMS structure was sealed against a 500 μm PDMS membrane prepared under the same curing conditions. Both PDMS surfaces were subjected to an oxygen plasma (Harrick Plasma, Ithaca, NY, USA) to seal the device. The sealed structures were stored for at least 24 h before being used, to stabilise their hydrophobicity.




2.3. Fabrication of the Microfluidic Cell Culture Chamber


The microfluidic cell culture chamber used in Section 3 has a height of 20 µm, and an area of 1 cm2, with structural posts to avoid the collapse of the channel (Figure 2). The procedure for fabrication is described in Condelipes et al. [19]. For the microfabrication process, one mask level was used for a 20 µm high structure. The aluminium (Al) photomask was designed using computer-assisted design (CAD) software (AutoCAD 2022) and was fabricated in-house using direct-write photolithography (Heidelberg DWLII, Heidelberg Instruments Mikrotechnik, Mittelgewannweg, Heidelberg, Germany). A 200 nm Al layer was deposited on a clean glass (Corning Eagle) substrate via magnetron sputtering (Nordiko 7000). A 1.5 µm thick layer of positive photoresist (PFR 7790G) was spin-coated on the deposited Al layer, and the pattern was transferred to the photoresist with a direct-write laser photolithography system (Heidelberg Instruments, DWLii). After exposure, the substrate was developed (TMA 238 WA, JSA Micro), and the Al was wet-etched using a commercial Al etchant (TechniEtch Al80 aluminium etchant, Microchemicals, Ulm, DE, Germany). The mask was used to fabricate a mould by exposing a SU-8 negative photoresist. The mould was fabricated by first spin-coating a 20 μm thick layer of SU-8 2015 (Microchem) onto a silicon substrate, which was previously cleaned. The SU-8 was then exposed to UV light through the Al mask followed by post-exposure baking and development in propylene glycol methyl ether acetate (PGMEA, Sigma-Aldrich). Then, the mould underwent a final hard-baking step at 150 °C, for 15 min. The finished SU-8 mould was then used for the fabrication of the polydimethylsiloxane (PDMS) microfluidic cell culture chamber.



The PDMS microfluidic cell culture chamber was sealed against a polystyrene Petri dish. To promote sealing, the Petri dish was subjected to an oxygen plasma treatment for 5 min at 30 W. The surface of the Petri dish was functionalised with silane using APTES solution according to a process described in Condelipes et al. [19]. After this incubation time, the Petri dish was washed with DI water and dried with compressed air. The PDMS microfluidic structure received an oxygen plasma treatment for 5 min at 30 W. Finally, both the silanised Petri dish and PDMS oxidised surfaces were pressed against each other for a few seconds, generating a covalently bonded device.




2.4. Packing of the Biomarker Detection Chamber


Commercially available microbeads were prepared in an ethanol solution 20% (v/v) comprising PPA HyperCel, HEA HyperCel, MEP HyperCel, CM Sepharose, Capto MMC, NHS Sepharose, Heparin Sepharose, Capto MMC Imp Res, and SP Sepharose. In all cases, the bead suspension was homogenised and transferred into a PEG 8000 20% (w/w) solution in a proportion of 1:10. PEG was used to avoid clogging the channel with bead aggregates and to achieve uniform packing. To pack the microfluidic structure, a negative pressure was applied at the outlet using a syringe pump (NE-4000, New Era Pumps, Farmingdale, NY, USA). A pipette tip containing the bead suspension was previously inserted in the inlet. The negative pressure produced a flow rate of approximately 7 µL/min into the channel, resulting in the packing of the beads inside the detection chamber. Subsequently, the microfluidic structures were washed at 17 µL/min using PBS 1x.




2.5. AK Labelling


To prepare fluorescently labelled AK, 50 µL of the commercial protein was diluted in 400 µL of 0.1 M sodium bicarbonate buffer and then conjugated with 10 µL of the amine-reactive dye BODIPY FL® NHS ester (succinimidyl ester) previously dissolved in DMSO at 10 mg/mL. This mixture was incubated in the dark for 1 h at room temperature. The excess dye was washed using a 10 kDa Amicon tube (Merck, Alameda Fernão Lopes, Algés, Portugal). This was carried out by using 500 µL of PBS at a time and centrifuging at 14,000× g for 10 min until the permeate was not fluorescent [20,21].



