
Lab on a Chip

PAPER

Cite this: DOI: 10.1039/d5lc00341e

Received 9th April 2025,
Accepted 23rd May 2025

DOI: 10.1039/d5lc00341e

rsc.li/loc

In situ electrochemical measurement of alkaline
phosphatase activity in engineered gut models
using a porous membrane electrode device†
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In vitro assays utilizing human cells have attracted attention as alternatives to animal testing for drug

screening. Microphysiological systems (MPS) have been proposed as cell culture platforms that more

closely mimic the in vivo microenvironment. Engineered gut models have been extensively studied using

human colorectal adenocarcinoma cell lines (Caco-2 cells). Alkaline phosphatase (ALP) activity indicates

Caco-2 cell differentiation and is a component of the chemical barrier that maintains intestinal barrier

function. However, conventional absorbance-based methods for ALP measurement can harm cells owing

to prolonged exposure to alkaline conditions (approximately 60 min). In this study, we developed an

engineered gut model with a porous membrane electrode for in situ measurement of ALP activity. The

electrochemical sensors, positioned directly beneath the cells on porous membrane electrodes, allowed

for rapid short-term measurements. ALP activity was detected after a 3 min treatment through in situ

electrochemical measurements, which indicated low cytotoxicity. Therefore, we measured ALP activity

multiple times using the same device over 21 days. The proposed system offers potential for in situ

measurement and real-time monitoring in in vitro organ models, including MPS devices.

Introduction

Microphysiological systems (MPS) have attracted considerable
attention for their ability to reproduce in vivo-like
microenvironments.1 Porous membranes are widely used in
cell culture devices to construct tissue interfaces and assess
barrier functions,2 making these systems valuable for drug
screening. Gut models are essential for evaluating oral drugs,
as these drugs are absorbed and metabolized in the gut.
Engineered gut models have been developed using
transwells,3 microfluidic devices,4 and hydrogels5,6 to
replicate gut functions and structures. Conventionally, gut
models are evaluated by trans-epithelial electrical resistance
(TEER) measurements,7 which are widely used to assess the
barrier function of the cell layer noninvasively. This barrier

function of the cell layer is a critical indicator because
intestinal epithelial cells form tight junctions. The TEER
values indicate the resistance of the entire cell layer and can
significantly decrease when small holes appear in the cell
layer. Therefore, other biomarkers, including those for
secretion, metabolism, and enzyme activity, are necessary to
robustly evaluate engineered gut models.

Alkaline phosphatase (ALP) is a critical indicator of
intestinal function, as it detoxifies lipopolysaccharides in the
intestines, reducing their toxicity by 99%.8 ALP also helps
maintain tight junction integrity9 and serves as a
differentiation marker in human colorectal adenocarcinoma
cell lines (Caco-2 cells).10–12 Thus, determining ALP activity in
engineered gut models is essential. Typically, absorbance
measurements have been widely used for ALP measurements
using p-nitrophenyl phosphate (PNPP) as a substrate because
the enzymatic product, p-nitrophenol (PNP), is determined by
measuring the absorbance at 405 nm. Conventionally, long-
term exposure (30–60 min) to alkaline conditions is necessary
to accumulate enzymatic products.13,14 The exposure damages
cells because of alkaline conditions15 and the presence of
PNP,16 resulting in impossible time-course analyses of ALP
activity using the same samples. Therefore, a system that can
quickly measure ALP activity is necessary to maintain cell
viability after ALP measurements. To address this problem,
we proposed the use of electrochemical devices for ALP assays
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in which electrochemical sensors are integrated into porous
membrane cell culture scaffolds, thereby eliminating the need
for enzymatic product accumulation.

Electrochemical measurements are advantageous for cell
analysis owing to their high sensitivity, real-time capabilities,
and suitability for in situ applications. Integrated MPS
platforms with porous membranes have been developed for
various cell analyses.17 ALP has also been measured using
electrochemical techniques.18,19 For instance, ALP serves as a
biomarker of stem cell differentiation and its endogenous
activity has been evaluated via electrochemical detection
using scanning electrochemical microscopy20 and electrode
array devices.21,22 Furthermore, the ALP activity of osteoblasts
in 3D cell cultures has been measured in situ using
electrochemical methods.23 Although absorbance-based ALP
measurements have been reported for gut models utilizing
porous and thin membranes,24 to our knowledge, few studies
have focused on electrochemical measurements of ALP in gut
models using porous membranes, even though ALP activity is
a key indicator in oral drug evaluation. Thus, integrating
electrochemical sensors within cell culture scaffolds is critical
for rapid detection to reduce the incubation time.

