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Abstract 

Upstream sample preparation remains the bottleneck for point-of-need nucleic acid testing due to 

its complexity and time-consuming nature. Sample preparation involves extracting, purifying, and 

concentrating nucleic acids from various matrices. These processes are critical for ensuring the 

accuracy and sensitivity of downstream nucleic acid amplification and detection. However, current 

sample preparation methods are often laboratory-based, requiring specialized equipment, trained 

personnel, and several hours of processing time. As a result, sample preparation often limits the 

speed, portability, and cost-effectiveness of point-of-need nucleic acid testing. A universal, field-

deployable sample preparation device is highly desirable for this critical need and unmet challenge. 

Here we reported a handheld, battery-powered, reconfigurable, and field-deployable nucleic acid 

sample preparation device. A programmable electromagnetic actuator was developed to drive a 

magnetic robot (ProMagBot) in X/Y 2D space, such that various magnetic bead-based sample 

preparations can be readily translated from the laboratory to point-of-need settings. The control of 

the electromagnetic actuator requires only a 3-phase unipolar voltage in X and Y directions, and 

therefore, the motion space is highly scalable. We validated the ProMagBot device with a model 

application by extracting HIV viral RNAs from plasma samples using two widely used magnetic 

bead kits: ChargeSwitch and MagMAX beads. In both cases, the ProMagBot could successfully 

extract viral RNAs from 50 µL plasma samples containing as low as 102 copies of viral RNAs in 

20 minutes. Our results demonstrated the ability of ProMagBot to prepare samples from complex 

mediums at the point of need. We believe such a device would enable rapid and robust sample 

preparation in various settings, including resource-limited or remote environments, and accelerate 

the development of next-generation point-of-need nucleic acid testing. 
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Introduction 
Nucleic acid testing (NAT) remains the clinical standard for identifying and quantifying infectious 

diseases 1-5. However, the laboratory procedures for these methods require long wait periods, 

trained staff, and expensive hardware to analyze the testing results 6-8. Point-of-care (POC) devices 

developed over the last decades have introduced NAT in regions of need by simplifying the steps 

of molecular detection into compact, portable form factors 9, 10. However, the recent technological 

advancements motivating these devices have come in amplification assays and detection systems 
1, 11, 12. While these developments are significant for the future of NAT devices, a bottleneck 

remains with sample preparation 7, 13. Standard sample preparation methods require extensive 

manual processes, laboratory devices, toxic chemicals, and trained professionals 14-16. These issues 

severely limit the scope of POC devices when attempting to provide quality NAT.  

Sample preparation systems for laboratories depend on silica chemistry, membranes, or 

organic solvent methods17-19. These methods work well with commercial devices and trained 

professionals but lack simple integration for POC applications. Coated paramagnetic beads 

(PMBs) offer an alternative to standard techniques that is simple to integrate into portable 

devices20-22. PMBs are available with chitosan (ChargeSwitch, Invitrogen) or silica (MagMAX, 

Applied Biosystems) coatings designed for various sample types. Systems using these PMBs have 

successfully extracted and detected nucleic acids for diseases such as SARS-CoV-2 23, HPV 24, 

HIV 25-27, RSV 28, 29, and genomic DNA 26, 30. Each PMB kit requires a specific processing protocol 

depending on the sample of interest and bead chemistry. Therefore, further development of 

universal devices that can process various PMB kits is needed.  

Lab-on-chip extraction systems present field-deployable methods using PMBs 14, 31-34. These 

systems use permanent magnets, rotational motors, and fluid pumps to manipulate magnetic bead-

bound nucleic acids20, 35-38. Lab-on-chip systems appeal to POC applications because of their small 

form factor, reduced volumes, and disposable components 27, 39-41. However, the microfluidic 

cartridges to contain these systems still require multiple manual steps and trained professionals 30, 

33, 39, 42-44. POC diagnostics desperately need sample preparation strategies that laypersons can 

process, store at room temperature, and maintain during transportation.   