To prepare the fluorescently labelled anti-AK antibody, the process was the same as the one described above, but with the dye Alexa Fluor® (A430) NHS ester (succinimidyl ester).



The excitation and emission wavelengths for BODIPY FL® NHS ester (succinimidyl ester) and Alexa Fluor® (A430) NHS ester (succinimidyl ester) are 502/ 510 nm and 430/545 nm, respectively.




2.6. Preparation of Lysed HCT116 Cell Supernatant


For the AK detection in cell lysate solutions, described in Section 3.2, the HCT116 (ECACC 91091005) cells were cultivated in a T-flask in a complete cell culture growth medium at 37 °C, with 5% CO2 in a saturated atmosphere [22]. The medium and cells (at 1.6 × 106 cells/mL) were collected, and RIPA lysis buffer was added according to the manufacturer’s specifications [23]. The resultant mixture was left to incubate on ice for 30 min. Afterwards, the mixture was centrifuged at 14,600× g for 30 min at 4 °C, and 7 mL of supernatant was recovered. Successive dilutions were made from the supernatant obtained after lysis. HCT116 was the cell line used in this study because it is susceptible to 5-FU.




2.7. Image Acquisition and Processing


Fluorescence measurements were performed using a fluorescence microscope (Leica DMLM) equipped with a digital camera (DFC300FX) and a 100 W short arc mercury lamp as an excitation light source, coupled to an I3 filter cube with a band-pass for the excitation of 450–490 nm (blue) and a long-pass for emission at 515 nm (green). For the quantification of AK, the fluorescence signal from the beads inside the microcolumns was acquired with an exposure time of 2 s, and 1 × gain. The obtained micrographs were analysed using ImageJ software from the National Institutes of Health, USA [24]. The images were split into red, green, and blue channels, and only the green channel was analysed by creating a region of interest inside the microfluidic channel (signal) and an equal region outside of the microfluidic channel (background) that was subtracted from the signal value.




2.8. Direct Immunoassay for AK Detection


2.8.1. Microbead Screening Study


The microbead screening study for AK capture was performed in the microfluidic column in Figure 1A [17]. The microcolumn was packed with the microbeads as described in Section 2.4. Then, a solution of AK labelled with 1 mg/mL BODIPY FL® was injected at a flow rate of 1 µL/min for 10 min. The microfluidic structure was washed with PBS 1x using 5 µL/min, and fluorescence was measured.




2.8.2. Optimisation


The structure in Figure 1B was used to perform the optimisation of AK detection. The microcolumn was packed with NHS Sepharose beads (~90 µm), as described in Section 2.4. Then, a solution of commercial AK was injected, followed by the addition of a blocking agent (BSA 1%, BSA 4%, or complete cell culture growth medium), both using a flow rate of 1 µL/min for 10 min. Finally, an anti-AK antibody labelled with Alexa Fluor® (A430) was injected with a flow rate of 1 µL/min for 5 min. The microfluidic structure was washed with PBS 1x using a 5 µL/min flow rate for 10 min, and fluorescence was measured.



Anti-AK Antibody Concentration


As described in Section 2.8.2, different concentrations of labelled anti-AK antibodies (5 × 10−2, 1 × 10−1, 5 × 10−1, 1, and 5 mg/mL) were tested against a fixed concentration of 42.2 µM commercial AK. BSA 4% was used as a blocking agent.




Blocking Agent


As described in Section 2.8.2, different blocking agents, BSA 1%, BSA 4%, and complete cell culture growth medium were tested in the absence of commercial AK and with 1 mg/mL anti-AK antibody labelled with Alexa Fluor® (A430).





2.8.3. AK Detection Calibration Curve Using the Optimised Anti-AK Antibody Concentration and Blocking Agent


A calibration curve was plotted with AK concentrations ranging from 1 × 10−1 to 42.2 µM. The microfluidic structure in Figure 1B was used to detect and quantify the AK concentration. After the NHS Sepharose bead packing step, described in Section 2.4, a flow of AK solution at a given concentration and a flow rate of 0.2 µL/min was maintained for 10 min. The complete cell culture growth medium was used as a blocking agent and flowed at 1 µL/min for 10 min. FBS is very rich in proteins, such as BSA, which is an excellent blocking agent in immunoassays. Subsequently, 1 mg/mL anti-AK antibody labelled with Alexa Fluor® (A430) was injected at a flow rate of 1 µL/min for 5 min. The microfluidic structure was washed with PBS 1x using 5 µL/min for 10 min. All these solutions were pumped using a negative pressure at the outlet. The fluorescence was measured.



