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Abstract: Microfluidic devices are tiny tools used to manipulate small volumes of liquids
in various fields. However, these devices frequently require additional equipment to
control fluid flow, increasing the cost and complexity of the systems and limiting their
potential for widespread use in low-resource biomedical applications. Here, we present
a cost-effective and simple fabrication method for PMMA microfluidic chips using laser
cutting technology, along with a low-cost and open-source peristaltic pump constructed
with common hardware. The pump, programmed with an Arduino microcontroller, offers
precise flow control in microfluidic devices for small volume applications. The developed
application for controlling the peristaltic pump is user-friendly and open source. The
microfluidic chip and pump system was tested using Jurkat cells. The cells were cultured
for 24 h in conventional cell culture and a microfluidic chip. The LDH assay indicated
higher cell viability in the microfluidic chip (111.99 ± 7.79%) compared to conventional
culture (100 ± 15.80%). Apoptosis assay indicated 76.1% live cells, 18.7% early apoptosis
in microfluidic culture and 99.2% live cells, with 0.5% early apoptosis in conventional
culture. The findings from the LDH and apoptosis analyses demonstrated an increase in
both cell proliferation and cellular stress in the microfluidic system. Despite the increased
stress, the majority of cells maintained membrane integrity and continued to proliferate. In
conclusion, the chip fabrication method and the pump offer advantages, including design
flexibility and precise flow rate control. This study promises solutions that can be tailored
to specific needs for biomedical applications.

Keywords: microfluidics; microfabrication; laser cutting; peristaltic pump; open-source

1. Introduction
There are two main types of conventional cell culture: two-dimensional (2D) cell

cultures, where cells grow attached to a surface, and suspension cell culture [1]. De-
spite the numerous advantages of conventional cell culture, such as well-established
materials and protocols, standardization, and availability of assays, this method fails to
fully capture the nuances of the in vivo cellular microenvironment [2,3]. Consequently,
conventional cell culture is insufficient to fully mimic in vivo conditions in experimental
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studies [4]. Given these limitations, different alternative methods have gained popular-
ity, such as three-dimensional (3D) cell culture [5–7] and microfluidic cell culture [8] to
address the shortcomings of conventional methods and better mimic in vivo conditions.

As an alternative to conventional methods, microfluidic systems represent an ap-
proach to the control and manipulation of fluids through microchannels [9,10]. Mi-
crofluidic systems have numerous advantages, including low costs, reduced sample
requirements, and minimal energy usage [11]. Recently, these systems have become an
attractive option in various fields, including biomedical, medicine, food, and materials
science [12]. Microfluidics facilitates the control of cellular microenvironments, thereby
enabling a more effective mimicry of in vivo conditions in experimental research [13].
Despite these advantages, the necessity for clean room facilities and sophisticated instru-
mentation causes significant challenges for the production of microfluidics. Given the
high demand for microfluidic technologies, it is essential to develop cost-effective and
rapid prototyping methodologies, particularly for point-of-care applications [14]. Chip
fabrication has utilized a variety of materials over the past two decades. Microfluidic
chips can currently be fabricated using several materials, including glass, silicone, Poly-
dimethylsiloxane (PDMS), Polymethylmethacrylate (PMMA), and paper [15,16]. Silicon
or glass were the primary materials used in the fabrication of early microfluidic chips.
While these materials possess a high degree of reliability, the fabrication method, known
as standard photolithography, is considerably expensive. In the following years, the
use of PDMS in microfluidic chip fabrication significantly increased. As an elastomer,
PDMS has become one of the most widely used materials in microfluidic applications
because of its beneficial properties, including high biocompatibility, gas permeability,
elasticity, and transparency. Even though PDMS has significantly contributed to the
advancement of microfluidic devices, PDMS-based microfluidic chips usually require
large control systems and other detection devices. Additionally, the drawbacks include
incompatibility with organic solvents and laborious chip production. Paper-based mi-
crofluidic chips are utilized in various applications, including pregnancy testing. The
suitability of paper as a microfluidic substrate is attributable to its inherent properties,
including user-friendliness, cost-effectiveness, and ease of disposal. Despite offering
numerous advantages, paper-based chips suffer from limitations such as limited integra-
tion, semi-quantitative detection, flow paths that are too simple, and small size channels
that are difficult to realize [17]. Another polymeric material employed in microfluidic
device fabrication is cyclic olefin copolymer (COC). COCs have some remarkable ad-
vantages, including transparency, amorphousness, and biocompatibility [18]. Moreover,
it is relatively affordable and can be processed using various fabrication techniques,
including hot embossing, injection molding, and laser ablation [19]. Due to its relevant
attractive properties, this thermoplastic material is increasingly used in microfluidic
chip fabrication [20]. On the other hand, despite the several benefits of COC, its poor
wettability makes it unsuitable for some commonly used hydrophobic liquid reagents.
Therefore, the corresponding surface modifications are still necessary to overcome this
limitation [21].