In this study, we propose an in situ electrochemical
measurement of ALP activity in engineered gut models using
a porous membrane electrode device. Our porous membrane
electrode devices function as both electrochemical sensors
and cell culture scaffolds, and have previously been used to
measure nitric oxide release in vascular models25 and glucose
uptake in cancer models.26 These devices were fabricated by
sputtering Au onto porous membranes; however, for this
study, we selected electroless plating owing to its ability to
form uniform metal layers on complex structures, including
porous membranes, without requiring sputtering equipment.
First, a device for sensing and cell culturing was fabricated
and electrochemically evaluated. Subsequently, Caco-2 cells
were cultured on a porous membrane electrode, and ALP
activity was measured after 3 min of treatment using a
solution containing enzymatic substrates. ALP activity was
measured over 21 days using the same device. Additionally,
TEER measurements were conducted to assess the impact of
the electrode on TEER values. Finally, changes in ALP activity
following drug treatment were evaluated.

Materials and methods
Device fabrication

Electroless Au-plated porous polycarbonate membrane
electrodes were purchased from Hynts Tech Corporation
(Japan). Polydimethylsiloxane (PDMS) chambers (Φ 4 mm)
were fabricated in the same manner as described and then
plasma-treated alongside the porous membrane electrode to
adhere to both components.25 The electrode area was 0.251
cm2 because both sides are electrodes. Porous polyurethane
membranes were obtained from Toyoda Gosei Co., Ltd.
(Japan). Porous membrane electrodes were fabricated

through sputtering (Ti, Pt, and Au at 200 W for 1, 0.5, and 2
min, respectively).

Electrochemical measurements

A three-electrode system, comprising a porous membrane
electrode, Ag/AgCl (sat. KCl) reference electrode, and a Pt
counter electrode connected to a potentiostat (HA1010 mM4,
Hokuto Denko, Japan), was used (Fig. S1†). The electrochemical
characteristics of the porous membrane electrodes were
analyzed using a ferrocenemethanol (FMA, Tokyo Chemical
Industry Co., Japan) solution. For ALP activity, 1 mM
p-aminophenyl phosphate (PAPP, Sigma-Aldrich, USA; LKT
Laboratories, Inc., USA) or 1 mM p-aminophenol (PAP, Wako
Pure Chemical Industries, Ltd., Japan) was dissolved in a
solution prepared by mixing Tris–HCl (pH 9) and Dulbecco's
modified Eagle's medium (DMEM, without phenol red, Nacalai
Tesque Inc., Japan) at a 1 : 1 volume ratio, with cyclic
voltammetry used to identify the oxidation potential of PAP. ALP
(56 500 U mL−1, Oriental Yeast Co., Ltd., Japan) was added to
PBS, and 10 μL of the solution was cast on the electrode (0.126
cm2). After drying at room temperature, the device was washed
twice with PBS and used for measurements. A Tris–HCl and
DMEM mixture containing 4.7 mM PAPP was added to the
device, and the device was treated at 37 °C for 3 min. After the
treatment, amperometry was performed.

Cell culture

Caco-2 cells (RIKEN BRC., Japan) were cultured in DMEM
(Nacalai Tesque Inc.) supplemented with 10% fetal bovine
serum (Gibco, USA), 1% penicillin–streptomycin (Gibco), and
1% nonessential amino acids (NEAA, Gibco). The cells were
maintained in a humidified atmosphere containing 5% CO2

at 37 °C.

Live/dead staining

For viability analysis, Caco-2 cells cultured on the device were
treated with a Double Staining Kit (Dojindo, Japan) for 30
min at 37 °C. Calcein AM and PI staining in the cells were
imaged on a microscope (ECLIPSE Ti2, Nikon, Japan) with
exposure times of 50 ms for calcein AM and 100 ms for PI at
470 and 525 nm, respectively.

