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Introduction: Organ-on-chips have become an effective platform for studying the physiology of tissues and organs and for evaluating the safety and efficacy of drugs. In these systems, the inline monitoring of key parameters of biological performance (i.e., glucose, oxygen, or lactic acid concentrations) provides valuable information regarding the cell/tissue physiological state. However, significant limitations still exist when attempting to obtain inline information in these systems, and the microsensing technology of on-chip measurement of key parameters is still limited by size, cost, and availability.
Methods: Here, we demonstrate the use of a commercially available glucometer (FreestleTM Libre; Abbott), normally used for continuous determination of blood glucose levels, to provide continuous inline measurements of the glucose concentration in tumor-on-chips. Here, we employed a colorectal tumor-on-chip as a first demonstration model and measured the on-chip concentration of glucose continuously for extended culture times (2 weeks).
Results and Discussion: We show that inline glucose readings are reproducible and enable the accurate determination of glucose consumption rates (GCRs) by a tumor cell culture. In turn, the GCR measurements provide valuable information regarding the changes in the metabolic activity of the on-chip cultures following inlet perturbations (i.e., delivery of pulses of glucose, culture media additives, and drugs). Inline continuous glucose sensors will be useful tools in organ-on-chip research and will greatly enable cancer research in tumor-on-chip systems.
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1 INTRODUCTION
Organ-on-chips (Lim et al., 2021; Liu et al., 2021; Subia et al., 2021), or microphysiological systems (MPS), are micro/milli-fluidic devices used to culture microtissues and are proving valuable as platforms that emulate relevant features of tissues and organs to facilitate biomedical research (Liu et al., 2022; Ngo et al., 2023; Zhou et al., 2023). Organ-on-chips can be used to conduct fundamental studies (Zhang et al., 2017; Sabaté del Río et al., 2023; Wang et al., 2023), to model diseases (Weltin et al., 2014; Azizgolshani et al., 2021; Fuchs et al., 2021; Gallegos-Martínez et al., 2022), to assess the effects of physical or chemical stimuli on tissues (Dornhof et al., 2022), or to screen novel pharmaceutical compounds (Criscione et al., 2023; Sabaté del Río et al., 2023).
One of the main advantages of organ-on-chips is that their small volumes provide the ability to precisely control the conditions in the cellular/tissue microenvironment (i.e., temperature, pH, concentrations, and concentration gradients, mixing, and flow conditions). Nevertheless, while operating in small volumes facilitates the control of the microenvironment, it also imposes relevant limitations and challenges (Zhang et al., 2017; Fuchs et al., 2021; Sabaté del Río et al., 2023). For instance, measuring variables in chips is challenging. Repeated/frequent intrusions into the chip culture chambers is undesirable because it increases the risk of contamination or disturbance of culture conditions and because measuring relevant parameters inside chips is difficult precisely due to their small size. Therefore, an ideal aim for the organ-on-chip community is to develop on-chip microsensors capable of reporting the value of the key parameters (inline, if possible) within the chip itself (Pu et al., 2016; Zhang et al., 2017; Fuchs et al., 2021; Sabaté del Río et al., 2023).
The development of microsensors to measure glucose, pH, dissolved oxygen, relevant signaling molecules, and biomarkers, among other key parameters, has received much attention in the recent literature (Weltin et al., 2014; Azizgolshani et al., 2021; Dornhof et al., 2022; Ngo et al., 2023). However, as most of these technologies have not yet reached the market, researchers interested in sensing variables in chips must frequently fabricate their own sensing systems. In the rare cases where specific microsensors are available, they are frequently costly and not necessarily user-friendly. A remarkable exception is the range of commercially available sensors that continuously measure glucose levels in human blood. Fortunately, the medical need for inexpensive glucose sensors has boosted the technology for continuous glucose sensing to a well-developed commercial status (Chmayssem et al., 2023) and clinical use (Battelino et al., 2023). Today, many patients can continuously follow their blood glucose levels using commercial glucometers. These glucometers, based on micro-needle sensors (Chmayssem et al., 2023), can be comfortably worn for days or weeks and can report glucose concentrations in real time. Here, we demonstrate the use of a relatively low-cost and commercially available glucose sensor (Freestyle® Libre 3 from Abbott) (Feldman et al., 2004) to determine, in real time, the glucose concentration inside an organ-on-chip system.
The Freestyle® Libre 3 is a wearable sensing device widely used to measure the concentration of glucose in human blood in real time and has been extensively validated for use in diabetic (Avari et al., 2023) and non-diabetic human subjects (Tolfrey et al., 2023). However, to our knowledge, the use of the Freestyle glucose sensor has not been documented in cell culture applications. Arguably, the accurate determination of the concentration of the carbon source is closely linked to the overall metabolic performance of on-chip cultures and is highly relevant for taking full advantage of organ-on-chip platforms. Glucose is the universal source of carbon for mammalian cells and most human and animal tissues; therefore, the ability to measure glucose concentrations on-chip in real time would be highly valuable for assessing the overall metabolic status of an on-chip culture.