In addition to the materials already mentioned, PMMA, a thermoplastic polymer, is
among the most favored options. Despite PMMA’s limitation in long-term cellular studies
due to its minimal gas permeability [16], it possesses significant attributes, including dis-
posability [22], biocompatibility [23], optical transparency [24], and cost-effectiveness [25].
Compared to silicon-based materials used for microfluidic applications, PMMA is less
brittle and does not require expensive manufacturing techniques. Furthermore, PMMA
structures can be formed using various techniques such as hot embossing, injection mold-
ing, laser ablation, reactive ion etching, or deep UV lithography. These structures exhibit a
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number of superior mechanical properties compared to PDMS. The mechanical properties
allow PMMA to better maintain its original shape under mechanical stress conditions [26].

Precise control of fluid flow is essential in many microfluidic systems. A variety of
pump types, such as piezoelectric pumps, syringe pumps, and peristaltic pumps, can
provide this control. These pumps range in cost from simple, economical models (<USD 10)
to highly precise, sophisticated models (>USD 1000) [27–30]. Syringe pumps are one of the
most widely used for microfluidic chips. Nonetheless, syringe pumps have limitations in
certain applications. For example, they are limited to delivering fixed volumes of liquid
based on the syringe’s capacity and cannot provide circulating flow within a closed system.
Peristaltic pumps are a better option than syringe pumps for some applications. Unlike
syringe pumps, peristaltic pumps can maintain recirculating flow within a closed fluidic
circuit and are physically separated from the sample by the tubing walls, minimizing
contamination and safety risks. Additionally, peristaltic pumps are well suited for dosing
and metering fluids, which are common tasks in large-volume liquid handling applications.
Recirculating flow is essential for various microfluidic applications, including cell culture,
and peristaltic pumps play a key role in this process [29].

In this paper, we present a cost-effective and simple method for PMMA microfluidic
chip design, along with the development of a low-cost and precise peristaltic pump that
can be easily controlled with a user-friendly application interface. The microfluidic chip
fabricated with laser cutting technology offers a low-cost and flexible platform that can
adapt to various experimental conditions. Furthermore, the peristaltic pump, constructed
with commonly used hardware and open-source software, is a user-friendly and cost-
effective option for microfluidic applications. Modeling the interactions of therapeutic
systems [31–34], such as nanoparticles and drug delivery systems, with immune cells
and blood cells under dynamic flow conditions is of great importance, and the need for
microfluidic systems capable of mimicking such interactions is increasing. For this purpose,
we designed and engineered our microfluidic system. Here, we evaluate the performance
of the designed microfluidic chip and peristaltic pump system and investigate the potential
use of this system in cell culture experiments, especially dedicated to studies with white
blood cells. The potential use of this system in studying cellular interactions and its
application in biomedical research is demonstrated by cell culture experiments conducted
with the Jurkat cell line, which is an immortalized line of human T lymphocyte cells and
widely used in immunology and immuno-oncology research [35,36]. The results obtained
show that the microfluidic system developed provides a suitable platform for obtaining
reliable and repeatable results in cell culture studies. This system can enable further studies
for biomedical research and various applications.