Cell culture on the device

Before cell seeding, the devices were sterilized by exposure to
ultraviolet light for 15–30 min. To measure the ALP activity of
Caco-2 cells cultured in the device, collagen type I (20 μg
cm−2, EMD Millipore Corp., USA) was coated onto the porous
membrane electrode at 37 °C for 30 min. After coating, 20 μL
of a cell suspension of Caco-2 cells (5 × 105 cells cm−2) was
added to the device. The cells were seeded at a confluent
density to facilitate the rapid formation of tight junctions.
After 2 h from seeding, 130 μL of an additional culture
medium was added to the device. The culture medium was
changed every 2 days.
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Electrochemical measurements for ALP activity of Caco-2
cells

The devices with Caco-2 cells were washed twice with
Dulbecco's phosphate-buffered saline (−) (D-PBS(−), Nacalai
Tesque Inc.). Then, 150 μL (front: 140 μL, back: 10 μL) of a
Tris–HCl and DMEM mixture containing 4.7 mM PAPP (pH 9)
was added to each device and incubated at 37 °C for 0, 3, or
60 min. After incubation, the reference and counter
electrodes were set, and electrochemical measurements were
conducted.

Absorbance measurements

A Tris–HCl and DMEM mixture containing 4.7 mM
p-nitrophenyl phosphate (PNPP, Thermo Scientific, USA) (pH
9) was prepared. The solution was added to each device and
incubated at 37 °C for 3 min. After incubation, the solution
was collected from the devices and analyzed using a
microplate reader (iMark, BIO-RAD, USA).

TEER measurements

A PDMS insert was fabricated for TEER measurements (Fig.
S2A†). Caco-2 cells were cultured on the porous membrane
electrodes in the insert. First, the culture medium was
transferred to a TEER measurement device (World
Precision Instruments). The insert with the fresh culture
medium was subsequently placed in the TEER
measurement device (Fig. S2B†). The resistance values were
recorded 60 s after setting. TEER measurements were
performed every 2 days.

Toxicity measurements

Caco-2 cells were seeded and cultured in a 96-well plate (4 ×
104 cells well−1) for 2 days. Next, 100 μL of DMEM containing
0–100 μM afatinib was added to each well. After 24 h, 10 μL
of the Cell Counting Kit reagent (Dojindo) was added and
incubated at 37 °C for 1 h to assess cell viability. The
absorbance was measured at 450 nm using a microplate
reader.

Electrochemical measurements for ALP activity with afatinib
treatment

Afatinib was dissolved in dimethyl sulfoxide (DMSO, Sigma-
Aldrich) to prepare a 10 mM solution. The final concentration
of DMSO was adjusted to remain below 1%. Caco-2 cells were
cultured in the devices for 2 days and then treated with a
medium containing 0, 10, or 50 μM afatinib. After 24 h, the
devices were washed twice with PBS. Next, a Tris–HCl and
DMEM mixture containing 4.7 mM PAPP (pH 9) was added to
the device and incubated at 37 °C for 3 min. After incubation,
electrochemical measurements were performed.

Results and discussion
Schematics of cell culture and electrochemical
measurements

Fig. 1 depicts a schematic of the device, cell culture setup,
and electrochemical measurement process for ALP activity.
Porous membrane electrodes were fabricated by electroless
Au plating of porous polycarbonate membranes. The device
consisted of porous membrane electrodes with PDMS
chambers. Caco-2 cells were cultured on collagen-coated
porous membrane electrodes, with the electrochemical
sensors positioned near the cells using the porous membrane
electrodes. For the electrochemical measurements of ALP
activity, PAPP was used as an enzymatic substrate, generating
PAP through ALP activity. PAP may diffuse not only between
cells but also inside cells because PAP is a small and
moderately polar molecule. Subsequently, PAP was oxidized
on the porous membrane electrode by applying a voltage of
+0.3 V. In this study, PAPP is converted to PAP on the ALP
expressed in the apical membranes of Caco-2 cells. The
generated PAP diffuses to the electrode.

Characterization of porous membrane electrode

Fig. 2A depicts an image of the fabricated device. The electroless
plating coated both sides of the porous membrane with Au,
which could result in mixed signal information when cells were
cultured on both sides. Although not conducted in this study,
this issue can be addressed by etching one side of the
membrane.27 The scanning electron microscopy (SEM) image of

Fig. 1 Schematic illustration of cell culture and electrochemical measurements on the porous membrane electrode.
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the device surface reveals a pore size of 1 μm and a pore density
of 2.2 × 107 pores cm−2 (Fig. 2B). The SEM cross-section image
indicates that the porous membrane electrode has an
approximate thickness of 27 μm. Additionally, tube structures
were observed (Fig. 2C), such structures are not seen in track-
etched membranes.28 Therefore, the observed tube structures
correspond to the Au formed within the pores.