In this contribution, we introduce a non-intuitive and straightforward strategy to use readily accessible commercial (and relatively low-cost sensors) to obtain relevant and real-time information from microfluidic systems. We implemented our continuous glucose monitoring in a colorectal tumor-on-chip as a first demonstration model and measured the on-chip concentration of glucose continuously for extended culture times (2 weeks). As we demonstrate in this study, the continuous monitoring of glucose concentrations on chips with a simple inline sensor may be a simple and powerful method for the rapid assessment of the effect of additives, drugs, and other chemical stimuli applied to on-chip cultures.
2 RESULTS AND DISCUSSION
2.1 Mixing and transport characterization
Here, we demonstrate the use of a commercial glucose sensor (Freestyle®) to conduct continuous inline determinations of the glucose concentration in organs-on-chip in a continuous manner.
As proof of concept, we selected a simple cancer-on-chip or tumor-on-chip (Figure 1A). We fabricated Caco2 cell–laden alginate/GelMA microspheres and used them to fill the culture chamber of a 3D-printed chip to develop a simplified colorectal cancer-on-chip. The microspheres were fabricated using cell suspensions containing 1.5 × 106 cells/mL.
[image: Figure 1]FIGURE 1 | Chip design and configuration. (A) Shape and dimensions of the 3D-printed chip. The device was designed in SolidWorks. (B) Integration of the FreeStyle® glucose sensor with the tumor-on-chip (ToC). After seeding the microspheres inside the ToC, the sensor was placed on top of the culture chamber, and the device was connected to a syringe and a waste tube to complete the setup. The sensor performed glucose readings every 15 min, and data were collected every 8 h using a cellphone with the FreeStyle® LibreLink app. (C) Schematic representation of Caco2 microtumors embedded in alginate/GelMA microspheres. The microspheres deflect the flow, thereby enhancing transport. Nutrients, additives, and/or drugs diffuse from the bulk of the liquid and into the microspheres that emulate cancerous tissue. The microspheres consisted of 1.75% alginate and 2.5% GelMA. (D) Schematic representation of glucose concentration graphs obtained from the readings from the FreeStyle® glucose sensor. A steady state, in terms of glucose concentrations, is expected to be reached. Any change applied to the system in the intlet stream will perturb the glucose readings, if biologically relevant, and a new steady state will eventually be achieved.
The aims of the shape of the chip and the presence of gel microspheres within the culture chamber were to promote mixing (Sánchez-Salazar et al., 2023). The rhomboidal shape of the culture chamber follows the rationale of avoiding dead corners (Figure 1B), while the microspheres deflect the flow to enhance mixing (Figure 1C). However, a certain level of heterogeneity in this system is anticipated, and concentration gradients are expected to exist within the culture chamber. Therefore, we strongly recommend mixing characterizations for the rational selection of sensing locations. Evaluating the extent of heterogeneity is crucial for comprehending the representativeness and significance of sensor readings measured at specific chip locations within the broader context of the entire system.
For example, in the experiments reported here, we placed only one sensor in the geometric center of the chip, as indicated in Figure 1B, and we conducted a series of mixing experiments to understand the implications of this selection of location.
Figure 2A shows the results from on-chip experiments in which we fed doxorubicin (a fluorescent anti-cancer agent) and recorded its concentration over time (12 h) using optical fluorescence microscopy. To simplify the analysis, the chip was divided into nine regions (Figure 2B), and the time evolution of the mean fluorescence value was calculated in these regions (Figures 2C, D). The results also confirmed that the hydrogel microspheres (in this case, without Caco2 cells) effectively deflected the convective flow and enhanced the dispersion of the doxorubicin within the chip. Image analysis showed that a steady concentration of doxorubicin is reached in approximately 10–12 h in the central location of the chip (i.e., where the sensor was placed) at the flow rate tested (Figures 2B, C). As expected, the results also show that the chip environment is not completely homogeneous, and that the concentration of doxorubicin reaches its highest value in the central location (Figures 2C, D).
[image: Figure 2]FIGURE 2 | On-chip transport of a fluorescent tracer. (A) Evolution of the on-chip fluorescence caused by the perfusion of doxorubicin, as recorded using a fluorescence microscope. (B) The chip was divided into 9 different zones to evaluate the mean fluorescence intensity at different time points. (C) Heatmap describing the evolution of fluorescence at each zone in every time point. (D) Image analysis quantification of the increase in mean fluorescence intensity in the 9 regions of the chip during 12 h of perfusion with doxorubicin.
Here, we used doxorubicin as a model molecule to show the distribution profiles developed in the chip, as well as the existence of heterogeneity, at a particular flow. The results from our doxorubicin experiments cannot be generalized to other molecules, as every molecule will exhibit its own different on-chip transport properties (i.e., diffusivity coefficient), which will depend mainly on size and polarity. In addition, the absolute value of the local concentrations during transients and at the steady state will depend on the operating conditions (mainly the flow rate and microbead packing densities) (Figure 1D). However, the heterogeneity assessed by using doxorubicin as a tracer is expected to be representative for any molecule, and these experiments reveal that higher concentrations of an added molecule will be found along the central section of the chip. Therefore, measuring the concentration of glucose in the central zone of the chip should provide reliable information regarding the highest concentration present in the system.