The fluorescence signals obtained were plotted as a function of the different measured AK concentrations. Then, a linear regression was measured, using five concentration points 2.5, 4.2, 12.7, 25.3, and 42.2 µM, as shown in Section 3.2.




2.8.4. Measurement of AK in the Cell Culture Supernatant


The microcolumn in Figure 1B was packed with NHS Sepharose beads, as described in Section 2.4, followed by the insertion of lysed supernatant (as described in Section 2.6) for 10 min at a flow rate of 0.2 µL/min. Different dilutions of 1.6 × 106 cells/mL were tested. A volume of 5 µL of 1 mg/mL anti-AK antibody labelled with Alexa Fluor® (A430) was then flowed for 5 min at a flow rate of 1 µL/min, followed by a wash step with PBS 1x for 10 min with a flow rate at 5 µL/min. All these assay steps were pumped using negative pressure at the outlet. These assays were performed without a blocking step, as described before in others sections, because the samples collected were surrounded in the complete cell culture growth medium.





2.9. Cell Culture in the Microfluidic Cell Culture Chamber


The microfluidic cell culture chamber (Figure 2) was sterilised (during 20 min in UV light), coated with collagen type I, and washed with the complete cell culture growth medium, and HCT116 cells were injected into the chip following the processes described in Condelipes et al. [19]. The chip was placed into an incubator (37 °C, 5% CO2) for 5 h to allow cell attachment to the collagen-coated chip surface. After seeding, the medium was set to flow at 0.2 µL/min, and the chips were placed inside an incubator during the full cell culture period of the experiments.



2.9.1. Cell Growth + RIPA Lysis in the Microfluidic Cell Culture Chamber


After 61 h of cell growth as described in Section 2.9, cell lysis was induced. Two different lysis procedures were performed: (1) RIPA lysis buffer was set to flow inside the chip where cells were cultured, and (2) the cells were first removed from the chip and then lysed off-chip using the RIPA buffer. Additionally, a control assay was performed in which no RIPA buffer lysis was used.



When cell lysis was performed inside the microfluidic channel, the RIPA buffer solution was set to flow for 15 min at 10 µL/min. The solution collected at the outlet was centrifuged at 14,600× g for 30 min at 4 °C (according to the manufacturer instructions) to remove cells and cell debris from the solution, which could interfere with the AK detection process [25]. When cell lysis was performed off-chip, cells were first detached using an accutase solution, which flowed in the chip for 20 min at 10 µL/min at 37 °C, with 5% CO2. The cells were collected periodically at the chip outlet. According to the approximate number of cells inside the chip, the appropriate quantity of RIPA buffer was added, and the lysis protocol described in Section 2.6 was carried out (Figure S1A).




2.9.2. Cell Growth + 5-FU + RIPA Lysis in the Microfluidic Cell Chamber


For the study of the drug effect, cells were grown in the chip for 24 h, as described in Section 2.9. After that time, 5-FU was injected for 72 h at 0.2 µL/min. Different drug concentrations were tested: 0 µM, 50 µM, and 1000 µM in a complete cell culture growth medium. During the treatment time, samples were collected periodically at the chip outlet. Whenever a sample was collected at a given time point, a new microcentrifuge tube was used for the collection at the outlet.



After 72 h of cell growth, the RIPA buffer solution was injected for 15 min at 10 µL/min. The solution collected at the outlet was subjected to centrifugation at 14,600× g for 30 min at 4 °C—according to the manufacturer instructions (Figure S1B).



In both cases, RIPA lysis and 5-FU exposure in the microfluidic cell chamber, measurements of AK were performed as described in Section 2.8.4.