Cyclic voltammetry was conducted using this device, with
peak currents of FMA increasing in proportion to the scan rate
(Fig. 2D). The ΔEp value was 70 mV at a scan rate of 50 mV s−1,
indicating clean electrode surfaces. Additionally, the peak
currents were linearly related to the square root of the scan rate
(Fig. 2E), indicating a diffusion-controlled reaction. The porous
membrane electrode demonstrated reproducibility and stability
as an electrochemical sensor.

Electrochemical measurements of PAP using a porous
membrane electrode device

ALP converts PAPP into PAP, which can then be quantified by
oxidizing PAP on the electrode. A mixture of Tris–HCl buffer and
DMEM (pH 9) was used as the measurement solution to

suppress the oxidative polymerization of PAP, thus preventing
additional oxidation currents from polymer formation (Fig. S3†).
This may be due to the antioxidant effect of pyruvate contained
in the medium. Fig. 3A shows the cyclic voltammograms of PAP,
PAPP, and the buffer. The oxidation peak for PAP was observed
at +0.05 V, whereas the oxidation peak for PAPP appeared at +0.5
V. For this study, +0.3 V was selected for PAP measurement to
ensure the oxidation of PAP without affecting PAPP. Additionally,
PAP is fully oxidized at +0.3 V even with electrode fouling.
Fig. 3B shows amperograms obtained at different PAP
concentrations, where the potential was stepped from −0.1 to
+0.3 V at 10 s. The oxidation current at 20 s corresponded to the
PAP concentration, showing a linear relationship (Fig. 3C).
Fig. 3D illustrates amperograms using electrodes cast with ALP,
with the oxidation current corresponding to the amount of ALP
(Fig. 3E). Thus, this device allows ALP activity to be measured
via PAP oxidation.

ALP activity measurements of Caco-2 cells

The ALP activity of the Caco-2 cells was confirmed through
optical and electrochemical measurements. In the optical

Fig. 2 Characterization of porous membrane electrodes. (A) Photograph of the device. (B and C) Scanning electron microscopy (SEM) images
showing the (B) surface and (C) cross section. (D) Cyclic voltammograms of 1 mM FMA at scan rates of 10–100 mV s−1. (E) Relationship between
peak current vs. square root of the scan rate.
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method, the absorbance of the Caco-2 cells was higher than that
of the cell-free and human umbilical vein endothelial cell
controls (Fig. S4A†). Similarly, electrochemical measurements
using a Au disk electrode yielded the same results (Fig. S4B†).
Thus, ALP activity in Caco-2 cells was verified, and an
electrochemical method was applied for measurement.

Subsequently, ALP activity was evaluated using a porous
membrane electrode device cultured with Caco-2 cells. After 2
days of culture, cells proliferated within the device (Fig.
S5A†). Subsequently, the ALP activity was measured with a 3
min treatment. Since Mg2+ activates ALP, the effect of Mg2+

concentration was investigated. The Tris–HCl and DMEM
mixture initially contained 0.4 mM Mg2+, while a previous
study used 2 mM Mg2+ for ALP activation.29 As a result, no
significant difference in ALP activity was observed between
0.4 and 2 mM Mg2+ (Fig. S5B†); thus, a 0.4 mM Mg2+ solution
was used because no additional reagents were required.
Additionally, cytotoxicity by measurement solution was
investigated. A 60 min treatment at pH 9 caused cell
detachment (Fig. S5C†). In contrast, a 3 min treatment with
4.7 mM PAPP at pH 9 did not affect cell morphology and
metabolism (Fig. S5C and D†).

When collagen-coated devices without cells were used, the
oxidation current did not increase even after 60 min of

treatment (Fig. 4A). In contrast, an increase in oxidation current
was observed when using devices cultured with Caco-2 cells for
2 days (Fig. 4A), indicating successful in situ measurement of
ALP activity with the porous membrane electrodes. Longer
treatment times generated more PAP, resulting in higher current
values (Fig. 4B). ALP activity was detected immediately after the
measurement solution was added, demonstrating that this
system enabled rapid measurements. However, a 3 min
treatment was chosen for this study owing to the manual effort
involved in changing solutions and preparing devices. ALP
activity in the Caco-2 cells increased with culture time, as ALP
was generated on the apical side of the Caco-2 cells during
differentiation.30 After each measurement, Caco-2 cells were
cultured continuously, allowing ALP activity to be measured
with the same samples (Fig. 4C). The first current response at
day 2 was used as a standard, and changes in the current values
in subsequent measurements were analyzed. When measured
after the 3 min treatment, the normalized current increased,
whereas 60 min treatments led to a decrease, suggesting cell
damage from prolonged exposure to alkaline conditions (pH 9)
(Fig. S5E†). Therefore, rapid measurements are essential to
minimize cell damage.