2.2 Continuous on-chip glucose measurements
After mixing characterization, we performed a set of experiments to validate the time-dependent calibration and accuracy of the Freestyle® sensor on chip. For that, we filled the chip with GelMA/alginate beads without cells. We then prepared glucose solutions at different concentrations within the experimental range foreseen to be used in the cell culture experiments (60–110 mg dL−1). We successively fed these glucose solutions to the chip at a flow rate of 8 μL min−1, from high to low concentrations, until different steady states were reached (i.e., until a constant sensor glucose reading was achieved).
In Figure 3A, we show representative inline glucose readings during experiments. In this illustrative case, a glucose solution with a concentration of 80 mg dL−1 was fed to the chip, leading to the attainment of a first steady state at t = 136 h. The sensor reports a consistent average concentration of 80.93 ± 0.93 mg dL−1 during the subsequent 8 h (Figure 3Bi) . Then, the glucose concentration is changed to 70 mg dL−1, resulting in the establishment of a new steady state at t = 163 h. During the subsequent 10 h, the sensor maintains a stable average concentration of 72.81 ± 0.48 mg dL−1 (Figure 3Bii) .
[image: Figure 3]FIGURE 3 | Validation of the time-dependent calibration and accuracy of the Freestyle® sensor. (A) Evolution of the glucose concentration in a representative period (52 h) of long-term on-chip experiment (10 days) using hydrogel microbeads without cells. A glucose solution with a concentration of 80 mg dL−1 was fed to the chip, leading to the attainment of a first steady state at t = 136 h. Then, the glucose concentration is changed to 70 mg dL−1, resulting in the establishment of a new steady state at t = 163 h. (B) In-line glucose readings during two different steady states. (i) The sensor reports a consistent average concentration of 80.93 ± 0.93 mg dL−1 during 8 h (ii) The sensor maintains a stable average concentration of 72.81 ± 0.48 mg dL−1 during 10 h. (C) Correlation between the expected values of glucose concentrations and the readings obtained from the sensor at successive steady states obtained by feeding glucose solutions at different concentrations (i.e., 100, 90, 80, and 70 mg dL−1). Error bars based on standard deviations.
In addition, we produced a correlation between the expected values of glucose concentrations and the readings obtained from the sensor at successive steady states. We observed a high linear correlation value (i.e., r2 = 0.97) in the range of 100 to 60 mg dL−1 (Figure 3C).
This entire set of experiments lasted for at least 10 days with each sensor. During this time, the accuracy of the sensor remained within 1% of the average glucose reading at the steady state (i.e., the coefficient of variation was lower than 1%). In addition, we observed an average deviation of less than 1% with respect to the true glucose concentration (i.e., we observed an average deviation of 1.01 mg dL−1 and a standard deviation of 0.02 mg dL−1) throughout different steady states.
Then, we conducted a first set of extended culture experiments. As stated before, we installed the Freestyle® sensor in the chip to continuously measure the glucose concentration in the bulk culture media perfused to continuously supply nutrients to the cells to promote their proliferation. Figure 4A shows the evolution of the on-chip glucose concentration during a culture period of 14 days. We established different on-chip residence times by varying the inlet flow rate. For instance, during the first period of 9 days, we perfused culture media at a flow rate of 3.82 μL min−1. Assuming a packing factor of 0.634, which corresponds to a situation of loosely packed spheres in a volumetric space, the effective volume in our chip after filling was ∼5.0 mL (i.e., 0.4965 mL). Therefore, the hydraulic residence time on the chip for this flow rate of 3.82 μL min−1 was approximately 2.16 h. Note that for these flow rate conditions, a steady-state concentration was reached after nearly 180 h of perfusion (Figure 4Ai). During the next 12 h, the glucose concentration varied within 1% of the average value (Figure 4Aii). This suggests that the entire living system had reached a metabolic steady state. Figure 4Aii shows the evolution of the deviation with respect to the local average for the glucose readings. Monitoring this value allowed us to quantitatively establish whether a steady state had been reached. At t = 192 h, we established a new flow rate of 7.64 μL min−1 (Figure 4Ai). From that time point, the glucose concentration readings slowly migrated to an asymptotic value of 74 mg dL−1. From t = 250 h to t = 300 h, the glucose concentration remained steady (1% variation with respect to the mean value), indicating that a new steady state had been achieved (Figure 4Aii).
[image: Figure 4]FIGURE 4 | Continuous glucose measurements in tumor-on-chip (ToC) devices. (A) Evolution of the glucose concentration in a long-term on-chip culture experiment. A flow rate of 3.82 μL min−1 was established at the beginning of the experiment. Later, at t = 200 h, the flow rate was adjusted to 7.64 μL min−1. (i) Changes in glucose concentration were continuously recorded in real time using a Freestyle sensor throughout the 14 days of on-chip culture, and (ii) the analysis of the variations in glucose concentration measurements, as continuously reported by the sensor, enabled the identification of steady states. (iii) Caco2 cells displayed high cell viability after 14 days of culture (iii). (B) Continuous glucose concentration readings in a second ToC device, perfused at 3.82 μL min−1, and analysis of the variations in glucose concentration measurements to identify steady states. Two additional experiments of continuous perfusion (B,C) were conducted in distinct ToCs operated at 3.82 μL min−1: Plots represent the (i) continuous glucose concentration readings in the second and third devices and (ii) the analysis of the variations in glucose concentration measurements to identify steady states.