2. Materials and Methods
2.1. Materials

The following materials and software were used for microfluidic chip fabrication
processes: AutoCAD 2020 (Autodesk, San Rafael, CA, USA), PMMA (Forem Reklam,
Ankara, Türkiye), DSA (3M 7955MP, Saint Paul, MN, USA), microscope slide (ISOLAB,
Wertheim, Germany), fitting (Nehir Biyoteknoloji, Ankara, Türkiye), epoxy glue (Pattex,
Düsseldorf, Germany), silicone microfluidic tubing (Nehir Biyoteknoloji), and Dulbecco’s
Phosphate-Buffered Saline (DPBS) (Biological Industries, Kibbutz Beit Haemek, Israel).
The following materials and software were used for construction of peristaltic pump
system: Arduino UNO R3 (Arduino, Ivrea, Italy), peristaltic pump module (Robotis-
tan, İstanbul, Türkiye), CNC shield v3 (Robotistan), stepper motor driver (DRV 8825),
power supply: 12V 2A, DC female barrel to wire jack (Robotistan), Arduino IDE (Ar-
duino), and the C# programming language (Microsoft, Redmond, WA, USA). The fol-
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lowing materials were used for in vitro studies: Jurkat cell line, RPMI 1640 Medium-1X
(Gibco, Grand Island, NY, USA), foetal bovine serum (Biological Industries), penicillin-
streptomycin solution (Biological Industries), CyQuant LDH cytotoxicity assay (Thermo
Fisher Scientific, Waltham, MA, USA), and Alexa Fluor 488 Annexin V/Dead Cell Apop-
tosis Kit (Thermo Fisher Scientific).

2.2. Methods
2.2.1. Fabrication of Microfluidic Chips by Laser Cutting Method

The fabrication of the microfluidic chip involved assembling three layers. The
bottom layer consisted of a standard microscope slide. The middle layer was a double-
sided adhesive (DSA), which is a transfer tape. The top layer was made of PMMA. The
method described in previous studies [37,38] was used in the fabrication process. The
microfluidic chips were designed in AutoCAD 2020, and the top and middle layers were
subsequently produced using a laser cutter (Epilog Laser Mini 24). The manufacturer’s
manual [39] was consulted to ensure appropriate cutting parameters were used for
layer fabrication.

The bottom layer was a normal 75 mm × 26 mm microscope slide. DSA was used as
the middle layer, which formed the channels. Channel geometry plays a significant role in
fluid interaction [40]; therefore, serpentine channels were designed to enhance fluid mixing.
The top layer was PMMA, which contained the inlet and outlet of the chips. The top layer
was designed to be compatible with the middle layer, and transparent PMMA was used
to observe the fluid flow effectively. A schematic representation of a microfluidic chip is
depicted in Figure 1.

Figure 1. Schematic representation for simple prototyping of PMMA microfluidic chip.

The CAD designs of the microfluidic chip are demonstrated in Supplementary
Figures S1 and S2. The chip had one inlet and one outlet. The channel width was 500 µm.
The channel length was ~29 cm. The channel volume was ~18.5 µL. The middle layer was
patterned on the DSA, and the channel height was 127 µm, corresponding to the thick-
ness of the DSA. Additionally, the diameters of the inlet and outlet on the top layer were
2 mm, and the thickness of the top layer was also 2 mm, corresponding to the thickness of
the PMMA.

The designed layers were cut using a laser cutter to produce the top and middle layers.
Subsequently, the top, middle, and bottom layers were assembled. During this process, the
non-adhesive film on one side of the DSA was first removed, and the PMMA layer was
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adhered to the exposed surface. Next, the non-adhesive film on the reverse side of the DSA
was removed, and the microscope slide was adhered to this surface. To guarantee optimal
adherence, minimize bubble formation, and apply uniform pressure, the assembled chip
was secured with binder clips and left undisturbed for a certain period. The fabrication
process was conducted on a clean and flat surface, which was a laboratory desk (Figure 2).
After fabricating the chip, fittings were attached to the inlet and outlet holes using epoxy
glue at room temperature, which was then allowed to harden completely. Silicone tubes
were subsequently connected to the microfluidic chip through the fittings. The chip was
cleaned by sequentially flushing DPBS and medium through the tubes. Finally, the chip
was sterilized under UV light for 1 h.