The effects of multiple measurements on ALP levels were
next assessed (Fig. 4D). The current values from devices that

Fig. 3 Electrochemical measurement for PAP. (A) Cyclic voltammograms of 1 mM PAP, 1 mM PAPP, and Tris–HCl buffer at a scan rate of 50 mV
s−1. (B) Amperograms of PAP at concentrations of 0–5 mM. (C) Calibration curve for PAP (n = 3). (D) Amperograms of PAP generated from 4.7 mM
PAPP with cast ALP of 0–5000 mU cm−2 after 3 min of incubation. (E) Calibration curve of ALP (n = 3). Error bars indicate standard deviations.
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underwent multiple measurements were similar to those
measured only once, indicating that 3 min exposure to
alkaline conditions and electrochemical measurements did
not affect subsequent ALP readings. Live/dead staining
further confirmed cell viability, with most Caco-2 cells
remaining viable under both conditions (Fig. S5F†).

In addition to in situ electrochemical measurements,
absorbance measurements using a PNPP-containing solution
were performed on day 2 and day 21 with a device cultured
with Caco-2 cells. Both absorbance and electrochemical
signals increased compared to the cell-free condition
(Fig. 4E). The electrochemical measurements exhibited a
larger increase, whereas in situ measurements demonstrated
higher sensitivity. Therefore, further reductions in
measurement time can be expected by using a microfluidic
system integrated with a porous membrane electrode.

TEER measurements

To determine if TEER measurements could be performed
with porous membrane electrodes, TEER was measured for
the Caco-2 cells cultured on these electrodes. Measurements

were taken every 2 days (Fig. 5). The TEER values initially
increased until day 4, then decreased to approximately 100 Ω

cm2 on day 6 before increasing again, reaching 350 Ω cm2 on
day 21. These values fall within a reasonable range (150–400
Ω cm2) for TEER in Caco-2 models using non-conductive

Fig. 4 ALP activity measurements of Caco-2 cells cultured on the device. (A) Amperograms showing ALP activity measurements. The devices were
treated with Tris–HCl buffer containing 4.7 mM PAPP for 0, 3, or 60 min. (B) Plots of oxidation current at 20 s, with or without Caco-2 cells (n = 1–
8). (C) Normalized currents across different culture days, where cells were treated with a solution containing 4.7 mM PAPP for 3 or 60 min (n = 1–
3). (D) Plots of oxidation current over culture days (n = 3). (E) Normalized absorbances and currents on day 2 and day 21 based on the cell-free
condition (n = 1–3). Error bars indicate standard deviations. Student's t-tests were performed.

Fig. 5 TEER measurements for Caco-2 cells cultured on the porous
membrane electrode from day 2 to day 22 (n = 6). Error bars represent
standard deviations.
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porous membranes.31,32 Furthermore, the trend in the
undulating TEER values was consistent with that of
previously reported patterns, potentially reflecting changes in
junctional length during culture.33 From these results,
porous membrane electrodes can be effectively used for TEER
measurements in addition to porous membranes. In our
study, both TEER values and ALP activity remained constant
between day 14 and day 21. TEER values showed more
variability in early culture stages, whereas ALP activity
remained comparatively stable, indicating that it might serve
as a useful evaluation indicator in short-term cultures. TEER
measurements, however, can be conducted directly in the
medium, unlike ALP activity measurements, which require
an alkaline solution and enzymatic substrates, which are
disadvantageous under some conditions.

ALP activity measurements with drug treatment

Afatinib, an oral anticancer drug and epidermal growth factor
receptor inhibitor, has been shown in previous studies to
reduce TEER values in intestinal epithelial models.34,35

Although several studies suggest a potential involvement of
ALP in maintaining intestinal barrier function,9,36 its
response to afatinib in engineered gut models has not been
previously examined.