We also assessed the on-chip viability using Live/dead staining and image analysis techniques. After 14 days of continuous culture, we found high values of viability (between 96% and 99% in samples taken from different zones of the chip) (Figure 4Aiii). This high viability suggests that the prevailing on-chip conditions at the two flow rates tested supported the long-term survival of Caco2 cells encapsulated in alginate/GelMA.
The continuous glucose readings provide valuable inline information regarding the overall metabolic state of the chip and can be later correlated with off-chip assessments. For example, in this case, the high glucose consumption 0.66 mg dL−1 min−1 can be associated with high viabilities (i.e., ∼100%).
We also conducted replicate experiments using two additional chips (Figures 4B, C). With these chips, our aim was to reproduce the conditions of the first chip in terms of seeding density, microsphere packing, and flow rate. Reproducing these three variables is challenging due to the intrinsic variability of the biofabrication of the microspheres and the packing process. Therefore, variations in the glucose concentrations were anticipated during the transient periods and the steady states. Indeed, slightly different glucose concentrations were achieved at each of the steady states. In the first chip, we observed a glucose concentration of 74 mg dL−1 at a steady state induced by perfusing culture media at 3.82 μL min−1 (Figure 4B). At the same flow rate, we observed steady state concentrations of 67 and 80 mg dL−1 for the second and third chips, respectively (i.e., a variation of ± 7 mg dL−1). These results suggest that, for experiments conducted at the same flow rate, slight variations in the fabrication of the microspheres (i.e., variations in the cell seeding density or the metabolic state of the cells at seeding), or their loading into the chip (i.e., the number of microspheres placed in the chip and the packing of microspheres) may lead to different glucose concentrations at the steady state. In addition, we observed variations of less than 2% (with respect to the mean value of glucose concentration) during steady states (Figures 4A–Cii). This suggests that the glucose readings were remarkably stable.
Overall, the glucose concentration reached at the steady state may be a good indicator of the overall metabolic status and the number of live cells within the chip. The strategy of inline glucose measurements was complemented by other relevant on-chip assessments.
2.3 Responses to pyruvate pulses and insulin perfusion
The continuous measurement of glucose concentrations in organ-on-chips enables a real-time assessment of chemical or physical changes in the cell microenvironment within the chip.
As an example, we studied the effect of a pulse of pyruvate and two periods of continuous addition of insulin in our colorectal cancer-on-chip system. After establishing a steady state glucose concentration of ∼80 mg dL−1 using a flow rate of 3.82 μL min−1, we first added pyruvate dissolved at 1.1 mg mL−1 into the feeding stream of culture medium. Figure 5 shows that the glucose concentration in the central zone of the chip started to decrease, in essentially a linear fashion, after the pyruvate pulse. A new steady state was reached after ∼50 h at a lower glucose concentration (i.e., 74 mg dL−1). After a period of 20 h at steady state, a continuous perfusion of culture medium containing 100 mg mL−1 insulin was initiated. Soon after the start of insulin infusion (i.e., less than one residence time), and over a period of 8 h, the glucose concentration readings decreased with a faster slope (i.e., 1.625 mg dL−1 h−1) than had been observed after the pyruvate pulse (i.e., 0.146 mg dL−1 h−1). A new steady state was reached after about 48 h of continuous insulin perfusion. Remarkably, the glucose concentration at this new steady state (i.e., ∼60 mg dL−1) was much lower than had been observed before insulin perfusion (i.e., ∼70 mg dL−1). This suggests that insulin supplementation has the important effect of increasing the glucose uptake by on-chip–cultured Caco2 cells.
[image: Figure 5]FIGURE 5 | On-chip effects of pyruvate and insulin treatment on Caco2 microspheres. Continuous and inline determinations of glucose concentrations in a long-term culture experiment (14 days) in which Caco2 microspheres were exposed to pyruvate and insulin treatments and distinct steady states were achieved after each treatment.
Figure 5 also shows that, after insulin perfusion ceased, a new steady state was achieved after approximately 100 h of continuous feeding with culture medium without insulin. Note that this recovery time is consistent with the times needed to achieve a steady state in our first set of experiments at the same medium flow rate (i.e., in the range of 90–120 h). The glucose concentration observed at this new steady state, achieved after the cessation of insulin treatment, was ∼80 mg dL−1. This value is consistent with the original steady state originated by a flow rate of 7.64 μL min−1 of naïve culture medium. Using the same chip, we repeated the treatment of continuous insulin perfusion and observed similar trends of decay in glucose concentrations. Remarkably, approximately the same glucose concentration was achieved at both steady states associated with continuous insulin perfusion.
