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Abstract

:

The integration of Raspberry Pi miniature computer systems with microfluidics has revolutionised the development of low-cost and customizable analytical systems in life science laboratories. This review explores the applications of Raspberry Pi in microfluidics, with a focus on imaging, including microscopy and automated image capture. By leveraging the low cost, flexibility and accessibility of Raspberry Pi components, high-resolution imaging and analysis have been achieved in direct mammalian and bacterial cellular imaging and a plethora of image-based biochemical and molecular assays, from immunoassays, through microbial growth, to nucleic acid methods such as real-time-qPCR. The control of image capture permitted by Raspberry Pi hardware can also be combined with onboard image analysis. Open-source hardware offers an opportunity to develop complex laboratory instrumentation systems at a fraction of the cost of commercial equipment and, importantly, offers an opportunity for complete customisation to meet the users’ needs. However, these benefits come with a trade-off: challenges remain for those wishing to incorporate open-source hardware equipment in their own work, including requirements for construction and operator skill, the need for good documentation and the availability of rapid prototyping such as 3D printing plus other components. These advances in open-source hardware have the potential to improve the efficiency, accessibility, and cost-effectiveness of microfluidic-based experiments and applications.
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1. Introduction


Open-source hardware has gained increasing attention in multiple scientific fields and notably in microfluidic lab-on-a-chip research and applications [1]. Free open-source software and hardware (FOSS and FOSH) now offer the opportunity to develop affordable scientific devices and laboratory equipment [2,3,4] in-house. FOSS is software in source code format that people can use, review, modify, and improve with or without certain license restrictions [5]. FOSH, on the other hand, provides information about the bill of materials, technical and user instructions, 3D CAD designs and all the information needed to rebuild a device [5,6]. The growth of FOSH and its use in research laboratories has increased in recent years, and it is currently following the rise of FOSS with a 20-year lag [6]. This provides an opportunity to reduce experimental costs for science and engineering [3], but the transparency and open publication of instrument design offers also benefits in research reproducibility. Such open-source materials could make scientific equipment much more accessible for research and the researcher [5]. In short, this open-source approach allows scientists to share, use and improve their hardware and software designs, with the aim of helping rapid scientific progress [7]. Alongside the use of open-source hardware and rapid prototyping tools such as 3D printing [8,9,10,11], the rise in the use of low-cost single-board computers has seen the Raspberry Pi become popular amongst a variety of disciplines within life sciences. A notable example, which is the focus of this review, is the use of Raspberry Pi hardware for microfluidics. Microfluidic device developers require hardware and software to build custom detection systems and for the analysis and interpretation of signals.



Potential Benefits and Limitations of Open-Source Technologies


FOSH and FOSS technologies have some advantages compared to traditional “closed” or proprietary product designs: (a) in addition to being free of charge, the designs are developed by users who have strived to ensure the instrument is appropriate to a particular scientific task or application; (b) building your own experimental equipment provides a more comprehensive understanding of the principles behind the design, and better recognise any analytical limitations of such equipment; (c) manufacturing is immediate and local, empowering laboratories worldwide and potentially avoiding dependence on commercial instrument suppliers; and (d) open-source hardware and manufacturing has become a global phenomenon that allows the hiring of gifted hardware designers and software programmers to assist in creating cutting-edge products [6,12]. The community around open-source hardware can be found building detailed written and video tutorials online, allowing non-experts to recreate and remix designs.



However, a FOSH/FOSS equivalent is not available for all proprietary scientific equipment. Furthermore, not every scientific group is capable of manufacturing, using or maintaining open-source devices or software; this limitation may be further limited by the availability of good documentation (Figure 1). Finally, quality assurance and reliability are major difficulties for manufacturing FOSH [6].





2. Raspberry Pi/Pi Camera System


The 21st century commenced with the ascent of open-source and cost-effective software/hardware solutions, leading to the introduction of electronic prototyping tools like the Arduino microcontroller board for applications in fluid flow control systems [13,14,15,16,17,18,19,20] and droplet microfluidics [21], along with the Raspberry Pi single-board computers [22] used in colour and fluorescence detection, direct cellular image-detection systems and microscopy, and droplet microfluidics. Open-source hardware has been used for several aspects of microfluidic research and development, including pump and flow systems [13,14,15,16,17,19,20,23,24,25,26,27,28,29] and temperature control [30]. However, imaging is a key component of biological research—from microscopy to tracking optical readouts—and although there are many diverse approaches to sensing of biosystems, optical-based biosensors are one of the most widely used [30,31]. While many microfluidic systems intended for portable/low-cost applications are optimised to be read by eye, many require more complex optics, include features too small for direct visual readout, or benefit from digitisation and quantitation. Raspberry Pi, a low-cost mini-computer with accessories, has been increasingly frequently used in biological research [32], attracting attention especially with its different camera modules (GBP 25 to GBP 60) [1].



