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Abstract

The present work summarizes development of mini incubator for biological applications in combination
with passive microfluidic devices. There is a pivotal need to automate and control the microenvironment
inside the incubator due to the biological samples in use. With PID feedback algorithm in place, the
incubator has highly controlled environment. Paramount importance is given to the portability of the
equipment to make it a microscope stage top incubator and portable to different locations to carry out
research at specific conditions without the need to carry the samples, instead. In addition, imaging is
crucial in any cell-based applications, hence the incubator is adapted to minimize auto-luminescence
effects of PMMA. The automated, controlled and portable incubator is used with tumor cells for cell
culture and chemotaxis studies which proved to be effective and efficient in its goal.
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1 Introduction

Incubator is an important laboratory equipment to nurture and preserve microbiological cultures. The
incubator sustains optimal temperature, humidity and other conditions such as carbon dioxide (CO,) and
oxygen (O;) content of the ambience inside. Incubators are crucial for a lot of cell experimental work,
microbiology and molecular biology and are used to culture bacterial as well as eukaryotic cells [1-4]. An
incubator imitates a three-dimensional (3D) microenvironment that suits almost all cellular activities
including cell culture, chemotaxis, drug screening, ageing, cancer research, production of vaccine for
lethal diseases like polio, rabies, hepatitis B and C, toxicity testing, production of genetically engineered
protein like insulin, tissue replacement and re-engineering, genetic counselling like karyotyping, gene
therapy and more [5-7]. Cell culture is a basic routine in many laboratories for its ability to study toxicity,
tissue engineering, gene therapy and more. The cell cultures not only rely on media but also the
environmental factors like temperature, CO,, pH, osmolality and relative humidity. Therefore, incubators
were expected to deliver an optimal atmosphere for cell studies [8]. Conventionally, cell culture was a
manual procedure that demanded high skill and repetitive protocols to perform meticulous and laborious
manipulations every day. Hence, the conditions posed a high risk of contamination which is replaced with
the proper and efficient usage of incubators, and automated [9, 10]. An incubator reproduces ideal
conditions required for cell proliferation and growth, and conducive for high-throughput screening.
Thereby, the invention of modern-age automated incubators has driven the cell culture towards robotic
and man-free handling of cells. A passive device is self-assembled where fluid is handled internally with
reservoirs; pressure difference generates a flow in the microchannels to perform desired cellular activities.
By and large, the environment remains contamination-free and simpler in terms of setup. Thereby, a
device can be compact enough to place a Petri dish without any external connections to avoid any
potential impurities. Anyway, the incubator to contain a passive device is expected to behave more
precise and accurate with its ambience to provide best conditions for cell growth and maintenance,
including pH, relative humidity, CO,, oxygen and constant temperatures.

Another crucial factor in designing an incubator for cellular studies is effect of microenvironment
ambience. Incubators ideally maintain a constant temperature, however additional features are built in.
Humidity, CO,, O, and pH are also monitored and controlled in latest systems. There is a range of
incubators, of which, most interestingly, shaking incubators offer a stage movement for mixing of
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cultures, gas incubators regulate gas composition and are sourced with power banks not to be disrupted
with frequent power outages [11]. Incubators come in a variety of sizes, from table-top to warm rooms,
based on the requirements like BioCompare, ThermoFisher and Thomas Scientific.

1.1 Mini Incubator — Integration — Automation Capabilities

Automated incubators are preliminary requisites for fully automated cell culture systems and other
cellular studies which are able to monitor cell activities without human interaction. In the last decade,
“Lab-on-a-Chip” (LOC) is the most sought-after technique in the field of micro- and nanofluidic as it
shrinks a biochemical assay onto a miniaturized chip, mostly comparable to a coin [12-15]. Though the
commercial availability of such LOC appliances is far from reality, the expectation on this technology
still remains high. Automation and integration are of fundamental importance in LOC. Automation
ensures data accuracy and precision, irrespective of loaded data cycles. Unlike manual data collection,
automated systems eliminate any parallax errors introduced by humans. The advantages of automation are
manifold, among these the possibility of replacing the machine-to-man in monotonous, repetitive and
hazardous activities, or in assignments that challenges with human precision, in terms of size, weight and
speed. Moreover, this could be translated into economic and resources conservation [10, 16, 17].
Nevertheless, most commercial incubators are designed with a specific software which does not allow any
customizations. As in any technique, automation also renders a few limitations like requirement of skilled
expertise to design the system, high-definition of sensors, durability of data acquisition systems and bulky
data storage facility for long-term processes [11]. Integration of a LOC platform varies widely from
integrating sensors of different types to complex systems like micro-arrays of incubators [18, 19] and
optical waveguides integrating femtosecond laser [20-23]. A platform with multiple sensing elements
ensures high reliability on the data acquired and thereby gives precise conditions of the microenvironment
under test.