Overall, the results derived from the experiments using additions of pyruvate and insulin demonstrate that the inline monitoring of on-chip glucose concentrations enables the rapid and simple determination of the effect of chemical insults (pulses or continuous perfusion). Moreover, the effect of any chemical stimulus can be quantified by determining the slope of the decay (or increase) of the glucose concentration and/or the differences in glucose concentration between the steady state that preceded the stimulus and the steady state achieved after the stimulus.
2.4 Responses to pharmaceutical compounds
We conducted an additional set of on-chip experiments to demonstrate the inline and continuous monitoring of glucose concentration during on-chip anti-cancer drug testing. We first established a steady state in our colorectal tumor-on-chip using a flow rate of 3.82 μL min−1. We then applied a regimen of continuous on-chip perfusion of 10 mM 5-fluorouracil (5-FU), an anti-cancer compound frequently used to treat colorectal cancer (Vodenkova et al., 2020). The 5-FU treatment was expected to induce cell death (or at least cell damage) in the Caco2 culture. Therefore, the overall glucose consumption on-chip was expected to decrease due to the decrease in metabolic activity in the chip in response to the anti-cancer treatment.
Indeed, the glucose concentration started to increase soon after the initiation of 5-FU perfusion, suggesting that the anti-cancer compound was killing or compromising the metabolic activity of the Caco2 cells (Figure 6A). We then simulated an intravenous infusion for 2 days (a commonly used administration strategy for this pharmaceutical compound) by discontinuing the on-chip perfusion of 5-FU after 48 h. Soon thereafter, the on-chip glucose concentration, as reported by the Freestyle® sensor, started to decrease. This indicated a recovery of the metabolic activity of the cells in the chip and/or a proliferation of the cells that had survived the 5-FU treatment. One day after cessation of the first round of treatment, we initiated a second period of treatment with 5-FU. In this second round (again 48 h of continuous perfusion), we increased the 5-FU concentration 5-fold (i.e., from 10 to 50 nm). Interestingly, we did not observe any significant alteration in the glucose concentration readings in the following 24 h or after the interruption of the second round of treatment (Figure 6A). This suggests that the cells that survived the first round of treatment may have developed resistance to 5-FU treatment (Shao et al., 2023).
[image: Figure 6]FIGURE 6 | Effect of 5-FU on Caco2 microspheres. (A) Continuous and inline evaluation of glucose in a long-term on-chip experiment (14 days) in which Caco2 microspheres were sequentially treated with 5-FU at two different doses. (B) Cell survival of Caco2 microspheres cultured in the chip after treatment with 5-FU, as determined using Live/dead staining. (C) Immunostaining of relevant markers (Ki-67, HIF-1a, E-cad, N-cad) on Caco2 microspheres cultured for 14 days in chips treated with 5-FU or untreated controls. (D) Gene expression of relevant markers (Ki-67, HIF-1a, E-cad, N-cad) as determined by qPCR assays conducted on samples taken from chips perfused with 5-FU (dark purple bars) or untreated controls (medium purple bars). The basal expression of each gene at day 0 of culture is also shown (light purple bars).
According to live/dead assays, 95% of the on-chip cells were alive after this experiment of double infusion of 5-FU and a brief recovery of 1 day (Figure 6B). This is consistent with the hypothesis of the development of on-chip drug resistance. Indeed, several reports indicate that cancer cells may develop resistance to 5-FU (Blondy et al., 2020; Azwar et al., 2021; Sethy and Kundu, 2021); which is usually administered in combination with other drugs to enhance anti-cancer effects and avoid or minimize the development of drug resistance.
We also used immunostaining to explore the effect of this double round of on-chip 5-FU treatment in the presence of relevant cancer markers related to proliferation (i.e., Ki67) and hypoxia (i.e., HIF-1α). We collected microspheres from the chip exposed to two periods of 5-FU infusion. Samples were collected and analyzed 24 h after the suspension of the second round of treatment. Ki67 expression was lower in the samples collected from chips exposed to the 5-FU treatment than from chips not exposed to the anti-cancer treatment. However, we found similar levels of HIF-1α expression in samples from both chip groups (Figure 6C). Notably, increased Ki67 expression has been related to poor outcomes in colorectal cancer patients (Luo et al., 2019), and its expression has been observed in cancer cells inside ToC devices, indicating that perfusion culture enhances cellular proliferation activity (Nashimoto et al., 2020). In addition, HIF-1a has been related to the epithelial-to-mesenchymal transition (EMT) and a poor prognosis in colorectal cancer patients since it promotes the proliferation and migration of cancer cells (Peng et al., 2018).