 
Figure 2. Assembled microfluidic chip with one inlet and one outlet.

2.2.2. Construction and Control of Peristaltic Pump System

As part of this study, a low-cost peristaltic pump was constructed using commonly
available tools and open-source software. The peristaltic pump system consisted of
electrical-mechanical hardware and the software. The hardware included a power supply
(12 V, 2 A), a microcontroller (Arduino UNO R3), a stepper motor driver (DRV8825), a
driver expansion board (CNC shield v3), and a stepper motor-based peristaltic pump mod-
ule. The schematic and the wiring diagram of the peristaltic pump system are illustrated
in Supplementary Figure S3. The Arduino microcontroller was responsible for sending
commands to run the peristaltic pump and controlling the speed of the peristaltic pump.
Since the peristaltic pump could not be operated by the Arduino alone, the other hardware
mentioned above was integrated into the Arduino (Supplementary Figure S4).

The Arduino microcontroller was programmed to control the peristaltic pump using
the Arduino IDE, which is an open-source platform, via a USB connection to a computer.
Although the peristaltic pump can be controlled through the serial port display of the
Arduino IDE, this approach has certain limitations. Specifically, controlling multiple pumps
or adjusting their speeds can be time-consuming during experiments. To prevent these
challenges, a user-friendly, open-source peristaltic pump application was developed using
the C# programming language in the Visual Studio 2019 IDE. This application features a
simple and easy-to-use interface, enabling more efficient and convenient control of multiple
peristaltic pumps together (Figure 3). The source code and application of the peristaltic
pump system are provided in the Supplementary Information.
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Figure 3. User interface of the peristaltic pump application, which features a user-friendly design
that enables the control of multiple peristaltic pumps together.

2.2.3. Fluid Flow Rate Determination

The fluid flow rate test was performed to determine the rotational speed (RPM) of the
peristaltic pump in microliters per minute (µL/min). The flow rate was determined based
on the pump rotation speed of the peristaltic pump and the tubing diameter. The peristaltic
pump system was set up to pump distilled water through tubing into an Eppendorf tube.
Two different types of silicone tubing were used: a 3.0 mm outer diameter (OD) 1.5 mm
inner diameter (ID) tubing, and a 3.8 mm OD tubing, which was located within the pump.
The smaller diameter tubes were connected to both ends of the larger diameter tubing.
The distilled water was then pumped through the tubing at 0.1, 0.5, 1.0, 1.5, 2.0, 2.5,
and 3.0 RPMs for one minute. For each RPM value, the volume of fluid collected in the
Eppendorf tube was measured with a micropipette (Brand) and the speed of the pump was
calculated in µL/min.

2.2.4. Leakage Test

The leakage test was conducted to assess the integrity of the microfluidic chip and to
determine if there were any leaks. A microfluidic chip with the microchannel geometry
shown in Figure 2 was used. The medium was passed through the microfluidic chip for 4 h
at ~100 µL/min using a peristaltic pump. During the test period, the microfluidic chip was
visually inspected for any signs of leakage.

2.2.5. Occlusion Test

The occlusion test was performed to identify potential blockages within a microfluidic
chip with the microchannel geometry shown in Figure 2. For this test, 1 mL of medium
containing 5 × 105 A549 lung cancer cells was used. Jiang, et al. [41] reported A549 cell
diameters of 14.93 µm and 10.59 µm in two distinct microscopy images. The cell-containing
medium was passed through the microfluidic chip for 2 h at ~100 µL/min using a peristaltic
pump. During the test period, the microfluidic chip was visually inspected for any signs
of occlusion.

