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Abstract

:

Electro-Wetting-On-Dielectric (EWOD) based digital operations have demonstrated outstanding potential in actuating and manipulating liquid droplets. Here, we adapted the EWOD for extracting femtogram quantities of cell-free DNA (cf-DNA) from 1 μL of KSOM mouse embryo culture medium. Our group extracted the femtogram quantity of cf-DNA from 1 μL of mouse embryo culture medium in our previous work. Here, we initially explain a modification from our previous extraction protocol, which improves the extraction percentage to 36.74%. Though the modified extraction protocol improves the extraction percentage from our previously reported work, the quantity is still in the femtogram range. The cf-DNA in femtogram quantity is in subcritical/subthreshold concentration for any further analysis, such as sequencing. To the best of our knowledge, we need a minimum of picogram/nanogram DNA quantities for further analysis. We demonstrated a ground-breaking mechanism of this subcritical concentration of cf-DNA amplification to the nanogram range and performed DNA sequencing. Basic Local Alignment Search Tool (BLAST) is used as a sequence similarity search program to confirm the identity percentage between query and subject. More than 97% of nucleotide identities between query and subject sequences have been obtained from the sequencing result. Hence, we can use the methodology to amplify the subcritical concentration of extracted DNA for further analytics. Moreover, as we extract the cf-DNA from the embryo culture medium, the natural growth of the embryo has not been disrupted. This entire mechanism will pave a new path towards the lab-on-a-chip (LOC) concept.
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1. Introduction


Genetic analysis procedures include three major steps: (1) DNA extraction from raw biological samples, (2) sequence amplification with the real-time polymerase chain reaction (PCR) and (3) separation and selection of DNA for testing [1]. Here, we demonstrate the first two steps in genetic analysis as explained above, though the extracted DNA is in subcritical concentration to perform sequencing.



In the replication of DNA and the shortening of telomeres, DNA nucleotides act as magnets [2]. Magnetic beads (MB) can be used as labels to concentrate or separate biological targets from a sample, such as cells, proteins, and DNA/RNA [3].



Various cf-DNA extraction methods are explained in [4]. In all conventional ways of DNA extraction, a milliliter quantity of sample is required. Thus, the conventional molecular biology method requires bio-reagents in a large-scale to perform DNA extraction. Digital microfluidics (DMF) maintain low sample quantity (microliter range), high throughput, repeatability and lower operational costs by reducing reagent quantity requirements [5]. EWOD is a DMF methodology that was developed as a mechanism for implementing LOC systems. A microfluidic function can be reduced to a collection of basic operations by manipulating droplets of microscale volumes along electrode arrays [6]. Microfluidic operations with EWOD actuation offer precise droplet actuation, reduced risk of contamination, reduced reagent volume, reduced reaction time, and improved reagent mixing efficiency [1]. Active management of produced droplets can greatly speed up mixing in electrowetting systems [7]. The aqueous droplets can transmit over the EWOD surface thanks to a series of potentials applied to neighboring electrodes on an array [8]. To implement the extraction, we employed the ‘DropBot Model: DB3–120’ (Sci-bots, Kitchener, ON, Canada) as an EWOD platform [9].



In our previous work, our group extracted the femtogram quantity of cf-DNA from 1 μL of mouse embryo culture medium [1]. The quantity is not enough for any further analysis. To our best understanding, we need a minimum of nanogram DNA quantity for further analysis, such as sequencing.



DNA sequencing is any chemical, enzymatic or technological process to determine the linear order of nucleotides in DNA. DNA sequencing has extremely changed the nature of biomedical research and the medical field [10]. A minimum of nanogram range DNA is required for sequencing [11].



Although the end-point PCR uses the same thermal cycler and temperature cycling conditions [12], the exponential nature of DNA amplification is prone to burdening experimental data with significant standard error due to inherent variations in amplification efficiency from tube to tube [13]. A standard curve (calibration curve) is a sort of graphical analysis used as a quantitative research technique in which several samples with known qualities are measured and graphed, and the same properties are deduced for unknown samples via graph interpolation [14]. To perform quantitative analysis of unknown cf-DNA samples, we employed known amounts of mouse g-DNA for standard curve analysis.