Imaging is most important in any cell-based studies, and unfortunately many incubators support little or
no real-time imaging. Live cell imaging is widely used in various bioscience experiments for improved
understanding and collect more information on dynamic cellular activities such as migration, division,
differentiation and organelle-level procedures [24, 25]. It is indeed difficult to integrate a microscope to
an incubator unless customized [26]. Perhaps, in utmost studies, the images are fetched before and after
incubation whereas the real-time monitoring is considered nearly incredible with conventional large
incubators. However, commercial incubators are available with enormous space for live-cell imaging,
though it comes along with a high price tag and less customization options like Olympus VivaView™ and
Nikon BioStation™ platforms. If, imaging is coupled to affordable portable and transparent incubator,
this would beacon a lot of surprising scientific findings during the course of incubation.

In this study, poly-methylmethacrylate (PMMA) is employed in the development of incubator for cell
studies for multitude of reasons, of which, optical transparency, thermal properties like glass transition
temperature (Tg = 110°C) and biocompatibility benefitted. Although the material sounds good with its list
of attributes, prime challenge is insulation, even with an increased thickness of 6 mm was relatively
challenging but achievable. The development of mini incubator replaced the work stage of an inverted
microscope and can house a passive microfluidic device (PMFD) of specific dimensions. The ambience in
the incubator ensures healthy cell life with corresponding values of temperature, humidity and CO, that is
appropriate for bio samples [27, 28]. Many considerations are made during design phase of the incubator
as the cells are quite delicate with increased temperatures or decreased humidity, hypoxia conditions. This
incubator will host a closely mimicked 3D microenvironment that is suitable for variety of cellular studies
and investigations that include but not limited to cell culture, chemotaxis, drug screening, ageing, cancer
research — to study the mechanism and means for conversion of normal cells to cancer cells, thereby
develop drugs to selectively target cancer cells [5-7]. Being so persuasive with its applications, the mini
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incubator is carefully designed for the cellular microenvironment that influences cell growth and
development in a more comparable condition of in-vivo.

A microfluidic platform that makes use of pure passive hydrodynamics to run on-chip cell cultures and
chemotaxis studies under 3D microenvironment conditions is realized with the development of an
automated, controlled and portable mini incubator combined with temperature and humidity control
system that significantly reduces cell contamination is successfully published in this work. An integration
of incubator with passive microfluidic platforms emerged to be efficient in cell culture and chemotactic
behavior of cells, mounted on an inverted microscope. This hugely indicate the quality of
microenvironment produced by the mini incubator. This development, by and large, can be used for
culture studies, drug discovery, drug screening and other biochemical analytics.

A temperature/humidity sensor is utilized for data collection in both characterization and actual
experiments. An open-source 8-bit microcontroller board (ARDUINO UNO) is used to digitize the
voltage signals from sensors. The measurement data is communicated to the computer (pc) via Universal
Serial Bus (USB) and, the pc stored the received data in NI LabVIEW file format. Data logging, sensor
control (via ARDUINO UNO), data processing and pH computation are carried out with NI LabVIEW
2014. Once the signals initiated, no recalibration or maintenance is required, and measurements can be
carried out without any special manual attention till the end of the analysis.

2 Design and Fabrication

The system is designed in a software environment using SolidWorks®, which is subjected to theoretical
simulations in COMSOL® and then fabricated with six pieces of PMMA using micro mechanical
machining and 3D printer with epoxy resin. Once machined, individual faces of the system were
assembled together with PMMA screws and silicone to secure tightly. A confirmation of theoretical
simulations was performed over experimental tests to verify temperature and humidity conditions inside
the incubator.