2.2.6. Conventional and Microfluidic Cell Cultures

The Jurkat cell line, an immortalized T lymphocyte cell line [42], was used in this study.
The cell line was at passage number 4, and the culture medium consisted of RPMI 1640
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supplemented with 10% FBS and 1% penicillin-streptomycin. Studies in the literature
have explored the use of Jurkat cells in both conventional cell culture systems [43,44]
and microfluidic devices [45,46]. As widely used in immunology and immuno-oncology
research, the Jurkat cell line is also well-suited for microfluidic cell culture studies. For
these reasons, Jurkat cells were prioritized in this study.

In conventional cell culture, Jurkat cells were incubated in a suitable volume of
medium in a 96-well plate at 37 ◦C with 5% CO2 for 24 h for cell proliferation. Simul-
taneously, microfluidic cell culture was also performed. For this, the medium containing
Jurkat cells was transferred into a microfluidic chip with one inlet and one outlet (Figure 2)
using a peristaltic pump. The recirculating flow in the microfluidic chip was maintained
using the peristaltic pump, which operated at a speed of 0.5 RPM. The cells were incubated
at 37 ◦C with 5% CO2 for 24 h. The flow within the chip was maintained throughout the
incubation period (Figure 4).

 

Figure 4. Jurkat cells were incubated in conventional cell culture and microfluidic cell cultures
(96-well plate and microfluidic chip) at 37 ◦C with 5% CO2 for 24 h.

2.2.7. LDH Assay

Cell viability was assessed by lactate dehydrogenase (LDH) release. After 24 h of
incubation in both conventional and microfluidic cell cultures, Jurkat cells were removed
from the incubator. The Jurkat cells cultured in the microfluidic chip were then transferred
to the 96-well plate in which Jurkat cells in conventional cell culture were incubated.
After that, the LDH assay was performed using the CyQuant LDH Cytotoxicity Assay
Kit (Thermo Fisher Scientific) according to the manufacturer’s instructions. The protocol
involved the addition of lysis buffer, incubation, centrifugation, and the addition of reaction
mixture and stop solution. After the assay steps were completed, absorbance was measured
at 490 nm and 680 nm in a microplate reader (Bmg Labtech CLARIOstar).

2.2.8. Apoptosis Assay

For the apoptosis assay, the Alexa Fluor 488 Annexin V/Dead Cell Apoptosis Kit
containing Alexa® Fluor 488 annexin V and propidium iodide (PI) was used according to
the manufacturer’s protocol. Briefly, Jurkat cells in conventional and microfluidic cultures
were washed three times with PBS and then transferred into microcentrifuge tubes. The
cells were incubated with 5 µL of Annexin V and 1 µL of PI at room temperature for 15 min.
Subsequently, 10,000 events were analyzed using a flow cytometer (BD Accuri C6 Plus).

3. Results and Discussion
3.1. Fluid Flow Rate Analysis

The flow rate test was conducted to determine the rotational speed of the pump in
µL/min. Distilled water was pumped through the tubing at various RPMs for one minute.
For each RPM value, the volume of fluid collected in the Eppendorf tube was measured
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using a micropipette, and the rotational speed of the pump was calculated in µL/min.
To measure the volume of the water collected in the Eppendorf, the following approach
was followed. First, the micropipette measurement value was set, and the water in the
Eppendorf was drawn. A gap remained in the pipette tip when the water was drawn
up. By revolving the plunger of the pipette, the set measurement value was decreased.
When the water reached the end of the pipette tip, the volume of liquid was measured,
and thus the volume drawn was determined precisely. The results demonstrated that the
flow rate of the fluid was directly proportional to the pump speed, and there was a linear
relationship between the flow rate and pump speed. Similarly, Ching, et al. [47] reported a
linear correlation between peristaltic pump speed (RPM) and flow rate in their study, where
they developed two pump variants. The relationship between peristaltic pump speed and
flow rate (RPM to µL/min) is shown in Figure 5. Detailed measurements are provided in
Table S1.