Nested PCR is a secondary approach that uses the PCR principle. Due to two rounds of amplification, nested PCR provides greater sensitivity and specificity. Nested PCR is better for detecting samples with the lowest virus load [15,16]. In nested endpoint PCR assay, two rounds of conventional PCR and gel electrophoresis are incorporated [17]. Though nested primer PCRs are widely employed for detection, examples of applying nested primer PCR to quantitative applications are absent [18].



Basic Local Alignment Search Tool (BLAST) is a sequence similarity search program that can be used via a web interface for comparing a user’s query to a database of sequences [19,20,21].



In this paper, we report the DNA sequencing of subcritical concentration of cf-DNA samples. A modification in the extraction of cf-DNA from mouse embryo culture medium from [1] makes an improved extraction percentage. The implemented PCR methodology amplifies the final PCR product from a subcritical femtogram concentration of cf-DNA to the nanogram level, allowing DNA sequencing to be performed. As a result, the EWOD extracted subcritical concentration of cf-DNA from a microscale quantity of mouse embryo culture media can be used for sequencing or other analyses.




2. Materials and Methods


cf-DNA Extraction: We developed an MB based DNA extraction protocol in the EWOD system. Our methodology can extract cf-DNA from a mouse embryo culture medium at a small concentration. In the EWOD platform, only a microliter quantity of bio-buffers is utilized for the extraction procedure. The magnetic property of DNA enables them to bind with the magnetic beads. Elution buffer is used to detach the cf-DNA from the magnetic beads. The mouse embryo culture medium is obtained from Chang Gung Memorial Hospital (CGMH), Linkou, Taiwan, and the bio-buffers are obtained from Industrial Technology Research Institute (ITRI), Hsinchu, Taiwan.



The mouse embryo culture medium is kept at −80 °C. The bio-buffers for cf-DNA include lysis buffer, carrier-RNA, proteinase K, wash buffer-1, wash buffer-2, elution buffer along with magnetic beads. Table S1 represents the storage temperature required for each bio-buffers.



The typical way of cf-DNA extraction is demonstrated in Figure 1. The entire extraction procedure is carried out in seventeen steps.



We used the EWOD platform of DropBot–SCI bots for the experiment.



2.1. Calculation of Extraction Percentage by g-DNA


The quantitative PCR (q-PCR) method is used for the quantitative analysis of the EWOD extracted cf-DNA. We used g-DNA (of known concentration; 100 ng) from the mouse tail to calculate our protocol’s extraction percentage. The g-DNA has undergone the extraction steps and we performed q-PCR with the final elution buffer. The equation to find the percentage of extraction is E (percentage) = [1/2 [Ct(B) − Ct(A)]] × 100 in which E (percentage) = extraction percentage, Ct(B) = cycle threshold value of template, Ct(A) = cycle threshold value of control (100 ng of g-DNA) [1].




2.2. EWOD cf-DNA Extraction from Mouse Embryo Culture Medium


The EWOD chip [22] has a top plate and a bottom plate; the gap between these plates is 180 µm; the dimensions of the electrode are 2.25 mm × 2.25 mm. Each transport electrode can hold 1 µL of bio-buffer. However, it strictly depends on the number of transportation electrodes used for activation (ON/OFF). An amount of 1 µL is generated when we activate one transportation electrode along with the generation electrode.



The video in the supplementary information shows the cf-DNA extraction in the EWOD platform. We have adapted the extraction protocol explained in Figure 1 to EWOD for the cf-DNA extraction from 1 μL mouse embryo culture medium of 2.5 days (E2.5) and 3.5 days (E3.5). As the quantity of EWOD extracted cf-DNA is in the femtogram range, we cannot utilize the sample for any further genomic analytics.




2.3. Amplification of Subcritical Concentration of EWOD Extracted cf-DNA


The quantity of cf-DNA in the mouse embryo culture medium is in the femtogram range. Further analysis of cf-DNA is impossible in the femtogram range. For overcoming the current limitation, we have developed a modified form of nested PCR. Here, the resultant sample of first-time PCR was considered as the template to run second-time PCR with the same primer. We need to freshly prepare the master-mix, primer forward, primer reverse, and DD water for the second-time PCR. In place of the template, we need to add the resultant sample of first-round PCR.