2.1 From Calculation to Design

The incubator is designed to replace the microscope stage, to avoid any misalignment, and thus resulting
in perfect fixation of the incubator above the illumination source. All parts of incubator are fabricated
with 6 mm thick PMMA to ensure better isolation from external ambience and improved insulation
capabilities, and the humidifier tanks are 3D printed with epoxy resin. The incubator dimensions (210.4 x
102 x 59 mm) as in Figure 1, were evaluated based on the space available on the microscope with
particular attention to the lower layer which has a specific pattern so that it can fit on the stage.

Individual designs of each panel and details are illustrated in Figure 2. The bottom panel has a circular
window of diameter 35 mm and 38 mm, internal and external respectively, designed to allow high
definition and optimal cellular screening in relation to an optical window created on the microfluidic
device. On the ridge of this window is placed a ring made of PMMA of 31, 37 and 3 mm, internal
diameter, external diameter and height respectively. Above the ring is placed a glass slide of thickness
100 pm and 32 mm @, to enrich the visualization effects and to trap the ambience of incubator
environment [29]. On the frontal panel of incubator, a window of 120 x 20 mm is designed to allow the
placement of PMFD exactly on top of a dent of dimensions 85 x 75 mm to tightly secure the device
throughout the experiments.

The mini incubator set up ensures temperature and humidity control suing the temperature sensor DHT22

and k-type cold junction thermocouple. Video Graphics Array (VGA) connector pin placed in the rear
panel, connects the internal circuitry to external power source and controller, thereby isolating the
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incubator off any wires making it a portable device. The rear panel has an additional slot inside which the
micro air pump is placed, housed external to the incubator by a PMMA case designed and built using
micro-milling. The panels of entire structure are fastened appropriately and assembled.

Digital Humidity sensor

e Thermalpad &

Microfluidic Device

Thermocouple

Optical Window

Figure 1. Modular incubator CAD design a-c. a) Full view of the incubator displaying humidifier
tanks, thermal pads, micro air pump and thermocouple with the placement of passive microfluidic device;
b) Section view of the incubator that clearly displays the optical window at the bottom of the incubator; c)
Rear view of the incubator with slots for micro air pump, VGA connector and thermocouple connector
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Figure 2. CAD design of panels a - i. a) Bottom layer with cavities for PMFD and humidifier tanks to
ensure no displacement during experiments; b) A ring-like structure made of PMMA for placement of
PMFD on the OW; c) Frontal panel with slot for entry and exit of the device; d) Window for the frontal
slot; €) Rear panel with slots for positioning the micro-pump and VGA window; f) Removable window
containing the VGA connector; g) Top panel with space for removable window; h) Removable top
window with thermal pads; i) Removable top window

2.2 Humidification System

For best cell culture and other biological studies, proper temperature, gas tension (CO2 / 02 / N2) and
humidity should perform collectively, to provide optimum growth. As right temperature boosts cell
proliferation rates, high relative humidity (RH) as much as 95% - 99% prevents evaporation of growth
media, which is essential in both active and passive systems. All these environmental factors are
employed for healthy cells which express precise protein profiles [28, 30, 31]. When RH is the amount of
water vapor present in a gas at any temperature, the absolute humidity measures the amount of water
vapor present in dry gas at a standard temperature and pressure. Hence, based on the requisite of cell
culture conditions, the perfect attention is upon relative humidity [31].
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To ensure appropriate RH in the incubator presented in this work, a set of experiments were conducted
and validated for accurate standards with respect to the system built. Anyway, being a mini incubator,
different methods to humidify are possible: bubbling, headspace saturation and permeation. Though
difficult, bubbling system is chosen for its feasibility with the incubator design. Subsequent to scrutiny on
stability and integration to this system, a humidifier tank of 38 mm height is manufactured with Objet 3D,
an additive manufacturing technique. The structure can fill a volume of 100 ml each and thus two tanks of
volume 200 ml in total is placed inside the incubator. It is calculated, from previous experiments, a loss of
1 ml volume per hour, hence to withstand a week of incubation. When a stream of gas is bubbled through
water, it is easier to achieve 100% relative humidity [31, 32].

3 Simulations

The simulations for temperature and humidity of ideal conditions are designed using COMSOL
Multiphysics software. The evaluation was idealized by combining materials, physics and type of study
and simulations obtained are comparable to experiments conducted.