3. Results and Discussion


3.1. Screening of Microbeads for AK Capture: Optimisation of Anti-AK Antibody Concentration and Blocking Agent


The main goal of this work was to develop a microfluidic direct immunoassay capable of detecting a cell damage biomarker. This detection can be performed off-chip after cell treatments or coupled with a cell chip in which cells were exposed to a lysis agent or a drug. Here, AK was used as the biomarker of cell damage since it is commonly used in compound screening. The AK direct immunoassay detection is based on capturing the biomarker in microbeads mechanically trapped in a microfluidic channel, followed by the optical detection of AK using a labelled anti-AK antibody. This strategy is schematically summarised in Figure 3. The specific signal is directly proportional to the concentration of AK in the sample and can be used to determine the number of AK molecules that are released upon cell damage.



To achieve this goal, a novel microfluidic-compatible strategy for AK detection was developed based on microbeads typically used in chromatographic processes. The use of microbeads trapped in the microfluidic structure increases the surface area, hence the sensitivity of detection, and decreases the diffusion length, and therefore the duration of the assay. Thus, the first step in assay development was to determine which beads were optimal to capture the AK target. The microcolumn used for these screening assays is schematically shown in Figure 1A. A screening study with different microbeads was performed to select the microbeads that were the most efficient in the capture of the target AK molecule.



PPA HyperCel and HEA HyperCel bind target molecules mainly via hydrophobic interactions, while MEP HyperCel has a binding mechanism that includes a mild hydrophobic effect, together with electrostatic and covalent components, and NHS Sepharose and Heparin Sepharose bind via covalent interactions. CM Sepharose, Capto MMC, and Capto MMC ImpRes beads are weak cation exchangers, whereas SP Sepharose is a strong cation exchanger. Only cation exchanger beads were tested because the AK protein at pH 7 is positively charged (the isoelectric point is approximately 9 [26]). From this screening assay, in which fluorescently labelled AK first flowed, followed by a PBS 1x wash, as shown in Figure 4A,B, it was concluded that the NHS Sepharose beads exhibited higher fluorescence after a longer washing step, and thus these beads were selected for further assay development. NHS Sepharose beads form covalent, chemically stable amide bonds with the primary amines present in AK, and the spacer arm between the NHS group and the agarose beads allowed highly efficient binding by minimising steric hindrance (Figure 3).



Having selected the NHS Sepharose beads to capture the AK, the next step in assay development was to determine the concentration of anti-AK antibody necessary to reach a saturation signal at the relatively large AK concentration of 42.2 µM. This saturation means that essentially all AK target molecules were involved in the detection of the anti-AK antibody. As it is possible to observe in Figure 5A, increasing the antibody concentration beyond 1 mg/mL did not change the signal, so this anti-AK antibody concentration was selected for further assays.



The complete cell culture growth medium was selected as the blocking agent, because it presented lower fluorescence intensity values in negative control assays, indicating the absence of non-specific interactions (Figure S2). The negative control experiment consisted of the assay described in Section 2.8.2 but without flowing the AK target in the microfluidic channel. Here, we tested three different blocking agents (BSA 1%, BSA 4%, and the complete cell culture growth medium) to see which one would be the best. The assay without blocking would lead to the binding of the labelled anti-AK antibody to the microfluidic channel walls or microbeads. In this way, with the presence of the blocking agent in the assay, the labelled anti-AK antibody would only covalently bind to the AK target. Thus, the verified fluorescence signal would always be due to the presence of the AK target and not for any other reason. In addition, we also ruled out the possibility of binding the labelled anti-AK antibody to the components of the complete cell culture growth medium, due to the low fluorescence values obtained in the negative control.




3.2. AK Detection Sensitivity in Buffer and Lysed Cell Solution


After determining the optimal anti-AK antibody concentration (Figure 5A), a curve was plotted for the fluorescence signal as a function of AK concentrations in PBS 1x (with the anti-AK antibody fixed as the optimised concentration), which is shown in Figure 5B. The results show that is possible to detect molecules of AK down to a concentration of approximately 1 × 10−6 M.



This response curve was obtained using the microfluidic structure schematically shown in Figure 1B. This structure was less susceptible than that shown in Figure 1A to the development of air bubbles and disturbance to the microbead packaging integrity, which may lead to irregular flow rates, increased noise in the measurements, and decreased assay reproducibility.