The modified nested PCR protocol for both q-PCR and real-time PCR is given in Figure 2. In q-PCR, for the quantitative analysis, a fluorescent master-mix is used. Hence, we cannot use the final sample result for any further analysis as sequencing. So, we performed the modified nested PCR protocol in real-time PCR.



The sequence of Primer is given below:



Primer Forward: GTCTCATCACAAACATTCCCAC



Primer Reverse: GTTGGGGTAATGAATGAGGC



The primer (Mus musculus voucher MA364 mitochondrion–Mus musculus) is for the amplification of mt-DNA



The resultant sample of the second-time traditional PCR is further given for DNA sequencing.




2.4. DNA Sequencing and BLAST Sequence Similarity Validation


The second-time PCR product was subjected to sequencing and compared to the result of the positive control (g-DNA of 100 ng) in BLAST to check the validity of amplified cf-DNA which is in the nanogram range. We have performed the sequencing with both forward and reverse primer.



BLAST Sequence Similarity Validation of E2.5 and E3.5 Samples



The DNA sequence shown in Table 1 is the trimmed sequence after the deletion of noisy initial and final nucleotides. Usually, we need to ignore the noisy initial and final nucleotides. Here we can observe a matched sequencing result between E2.5 and E3.5 with forward primer (green), E2.5 and E3.5 with reverse primers (blue). Table S2 shows the raw sequencing data of E2.5 and E3.5 along with the subject query (g-DNA).





3. Results


3.1. Recovery Rate of g-DNA in Conventional and EWOD Way


The conventional extraction gives an extraction of 14.8% [1], whereas 36.74% on the EWOD platform as given in Figure 3. Hence an improvement in EWOD extraction has been achieved. An improvement in extraction percentage from our previously reported work has been achieved. For getting the best extraction result, at step 2, vibrate/vortex the magnetic beads for 1 min at 99 rpm. This makes the magnetic beads spread all-over the sample mixture to obtain better cf-DNA bonding. During the final elution stage, we need to continuously mix the sample (MB elution buffer) via electrode movements for 3 min.




3.2. Extraction Quantity of cf-DNA after First and Second-Time q-PCR


Despite the fact that the modified extraction protocol improves on our earlier work in terms of extraction percentage, the quantity remains in the femtogram range after first-time q-PCR. After the second-time q-PCR, the cf-DNA quantity amplified from the subcritical femtogram range to the nanogram range as given in Figure 4. The nanogram quantity of cf-DNA is enough for further analysis.



Figure 5 represents the BLAST identity percentage of samples mentioned in Table S2. For the sequence similarity validation, the raw sequence data of the second-time PCR product of E2.5 and E3.5 (which is in the nanogram range) is considered as the query sequence whereas the raw sequence data of mouse g-DNA of 100 ng sample is considered as the subject sequence. The result shows that the second-time amplified cf-DNA samples (in nanogram range) have 96 to 99 percent of identity with the mouse g-DNA (positive control). The result validates our EWOD extraction protocol and the modified nested-PCR procedure. Hence, by following the protocol, the subcritical concentration cf-DNA extracted from 1 μL of mouse embryo culture medium can be utilized for sequencing or any further analysis as per requirement.





4. Discussion


For the experiment, we employed the DropBot–SCI bots EWOD platform. Photolithography was employed to form bottom-plates with chromium electrodes, while Teflon-AF was used to cover ITO-coated glass substrates as top-plates [9]. A typical way of magnetic bead based cf-DNA extraction has been put forward. Before mixing with the sample mixture, the magnetic beads initially need to vortex/vibrate at 99 rpm for 1 min. This allows the magnetic beads to spread all-over the sample mixture to obtain better cf-DNA binding. The electrode mixing of elution buffer with the MB for 3 min enhances the extraction percentage. With this modified extraction protocol, EWOD extraction of cf-DNA from the micro-scale quantity of mouse embryo culture medium is carried out. As we used the embryo medium culture for DNA extraction, there was no harm to the embryo growth, and cryopreservation was not required. As the quantity of cf-DNA is in the femtogram, we cannot perform any further analytical studies, such as sequencing. To the best of our knowledge, a minimum nanogram quantity of cf-DNA is required for performing sequencing. Hence, we implemented a modified nested PCR method to amplify cf-DNA from femtogram to nanogram quantity. The amplified DNA product of first-time PCR is used as the template in second-time PCR with the same primer set. The obtained nanogram range of cf-DNA was sequenced and sequence similarity was determined by BLAST to determine the identity percentage between the query and subject. The sequence similarity proves that the proposed cf-DNA extraction and PCR methods can be utilized to amplify subcritical (femtogram) cf-DNA concentration to nanogram range which can be implemented in LOC based clinical genetic DNA testing.