Raspberry Pi mini-computers offer different features that can be exploited for a variety of applications (Table 1, Figure 2). We can list these mini-computers as Raspberry Pi Pico (GBP 4.80), which is a small, fast and versatile board built using the RP2040 microcontroller chip; Pi Zero (GBP 5); Pi Zero W (GBP 15), which expands the Zero family with wireless LAN and Bluetooth connectivity; Pi Zero 2 W (GBP 20.50); Pi 1 Model A+ (GBP 20); Pi 3 Model A+ (GBP 25); Pi 3 Model B (GBP 40), which comes with 1.4 GHz 64-bit quad-core processor, dual-band wireless LAN, and Bluetooth 4.2/BLE features; and finally the Pi 4 (GBP 35 to GBP 75), which comes with a 1.5 GHz quad-core CPU and offers four different options, 1 GB, 2 GB, 4 GB, and 8 GB. The Pi 5, which will be released in October 2023, represents a substantial improvement over the Pi 4, boasting a faster processor, enhanced graphics, and speedier memory. The Pi 5 offers enhanced RAM with higher bandwidth and faster VideoCore VII GPU clocked at 800 MHz, supporting OpenGL ES 3.1 and Vulkan 1.2. It also incorporates a new image signal processor to handle camera data. Additionally, the Pi 5 increases its I/O bandwidth compared to the Pi 4. The microSD port on the Pi 5 supports HDR 104 high-speed mode with UHS-1 microSD cards. While the Pi 4 can read at 40–50 Mbps, the Pi 5 doubles the speed, reaching 80–90 Mbps. Moreover, the Pi 5 has two USB 3.0 ports, each with a dedicated 5 Gbps bandwidth. Additionally, the updated power supply provides extra amperage, increasing from 3A to 5A, allowing the Pi 5 to support more such devices [33].



One of the powerful features of these mini-computers is the general-purpose input/output (GPIO) pins lined up along the top edge of the board (Figure 2). There are two 5 V pins and two 3.3 V pins, as well as a set of ground pins (0 V) on the board. All remaining pins are general-purpose 3.3 V pins, and any of these pins can be assigned to the input or output pin on the software and can be used for various purposes [34]. Imaging usually requires lighting, but the built-in power pins on the Raspberry Pi are limited to only 5 V. In most cases, an external power supply is required for lighting.



Various camera modules are available from Raspberry Pi (Table 2, Figure 2). The Raspberry Pi Camera Module 2 (GBP 28.50) replaced the original Camera Module, offering improved features and performance. The Pi Camera Module 2 NoIR (GBP 28.50) is designed for low-light conditions, utilising infrared technology for image capture. With a 12 MP sensor and autofocus capabilities, the Pi Camera Module 3 (GBP 36) provides versatile functionality. The Pi Global Shutter Camera (GBP 50.20) is specialised for capturing rapid motion with its 1.6-megapixel sensor. Lastly, the Pi High-Quality Camera (GBP 57) features a 12.3-megapixel Sony IMX477 sensor, back-illuminated sensor architecture, adjustable back focus, and compatibility with C/CS mount or M12 mount options, ensuring adaptability and versatility for different setups (Figure 2) [33].



The Raspberry Pi computer/camera system has been used in conjunction with microfluidics for different biological studies, ranging from colour and fluorescence detection [37,38,39,40]; for direct cellular image detection and microscopy [39,41,42,43,44,45,46]; for time-lapse imaging [47]; and for droplet control microfluidics [1,48,49,50,51] (Table 3).




3. Open-Source Technologies in Microfluidic Research


The development of microfluidic systems often requires the use of novel or customisable equipment such as imaging systems or other data capture, liquid handling, controllers, the actuation of valves and pumping, and analysis software. By leveraging open-source technologies, researchers can access and adapt these tools to meet their specific needs, enabling greater flexibility and potential for rapid advancements in both microfluidics research and utilisation of microfluidics for other life science research.



In biological science, image detection systems and microscopes are powerful tools that provide the visualisation of cells, structural analysis, and the interpretation of experimental outputs such as changes in colour, enhanced fluorescence, or luminescence, playing a vital role in the medical diagnosis and treatment of various diseases [45].



Microfluidic devices allow the processing of very small volumes of sample liquid, reducing biological waste and often reducing dead volume, and minimising the use of expensive reagents [1]. There are multiple potential benefits of the distinctive fluid mechanics at sub-millimetre-length scale that have been exploited to reduce assay time, for separation or compartmentalisation, and for many other methods. These miniature devices also address challenges including portability, cost, analysis speed, and the reliance on specialised personnel, offering a potential future of cutting-edge approaches for diagnostics and treatment [58]. Microfluidic devices have the potential to miniaturise complex fluid manipulation in low-cost small packages [26]. These devices have the potential to offer a decentralised diagnostic alternative with simplified operation and the ability to quantify physiological parameters, overcoming limitations associated with conventional manual laboratory-based systems [58]. Open-hardware technology has shown that, for many applications, the in-house development of bespoke instrumentation using readily available low-cost components and materials can increase the quality and numbe of data from developmental systems and prototype devices, thus speeding up development and delivering a stronger evidence base.



Of particular importance, FOSH has been used extensively in microfluidic research to demonstrate the potential for assay miniaturisation to deliver Point-of-Care (PoC) diagnostic tests. These include the detection of nucleic acid, proteins, live/dead bacterial pathogens, viruses and more. In this review, we consider the use of open-source imaging systems on microfluidic studies. With the design of certain accessory attachments to low-cost, high-quality cameras (typically based on inexpensive modules developed for consumer photography), these can be used to carry out and record the results of analytical biosensing, helped greatly by the ever-increasing capabilities, ease of use and availability, and computing power of single-board computers such as those from the Raspberry Pi family.