Automated devices offer simple user interaction and have been designed for single 

applications. Extraction devices that process PMB kits have shown integrated permanent magnets, 

electromagnet (EM) controls, EM-actuated magnets, centrifuge-style rotations, automated 
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pipetting, and fluid flow methods 14, 45-56. These methods aim to simplify the handling process for 

the user. However, these devices lack sample-to-extraction automation and still require 

intermittent manual steps23, 30, 57, 58. Stationary fluid systems offer a simple format for portable 

devices. Devices use oil valves to separate cartridge reagents, allowing externally controlled PMBs 

to pass through the interfaces59. Rida et. al. first demonstrated the ability to manipulate magnetic 

beads with planar coils and Chiou et. al. demonstrated the technology’s ability to process DNA42, 

50. Although movement is addressable with planar coils, these systemsrequire high current 

operation and external magnetic fields. Thus, limiting the operation of these systems at the point 

of care20.Previous work by Liu et. al.  demonstrated how a permanent magnet could couple EM 

coils to PMB movement using low-power pulses49. Therefore, eliminating the need for complex 

external fields or high-power consumption. To alleviate the bottleneck of sample preparation, there 

is a need for devices that are fully automated, sample-agnostic, and power-efficient to process 

portable cartridges. 

This work demonstrated a programmable, versatile, portable, and field-deployable sample 

preparation device. A programmable electromagnetic actuator couples a magnetic robot to 

paramagnetic beads (ProMagBot) in X/Y 2D space. The permanent magnet acts as a coupling 

device between the electromagnetic coils and the magnetic beads. Thus, ProMagBot enables 

magnetic bead-based extraction to be translated to the point of need. The electromagnetic actuator 

required a 3-phase unipolar voltage to induce X/Y 2D motion and demonstrated high scalability. 

The device was validated using HIV viral RNA as a model application and used two commercial 

magnetic bead kits: ChargeSwitch and MagMAX. ProMagBot successfully extracted viral RNAs 

from 50 µL plasma samples using either kit. Within 20 minutes, viral RNAs were extracted as low 

as 102 copies without wall power. These results demonstrated the ability of ProMagBot to extract 

nucleic acids from complex samples at the point of need. We believe such a device would enable 

rapid and robust sample preparation in various settings, including resource-limited or remote 

environments, and accelerate the development of next-generation point-of-need nucleic acid 

testing. 

 

Results and Discussion 

Overall Design 
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The overall design of the ProMagBot device is shown in Figure 1a. The device contains three 

subcategories: A microfluidic cartridge, an electromagnetic actuator with a magnetic robot, and a 

computer vision system. We designed the device to control the beads from above to enhance the 

mixing capabilities of the cartridge (See Supplementary Video S1). The electromagnetic actuator 

uses short pulses to attract the permanent magnet (Figure 1c). Each coil group is repeated several 

times along the length of the PCB, and all are actuated simultaneously (Figure 1b). The magnet 

can be moved linearly through sequential and repeated activation of the coil groups (Figure 1d). 

Compared to previous magnetic coupling devices, our electromagnetic actuator design offers two 

large improvements42, 49, 50. ProMagBot introduces a magnetic coupling scheme that enables 2D 

movement with the benefit of lower energy consumption. This increases the scalability, 

adaptability, and portability of the device for numerous processing solutions.   

System Workflow 

To simplify sample extraction for areas of low resources, we developed a workflow with the 

ProMagBot device for sample preparation (Figure 1c). The sample of interest must first be 

transferred into the lysate tube containing a prepackaged lysis mixture. Then, the lysate is 

transferred into the microfluidic cartridge using the sample inlet. Next, the device must be powered 

on and the cartridge inserted into the ProMagBot device. Once the indicator lights begin flashing, 

the device is ready to begin the extraction process. At this step, one must press the start button to 

the process. Once finished, the device will signal that the extraction is complete using the indicator 

lights. Then, the cartridge can be removed from the device, and the eluted nucleic acids are 

contained within the elution chamber. The extraction process is fully automated and requires less 

than 20 min (~3-5 min of sample transfer, ~15 min of sample extraction) from sample collection 

to extracted nucleic acids (Supplementary Video S2). 

Automated Sample Preparation via Microfluidic Cartridge 

To enable sample preparation using PMBs, we developed a microfluidic cartridge to integrate with 

the ProMagBot actuator. The cartridge is formed from three layers of poly(methyl 

methacrylate)(PMMA) that make the top layer, the microfluidic spacer, and the bottom layer 

(Figure 2a). The overall layout of the cartridge can be seen in Figure 2b. We found that 20 µL of 

PMB solution was required to traverse the oil valves, and most of the bead aggregate fell to the 
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bottom of the cartridge within 1 minute. The cartridge contains a lysate chamber (100 µL), washing 

chamber (80 µL), and elution chamber (30 µL). Each chamber has two ports for air relief and 

solution injection. Air reliefs help to prevent air bubble accumulation when the cartridge is loaded. 