3.1 Temperature and Humidity

a Time=5400s; Surface: Temperature (K) s

Figure 3. Temperature and Humidity Simulations a-b. Representation of the temperature trend at
different time points, a) At 5400 s a temperature of 310 K in the central area of the mini-incubator; b) The
system attains the required 100% RH after 600 s

For most biological cells, the ideal temperature for cell growth and proliferation is determined as 37 °C
[33-36]. Hence, this study focused on simulating a temporal trend of temperature inside the designed
structure with an ultimate aim to evaluate the time required to insulate the structure at 37 °C closer to the
PMFD within which the cells act [37]. The water filled in humidifier tanks, thermal pads and external
laboratory conditions are at 35, 50 and 23 °C respectively. A transient study was conducted to determine
the effect of water temperature, . The temperature near the cells in PMFD reaches 37 °C after 90 minutes
and thereafter, remaining stable for the entire duration of experiment. Similarly, transport of humid air is
set with the initial value of RH = 0.2 and top faces of humidifier tanks are considered as wet surfaces due
to the presence of warm water with an evaporation rate = 100 m/s. With the set values, transient study
generated a custom mesh and generated a simulation (Figure 3).

4 Control and automation Unit
Automation and integration play key role in this study as the system had great scope with a variety of
components involved, as described in the schematic Figure 4.

4.1 Temperature and Humidity Control

The microfluidic platform demands high precision in temperature, humidity and CO2. Hence the built
mini incubator should match and highly tune the microenvironment inside the chamber. The temperature
is to be set at a desired point and it needs to be controlled. The entire platform is controlled and processed
by Arduino — a microcontroller which offers a prodigious opportunity for customization. Arduino

97



International Journal of Scientific Engineering and Applied Science (IJSEAS) — Volume-6, Issue-11, November 2020
ISSN: 2395-3470
Www.ijseas.com

IJSEAS

Interface program, written in C language, integrated the microcontroller and components inside the
incubator.

4 THERMIAL
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RELAY | LD
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MICROAIR “HEATER - ON
St DHT22 o]

Figure 4: Automation Schematic. The ARDUINO UNO controls the entire system of thermal pads (via
relay), temperature and humidity sensor (DHT22) and thermocouple; Figure 5: Control Flowchart. The
control unit is programmed with microcontroller, which reads signals from sensors and converts to
voltages to display temperature and humidity data. Relay works on decisions made with the actual
temperature against the set temperature values

A temperature sensor (Digital Humidity and Temperature sensor — DHT22) coupled to a k-type cold
junction thermocouple connected to power supply act as control unit. A relay mechanism is in place to
turn on/off the thermal pads according to the set temperature values. However, the maximum heating
temperature of thermal pads is 50 °C which was sufficient to heat up the entire incubator environment
within few minutes. It is also important to note that the heating effect of thermal pads did not cause any
damage to the PMMA layers, because the glass transition temperature of PMMA is 110°C [38]. As
discussed earlier, RH, in addition to, temperature is controlled with a micro air pump connected to a relay
and power supply. The air pump fits tube (TYGON R3607) that is immersed into the humidifier tanks
produce bubbles required to humidify the microenvironment, which is precisely monitored by DHT22. A
circuit box is designed to contain all the circuitry without any hindrance to the microscope observations.
The control unit is designed as a graphical user interface (GUI) using NI LabVIEW, replicating the
complex logic of the schematic, where a single user-friendly window to acquire data from DHT22 and
thermocouple. A flow chart visually explains the flow of procedures followed in data acquisition, control
and display (Figure 5). Moreover, the GUI allows a user to modify the temperature and humidity values
according to their specific needs, thus being flexible to be used across cross-platforms.

5 Fabrication and Assembly

The designed mini incubator was manufactured using mechanical micro-machining and 3D printer. The
individually developed components were assembled and secured tightly to endure long-term application.
The incubator was made of PMMA of 6 and 2 mm thickness for faces and frontal window respectively.
OBJET 3D from Stratasys, was deployed to fabricate humidifier tanks as the structure was quite complex
to be done with micro-milling. VeroClear (RGD810) — a transparent resin comparable to the properties of
PMMA and support material "SUP705" were used for the structure. High-pressure water cutter was used
to clear off all the residues from the final clear structure. The components from micromill and 3D printer
were hand-finished and cleared off any impurities during the assembly phase (Figure 6).
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Figure 6. Fabricated Incubator parts a-f. a) Front panel with the slot for window to place PMFD; b)
Bottom layer with the window for imaging and ring for placement of PMFD; c) Top window with
electrical connections for thermal pads; d) Top removable window with thermal pads and copper
connections for electrical conductivity; e) 3D printed humidifier tanks with the structure for fixation of
bubbling tubes; f) Final assembled mini incubator