3.1. Colour and Fluorescence Detection in Microfluidics


In many systems, the detection of biomolecules occurs via the indirect detection of colour or fluorescence changes, with the most frequent examples including enzyme-linked immunosorbent assay (ELISA) and polymerase chain reaction (PCR) but also including many other biochemical reactions or interactions. These have included the detection of specific bacteria and pathogens [53], the presence of proteins or nucleic acid biomarkers [38,40,52], and the monitoring of mammalian [37] and bacterial cell growth [59]. These assays and biosensors can be miniaturised using microfluidics and then monitored using open-source hardware systems. Depending on the size and resolution required of the microfluidic system, different Raspberry Pi camera modules may be required. Including time-resolved imaging (video and time-lapse) allows improved sensing that can extract further information such as kinetics, delivering more information than single timed endpoints. In many examples, devices aimed at Point-of Care/field applications, colour changes, and therefore test results, may especially benefit from being read by eye, thereby avoiding the need for instrumentation. However, the use of imaging allows digitisation, result recording and potentially the quantitation of results.



Such colour-based microfluidic tests include a paper microfluidic system to detect the albumin-to-creatine ratio in urine. Regular urine examinations are crucial for identifying potential kidney and urinary system disorders [52]. While there are several different methods available to determine the concentration of creatinine (CRE) in human urine, such as gas chromatography, liquid chromatography–mass spectrometry, colour spectrophotometry and electrochemical sensors, there are also methods like high-performance liquid chromatography, capillary electrophoresis, chemiluminescence and light scattering to determine the concentration of albumin (ALB) in urine. However, due to it complexity, time-consuming nature, cost, and the need for large devices and the intervention of skilled technicians associated with both ALB and CRE concentrations detection using these analytical techniques, there is a significant need for more affordable, simpler, and portable solutions. The average price range for commercially available devices typically varies between USD 2000 and USD 200,000. For this reason, researchers have presented a platform utilising a paper-based microfluidic chip that integrates with a Raspberry Pi-based detection system. The new detection system, on the other hand, can be built for an average of USD 130. The chip contains two colour bars (2.5 × 2.5 mm) for the determination of ALB and CRE concentrations using the colour change upon the addition of the analyte to bromocresol blue and picric acid for the detection of ALB and CRE, respectively. These bars can be used for the assessment of ALB and CRE concentrations through a simple inspection by the naked eye; however, for accurate measurement, the RGB intensity signals of the reaction complexes were imaged using an eight-megapixel Raspberry Pi camera and RGB colour intensity of the images analysed using a Raspberry Pi computer-based system [52]. The system was fully contained in a handheld device consisting of a Raspberry Pi 4B model computer, a Raspberry Pi Camera, a temperature controller, a touch switch module, a voltage controller, two rectangular LED white light sources, and a lithium battery, with dimensions of approximately 150 mm × 75 mm × 40 mm and a weight of around 492 g. Additionally, the system featured an insertion slot for the sliding microchip, which had five layers and measured approximately 50 mm × 20 mm × 4.5 mm in size and a Raspberry Pi smart tablet positioned on the detection box to visualise the detection results for ALB and CRE concentrations [52]. All components hat were mounted in and on the detection box were controlled by Raspberry Pi.



Immunoassays are a robust method for bacterial detection, offering advantages such as easy readout, simple instrumentation, and non-contact detection; microfluidic chips have played a significant role in combining immunoassays with various analytical platforms, capitalising on their miniaturisation, integration, and automation capabilities over the past few decades [53].



Researchers have introduced a colourimetric immunoassay for diagnostic purposes using Raspberry Pi to manage solutions, rotate the turntable and analyse images. The solutions were controlled automatically via a custom-developed application on Raspberry Pi (4 B) by employing precise peristaltic pumps for tasks like injection, mixing, incubation, washing, and reaction. The Raspberry Pi camera was utilised in a darkroom to capture images of the catalysate, which were subsequently analysed using a self-developed application. All steps involving separation, labelling, catalysis, and detection were executed automatically once the “Start” button on the application was pressed. The experimental results showed that this biosensor successfully detected Salmonella Typhimurium in a range from 1.5 × 101 to 1.5 × 107 CFU/mL within just one hour, achieving a notable lower detection limit of 14 CFU/mL [54].



In the following year, the same research team improved the colourimetric immunoassay to analyse the colour transformation and accurately quantify the presence of target bacteria (Salmonella typhimurium). Hydrogen peroxide (H2O2) was employed for the purpose of etching silver nanoparticles (AgNPs) in order to release Ag+ ions within the context of the colourimetric immunoassay. The colourimetric signal experienced a significant decrease as a result of the specific and efficient suppression of the peroxidase-like activity of platinum nanoparticles (PtNPs) by Ag+ ions. An alteration in colour was detected on a microfluidic platform that was designed to automate the entire process of bacteria detection. The microfluidic platform comprises several key components, including the microfluidic chip, the stepping motor, the Raspberry Pi, the injection pump, and the camera. These elements together form the internal structure of the platform. The complete bacterial detection procedure was seamlessly carried out within a microfluidic chip placed on a specialised platform with full automation. The Raspberry Pi served as the central control unit for all the electronic components, while an app was developed in the Python environment using the PyCharm IDE and the OpenCV function library. This App encompassed three main functions: firstly, the automatic control of the stepping motor to rotate the columnar chamber and connect the desired channel; secondly, the automated control of the injection pump for tasks such as injection, pipetting and mixing; and thirdly, the automatic collection of tetramethylbenzidine (TMB)-oxide images within the colouring chamber under white LED lighting, followed by the analysis of saturation levels to determine the bacterial concentration [53]. The microfluidic biosensor and the combination of a colourimetric immunoassay with a microfluidic platform proved successful in detecting Salmonella typhimurium at low concentrations [54]. These findings demonstrate the potential of using Raspberry Pi and microfluidics together for detecting various pathogenic bacteria.