 
(a) 

 
(b) 

Figure 5. The flow rate test was conducted to determine the rotational speed of the pump in µL/min.
(a) The test was conducted with n = 3 replicates, and the distilled water volume passed through the
pump over one minute was recorded for each RPM value. (b) The pump can dispense specified liquid
volumes with high consistency and reliability. The histogram illustrates the flow rates of distilled
water at three distinct measurements across a range of rotation speeds.
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3.2. Leakage Analysis

The leakage test was conducted to assess the sealing integrity of the microfluidic chip.
A microfluidic chip, featuring the microchannel geometry shown in Figure 2, was used,
and the medium was pumped through the microfluidic chip for 4 h at ~100 µL/min using
a peristaltic pump. As emphasized by Sözmen and Arslan Yildiz [14], the success of a
leakage test is strongly dependent on the microfluidic chip fabrication material, along
with the dimensions and geometry of its microchannels. Therefore, these parameters were
meticulously deliberated during the design of the microfluidic chips used in this study. As
a result, no leakage was observed from the microfluidic chip, and it successfully passed the
leakage test conducted in this study (Supplementary Figure S6).

3.3. Occlusion Analysis

The occlusion test was performed to identify potential blockages within a microfluidic
chip. A microfluidic chip, featuring the microchannel geometry shown in Figure 2, and
the medium containing 1 mL of 5 × 105 A549 cells were used. The cell-containing medium
was pumped through the microfluidic chip for 2 h at ~100 µL/min using a peristaltic
pump. The presence of a blockage in the microfluidic chip was visually inspected with
an inverted light microscope (Zeiss) at 20× magnification. As a result, no blockages were
observed in the microfluidic chip, and it successfully passed the test conducted in this
study (Supplementary Figure S7).

3.4. LDH Assay

Cytotoxicity assays are an important component of in vitro toxicology studies.
The LDH assay is one of the most widely used methods for assessing cell viability or
cytotoxicity [48]. Lactate dehydrogenase (LDH) is a cytoplasmic enzyme present in all
cells [49]. When cells are exposed to a toxic substance, the integrity of their plasma
membrane is disrupted, and LDH leaks out of the cells into the cell medium. This is
measured spectrophotometrically [50]. The LDH assay is reliable, rapid, and allows for
easy interpretation [48].

Jurkat cells were cultured for 24 h at 5% CO2 and 37 ◦C in both conventional cell
culture environment and within the microfluidic chip. Unlike adherent cell types, Jurkat
cells are suspension cells that can proliferate without adhering to a surface. Studying
suspension cells, like Jurkat cells, in microfluidic environments is essential to better mimic
the microenvironment and gain a deeper understanding of the effects of flow [8]. An LDH
test was conducted to compare the cell viability of these cultured cells in these two different
cell cultures. The integration of flow into the system and the effect of microfluidic cell
culture on cell viability were investigated.

The results indicated that the cell viability in the microfluidic cell culture (111.99 ± 7.79%)
was higher than that in the conventional cell culture (100 ± 15.80%) (Table S2). Statistical
analyses were conducted to evaluate whether this difference was significant. First, the
normality of the data and the homogeneity of variances between the two groups were
verified using the Shapiro–Wilk and Levene tests, respectively. Later, the t-test results
showed that although there was a difference in cell viability between the two groups, this
difference was not statistically significant (Figure 6).

The lack of a significant increase could be attributed to the relatively short 24 h culture
period. In longer-term cultures, lasting 72 h or more, Jurkat cells may better adapt to the
microenvironment provided by the microfluidic system. This could lead to a significant
increase in cell viability. Another finding of this study is that, despite using a PMMA
microfluidic chip with low gas permeability, Jurkat cells maintained high viability even after
24 h. This viability is believed to stem from oxygen diffusion through the silicone tubing.
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Incorporating biocompatible and gas-permeable silicone tubes in PMMA microfluidic chips
could play a crucial role in facilitating oxygen access and supporting cellular respiration.

Figure 6. Cell viability of Jurkat cells in conventional and microfluidic cell cultures. The experiment
was conducted with n = 5 replicates for each cell culture. No statistically significant difference was
observed between the two groups (p > 0.05). Error bars represent the standard deviation.

3.5. Apoptosis Assay

Apoptosis, or programmed cell death, plays a critical role in various cellular pro-
cesses [51,52]. Following the initiation of apoptosis, cells undergo a series of biochemical
and morphological alterations, such as DNA fragmentation, cell shrinkage, and chromatin
condensation. These changes can be assessed through the utilization of diverse analytical
techniques [53].