To assess cytotoxicity, afatinib was first tested in 96-well
plates. Changes in cell morphology were observed at
concentrations above 50 μM (Fig. S6A†), with a noticeable
decrease in cell viability at 50 μM and cell death
predominating at 100 μM (Fig. S6B†). Subsequently, ALP
activity was measured electrochemically after treating Caco-2
cells with afatinib. Cells cultured for 2 or 7 days were exposed
to afatinib for 24 h, after which ALP activity was measured.
After 2 days of culture, the oxidation current remained
unchanged with 10 μM afatinib but significantly decreased at
50 μM (Fig. 6). Dimethyl sulfoxide did not affect ALP activity
(Fig. S7†), which is consistent with toxicity tests (Fig. S6B†).
This indicates that 2 days of culture may be insufficient for

drug assessment, as 10 μM afatinib—effective in reducing
barrier function35—did not reduce ALP activity. However, for
cells cultured for 7 days, ALP activity decreased even with 10
μM afatinib, suggesting that drug evaluation using this
system requires at least 7 days of culture. The increasing ALP
synthesis rate in differentiated Caco-2 cells10 may explain
why 2-day cultures show less sensitivity to afatinib at lower
concentrations (10 μM)—detecting changes after a 2-day
culture might be difficult owing to the low synthesis rate of
ALP, whereas a 7-day culture, with increased ALP synthesis,
exhibits detectable activity changes.

The effects of different scaffold structures on the ALP
activity of Caco-2 cells were also examined.37 Previously, a
glucose sensor using a porous polyurethane membrane
electrode with asymmetric pores was reported.26 The surfaces
of the porous membranes were uneven compared with those
of the track-etched membranes. Therefore, the effects of
different scaffold structures on the ALP activity were
investigated. First, the electrochemical measurements of PAP
were performed using polyurethane membranes (Fig. S8†).
Fig. S9A† illustrates the ALP activity under varying culture
days with the porous polyurethane membrane electrodes.
The currents in the polyurethane membranes increased
considerably on day 4, indicating that the membrane
structure might facilitate ALP expression. From day 7 to day
21, the current values stabilized. In this study, we
successfully evaluated ALP activity in engineered gut models
using porous polyurethane membrane electrodes. Most Caco-
2 cells remained viable after multiple measurements on
polyurethane scaffolds, demonstrating the viability of the
method for long-term measurements (Fig. S9B†).

We developed a system that could measure ALP activity
quickly and with lower cytotoxicity because evaluating ALP
activity is critical in an engineered gut model. The results
revealed that the porous membrane electrode devices allowed
the evaluation of ALP activity after a 3 min treatment, and
the method was demonstrated to be less cytotoxic. This
treatment time was considerably shorter than the time
required for conventional ALP activity measurements.

Porous membrane electrodes and porous membranes have
been used for TEER measurements. Furthermore, porous
membrane electrodes can measure the TEER38 and be used
for impedance measurements to evaluate cell adhesions,
including cell–cell and cell–substrate adhesion.39

ALP activity measurements were performed using porous
membranes comprising different materials and structures,
suggesting that membranes from different materials could be
used as electrode scaffolds in MPS research.40 Electroless
plating, which provides a uniform coating on complex
structures, is a versatile alternative to sputtering, capable of
evaluating ALP activity based on scaffold materials and
structures. For instance, stretchable porous membranes
could assess mechanical stimulations,41 while asymmetric
porous membranes could evaluate cell–cell interactions.42

Integrating porous membrane electrodes into microfluidic
devices may further accelerate ALP measurements. Advanced

Fig. 6 Electrochemical measurements of ALP activity following
afatinib treatment. Oxidation currents for various afatinib
concentrations on day 2 and day 7 (n = 3–8). Error bars indicate
standard deviations.
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intestine-on-a-chip models, incorporating mucus layers on
top of human intestinal cells that are co-cultured with
microbiota, have been developed.43 In vivo studies suggest
that colonic ALP activity correlates with gut mucus
functionality.44 Thus, measuring ALP activity in complex gut
models with mucus layers will be increasingly important,
with the ability to perform these evaluations on a single
device over extended periods adding significant value.

Conclusion

We successfully developed engineered gut models using porous
membrane electrodes for rapid and efficient evaluation of ALP
activity. These devices were fabricated with porous membrane
electrodes, enabling Caco-2 cells to be cultured on the system
for up to 21 days. ALP activity in Caco-2 cells was measured
within a 3 min treatment window, significantly reducing
cytotoxicity while allowing for multiple measurements over the
21 days without impacting cell culture viability or ALP activity.
Additionally, the system effectively detected drug-induced
changes in ALP activity, underscoring its potential as a robust
platform for drug screening. This versatile system holds
promise as a valuable tool in drug discovery, particularly for
applications involving MPS devices.
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