Protein C is a proposed biomarker for sepsis, caused by bacteria in the blood. The rapid and accurate detection of Protein C in blood plasma may give information beneficial to patient outcomes. One such microfluidic chip uses immunoassay detection of Protein C. On-chip immobilised metal affinity chromatography (IMAC) was used to separate Protein C from patient plasma. In this system, the camera images fluorescent changes on the chip in ~2 mm diameter circular compartments. The setup utilised a Raspberry Pi and camera connected to a Nikon fluorescence microscope [38]. However, based on the size of the area imaged, the readout could be adapted to a Raspberry Pi camera module, with the addition of excitation LEDs and emission filters.



The Raspberry Pi V2 camera module has been used in many systems [38,47,55,56]. A channel-based system used the Raspberry Pi V2 module to image colourimetric changes in 0.3 mm wide capillaries [7,55]. The camera imaged multiple capillaries at once, capturing the change in resazurin from blue to pink following the growth of bacteria. However, this system did not use any additional lens. Indicating reasonable resolution of the camera module alone on small areas of detection, however, the number of pixels per detection area will be reduced and may introduce more variation in the data. The resolution required for each system needs to be assessed based on each setup.



A sensor system is presented to directly monitor the metabolism of mammalian cells by measuring the uptake of oxygen; it is designed to meet the specific requirements for usage in biolabs. A Raspberry Pi camera is equipped with an optical filter with a cut-off wavelength at 600 nm, and this optical setup combines the camera with an excitation LED. The system fulfils the requirements for reliable oxygen sensing, a small footprint, compatibility with materials, high integration, and automation, achieved through a microfluidic chip with an integrated oxygen-sensitive film, a heater, a temperature sensor, an external optical read-out, and 3D-printed holders and housing. The oxygen-sensitive film decreases phosphorescence with increasing oxygen levels, which were measured using an excitation LED and a Raspberry Pi camera. The chip, fabricated using clean-room technologies, combines silicon and glass, while an excitation LED and a Raspberry Pi camera enable accurate determination of dissolved oxygen concentration within a wide range of oxygen levels and temperatures. The complete chip measures 9.5 mm by 11.5 mm by 0.9 mm3 in size. Light intensity measurements for the phosphorescent signal are performed using a small Raspberry Pi camera as the readout mechanism. The closed housing and closed-loop control of the excitation LED are employed to minimise measurement errors, including background light [37]. The optical read-out system, comprising a camera and an excitation LED, offers a cost-effective and accurate solution.



A Raspberry Pi-based device has been developed to predict the relative viscosity of test fluids by measuring the real-time velocity using video analysis [40]. The change in greyscale values within a defined region of interest (ROI) was quantified, enabling the calculation of time and the subsequent determination of viscosity values. The Raspberry Pi was programmed to perform real-time image processing for automated viscosity measurement on paper microstrips with colour pads. It was housed in a 3D-printed box along with a Pi camera module and display, enabling it to be conveniently used as a handheld device. The Raspberry Pi incorporates a microprocessor with a dedicated camera port for real-time video capture and processing. The image analysis was performed on the Raspberry Pi, and the program running on the microprocessor detected and recognized the circular pads, marked in blue and green, located next to the microchannel, which serve as the ROI to be extracted from the video frames. The time taken by the fluid to cover a fixed length between two spots in the microchannel was calculated as he viscosity based on the programmed and color-coded ROIs. The accuracy level of the new Pi-based device was calculated by comparing the viscosity values produced by the device with a benchtop rotational viscometer, and this value was determined to be ±8%, indicating an overall accuracy of 92% [40].




3.2. Direct Cellular Image Detection Systems and Microscopy


There is a growing demand for a compact, portable, cost-effective, and high-performance microscope capable of the real-time imaging of cells and lab-on-a-chip devices for use in Point-of-Care diagnostics [60]. However, digital microscopy requires precision hardware, complex components and lighting.



Image sensor-based mini-microscope systems have been developed and successfully utilized within conventional cell culture incubators [30,46]. In one study, a cost-effective and versatile platform was developed for monitoring cell behaviour in an incubator and on lab-on-a-chip devices. With this system, long-term cell behaviour was captured, enabling real-time image processing for the analysis of cell proliferation rates, while the high-speed image-capturing capability of the mini-microscope was demonstrated through the examination of droplet generation in a continuous microfluidic system. A mini-microscope (16 cm × 6 cm × 6 cm), which is equipped with the capability to provide livestream video for remote monitoring, was built using Raspberry Pi Model B+ and a 5-megapixel complementary metal oxide semiconductor (CMOS) a Raspberry Pi camera module. To optimize the imaging capabilities, modifications that enabled the system to achieve a clear field of view and suitable magnification for objects on the scale of tens of micrometres were made to a camera module, including the adoption of an inverse dual-lens system. The recording of video clips is enabled by a Raspberry Pi camera module, offering various frame rates of 7, 30, 60, and 90 frames per second (FPS), and corresponding resolutions of 2592 × 1944, 1920 × 1080, 1280 × 720, and 640 × 480 pixels, respectively [46].



An agglutination lab chip with a lens-free CMOS image sensor, employing the OV8833 sensor from Omni Vision, for example, was developed for POC testing. Deionized water, type A Rhesus (Rh)-positive blood, and type B Rh-positive blood were tested using the CMOS image mini-system, and the Raspberry Pi (3 Model B) was employed to capture and analyse the images of the microfluidic system. The function of this finger-operated chip was demonstrated by blood typing (ABO and Rh). Compared to existing automated blood-analysis methods, the low-cost and portable lab chip combined with CMOS image sensing can easily be performed with very small amounts of blood samples without the need for experienced/trained personnel. While building the agglutination testing system, the researchers aimed to obtain results quickly, minimize the errors of untrained personnel and perform the aforementioned portable agglutination test inexpensively [43].