After culturing Jurkat cells in both conventional and microfluidic cell cultures at 5%
CO2 and 37 ◦C for 24 h, an apoptosis test was performed to compare the apoptosis levels
in these two different cell culture environments and analyze the effect of the microfluidic
culture system. Apoptosis analysis revealed the following percentages in microfluidic
culture: 76.1% live cells, 18.7% early apoptosis, 5.0% late apoptosis with necrosis, and
0.3% necrosis. On the other hand, in conventional cell culture, the percentage of living cells
was 99.2%, early apoptosis was 0.5%, late apoptosis with necrosis was 0.1%, and necrosis
was 0.1%, which was almost negligible (Figure 7). This finding suggests that the cells are
exposed to increased mechanical or microenvironmental stress, which induces them to
enter the early apoptosis stage.

The results of the LDH and apoptosis analyses indicate that not only did cell prolif-
eration in the microfluidic system increase, but cellular stress also increased. However,
despite this increased stress, a large portion of the cells maintained their membrane in-
tegrity and continued to proliferate. To effectively reduce cellular stress in these systems,
meticulous determination of parameters such as flow rate, channel geometry, and materials
used in chip fabrication is essential. Microfluidic systems have the potential to better
mimic the in vivo cellular microenvironment, making them valuable in various biomedical
applications [54]. The chip fabrication method and peristaltic pump presented in this
study can provide experimental design improvements, including precise flow control and
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channel customization. Consequently, this study has the potential to contribute to the use
of microfluidic systems in biomedical applications.

Figure 7. Apoptosis assay results of Jurkat cells in conventional and microfluidic cell cultures.

4. Conclusions
In this study, PMMA microfluidic chips were fabricated cost-effectively and simply

using laser cutting technology. In addition, an open-source, low-cost peristaltic pump with
a user-friendly interface application was constructed. The chip and pump platform was
successfully integrated into a microfluidic cell culture application using Jurkat cells suitable
for suspension culture. Result from the LDH assay demonstrated that cell viability was
higher in the microfluidic chip compared to conventional cell culture. On the other hand,
apoptosis analysis showed that the rates of early apoptosis increased in the microfluidic
culture, which is most likely a result of mechanical or microenvironmental stress. To miti-
gate this stress, optimizing flow rates and channel geometries is recommended. Adjustable
flow rates and customizable channel designs provided by the chip and pump platform
offer flexibility for such improvements. In conclusion, the fabricated microfluidic chip and
open-source peristaltic pump are (i) simple, relatively fast, and cost-effective, (ii) customiz-
able according to needs, and (iii) reproducible for small volume cell experiments, and this
platform has potential for use in various biomedical research.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/micro5020025/s1; below are the links to the electronic Supple-
mentary Materials. Supplementary File S1. Peristaltic pump application. Microfluidic chip designs.
Figure S1: CAD design of the top layers, one inlet–one outlet; Figure S2: CAD design of the middle
layers, one inlet–one outlet; Figure S3: Construction of the peristaltic pump system, (a) Schematic
of the peristaltic pump system, (b) Peristaltic pump system wiring diagram; Figure S4: Peristaltic
pump system: Arduino UNO R3, CNC shield, DRV8825, peristaltic pump module, and power supply;
Figure S5: Flow rate test of the peristaltic pump system; (a) flow rate corresponding to each RPM
value, (b) The traces depict the average values obtained from three independent measurements, with
error bars representing the standard deviation; Figure S6: Leakage test was performed to determine
whether there was any leakage in the microfluidic chip; Figure S7: Inverted light microscope image
during occlusion test of the microfluidic chip to assess blockage; Table S1: Detailed peristaltic pump
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speed (RPM to µL/min); Table S2: Comparison of LDH-release–based cell viability in conventional
and microfluidic cell cultures; Supplementary S1: The source code of the peristaltic pump system
coded in Arduino IDE; Supplementary S2: The source code of the peristaltic pump application.
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