Oil valves separate the reagent chambers, providing an excellent separation method for magneto-

fluidics and microfluidic cartridges 29, 48, 49, 60-62. We found that microfluidic channel widths greater 

than 2 mm were best for cartridge stability and bead movement 26, 61, 62. When prepackaged, the 

cartridge remains usable after 3-6 ft drops or after one day of commuting within a backpack (24 

hrs.) (Supplementary Figure S1). However, our manufacturing technique limits long-term 

storage beyond 24 hours. The bonded layers of PMMA do not create airtight seals to prevent 

bubbles from forming inside the cartridge. We hypothesize that improved manufacturing 

technologies, such as injection molding, could quickly solve this limitation.  

Figure 2c-e demonstrates the chemical interaction occurring with the microfluidic cartridge. 

First, the lysis buffer adds detergents and surfactants that help break down the sample and release 

free nucleic acids. The low pH (<6) of the lysis buffer induces the ChargeSwitch beads with a 

charge that binds nucleic acids (Figure 2c-e i). The permanent magnet can then control the PMB-

nucleic acid complex and move the entire aggregate to the washing chamber. Here, the solution is 

neutral in pH (~7) and helps remove unwanted proteins and salts from the bead aggregate carry-

over (Figure 2c-3 ii). In the elution chamber, the process reverses with a high pH (>8.5) solution. 

Elution reverses the binding process, releasing the nucleic acids into the solution (Figure 2c-e iii). 

Once the unbound PMBs are removed, the solution contains concentrated nucleic acids that can 

be extracted by the user for downstream analysis. 

Programmable Electromagnet Actuator 

Scalable PCB Geometry 

To develop a universal electromagnetic actuator that is scalable, programmable, and compatible 

with PMBs, we designed our electromagnet actuator with a 3-phase unipolar voltage. The design 

of our PCB and coil arrangement is illustrated in Figure 3a-c. The actuator creates 4 directions of 

motion (±x,±y) using six transistor switches with 3-phase unipolar voltage. The coil layout is 

identical for X and Y directions. A Block of coils contains three separate coils belonging to a 

unique Group (1, 2, or 3). Blocks are repeated 21 times in X and Y, while individual Groups remain 
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electrically connected. Therefore, when a Group is activated, all coils are activated inside all 21 

Blocks. In this manner, the permanent magnet position can always be defined as (Xi,j, Ym,n) where 

X signifies the X-direction Blocks and Groups, i ranges from 1 to 21 (# of repeated Blocks), and j 

represents the Group number from 1 to 3. Similarly, Y signifies the Y-direction Blocks and Groups, 

where m represents the Block number from 1 to 21, and n demonstrates the Group number from 1 

to 3. At a given time, along a given pathway, a Block and Group can define the permanent magnet 

in both the X and Y direction (Figure 3a).  

The permanent magnet is a coupler between the EM actuator and the PMBs. It is moved 

stepwise across the coil array. This style of movement is illustrated in Figure 3b. The magnet 

starts aligned with coils: X-Group-2 and Y-Group-2. The Y-Direction coil (Y-Group-2) would be 

switched off, and the following coil (Y-Group-3) would power on. In Step-1, X-Group-2 remains 

on while the Y-Group changes, and Group-3 are now powered on. Likewise, for Steps 2 & 3, the 

X-Group coils can be modulated identically to move the magnet along the X-Direction. In Step 3, 

the magnet can be moved upward to realign with Y-Group-2. The magnet can be moved in either 

a positive or negative direction along those axes for both X and Y directions. This electromagnet 

coil array is 70 mm x 40 mm and is located on the ProMagBot PCB. Six transistor switches control 

the entire coil array using 3-phase unipolar voltage. The magnetic robot (permanent magnet) rests 

on the PCB, and the microfluidic cartridge racks underneath when installed in the case (Figure 

3c). 

Magnetic Field Validation and Control 

To further evaluate our electromagnet actuator, we simulated our design using COMSOL. A 2D 

planar view of one plane along the magnetic coil is highlighted in Figure 3d. We found that the 

distances we designed the permanent magnet to be actuated (X Direction – red dot-dashed line: ~1 

mm, Y Direction – blue dashed line: ~0 mm) remain above a magnetic field strength of 1 mT. We 

also found that the field distribution across the coil length was consistent. The most vital field 

strength regions are noticed within the center of the coil. Each coil is ~2.6 mm wide, so we selected 

the closest matching disk magnet 3x the coil width so that the magnet can span three phases (6.35 

mm, 0.25”, grade  N52). Therefore, for any given phase, the magnet can be actuated. If we assume 

the permanent magnet to be in the center of a coil, we can estimate the maximum axial force (z-

direction) experienced as:  
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𝐵𝐵𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 4𝜇𝜇0𝐼𝐼√𝑙𝑙2+𝑤𝑤2