A flow-rate-based paper microfluidic assay was presented to assess the quantification of whole blood coagulation in a rapid, straightforward, low-volume and cost-effective manner. For monitoring and analysing the assay, researchers developed a device based on Raspberry Pi technology. The device consists of a Raspberry Pi 3, a 7-inch touchscreen display, and a Raspberry Pi camera module, enclosed within a 3D-printed case. The microfluidic device can provide personalized dosing information for anticoagulants and their reversal agents. The device captured images of the paper microfluidic chip at predefined time intervals. These images included overlays with details such as the tested drug, the concentration and the specific time point [44].



Thus, by building lab devices such as image-detection systems and microscopes by making use of open-source hardware, each researcher will be able to build their own equipment, saving time and money.



In some cases, the FOSH version of existing laboratory hardware is developed and used by multiple users for different applications [41]. The OpenFlexure microscope (OFM) has been used to image both bacterial [42] and mammalian cells [61]. The 3D-printed, laboratory-level automated OFM has been designed to increase accessibility to microscopy. The fully 3D-printed design enabled low-volume production and easy maintenance and repairs. OFM has a Raspberry Pi camera V2 (8 MP CMOS sensor) for digital imaging. OFM focuses on delivering accurate 3D movement for the precise focusing and positioning of samples. This is achieved through a thoroughly characterized flexure mechanism, enabling three-axis positioning with exceptionally small step sizes of 50 nm in the z-axis and 70 nm in both the x- and y-axes. Although the design has a limited load capacity that is not suitable for very large or heavy samples because of plastic construction, the range of motion and load capacity is sufficient for most microscopy applications. The researchers presented various imaging techniques using the OFM, including brightfield imaging with both epi- and trans-illumination, polarised light microscopy, and multi-channel fluorescence imaging. The OFM obtained high-resolution images of a Giemsa-stained blood smear, enabling the clear identification of individual red blood cells and ring-form trophozoites of Plasmodium falciparum, demonstrating its suitability for malaria diagnosis [41].



OFM project can be considered as a good example in terms of documentation. By creating both a website and a repository on GitLab, the microscope builders have provided easy access to the information needed by anyone who wants to build the OFM. The wealth of content on the site and in the repository includes items such as a bill of materials, assembly instructions with diagrams, STL files, an interactive view of the microscope and software. In this way, anyone interested in the project has access to detailed documentation that guides them step-by-step and allows them to understand the structure and operation of the project. Researchers [42] external to the OFM project have demonstrated the use of OFM for other applications, including evaluating novel antibiotic susceptibility tests. The system used microcapillaries filled with soft agar in the presence and absence of different antibiotics. The OpenFlexure Microscope recorded motile bacteria swimming into the capillaries in the absence of antibiotics, and if susceptible, the bacteria showed a reduced ability to swim into the antibiotic-containing capillaries [42].



Other studies use Raspberry Pi controls to enhance the use of commercial microscopy systems. Cellular imaging and the detection of circulating tumour cells in human whole blood, for example, can be helpful for the early detection of cancer and monitoring the effectiveness of treatments. In the realm of existing imaging flow cytometry, the detection apparatus exhibits substantial size and cost. In order to obtain results, samples must be transported to the laboratory after collection and processed and analysed by trained personnel, followed by long analysis cycles and complex procedures. To address these problems, researchers have proposed a portable, cost-effective, and automated imaging detection platform that combines a microfluidic chip and an image-acquisition module with a portable lens. Samples are made to flow through a channel, and the camera images cells and particles as they flow through. Rather than scatter data collected using traditional flow cytometry, cells are classified using image analysis. The entire system is controlled and the data processing is performed using an embedded Raspberry Pi platform. It is capable of capturing clear images of human blood cells, tumour cells and microspheres of various sizes [45].



In another microscope study, a control was also provided using Arduino in addition to a Raspberry Pi. In this study, the open-source microscope employs a Raspberry Pi equipped with an eight-megapixel Pi camera module V2. Additionally, an Arduino microcontroller is utilised to control the stepper motors and illumination. All operations can be managed either through a keyboard linked to the Raspberry Pi or through a specialised Arduino control interface connected to the mainboard. The primary structure of the microscope is constructed using LEGO bricks. Afterward, a straightforward fluorescence imaging setup was built specifically for capturing images of microfluidic chips. To visualise the chip, a Hayear C-mount objective lens with magnification ranging from 5× to 120×, paired with a 12.3 MP CMOS imager (the Raspberry Pi HQ camera), was used. This setup allowed the researchers to directly capture images within the field of view. In front of the lens, a FITC emission filter (Nikon 515–555 nm) was attached to a 3D-printed housing to illuminate the chip from above [39].



Building a portable and cost-effective cell-detection platform that can be used outside of the lab environment and can complete tasks such as imaging, automated analysis and analysis results access without the need for trained personnel is an ideal approach to addressing challenges related to dependence on trained personnel, high costs, time-consuming and complex test procedures, as well as data analysis and accessibility [45].



High-resolution microscopy to resolve individual cells requires more complex equipment and components, such as lenses, objectives and specific lighting. Even if open-source materials are well documented, such systems are sensitive to small changes in build movements, making it harder for non-experts to build such equipment.