5. Conclusions


EWOD based digital operations have been implemented for the extraction of cf-DNA from mouse embryo culture medium. A typical way of magnetic bead based cf-DNA extraction has been demonstrated and successfully implemented. Our EWOD cf-DNA extraction mechanism extracts a femtogram quantity of cf-DNA from E2.5 & E3.5 days of 1 μL of KSOM embryo culture medium. A minimum of picogram/nanogram DNA quantity is needed for further analysis, such as DNA sequencing. We demonstrated and successfully implemented a modified nested-PCR amplification method, where the amplified DNA product of first-time PCR is used as the template in second-time PCR with the same primer set. As a result, the final PCR product amplifies from subcritical femtogram concentration of cf-DNA to the nanogram range for performing DNA sequencing. The sequence similarity determination tool, BLAST, is used to confirm the identity percentage between query and subject. More than 97% of nucleotide identities have been obtained in the sequencing. Hence, the EWOD extracted cf-DNA from 1 μL of mouse embryo culture medium which is at subcritical concentrations can be utilized for sequencing or any further analysis as per requirements.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/mi13040507/s1, Table S1: Bio-buffers required for cf-DNA extraction and its storage temperature; Table S2: The query sequencing data with subject sequence; Video S1: cf-DNA extraction in EWOD platform.





Author Contributions


A.B.A. conceived and conducted the experiments, K.-T.L., P.-J.L., Y.-W.W., T.-H.W., P.-S.J. and C.-A.C. analyzed the results, H.-Y.H. and D.-J.Y. conceived, guided and analyzed the results. All authors have read and agreed to the published version of the manuscript.




Funding


Taiwan Ministry of Science and Technology supported this research in part under grant MOST 108-2221-E007-031-MY3, MOST 109-2321-B-182A-006- and Chang Gung Memorial Hospital Research Grant (CMRPG3K0781/782, CMRPG3L0761).




Acknowledgments


We thank Animal Technology Laboratories of Agricultural Technology Research Institute (ATRI-ATL) for providing ICR mouse oocytes. ITRI (Industrial Technology Research Institute, Hsinchu, Taiwan) provided bio-material support; CGMH (Chang Gung Memorial Hospital, Linkou, Taiwan) provided the embryo-culture medium. We thank Ryan Fobel (CEO, Scibots) for clarification of technical issues. All methods were performed in accordance with the relevant guidelines and regulations from the same. We would like to extend our sincere thanks to Jia Meng Pang (Student of K.-T.L.) for his support.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Alias, A.B.; Chiang, C.-E.; Huang, H.-Y.; Lin, K.-T.; Lu, P.-J.; Wang, Y.-W.; Wu, T.-H.; Jiang, P.-S.; Chen, C.-A.; Yao, D.-J. Extraction of cell-free Dna from An embryo-culture Medium Using Micro-scale Bio-reagents on ewod. Sci. Rep. 2020, 10, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Rojeab, A.Y. Magnetic properties govern the processes of DNA replication and the shortening of the telomere. Proc. World Acad. Sci. Eng. Technol. 2013, 8, 1342. [Google Scholar] [CrossRef]

	



Shah, G.J.; Kim, C.-J.C. Meniscus-assisted high-efficiency magnetic collection and separation for EWOD droplet microfluidics. J. Microelectromech. Syst. 2009, 18, 363–375. [Google Scholar] [CrossRef]

	



Bronkhorst, A.J.; Ungerer, V.; Holdenrieder, S. Comparison of methods for the isolation of cell-free DNA from cell culture supernatant. Tumor Biol. 2020, 42, 1010428320916314. [Google Scholar] [CrossRef]

	