Having established the sensitivity of the AK detection assay in model conditions (AK in PBS 1x), the next step was to demonstrate that the AK resulting from cell lysis could be detected. For this purpose, the successive dilutions of a solution with 1.6 × 106 lysed HCT116 cells were used to determine the lower concentration limit of lysed cells detectable using the microfluidic AK detection immunoassay. The original cell solution was subjected to chemical lysis using the RIPA buffer, a reagent used for mammalian cell lysis and protein solubilisation. Figure 6 shows that it is possible to detect the AK resulting from the lysis of approximately 10–100 HCT116 cells with reaction volumes of 2 µL. The ToxilightTM Bioassay reagent method used on a macroscale is faster in terms of detection because the readable signal is detectable 5 min after the addition of the ToxilightTM Bioassay reagent. However, for this measurement, 25 µL of cell volume is required, and to reach this volume, it takes about 2 h (using a flow rate of 0.2 µL/min). Using the method developed in this article, the detection time was approximately 20 min; however, the cell volume required was much smaller (2 µL), so the sample collection time was only 10 min. In this way, it can be inferred that the method using microfluidics surpasses the macroscale method, in addition to the fact that the sensitivity is greater since at the macroscale, it is only possible to detect 10 HCT116 lysed cells per well (25 µL), while at the microscale, it is possible to detect 10–100 HCT116 lysed cells in 2 µL [10]. It is important to note that for cell lysis to occur, it was necessary to add the RIPA buffer solution since centrifugation alone did not cause significant cell damage (results shown in blue in Figure 6).



Using Figure 5B and Figure 6, it is possible to estimate the number of AK molecules detected per cell lysed. Although the matrices are different (the calibration curve of Figure 5B was plotted for the experiment using PBS 1x), it was found in separate experiments that the presence of RIPA buffer does not interfere with the AK detection assay. An estimate of approximately 3.1 × 105 AK molecules per cell was obtained, assuming a cell volume of approximately 3 × 10−6 µL [27].




3.3. Monitoring Cell Damage in a Microfluidic Cell Chip


The AK detection assay was used to monitor cell lysis in a cell chip. HCT116 cells were inserted, incubated, and grown in a cell chip. In one experiment, after 61 h of cell growth, chemical lysis with RIPA buffer was performed following two different approaches: (1) in the chip and (2) off-chip lysis. The increase in the fluorescence signal after RIPA buffer treatment demonstrates that cell damage monitoring in the cell biochip is possible using the AK microfluidic detection assay (Figure 7A). From the fluorescence value obtained and using the established calibration curve, it was possible to estimate that the number of cells present on the chip and subsequently lysed was approximately 2 × 104. It was also possible to observe a slight increase in fluorescence at 61 h of cell growth before chemical lysis (Figure 7A), which could be due to the occurrence of natural cell damage in the chip.



A second AK detection experiment was performed by inserting different 5-FU concentrations into the biochip during cell growth. Notably, 5-FU is one of the most commonly used drugs in cancer treatment, often in combination with other anticancer drugs. Additionally, 5-FU is an antimetabolite that targets replicating cells by overwhelming DNA repair mechanisms, eventually leading to cell death [28]. After 24 h of cell insertion, incubation, and growth, 5-FU was added to the complete cell culture growth medium. Figure 7B shows that, after 48 h, for the highest 5-FU concentration (1000 µM), it was possible to observe the initial signs of cell damage in the biochip from the AK signal collected. At the end of the assay, the RIPA buffer was allowed to flow into the biochip to verify the amount of AK that was released. In the chip with the highest concentration of 5-FU, a smaller amount of target AK was observed when cell lysis was performed using the RIPA buffer at the end of the experiment, as expected (Figure 7B and Figure 8). In this way, it was possible to conclude that the lower the 5-FU concentration flowed on the chip, the greater the amount of the target AK released at the end of the experiment following lysis. This is due to the greater number of viable cells on the chip, without a compromised cell membrane at lower 5-FU concentrations.



The standard assays for AK measurement rely on two chemical reactions. Firstly, the AK released by damaged cells converts ADP into ATP. Then, in a bioluminescence method, luciferase catalyses light formation from ATP and luciferin. This signal can be measured using a luminometer and is proportional to AK concentration. Available in commercial kits, these assays are easy to use. However, high volumes of both the reagent buffer and cell culture medium are required for the bioluminescence reaction (25 µL for 384-well plates or 100 µL for 96-well plates). Additionally, the luminescence signal generated cannot be related to the number of cells seeded and always has to be relative to a control condition. Lastly, these approaches are usually endpoint evaluations and do not allow the continuous monitoring of cell damage.