3.3. Time-Lapse Imaging


Many experimental systems require or benefit greatly from time-resolved data. Without easily controllable imaging systems, time-series data are highly laborious and time-consuming for the researcher. In many cases, smartphones have been used for capturing and analysis in microfluidic systems [62,63,64,65], but they are impractical for time courses because custom holders need to be used, the systems are not always open-source or they are semi-open systems that combine elements of both open-source and proprietary technologies. Camera settings can be complex to control and are powered with batteries, so they may not be useful for long experimental times. Of note, the Raspberry Pi camera module V2 has similar characteristics to many smartphone cameras; therefore, many experimental setups imaging with a smartphone are likely to be compatible with a Raspberry Pi system. These time-lapse imaging systems need to control the frequency of imaging, different lighting capacities and the control of external light sources, which can be accomplished through simple python code.



While many examples use time series data and capture images using Raspberry Pi and a Pi camera module over time, these are often application-driven. One example is the “PiRamid”, an imaging system that was designed to be used with multiple applications in mind. In a microfluidic example, the PiRamid follows the testing of bacterial growth and antibiotic susceptibility, imaging the colour change of a metabolic dye in microcapillary chips. The PiRamid exploits the use of open-source 3D printing to producean imaging device that is fully customisable and capable of imaging conventional plastic consumables such as microtitre and agar plates alongside commercially available microfluidics such as microcapillary film [47]. The design centres around the simple-to-use and low-cost Raspberry Pi 3 Model B+ single-board computer system and Pi Camera Module v2. In the PiRamid design, the V2 camera is positioned 95 mm away from the subject, resulting in a viewing area for samples measuring 116 mm × 86 mm. These samples are illuminated in brightfield using a white backlight area of 100 × 850 mm. Through the use simple python script programming controlling the camera capture and LED backlight, we see the combination of FOSH and microfluidics producing a compact, low-cost, and high-performance system for automated laboratory imaging. The Raspberry Pi is also capable of directly powering 5 V LEDs; however, for higher voltage lighting, the Pi can be used with separate power supplies and relays. The system is packaged together in a closed imaging box, which stops external light interfering in imaging, making images more reproducible.




3.4. Digital Biomolecule Detection: Droplet Microfluidics


Droplet technology is used in many fields, from drug screening to single-cell analysis, DNA/RNA sequencing and the creation of artificial synthetic cells [51]. Imaging of droplet and microcompartments may include colour and fluorescence changes; however, these compartments tend to be very small and differ from other imaging systems, as they often involve flow. Imaging feedback can also be used to control droplet formation.



The behaviour of dispersed droplets in a liquid phase is significant in various industrial and technological applications, including liquid–liquid extraction, emulsion formation, wastewater treatment and hydrometallurgy [48]. Understanding the hydrodynamics of individual droplets and their interactions is essential for improving the efficiency of these processes [48]. In laboratory experiments, controlling the formation of droplets with specific diameters and detachment frequencies is crucial for studying droplet dynamics, collisions and emulsion film formation under dynamic conditions [48]. In recent years, droplet microfluidics has attracted attention in different fields because they offer high-throughput systems and sensors with high framerates per second with low sample usage and reagent-consumption rates. In a conventional droplet microfluidic measurement system, droplets can be observed with a microscope–camera combination [1]. Droplet microfluidic systems tend to become more complex and need customisation; thus, customizable, low-cost and open-source hardware systems can solve this issue [1]. Microfluidic devices have emerged as the preferred method for generating single droplets in a liquid phase, thanks to extensive research and documentation on their fabrication and modification and precise control over droplet size and generation rate [48].



A low-cost, portable device controlled by Raspberry Pi was built to image microfluidic droplets and analyse droplet properties in lab environments [51]. Droplets were generated on a T-shaped chip and flowed into a compartment for imaging and analysis. In order to analyse droplet properties, droplet intensities were plotted against 1/40, 1/20 and 1/10 dilutions of black dye concentrations. A total of about 500–700 droplets were detected in each chamber based on the flow rates they produced. It was observed that at different flow rates of the dye, the droplet size exhibited an increase in diameter, ranging from an average of 78.3 μm to 94.1 μm to 107.6 μm. This low-budget device allows high-throughput droplet production to be observed in microchannels and automated droplet analysis. The setup utilised a Raspberry Pi (3, Model B+) as the main device for executing programs and storing data, a Raspberry Pi camera (Module V2) in conjunction with a macro lens (20×, AUKEY) for capturing detailed images of the microchannels, and an LCD (UCTRONICS 3.5 in. touch screen) for the real-time display of live and recorded images (default resolution of 3280 × 2464) and videos (120 fps for 10 s), with the total cost amounting to approximately 100 USD (in 2019) [51]. In another study, researchers conducted a comparison of three affordable imaging sensors (Raspberry Pi V2, Raspberry Pi HQ and Basler Ace), which are suitable for potential use in droplet microfluidic systems. They evaluated two distinct entry-level open-source systems powered by Raspberry Pi with a higher-priced mid-range Basler camera. The experiments used a mixture of deionised water and fluorescein isothiocyanate-dextran (FITC), a fluorescent dye, to label the droplets. Capturing droplets was successful with all three cameras in terms of sharpness, brightness and droplet condition, indicating that the Raspberry Pi camera modules can be used as a low-cost alternative to the Basler Ace camera module, which is a commercial product manufactured by Basler (>USD 400). The entry-level systems were able to reach 200 and 665 frames per second and the mid-range comparison reference to 750 fps. It should also be noted that all three of the cameras under comparison are significantly cheaper than currently used high-speed cameras [1].