𝜋𝜋𝜋𝜋𝜋𝜋
  for a 4 Turn Coil 

Then,  𝐹𝐹𝑚𝑚 = 𝑉𝑉𝑚𝑚 ∙ 𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚 ∙ ∇𝐵𝐵𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 

𝐹𝐹𝑚𝑚 = 8.48 ∙ 10−8(𝑚𝑚3) ∙ 416429 �
𝐴𝐴
𝑚𝑚
� ∙ 0.0056 �

𝑇𝑇
𝑚𝑚
� =  0.1978 mN 

 

Where Fm is the magnetic force on the magnet, Vm is the volume of the magnet, Mmag is the 

magnetization of the permanent magnet (5233 Gauss), and ∇Bcoil is the magnetic field gradient of 

the coil between 0 and 4 mm. All forces parallel to the coil's length will cancel out. Forces 

perpendicular to the coil length will be a proportion of the maximum axial force. In addition, we 

can approximate the magnet’s acceleration under this force. With a mass of 0.754 g, the magnetic 

force will cause the magnet to accelerate at ~265 mm/s2. We expect this force to be large enough 

to actuate the permanent magnet. 

To test the accuracy of movement and minimize the power consumption of the ProMagBot 

device, we examined the relationship between pulse duration and the accuracy of the magnetic 

robot. Pulse duration is defined as the time for activation of one Group of EM coils. The 

relationship we found can be seen in Figure 3e. Motion in the Y-Direction and X-Direction 

demonstrate identical thresholds for when movement becomes accurate (>90%). Before this 

threshold of 200 ms, we observed improper movement, minor oscillations, and inactivity of the 

magnet. We hypothesize from our simulations and Figure 3d that the magnetic field differences, 

therefore the magnetic attraction forces, affect the inertia response of the magnetic robot.  

Power and Thermal Validation 

After validating our electromagnet actuator design and movement accuracy, we examined the 

device's power consumption and thermal output. Peak power was recorded over a series of steps 

and is summarized in Supplementary Figure S2a, where all activation was kept at 1 Hz and 

averaged from 20 pulse commands seen in Supplementary Figures S2b&d. Peak power begins 

to increase from 50 ms to 200 ms, then flatlines at approximately 20 W per pulse. Therefore, we 

can minimize our power consumption and maximize accuracy by using a pulse duration of 200 ms 

for both X and Y directions. Consequently, for a 20 W pulse lasting 200 ms, we expect one motion 

step to use 1.11 mWh (4 Joules). We found that the device consumed 1.21 Wh per extraction (~15 

min). Thus, the entire ProMagBot device can be powered by a 1600 mAh (14.4 Wh) LiPo battery 
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for eight extractions. 

We designed the electromagnetic actuator to be universal and scalable. However, adding coil 

lengths beyond the microfluidic channel width could introduce heat harmful to the samples of 

interest. We recorded the cartridge temperature during 10 minutes of constant coil activation for 

pulses of 200 ms at frequencies from 0 to 4 Hz. The cartridge temperature can reach above 70 ºC 

when the device is operated at 2 Hz and higher. However, when operated under 0.5 Hz, the 

cartridge temperature does not climb above 40 ºC Figure 3f. Supplementary Figure S3a-f shows 

each X and Y coil after activation for 5 s. These images show the precise thermal distribution and 

geometry of the EM coils. Even within the 5 s power cycle, the temperature of the EM actuator 

does not exceed 40 ºC. Therefore, with a pulse length of 200 ms, the rest time between pulses 

should be 300 ms. Next, we examined the temperature of the PCB and cartridge during a mock 

extraction protocol. As shown in Figure 3g, the PCB temperature increases over the 20 min 

runtime, but the temperature does not exceed 31 ºC. With the device closed, the cartridge 

temperature, during a mock extraction protocol, never reached above 34 ºC (Supplementary 

Figure S3g).  

Pathway Automation and Feedback Control 

After developing our electromagnet actuator, we included a feedback system to enable scalable 

and controllable 2D motion. Our electromagnet actuator's design allows all directions of motion 

to be controlled through six transistor switches; however, at any given time for any given coil, 

there are multiple instances where our magnet could rest. To add feedback for the ProMagBot 

device, we added a camera inside the device that monitors the magnet's real-time positioning after 

each step. The software block diagram is illustrated in Figure 4a. Once a programmed pathway is 

added to the device (series of selected points), the device will automatically move the magnet to 

those points in serial order.  