Chiang, C.-E.; Huang, H.-Y.; Lin, K.-T.; Alias, A.B.; Lu, P.-J.; Wang, Y.-W.; Wu, T.-H.; Jiang, P.-S.; Chen, C.-A.; Yao, D.-J. A medical innovation: A new and improved method of DNA extraction with electrowetting-on-dielectric of genetic testing in-vitro fertilization (IVF). Microfluid. Nanofluidics 2020, 24, 1–9. [Google Scholar] [CrossRef]

	



Malic, L.; Brassard, D.; Veres, T.; Tabrizian, M. Integration and detection of biochemical assays in digital microfluidic LOC devices. Lab Chip 2010, 10, 418–431. [Google Scholar] [CrossRef]

	



Paik, P.; Pamula, V.K.; Pollack, M.G.; Fair, R.B. Electrowetting-based droplet mixers for microfluidic systems. Lab Chip 2003, 3, 28–33. [Google Scholar] [CrossRef]

	



Wheeler, A.R.; Moon, H.; Kim, C.-J.C.; Loo, J.A.; Garrell, R.L. Electrowetting-based microfluidics for analysis of peptides and proteins by matrix-assisted laser desorption/ionization mass spectrometry. Anal. Chem. 2004, 76, 4833–4838. [Google Scholar] [CrossRef]

	



Fobel, R.; Fobel, C.; Wheeler, A.R. DropBot: An open-source digital microfluidic control system with precise control of electrostatic driving force and instantaneous drop velocity measurement. Appl. Phys. Lett. 2013, 102, 193513. [Google Scholar] [CrossRef]

	



Margulies, M.; Egholm, M.; Altman, W.E.; Attiya, S.; Bader, J.S.; Bemben, L.A.; Berka, J.; Braverman, M.S.; Chen, Y.-J.; Chen, Z. Genome sequencing in microfabricated high-density picolitre reactors. Nature 2005, 437, 376–380. [Google Scholar] [CrossRef]

	



Kanagal-Shamanna, R.; Portier, B.P.; Singh, R.R.; Routbort, M.J.; Aldape, K.D.; Handal, B.A.; Rahimi, H.; Reddy, N.G.; Barkoh, B.A.; Mishra, B.M. Next-generation sequencing-based multi-gene mutation profiling of solid tumors using fine needle aspiration samples: Promises and challenges for routine clinical diagnostics. Mod. Pathol. 2014, 27, 314–327. [Google Scholar] [CrossRef]

	



Kontchou, J.A.; Nocker, A. Optimization of viability qPCR for selective detection of membrane-intact Legionella pneumophila. J. Microbiol. Methods 2019, 156, 68–76. [Google Scholar] [CrossRef]

	



Zachar, V.; Thomas, R.A.; Goustin, A.S. Absolute quantification of target DNA: A simple competitive PCR for efficient analysis of multiple samples. Nucleic Acids Res. 1993, 21, 2017. [Google Scholar] [CrossRef]

	



Larionov, A.; Krause, A.; Miller, W. A standard curve based method for relative real time PCR data processing. BMC Bioinform. 2005, 6, 62. [Google Scholar] [CrossRef]

	



Wang, J.; Cai, K.; Zhang, R.; He, X.; Shen, X.; Liu, J.; Xu, J.; Qiu, F.; Lei, W.; Wang, J. Novel one-step single-tube nested quantitative real-time PCR assay for highly sensitive detection of SARS-CoV-2. Anal. Chem. 2020, 92, 9399–9404. [Google Scholar] [CrossRef]

	



Tran, T.M.; Aghili, A.; Li, S.; Ongoiba, A.; Kayentao, K.; Doumbo, S.; Traore, B.; Crompton, P.D. A nested real-time PCR assay for the quantification of Plasmodium falciparum DNA extracted from dried blood spots. Malar. J. 2014, 13, 1–8. [Google Scholar] [CrossRef]

	



Neuberger, E.; Perez, I.; Le Guiner, C.; Moser, D.; Ehlert, T.; Allais, M.; Moullier, P.; Simon, P.; Snyder, R. Establishment of two quantitative nested qPCR assays targeting the human EPO transgene. Gene Ther. 2016, 23, 330–339. [Google Scholar] [CrossRef]

	



Haff, L.A. Improved quantitative PCR using nested primers. Genome Res. 1994, 3, 332–337. [Google Scholar] [CrossRef]