Researchers introduced PortaDrop, which is a portable digital microfluidics platform that uses electrowetting-on-dielectric (EWOD) to manipulate discrete volumes of liquid in the form of droplets. Droplet formation is controlled by the Raspberry Pi 3B+, which communicates with two ATtiny45 microcontrollers via Inter-Integrated Circuit (I2C) to generate the AC high voltage required for droplet activation. The control of the platform is made convenient through a user-friendly 7-inch touchscreen LCD display. PortaDrop incorporates two circuit boards: the mainboard, responsible for controlling all system functionalities and communicating with the Raspberry Pi I2C-Bus, and the secondary board, housing semiconductor switches that enable the activation and deactivation of the electrowetting path electrodes on the bottom chip. In the application, the authors demonstrate a protocol that involves the sequential exchange of droplets using passive dispensing. In this study, a holder is positioned above the EWOD chips to accommodate the eight-megapixel Raspberry Pi camera, which is connected to the camera port of the Raspberry Pi through the Camera Serial Interface (CSI) to record the experimental observations [49].



A microfluidic system for monitoring oil particles was built by incorporating a microfluidic chip, a servo system integrated with microfluidic drive technology, an eight-megapixel Raspberry Pi camera module, and an external macro lens. Specialised image-acquisition software was utilised to capture images of moving oil particles within the microfluidic chip. The hardware component of the system managed the collection and observation of particle images, while the software system was responsible for analysing, processing and identifying these images. The hardware setup consisted of a Raspberry Pi 3B+ integrated into a main board with dimensions of 80 mm × 55 mm × 20 mm. The camera had the capability of capturing still pictures with a resolution of 3280 × 3464 pixels and recording videos in 1080p at a frame rate of 30 fps, as well as 720p videos at 60 fps [50].



These technologies offer high efficiency, resolution and low-cost solutions for various applications, ranging from industrial processes to microbiology and molecular analysis. The use of portable devices controlled by Raspberry Pi enables high-throughput droplet production and automated analysis. These advancements contribute to the improvement of efficiency, accessibility and accuracy in biomolecule detection and analysis.



Few comparisons of camera performance are available for microfluidic systems, due to a lack of standardisation and the non-commercial nature of most research systems. As we have seen, different imaging setups have been used for different devices; however, it can be difficult for researchers building these hardware systems to decide whether these differences are a requirement of the microfluidic system or because of convenience. One study comparing colourimetric absorbance in 0.2 mm capillaries using a range of digital cameras ranging from a mid-range GBP 400 smartphone with a camera to >GBP 5000 laboratory gel:doc system found little difference in absorbance quantitation [66]. However, some of the images from lower-end camera phones (<GBP 50) were able to calculate absorbances but were not able to resolve individual capillaries without additional lenses. Therefore, a less complex system may be used in some cases. However, the required resolution must be assessed for each new system.





4. Conclusions


The integration of Raspberry Pi and open hardware with microfluidics has opened up new possibilities for the development of low-cost and customizable systems. The utilisation of Raspberry Pi in direct and indirect image detection and microscopic digital biomolecule detection has significantly contributed to the field of microfluidics. Multiple open-source systems such as Opentrons OT-2 pipetting robot (Opentrons, New York, NY, USA), the OpenFlexure Microscope [67], ImJoy, [68] and UC2 (You. See. Too.) [69] were combined together [70] to develop a complete workflow. FOSS and software for image analysis can be a significant roadblock in the development of fully combined systems. In many of the examples discussed here, images were transferred to another computer and analysed using different software. The choices on the hardware to use for a new build or recreating a system that another researcher has developed and published can be difficult, and standard reporting documentation should be developed and used. For example, studies reporting diagnostic accuracy follow standardised reporting procedures [71].



These advancements offer cost-effective solutions, automation and improved control in imaging. The combination of open-source hardware with microfluidics paves the way for further innovation and the democratisation of this technology, making it more accessible to researchers and practitioners in diverse scientific disciplines.
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Figure 1. Benefits and limitations of open hardware. 
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Figure 2. Photographs of (a) Raspberry Pi Boards and (b) Raspberry Pi Camera modules. 
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Table 1. Raspberry Pi boards technical specifications.
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Raspberry Pi Zero 2 W

	
Raspberry Pi 3 Model A+

	
Raspberry Pi 3 Model B+

	
Raspberry Pi 4 Model B






	
Net price *

	
GBP 17

	
GBP 25

	
GBP 40

	
GBP 35 to GBP 75 (dependent on RAM)




	
Core type

	
Cortex-A53 64-bit

	
ARM Cortex-A53 64-bit

	
ARM Cortex-A53 64-bit

	
(ARM v8) Cortex-A72 64-bit




	
Number of cores

	
4

	
4

	
4

	
4




	
GPU speed

	
1 GHz

	
1.4 GHz

	
1.4 GHz

	
1.5 GHz




	
RAM

	
512 MB

	
512 MB DDR2

	
1 GB DDR2

	
1 GB, 2 GB, 4 GB, 8 GB LPDDR4 (depending on model)




	
USB ports

	
1× Micro OTG

	
1× USB 2.0

	
4× USB 2.0

	
2× USB3.0 + 2× USB2.0 + USB-C OTG




	
Ethernet

	
No

	
No

	
10/100/1000 Mbit/s (~300 Mbit/s) Ethernet Port

	
Gigabit




	
Wi-Fi

	
On Board WiFi 802.11n

	
On Board WiFi 802.11ac Dual Band 2.4 GHz and 5 GHz

	
On Board WiFi 802.11ac Dual Band 2.4 GHz and 5 GH

	
On Board WiFi

802.11ac Dual Band 2.4 GHz/5 GHz




	
Bluetooth

	
4.2 BLE

	
4.2 BLE

	
2.0/4.1/4.2 LS BLE

	
5.0 BLE




	
HDMI port

	
Mini HDMI

	
Full HDMI

	
Full HDMI

	
2× micro HDMI

(up to 4kp60 supported)