We also analyzed the expression of E-cadherin and N-cadherin (markers associated with migration and invasiveness) in samples derived from the 5-FU–treated chip and untreated controls. N-cadherin is widely expressed in colorectal cancer cell lines, and it has been correlated with lower survival rates in patients with colorectal cancer (Yan et al., 2015). Interestingly, we found that the E-cadherin expression levels were similar in microspheres collected from treated and untreated chips. However, N-cadherin levels were much lower in microspheres collected from chips recovered form FU-treatment than in samples from untreated chips (Figure 6C). Overall, these results suggest that the cells that survived the first round of 5-FU infusion on-chip were able to develop a certain level of resistance to this anti-cancer compound and were able to survive a second round of 5-FU infusion, even at a much higher concentration. The surviving cells were able to repopulate the chip rapidly. Therefore, the observed levels of viability, hypoxia, and E-cadherin expression were similar in samples collected from the treated and untreated chips. However, 5-FU treatment compromised the level of proliferation and the production of N-cadherin (a marker of migration and the epithelial–mesenchymal transition).
We also used pPCR to quantify the expression of Ki67, HIF-1α, E-cadherin, and N-cadherin in microspheres from chips recovered from 5-FU treatment and from untreated controls (Figure 6D). In agreement with the immunostaining results, the expression levels of Ki67 and N-cadherin were significantly lower in cells recovered from 5-FU treatment than in untreated controls, and the expression of HIF-1α was similar in the treated and untreated chips.
3 CONCLUSION
The continuous inline monitoring of glucose, the main carbon source in mammalian cell cultures, is highly relevant in cell and tissue culture applications. In addition, it could provide valuable information regarding the dynamics of a tissue bioreactor, which is challenging to obtain offline. We integrated a commercial glucose sensor into a 3D-printed colorectal-on-chip and demonstrated its use in monitoring the evolution of glucose concentration changes in real time in cell culture bioreactors. Using this simple strategy, we were able to identify the timeframe in which the cells/tissues cultured inside the chip achieve a steady state of glucose consumption. In turn, this strategy enables the assessment of the effects of different treatments and pulses applied to the cultured cells (i.e., responses to insulin or chemotherapeutic drugs). This provides the possibility of modulating the conditions inside the device and observing the effects in a practical fashion in real time. In a series of experiments using our simplified colorectal cancer millifluidic system, we demonstrated that different flow rates (and, consequently, different residence times) induce the culture system to achieve different steady states. By continuously monitoring the on-chip glucose concentrations, we also investigated the effects of pulses of pyruvate and insulin and sustained perfusion of insulin in colorectal cancer cells. The advantages of real-time glucose concentration quantification were also illustrated in experiments in which colorectal cancer cells were exposed to a treatment regimen with 5-FU consisting of two rounds of on-chip perfusion at two different concentrations. In these experiments, the inline monitoring of glucose concentrations became a valuable tool that identified trends in glucose uptake that were consistent with the generation of drug resistance in the population of cells that survived the first therapeutic regimen. The observation of this type of pattern would have been challenging in the absence of a strategy for the real-time evaluation of glucose concentrations.
We anticipate that the simple strategy presented here, based on a commercially available glucose sensor, will facilitate a wide range of cell and tissue culture experiments by providing a cost-effective means of sensing the overall metabolic state of cell culture systems in real time.
4 MATERIALS AND METHODS
4.1 Chip design and fabrication
In the experiments reported here, we used a 3D-printed tumor-on-chip (ToC) device to house cell-laden microspheres and enable the continuous perfusion of culture medium (or culture medium containing anti-cancer drugs) through them. The device consists of a rhomboid culture chamber with inlet and outlet ports connected to silicon tubing. The chip was based on our previous design (Sánchez-Salazar et al., 2023), with minor modifications. The new design has a chamber depth of 7 mm and is larger in total volume (∼1.36 mL) (Figure 1). The chip was 3D-printed with clear resin (FormLabs, Somerville, MA, United States) in a stereolithographic 3D printer (Form 3, FormLabs, Somerville, MA, United States).
The rhomboid chamber was filled with hydrogel microspheres (their fabrication is described in the following “Microsphere fabrication” section). The chip is built to hold a transparent lid that is secured by screws and nuts and has a rubber O-ring to prevent liquid leaks. The use of an acrylic lid and transparent resin allows the passage of light and visualization of the interior of the culture chamber. The configuration and dimensions of the chip are detailed in Figure 1A. To perfuse culture media, we connected soft transparent tubing (MasterFlex, Zapopan, JAL, Mexico) to the inlet and outlet ports.
The inlet tubing was connected to a syringe containing culture medium, while the outlet tubing was connected to a 15 mL tube for collection of the waste medium. The syringe was placed in a syringe pump to provide a continuous flow of 3.82 μL min−1.
4.2 Microsphere fabrication
Hydrogel microspheres were fabricated using a mix of gelatin-methacryloyl (GelMA) (Yue et al., 2015; Tavares-Negrete et al., 2022) and alginate (Sigma-Aldrich, St. Louis, MO, United States). Briefly, GelMA with a high degree of methacrylation was prepared (Tavares-Negrete et al., 2022) by dissolving GelMA in Dulbecco’s Phosphate Buffered Saline (DPBS) at 5% (w/v), together with lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) at 0.2% (w/v) as a photoinitiator, for 20 min at 70°C. The GelMA was filtered throughout a 0.22 µm filter and kept at 4°C until use. Alginate was prepared in DPBS at a 3.5% (w/v) concentration by agitation at 40°C for 1 h. To fabricate hydrogel microspheres without cells, we mixed 5% GelMA pregel and 3.5% alginate at a 1:1 ratio to obtain final concentrations of 2.5% GelMA and 1.75% alginate.