6 Experiment and Results
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Figure 7. Data sheet of incubator performance
obtained with the initiation of the circuit is listed in the table. It is evident that RH attained 100% in 5 min
whereas temperature reached 37°C after 4 hours; (Right) from the experiments, the system had a better
initiation and recovery protocol as the circuit was programmed with a feedback mechanism to avoid

fluctuations

and RH and temperature graph. (Left) Values

Figure 8. Fluorescence imaging through incubator from an inverted microscope a-b. A passive
microfluidic device placed inside the incubator atop the optical window for cellular screening studies; a)
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Jurkat cells labeled with FITC, viewed under fluorescence microscope through the optical window of the
incubator. A PMFD without optical window exhibits high auto-fluorescence resulting in poor visibility of
cells; b) Optical window created on a PMFD, with an optimal fluorescence imaging

The assembled mini incubator was placed on the microscope stage to carry out an experimental validation
of the parameters to be checked to mimic the cellular microenvironment. The humidification system was
improvised as follows: Holes were punctured with a 0.4 mm @ needle at 30 mm distance in the tube. The
tubes were connected from micro air pump positioned on the rear panel and hence an air flow of 0.7 I/min
is generated inside the tanks. In addition, two tubes filled water at 35 °C in the humidifier tanks from rear
panel, connected to a syringe. An external cylinder of 5% CO2 is connected to the system, thereby
fulfilling the basic conditions of cell environment.

Once the electrical circuits are connected, DHT22 and thermocouple started to acquire initial data and
displayed on LCD panel, mounted on the circuit holder box, specially fabricated for this system. When
the top removable window holding the thermal pads was positioned atop the upper panel, the circuit
started to function according to the set parameters on GUI, and the entire system was isolated and ideal
microenvironment developed inside the mini incubator. A graph is generated to represent the initial
conditions of the ambience inside the mini incubator illustrated in Figure 7. With the desirable conditions
acquired, like temperature of 37 °C and RH of 100%, a set of cell experiments were performed inside the
mini incubator. Moreover, the incubator was coupled to an inverted microscope and hence, imaging was a
challenge using a 6 mm thick PMMA for incubator, that produces autofluorescence. There was no
possibility of compromise on the thickness because insulation of the incubator ambience from the external
is of prime concern. This was later overcome with the optical window milled at the rear side of the
incubator in relation to a similar window created in the PMFD. The depth of the optical window allowed
full imaging resolution as it was determined carefully considering the working distance of the microscope
objectives. As an outcome, fluorescence imaging was also possible with high resolution and better details
(Figure 8).

7 Conclusions

Incubators predominantly maintain a constant temperature, however additional features are built in. In
this study, a mini incubator is designed and developed with automation capabilities that houses passive
microfluidic devices for cellular screening and cultures. The most attractive feature comes with the low-
cost and yet transparent material of fabrication, PMMA. This makes the device more affordable and
expandable. Reproducibility is extraordinary with the incubator, by which, devices of any cellular
investigations could be integrated as there is tight control over the environment and flexibility in ambient
conditions, provided by automation. Robustness is another feature of this incubator as it resists against
perturbations and yet maintains the ambient conditions. This incubator could be easily handled by
biologists, with no much hassle in placement of loaded PMFDs, electrical circuitry and GUI.

The experiments carried out on the final product confirm its reliability and efficiency at attaining the
temperature at 37 °C after 240 minutes and the relative humidity at 100% after 5 minutes. The incubator
is totally portable because all the electrical cables are carried outside only through connectors fixed on the
rear panel, and the circuit box is connected via USB port to computer. Therefore, the experimental
confirmations have respected the design features set initially, and the results are compliant with
computational simulations and experiments. With a microscope stage-top incubator discussed in this
work, it is easier to share the microscope for other research activities just by lifting it away whereas a
dedicated system has little scope for portability and sharing.
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