	



Johnson, M.; Zaretskaya, I.; Raytselis, Y.; Merezhuk, Y.; McGinnis, S.; Madden, T.L. NCBI BLAST: A better web interface. Nucleic Acids Res. 2008, 36, W5–W9. [Google Scholar] [CrossRef]

	



Ye, J.; McGinnis, S.; Madden, T.L. BLAST: Improvements for better sequence analysis. Nucleic Acids Res. 2006, 34, W6–W9. [Google Scholar] [CrossRef]

	



Korf, I.; Yandell, M.; Bedell, J. Blast; O’Reilly Media, Inc.: Newton, MA, USA, 2003. [Google Scholar]

	



Alias, A.B.; Huang, H.-Y.; Yao, D.-J. A Review on Microfluidics: An Aid to Assisted Reproductive Technology. Molecules 2021, 26, 4354. [Google Scholar] [CrossRef]








[image: Micromachines 13 00507 g001 550] 





Figure 1. The typical way of magnetic bead based cf-DNA extraction. Step 1: KSOM mouse embryo culture medium is mixed with Proteinase K, carrier RNA, and lysis buffer. The mixture is heated at 56 °C for 10 min. Step 2: Add binding buffer and magnetic beads to the heated mixture. Perform vortex of MB at 99 rpm for 1 min before adding to the mixture. Step 3: Use an external magnet to remove the supernatant (residue) from MB. Step 4: Add more MB to the supernatant. This step is to collect the unbounded cf-DNA (if any) in the supernatant. Step 5: Use an external magnet to remove the supernatant. From MB. Step 6: Combine the magnetic beads (from step 3 and step 5). Step 7: Add wash buffer-1 to the MB. Step 8: Use an external magnet to remove the supernatant from MB. Step 9: Add wash buffer-2 to the MB. Step 10: Use an external magnet to remove the supernatant from MB. Step 11: Add elution buffer to the MB. Mix for 3 min. Step 12: Use an external magnet to remove the supernatant from MB. Step 13: Add more elution buffer to the MB. This step enables the collection of more cf-DNA binds with the MB after step-11 and step-12. Step 14: Use an external magnet to remove the supernatant from MB. Step 15: Add more elution buffer to the MB. This step further enables the collection of more cf-DNA which binds on the MB even after step-13 and step-14. Step 16: Use an external magnet to remove the supernatant from MB. Step 17: Collect all the elution buffer in an Eppendorf for PCR amplification. 
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Figure 2. Modified nested q-PCR and real-time PCR protocol. 
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Figure 3. Extraction percentage (recovery rate) of g-DNA in conventional and EWOD way. 
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Figure 4. cf-DNA quantity after second-time q-PCR. 
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Figure 5. BLAST sequence similarity validation. (A) Query sequence: second-time PCR product of E2.5 with forward primer & subject sequence: g-DNA (positive control) sequencing with forward primer; (B) Query sequence: second-time PCR product of E3.5 with forward primer & subject sequence: g-DNA (positive control) sequencing with forward primer; (C) Query sequence: second-time PCR product of E2.5 with reverse primer & subject sequence: g-DNA (positive control) sequencing with reverse primer; (D) Query sequence: second-time PCR product of E3.5 with reverse primer & subject sequence: g-DNA (positive control) sequencing with reverse primer. 
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Table 1. The sample used as query with their respective DNA sequence obtained.
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	Sample Type
	DNA Sequence





	Second-time PCR product of E2.5 with forward primer
	TAAAAGTATAACCCCCTTGAGAATTAAAATGAACGAAAATCTATTTGCCTCATTCATTACCCCAAC



	Second-time PCR product of E2.5 with reverse primer
	GGGTTTTTACTTTATATGGTTGTTAGTGATTTTGGTGAAGGTGCCAGTGGGAATGTTTGTGATGAGACA



	Second-time PCR product of E3.5 with forward primer
	TAAAAGTATAACCCCCTATGAGAATTAAAATGAACGAAAATCTATTTGCCTCATTCATTACCCCAAC



	Second-time PCR product of E3.5 with reverse primer
	GGGTTTTTACTTTATATGGTTGTTAGTGATTTTGGTGAAGGTGCCAGTGGGAATGTTTGTGATGAGACA
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