To prepare cell-laden microspheres, Caco2 cells were resuspended in the GelMA/alginate pregel at a final cell density of 1.5 × 106 cells/mL. This suspension was dripped through a 27G tip at a flow rate of 3 mL/min using a syringe pump. To crosslink the alginate, the drops were received in a 4% calcium chloride solution supplemented with 12 g/L Tween 20 at 4°C. For this, the distance between the tip and the bath was set at 15 cm to allow the formation of hydrogel microspheres. The spheres were kept at 4°C for 5 min and then exposed to UV light (OmniCure S1500, Mississauga, Ontario, Canada) at 365 nm for 35 s and a distance of 15 cm to photocrosslink the GelMA. The Caco2-loaded spheres were washed three times with PBS, placed in 6-well culture plates, and cultured in Eagle’s Minimum Essential Medium (EMEM) for 24 h to allow them to stabilize.
4.3 Drug-diffusion experiment
We characterized the efficiency of the convective/diffusive transport efficiency within the rhomboidal chips using 12.8 μM doxorubicin dissolved in EMEM (used to provide conditions similar to those used during on-chip culture). We continuously pumped the doxorubicin in EMEM through the chips at a flow rate of 1 μL min−1 (Figure 2A). In preliminary experiments, we also compared the diffusive transport between chips with rectangular or rhomboidal culture chambers and those filled with hydrogel microspheres.
Diffusion experiments were conducted under an inverted microscope configured to capture frames of the culture chamber under fluorescence LED illumination (the 2-dodecylresorufin channel) every half hour for 12 h in overnight experiments. As a protocol, all pictures were taken with a 90% LED intensity and 500 ms exposure time. The resulting time series, consisting of images taken each hour since hour 0 (12 pictures in total), were analyzed using ImageJ software (NIH, Bethesda, MD, United States) without color correction of the doxorubicin fluorescence. We obtained the average fluorescence intensity in nine different regions of the rhomboid chamber (Figure 2B) by considering five squares 45,000 pixels in area. The data acquired at each measuring square were the mean local pixel fluorescence every hour. The mean of the 5 different squares in each area was obtained at each time point using the Python programming language (Wilmington, DE, United States).
Due to symmetry considerations, the intensities calculated in the analogous regions of the chip above and below the central axis were averaged to calculate and plot only six fluorescence profiles. The regions that were averaged were the top inlet and bottom inlet [to calculate the center-inlet (CI) value], the top corner and bottom corner [to calculate the center corner (CC) value], and the top outlet and bottom outlet [to calculate the center-outlet (CO) value]. We therefore reported the average fluorescence value for the following six regions in each chip configuration: inlet (I), center-inlet (CI), center corners (CC), center (C), center-outlet (CO), and outlet (O). The average pixel intensity for the fluorescence at each hour was used to plot the evolution of the fluorescence at each region. Heatmaps were further developed using Python programming and picture editing software (Clip Studio Paint, Tokyo, Japan; Procreate, Tasmania, Australia).
4.4 Cell lines and cell culture
Caco2 cells were cultured in EMEM (Sigma-Aldrich, St. Louis, MO, United States) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. The cells were incubated at 37°C in a 5% CO2 atmosphere and 100% humidity for maintenance culture and for experiments. For passaging, the cells were detached with 0.25% trypsin/0.53 mM EDTA and a 0.4% trypan blue solution was used (in 1:1 ratio) for counting and estimation of cell viability (Strober, 2015).
4.5 Chip assembly
To assemble the chip system, we sterilized the mini-reactors by immersion in 70% ethanol and exposure to UV light for 15 min. The acrylic lids were cleaned with benzalkonium chloride (Lysol) and further sterilized under UV light for 15 min. The hoses, waste tubes, screws, and nuts were sterilized in an autoclave for 15 min at 121°C. The Caco2 microspheres were retrieved from culture plates using a sterile spatula and placed in the culture chamber of the chip. We then placed and secured the lids with screws and nuts, connected syringes with culture media to the inlet, and attached waste tubes to the outlet using sterile tubing (MasterFlex 96400-14). We then filled the reservoirs with culture medium, loaded the syringes in a syringe pump (IPS-14RS, Inovenso, Boston, MA, United States), placed the chip and the pump inside the incubator, and set the perfusion flow rate at 1 μL min−1 for drug diffusion experiments and 3.82 μL min−1 for culture experiments.
We integrated the FreeStyle glucose sensor with the in-chip system by first sterilizing the chip by immersion in 70% ethanol and then exposing it to UV light for 15 min in a laminar hood. The chip was then washed with sterile PBS to remove residual ethanol. We placed the microspheres in the chip using a sterile spatula and filled the reservoir without overflowing. We then placed the FreeStyle® Libre Sensor on top of the chip and used silicone and Teflon to secure it and avoid leakage. The final chip setup was completed as stated in the section “Chip design and fabrication.” The chips were placed in a CO2 incubator and culture medium was pumped at a flow of 3.82 μL min−1 or 7.64 μL min−1.