Three pathways were generated to demonstrate the camera and electromagnet actuator 

integration. These pathways, seen in Figure 4b-d, exaggerate movement in the four cardinal 

directions as proof of motion for the device. The numbers designate the point location and order, 

while the colored lines track the magnet during movement. Figure 4b shows a pathway mimicking 

a sine wave propagating along the +X direction. Figure 4c demonstrates a sine wave propagating 

along the -Y direction, and Figure 4d defines a combination of the two prior pathways. The 
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timelapse of each pathway can be seen in Supplementary Video S3, where it is clear to visualize 

the magnetic robot movement in all directions. Thus, our demonstration of controlled and 

programmable motion in 2D space presents a novel approach to magnetofluid manipulation that 

offers redundancy and scalability compared to previous methods 35, 48-50, 52. 

Performance Evaluation using Mock HIV Samples  

To demonstrate the performance of the ProMagBot device and microfluidic cartridge, we validated 

the system with spiked samples of HIV viral RNA into EDTA buffer (Ethylenediaminetetraacetic 

acid) and healthy human plasma. ChargeSwitch RNA extraction from the contrived buffer and 

plasma samples was operated by the ProMagBot device. Following extraction, all samples were 

immediately frozen at –80 ºC for later testing by RT-qPCR. Contrived samples were generated by 

spiking 105 to 100 copies of purified HIV RNA into 50 µL of either sample type (2000 down to 

0.02 copies/µL). Figure 5a shows the real-time qPCR results for the plasma samples. Positive 

samples are identified when the curve reaches an RFU threshold greater than the mean plus three 

standard deviations (µ +3σ).At this threshold a Cq value can be defined, where samples with an 

input concentration above 102 were detected from EDTA buffer (2 cp/µL) and 103 from healthy 

plasma (20 cp/µL) (Figure 5b).These results show a ~10% decrease in extraction performance for 

plasma samples, while both samples demonstrated strong linearity across detectable 

concentrations (R = 0.99). Therefore, the quantitative threshold for our system shows a limit of 

extraction (100%) of 102 and 103 copies for buffer and plasma samples respectively 

(Supplementary Figure S6). Lower extraction performance from plasma is expected as the EDTA 

buffer does not contain debris, gDNA, nucleases, and other inhibitors. The entire cartridge 

extraction can be visualized in Supplementary Video S4.  

The PCR samples were verified using gel electrophoresis to validate our extraction 

performance. In Figure 5c, the gel shows DNA bands with identical results to our PCR analysis, 

where detection is absent in samples containing 102 input copies. The amplicon band is visible at 

79 bp, and the primers (forward and reverse) and probes can be distinguished as minor, less intense 

bands, respectively 63. We are confident the detection assay worked as intended from these results, 

and the extraction procedure is compatible with downstream PCR analysis.  

We integrated the MagMAX PMB assay into our design to increase the universal application 

of the ProMagBot device and improve plasma extraction. Figure 5d shows the real-time results 
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for the samples that were detected. Samples as low as 102 input copies of purified RNA (2 cp/µL 

sample) were detected with qRT-PCR. Plasma samples showed decreased linearity (R2 = 0.55) and 

consistency compared to spiked buffer samples (R2 =0.83) (Figure 5e). A degradation in 

consistency was expected as the integration of the MagMAX kit was not fully compatible with our 

cartridge fabrication techniques. The required ethanol and isopropanol for the MagMAX kit 

reacted poorly with our PMMA cartridges, and the recommended extraction protocol had to be 

modified. However, the MagMAX kit improved the lower limit of extraction from plasma sample 

(102 copies). Gel electrophoresis showed similar results to the ChargeSwitch kit, where amplicon 

bands can be seen for all samples (Figure 5f). Increased smearing in these images was expected 

with carrier RNA (unknown length), genomic DNA, or protein carry-over. With improvements to 

our cartridge techniques (inert materials, seamless fabrication), the MagMAX bead performance 

with the ProMagBot could be significantly improved. We found the system's efficiency was 

relatively low with both extraction kits (See Supplementary Figure S5). We suspect our 

performance is related to oil interfaces that cause RNA to be ripped off from the bead aggregate, 

RNA is adsorbed to the hydrophilic surfaces of PMMA, or the reduction of extraction reagents 

beyond the recommended. For future development of extraction devices, we plan to explore these 

areas to improve extraction efficiency and other extraction technologies, such as silica matrices 

and spin columns. 