	
Video output

	
Mini HDMI

Composite via PCB

	
HDMI 3.5 mm Composite DSI (for LCD)

	
HDMI 3.5 mm Composite DSI (for LCD)

	
HDMI 3.5 mm

Composite DSI (for LCD)




	
Camera input

	
No

	
15 Pin CSI

	
15 Pin CSI

	
15 Pin CSI




	
Number of GPIO pins

	
40

	
40

	
40

	
40




	
GPIO functions

	
17 × GPIO

UART

I2C

SPI

I2S

1-Wire

3.3 V/5 V/GND

EEPROM

	
17 × GPIO

UART

I2C

SPI

I2S

1-Wire 3.3 V/5 V/GND EEPROM

	
17 × GPIO

UART

I2C

SPI

I2S

1-Wire 3.3 V/5 V/GND EEPROM

	
17 × GPIO

UART

I2C

SPI

I2S

1-Wire

3.3 V/5 V/GND

EEPROM




	
Memory

	
MicroSD




	
Power input

	
Micro USB, GPIO

5 V @ 2.5 A

	
Micro USB, GPIO

5 V @ 2.5 A

	
Micro USB, GPIO

5 V @ 2.5 A

	
USB-C,

GPIO

5 V @ 1.25 A








* Price as of 4 October 23.













 





Table 2. Raspberry Pi Camera modules specifications.






Table 2. Raspberry Pi Camera modules specifications.











	
	Camera Module v2
	Camera Module 3
	High Quality (HQ) Camera





	Net price *
	GBP 28.50
	GBP 26
	GBP 57



	Size
	≅25 × 24 × 9 mm
	≅25 × 24 × 11.5 mm
	≅38 × 38 × 18.4 mm



	Lens mount
	N/A
	N/A
	C/CS- or M12-mount



	Still resolution
	8 Megapixels
	11.9 Megapixels
	12.3 Megapixels



	Video modes
	1080p47, 1640 × 1232p41 and 640 × 480p206
	2304 × 1296p56, 2304 × 1296p30 HDR, 1536 × 864p120
	2028 × 1080p50, 2028 × 1520p40 and 1332 × 990p120



	Sensor
	Sony IMX219
	Sony IMX708
	Sony IMX477



	Sensor resolution
	3280 × 2464 pixels
	4608 × 2592 pixels
	4056 × 3040 pixels



	Sensor image area
	3.68 × 2.76 mm

(4.6 mm diagonal)
	6.45 × 3.63 mm

(7.4 mm diagonal)
	6.287 mm × 4.712 mm (7.9 mm diagonal)



	Pixel size
	1.12 µm × 1.12 µm
	1.4 µm × 1.4 µm
	1.55 µm × 1.55 µm



	Optical size
	1/4”
	1/2.43”
	1/2.3”



	Horizontal Field of View (FoV)
	62.2 degrees
	66 degrees
	Depends on lens



	Vertical Field of View (FoV)
	48.8 degrees
	41 degrees
	Depends on lens



	Focus
	Adjustable
	Motorised
	Adjustable



	Focal ratio (F-Stop)
	F2.0
	F1.8
	Depends on lens



	Maximum Exposure times (seconds)
	11.76
	112
	670.74







* Price as of 4 October 23 [35,36].













 





Table 3. Examples that illustrate the diverse uses of Raspberry Pi in open-source imaging hardware.
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Category

	
Example

Application

	
Raspberry Pi Model (Where Stated)

	
Camera Model

	
Example Camera Image Specifications

	
Example Reference






	
Colour and Fluorescence detection

	
paper microfluidic system to detect albumin-to-creatine ratio in urine

	
4 B

	
V2

	

	
[52]




	
colourimetric immunoassay

	
4 B

	
Pi camera

	

	
[53,54]




	
colourimetric immunoassay

	

	
V2

	

	
[7,38,47,55,56]




	
real-time viscosity

	
zero

	

	

	
[40]




	
Direct Cellular Image Detection Systems and Microscopy

	
mini microscope

	
B+

	
5-MP Pi camera

	
video clips fps of 7, 30, 60, and 90, and corresponding resolutions of 2592 × 1944, 1920 × 1080, 1280 × 720, and 640 × 480 pixels, respectively

	
[46]




	
agglutination testing system

	
3 B

	
-

	

	
[43]




	
OpenFlexure Microscope

	

	
V2

	

	
[41,42]




	
microscope

	

	
V2

and

HQ

	

	
[39]




	
Planktoscope: direct plankton imaging

	
4 B

	
V2 and HQ with M12 Lens 16 MM 5 MP 1/2.5”

	

	
[57]




	
Time-Lapse Imaging

	
bacterial growth and antibiotic susceptibility testing

	
3 B+

	
V2

	

	
[47]




	
Digital Biomolecule Detection: Droplet Microfluidics

	
microfluidic droplets

	
3 B+

	
V2

	
default resolution: 3280 × 2464 and videos: 120 fps for 10 s

	
[11]




	
portable digital microfluidics platform

	
3 B+

	
V2

	

	
[49]




	
monitoring oil particles

	
3 B+

	
V2

	
still pictures resolution: 3280 × 3464 pixels and 1080p videos at 30 fps, 720p videos at 60 fps

	
[50]

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file4.png
a)

Raspberry Pi zero2 W 