The methodology presented in this paper allows the monitoring of AK release over time through cell media collection at the outlet at specific time points without compromising cell incubation. In addition, the reaction volumes used can be as low as 2 µL. Moreover, by using an anti-AK antibody, the signal measured is directly proportional to the amount of AK present in the samples.





4. Conclusions


A microfluidic biosensing platform capable of detecting a cell damage biomarker—adenylate kinase (AK)—was proposed and demonstrated. Using a direct immunoassay, in which AK was captured on the surface of microbeads trapped in the microfluidic device and detected using a labelled anti-AK antibody, it was possible to detect AK in the supernatant of human colorectal adenocarcinoma HCT116 cells corresponding to about 10–100 lysed cells. This procedure was also implemented at the outlet of a cell chip. In this case, it was possible to detect the AK resulting from the lysis of the cells cultivated in the chip, and to monitor the effect of the exposure of the cell culture in the chip to 5-FU over time, albeit still with limited sensitivity. The integration of this microfluidic biosensor—and additional biosensors with other capabilities—with the cell chip platform can potentially dramatically improve the speed and quality of drug discovery and disease treatment procedures.
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Figure 1. The microfluidic structures, packed with beads, for screening studies (A) and for detection of AK in assays (B). 
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Figure 2. Microfluidic chamber for cell culture. 
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Figure 3. Schematic of the immunoassay for AK detection using microbeads. AK primary amines form covalent bonds with the NHS groups. 






Figure 3. Schematic of the immunoassay for AK detection using microbeads. AK primary amines form covalent bonds with the NHS groups.



[image: Chemosensors 11 00220 g003]







[image: Chemosensors 11 00220 g004 550] 





Figure 4. Microbead screening study: (A) test of different microbeads to determine the optimal microbead to capture adenylate kinase (AK). A solution of AKBODIPY FL = 1 mg/mL was set to flow through the beads for 10 min and a washing step with PBS 1x was performed for 5 min (n = 1); (B) capture and longer washing curves obtained by continuously measuring the fluorescence intensity of the packed NHS Sepharose, HEA Hypercel, and PPA Hypercel beads (n = 1). The images refer to NHS Sepharose. The excitation wavelength was 450–490 nm (blue). 
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Figure 5. Immunoassay for AK detection: (A) optimisation of the labelled anti-AK antibody concentration for a fixed AK concentration (42.2 µM). Capture and wash steps were performed at 1 µL/min and 5 µL/min, respectively; (B) fluorescence response curve for different target synthetic AK concentrations, ranging from 1 × 10−1 to 42.2 µM, using the optimised assay conditions, and linear regression (y = 1135.69 Ln(x) + 546.70). The control corresponds to the assay without target AK, establishing the baseline for non-specific interactions and residual capture of detection antibodies (n = 3). The excitation wavelength was 450–490 nm (blue). 
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Figure 6. Cell lysis monitored through AK detection in a microfluidic chip. AK detection immunoassay was performed in solutions obtained by sequentially diluting a stock lysate solution with a concentration of 1.6 × 106 cells/mL (pink squares) and in a solution of cells subjected only to centrifugation (blue) (n = 1). The control results from non-specific interactions and the residual capture of free detection antibodies when only the complete cell culture growth medium flowed through the channel (in the absence of cells) (n = 3). The excitation wavelength was 450–490 nm (blue). 
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Figure 7. Detection of AK resulting from cell damage in cell chips. Two different procedures were performed: (A) cell growth for 61 h with complete cell culture growth medium perfusion followed by lysis inside or outside the microfluidic channel, performed with RIPA buffer. Intermediate measurements of AK before lysis were taken during this period (n = 1); (B) cell growth for 24 h with complete cell culture growth media perfusion, followed by the continuous 5-FU injection at different concentrations during 72 h. Intermediate measurements of AK were taken during this period. At the end of this period, lysis was performed by flowing RIPA buffer inside the microfluidic channel (n = 2). In both cases, the control and RIPA buffer refer to the non-specific background fluorescence value when only the complete cell culture growth medium or RIPA buffer flowed through the channel (in the absence of cells) (n = 3). The excitation wavelength was 450–490 nm (blue). 
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Figure 8. Micrograph of a subsection over time of injection of a specific drug concentration, 0 µM and 1000 µM. 
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