4.6 Glucose consumption measurements
We continuously measured the glucose concentration in the bulk of the liquid within the chip using the integrated FreeStyle® commercial glucometer (Freestyle® Libre 3). Glucose concentrations were continuously measured inline on a cellphone using the FreeStyle® LibreLink app for Android, with measurements recorded every 8 h.
4.7 Live/dead analysis
The cell viability of the on-chip cultures was assessed using Live/dead staining techniques and the LIVE/DEAD™ Cell Imaging Kit (ThermoFisher, United States) according to the manufacturer’s instructions. We obtained fluorescence images using an Axio Observer. Z1 microscope (Zeiss, Oberkochen, Germany). Reconstructed micrographs were acquired with the microscope software (Zen Blue Edition, Zeiss, Oberkochen, Germany). Live/dead images were analyzed using ImageJ software (NIH, Bethesda, MD, United States) by measuring the fraction of the area occupied by live cells (i.e., cells stained in green) or dead cells (i.e., cells stained in red) in randomly selected microspheres in each experiment. For each experimental image, the mean area was obtained, and then the percentage of live and dead cells was calculated.
4.8 In vitro response to pyruvate and insulin
We assessed the response of on-chip Caco2-loaded microspheres to 1.1 mg/mL pyruvate and 100 or 140 mg/mL insulin with a single device. To do this, we first filled the chip culture chambers with Caco2-loaded microspheres and perfused them with EMEM for 3 days. After this on-chip stabilization period, we perfused the chips with EMEM + 1.1 mg/mL pyruvate for 48 h. We then changed the perfusion back to EMEM for 2 days. We later applied an insulin pulse of 140 mg/mL for 1 h to simulate postprandial conditions and changed the perfusion back to pristine EMEM for 24 h. Subsequently, we applied a first treatment with 100 mg/mL insulin in EMEM for 24 h to observe the metabolic changes in the Caco2 cells. After removing the insulin treatment, we perfused EMEM for 8 days to let the cells restabilize, applied a new insulin treatment for 48 h, and then ended the experiment.
4.9 In vitro drug assessments
We assessed the response of Caco2-loaded microspheres to 10 mM 5-fluorouracil (5-FU) on-chip. For that, we first filled Caco2-loaded microspheres in the chip culture chambers and perfused them with EMEM for 5 days. After this on-chip stabilization period, we perfused the chips with EMEM + 10 mM 5-fluorouracil (5-FU) for 46 h to emulate an intravenous dosage of 5-FU chemotherapy. Then, we changed the perfusion back to EMEM for 3 days. We later perfused EMEM + 50 mM 5-FU again for 46 h to emulate a second dose of drug and finally perfused EMEM for the rest of the experiment. We performed live/dead staining and qPCR on the Caco2 microspheres to evaluate survival and relevant marker expression at the end of the experiment.
4.10 Immunostaining
We took samples of the microspheres of each chip, placed them into 1.5 mL Eppendorf tubes, and washed them first with 4% (w/v) calcium chloride to preserve the structure and then with PBS to remove remaining culture media. We then fixed the samples with 4% (w/v) paraformaldehyde for 30 min at room temperature. We removed the fixation solution and washed the samples once with 4% calcium chloride and twice with PBS. We then permeabilized the samples with 0.5% (v/v) Triton X-114 in PBS for 45 min at room temperature. We later removed the permeabilization solution and washed the microspheres once with 4% calcium chloride and once with PBS. We removed the PBS, added the blocking solution [5% (w/v) BSA, 0.3 M glycine, and 0.5% (v/v) Triton x-114 in PBS] and incubated the samples overnight at 4°C. We prepared four different primary antibodies (anti-Ki-67, anti-HIF-1α, anti-E-cadherin, and anti-N-cadherin) in the blocking solution with a 1:75 concentration and added them to the samples. The samples were incubated overnight at 4°C. We prepared the secondary antibody (donkey anti-mouse, Abcam, Boston, MA, United States) in the blocking solution with a 1:200 concentration. We washed the samples three times with the washing solution [0.2% (v/v) Triton x-114% and 0.04% (v/v) Tween 80 in PBS], added the secondary antibody solution, and incubated them overnight at 4°C. We removed the secondary antibody and washed the samples two times with the washing solution for 10 min. DAPI was added at a concentration of 3:1000 in the washing solution and incubated for 1 h at 37°C to counterstain the nuclei. Finally, we washed the samples twice for 10 min with the washing solution and left them in the same solution overnight at 4°C before microscopy.
4.11 Microscopy
All microscopy was done with an Axio Observer. Z1 microscope (Zeiss, Oberkochen, Germany) equipped with Colibri.2 LED illumination and an Apotome.2 system (Zeiss, Oberkochen, Germany). Normal imaging of the microspheres was obtained with the Brightfield channel. Fluorescence images for immunostaining were obtained with the DAPI and FITC channels. Fluorescence images for the Live/Dead were obtained with the red EtHD1 and AF594 channels and the green FITC channel.
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