Conclusion 
Sample preparation remains the most significant bottleneck for point-of-need nucleic acid testing 

due to its complexity and time-consuming nature. We demonstrated a fully integrated device for 

rapid (<20 min) sample preparation of HIV RNA from plasma samples. Sample extraction was 

conducted using a 3-phase unipolar electromagnetic actuator, automated by the ProMagBot device. 

This portable and automatic system is compatible with two commercial bead kits and demonstrates 

the scalability and versatility of our novel actuator design. To simplify the device, we plan to 

evaluate  multiplex processing and explore alternative feedback technologies.To improve 

extraction performance, we will further investigate magnetic bead handling techniques inside 

microfluidic cartridges. Overall,ProMagBot validated viral RNA extraction as low as 102 copies 

from 50 µL of plasma (2 cp/µL) within 20 minutes and without wall power. Device extraction 

showed strong linearity (R2 = 0.99) in qRT-PCR analysis. These results demonstrate the ability of 



12 
 

ProMagBot to prepare samples from complex mediums at the point of care. We believe such a 

device would enable rapid and robust sample preparation in various settings for numerous diseases 

to accelerate the development of next-generation point-of-need testing.  

Materials and methods 

Microfluidic Cartridge 

Inside the microfluidic cartridge, there are 4 separate components. Three main chambers contain 

the lysate, washing buffer, and elution buffer. The lysate is mixed and loaded from the user. The 

following reagents80 (µL) of washing buffer), oil valves and 30 (µL) an elution buffer, can be 

preloaded into the cartridge sequentially using the inlet ports. The last remaining component is 

mineral oil (80 µL × 2) to separate the chambers (Millipore Sigma, USA). The cartridge comprises 

three stacked layers: base, channel spacer, and cover. These layers are 1/32”, 1/16”, and 1/32” 

thick, respectively, of polymethyl methacrylate (PMMA), purchased from Inventables.com. These 

layers are designed using Creo Parametric (PTC, Boston, MA) and then laser-cut using a 

VLS3.60DT from Universal Laser Systems (Scottsdale, AZ). The three separate layers are bonded 

using an acrylic solvent and treated under UV light for 60 minutes for disinfection. All reagents 

and materials used are detailed in Supplementary Table S1. 

Cartridge Adjustments for MagMAX Kit 

The MagMAX cartridge holds the same footprint as the original microfluidic cartridge, with 

channel width and lysis chamber size modifications. The channel width was increased from 2 mm 

to 3 mm, and the lysis chamber was increased to hold 150 µL of lysate. All other design and 

fabrication methods are identical to the original cartridge.  

ProMagBot Device and EM PCB 

All components of the ProMagBot device are housed within a 3D-printed case made of ABS plastic 

(k = ~0.18 W/m·K). The 3D printer and ABS material are sourced from MakerBot (MakerBot 

Industries LLC, New York City, NY). The case (ABS), spacers (ABS), and viewing windows 

(PMMA, k = ~0.21 W/m·K)were modeled using Creo Parametric. The customized EM PCB and 

control board were designed in AutoCAD Eagle (Autodesk Inc.) and fabricated by OSH Park LLC 

(Portland, OR) (See Supplementary Figure S6). The magnetic robot is a N52 cylindrical magnet 
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(0.25” diameter and 0.125” thickness) from K&J Magnets (Pipersville, PA) . All other electronic 

components: indication LEDs, push buttons, switches, or connectors, were purchased from Digi-

Key (Thief River Falls, MN) (Supplementary Table S2). The LiPo battery, XT60 connector, and 

JST-XH connectors were purchased from Hobby King (Kwun Tong, Hong Kong). The 9V 6A 

Power Supply used to connect the ProMagBot device to a wall outlet was purchased from Amazon 

(Seattle, WA). The Raspberry Pi 4 and Pi Camera module v2 were purchased from Cana Kit (North 

Vancouver, Canada).  

Computer Vision 

Computer vision and magnetic robot tracking use a Raspberry Pi camera module v2 paired with a 

Raspberry Pi 4. The module is mounted 3.5 in. away from the magnetic robot and stage. The stage 

is illuminated by three 120-degree, wide-angle LEDs illuminating the device's viewing window. 

A custom Python script automates image capture and magnetic robot detection on the Pi 4. 

COMSOL Simulation 

Magnetic field simulations were run within COMSOL 2020 (COMSOL Inc.). Our model was 

adapted from the stock Electromagnetic coil simulation, and the geometry of our PCB coil was 

imported into the software. The current was set to 1.5 A, and the boundary around the coil was 

defined as a 2 cm x 2 cm x 7 cm rectangular prism. 

Automated Extraction 

To prepare the ProMagBot device for automated extraction, an extraction pathway was calibrated 

to match the permanent magnet and magnetic beads. Pathway calibration was conducted manually 

on the Raspberry Pi and is only required once for each cartridge geometry. Once complete, the 

pathway is saved in a .csv file that the device references for all the following extractions.  

Plasma Extraction 

Healthy plasma samples (Research Blood Components, Watertown, MA) were first pretreated with 

1 µL of proteinase K (Invitrogen, Waltham, MA) and incubated at 60 ºC for 15 minutes. Each 50 

µL sample was spiked with viral RNA (HIV-1 Subtype B, Sera Care Life Science, Milford, MA) 

from 105 to 100 copies. The plasma sample was then combined with a premixed solution of 

ChargeSwitch beads (10 µL), Lysis Buffer (20 µL), and Binding Buffer (19 µL), all from the 
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ChargeSwitch Total RNA Extraction Kit (Invitrogen, Waltham, MA). Once combined, the 100 µL 

was inserted into the lysis chamber of the microfluidic cartridge. All air inlets on the cartridge 

were pre-sealed with tape, and the cartridge can be inserted into the ProMagBot device for 

automated extraction.  

When using the MagMAX extraction kit (Applied Biosystems, Waltham, MA), the lysis 

chamber volume included 20 µL of MagMAX beads, 10 µL of binding enhancer, 34 µL of lysis 

buffer, 34 µL of isopropyl alcohol (70%), and 2 µL of carrier RNA. The washing chamber used 

the ChargeSwitch Wash, and the elution chamber held 30 µL of MagMAX elution buffer.  

RT-qPCR Assay 

The procedure and reagents followed the PCR HIV assay validated by Palmer et al. 

(Supplementary Table S3) 63. From 30 µL of elution buffer, 10 µL was used as the RNA sample 

for PCR analysis. Therefore, our total PCR volume consisted of 25 µL: 6.25 µL of Fast Taq One-

Step Master Mix (Applied Biosystems, Waltham, MA), 1.5 µL of Forward and Reverse primer, 

0.63 µL of Probe, 10 µL of extracted RNA sample, and 5.13 µL of Nuclease-free water (New 

England Biolabs, Ipswich, MA). Testing was performed on a Bio-Rad C1000 Thermal Cycler 

(Hercules, CA). Thermal Cycling was set as 50 ºC for 5 min, 95 ºC for 3s, 65 ºC for 30s, and 

repeated 45× 63. Primers and probes were purchased from Integrated DNA Technologies 

(Coralville, IA). Positive samples were identified from the background RFU by a threshold of µ 

+3σ. 

Gel Electrophoresis 

Gel electrophoresis was completed using an agarose gel of 5% wt. Gel was made using agarose 

powder, and 50X TBE buffer spiked with SYBR Safe Stain (Invitrogen, Waltham, MA) and cured 

for 45 min. The DNA ladder was Thermofisher’s Ultra Low DNA Ladder (Waltham, MA). Each 

gel lane was loaded with a 15 µL mixture of PCR and loading buffer with a ratio of 5:1. The 

voltage was 110 V, and the gel ran for 50 minutes before imaging on Bio-Rad’s GelDoc Go 

(Hercules, CA).  

Data analysis method and statistics 

All statistical analysis and regression modeling was completed using MATLAB R2020 (Natick, 
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MA). All plots showing data demonstrate mean and 3 standard deviations for triplicate testing 

unless otherwise noted. All data processing used MATLAB. All figures and plots were created 

with MATLAB and PowerPoint.  

Associated Content 
The supporting information includes microfluidic cartridge durability testing, device power 

consumption, device thermal distributions, cartridge and device bill of materials, the qRT-PCR 

primer set, demonstrations of Mag-On-Top magnetic mixing, the ProMagBot extraction protocol, 

pathway tracking in 2D space, and pathway and bead response during extractions. 
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Figures and Captions 

 
Figure 1. Overview of the ProMagBot device, the components inside, and the necessary workflow 
of the system. (a) All components for the ProMagBot device are housed within a 3D-printed case 
(12 cm x 11.7 cm x 9.7 cm). (b) Schematic of interconnected coil Groups (G1-3) and Blocks (B1-
N) in a cross-sectional view. (c) Current pulses through coil groups 1, 2, and 3 over time. (d) 
Magnet alignment during specific coil and coil group activation. (e) The ProMagBot workflow 
started from a 50 µL plasma sample to extracted nucleic acids.  
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Figure 2. Microfluidic cartridge design and features. (a) Exploded view of the cartridge’s PMMA 
layers. (b) A top view of the cartridge displays the three-chamber structure separated by oil valves. 
Special air reliefs and insertion ports are located away from the main channel to prevent excess air 
bubbles. (c-e) Three schematics of the paramagnetic bead motion and chemistry through the 
cartridge. (c) Schematic of magnetic robot motion and bead response. (d) Photo image of the 
cartridge with paramagnetic beads in each chamber. (e) Graphical representation of the Charge 
Switch assay. The paramagnetic beads can be bound and unbound from nucleic acids by adjusting 
the pH of the solution accordingly. 
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Figure 3. Design components and considerations of the Electromagnet PCB. (a) Schematic 
representation of the numerous electromagnet coils that are built into the PCB. These coils are 
defined by 21 different blocks, with each block holding three Groups. Coils are activated by 
Group designation and are interconnected across Blocks. Therefore, all coils of the same Group 
in all Blocks are turned on/off together. (b) Magnet motion is achieved by turning on the next 
EM coil in the desired direction of motion. Motion can be achieved in any of the four cardinal 
directions. (c) The image of the EM PCB highlights where the actual EM coils are located. Over 
50% of the PCB area is dedicated to the EM coil array. (d) 2D planar representation of the 
magnetic field generated by current inside one EM coil. 3D coil simulation was demonstrated 
through four 2D slices along the length of the coil. (e) Accuracy of the magnetic robot’s motion 

0 200 400 600
20

40

60

80

100

120

  

 

 

  

  

 

   

 

 

 

 

 

  

Time (s)

 

 

 

 
 

4 (Hz)

2

1
0.5
0.25
0

Current: 1.5 -2 A

 

 

 

g)

24.1 C 27.6 C 26.7 C

28.9 C 30.5 C 30.1 C

65.0 C

14.8 C

Start 1 min. 5 min.

10 min. 15 min. 20 min.

0 200 400 600 800
0

50

100

X-9V

Y-9V
2 cm 2 cm 2 cm

2 cm 2 cm 2 cm



19 
 

vs. the length of time of activation for the EM coils in both X and Y directions. (f) The 
temperature of the microfluidic cartridge over time when constant EM pulses are held at various 
frequencies. (g) thermal images of the PCB during an extraction protocol.  
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Figure 4. Magnetic robot motion control via the camera vision algorithm. (a) Block diagram 
explaining the logic flow through the camera vision algorithm for magnetic robot movement. The 
input to the algorithm is an image of the magnet stage inside the device. From there, the algorithm 
detects the location of the magnetic robot, compares the location, and activates the appropriate EM 
coils to move the magnet in the direction needed to reach the set point. (b-d) Photo images of the 
EM PCB overlayed with the movement pathway of the magnetic robot for the numbered pathway. 
The magnetic robot can be moved in any of the four cardinal directions, accurately follow a 
pathway, and track various pathways.  
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Figure 5. Plasma extraction performance using the ProMagBot device and protocol. (a) 
Amplification curves for triplicate testing (N = 3) of purified RNA extraction from 50 µL plasma 
samples using the ChargeSwitch kit. RFU Threshold = μ+3σ. (b) Input copy number vs. Cq 
value from PCR analysis. The limit of extraction using the Charge Switch kit is 1000 (plasma) 
and 100 (buffer) copies. Negative samples are demonstrated as Cq = 60. (c) Gel-electrophoresis 
image of Charge Switch extracted RNA samples after PCR amplification. (d) Amplification 
curves for triplicate testing (N = 3) of purified RNA extraction from 50 µL plasma samples using 
the MagMAX kit. RFU Threshold = μ+3σ. (e) Input copy number vs. Cq value from qRT-PCR 
analysis. The limit of extraction using MagMAX is 100 copies for buffer samples. Negative 
samples are demonstrated as Cq = 60. (f) Gel-electrophoresis of MagMAX extracted RNA 
samples after PCR amplification. Gel Notes: the high contrast amplicon band occurs at 79 bp. 
Faint bands at the bottom of the gel show the PCR forward (FP) and reverse (RP) primers and 
TaqMan-style probes. Positive-control (PC) and negative-control (NC) wells show the presence 
and absence of an amplicon band, respectively. The positive control loading well shows large or 
blocked products in this image. The blockage could be caused using a 5% gel by (1) high 
concentration samples, (2) enzyme-bound DNA, (3) excess amplified sample, or (4) other high 
molecular weight debris. 
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