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SUMMARY:
Here, we present a protocol for semi-automated DNA extraction from formalin-fixed paraffin-embedded lesions of human carotid arteries. The tissue lysis is performed without toxic xylene, which is followed by an automated DNA extraction protocol, including a second lysis step, binding of DNA to paramagnetic particles for cellulose based binding, washing steps, and DNA elution.

ABSTRACT:
Formalin-fixed paraffin-embedded (FFPE) tissues represent a valuable source for molecular analyses and clinical genomic studies. These tissues are often poor in cells or difficult to process. Therefore, nucleic acids need to be carefully isolated. In recent years, various methods for DNA isolation have been established for tissues from many diseases, mostly cancer. Unfortunately, genomic DNA extracted from FFPE tissues is highly degraded due to the cross-linking between nucleic acid strands and proteins, as well as random breakings in sequence. Therefore, DNA quality from these samples is markedly reduced, making it a challenge for further molecular downstream analyses. Other problems with difficult tissues are, for example, the lack of cells in calcified human atherosclerotic lesions and fatty tissue, small skin biopsies, and consequently low availability of the desired nucleic acids as it is also the case in old or fixed tissues.

In our laboratories, we have established a method for DNA extraction from formalin-fixed atherosclerotic lesions, using a semi-automated isolation system. We compared this method to other commercially available extraction protocols and focused on further downstream analyses. Purity and concentration of the DNA were measured by spectrometry and fluorometry. The degree of fragmentation and overall quality were assessed.

The highest DNA quantity and quality was obtained with the modified blood DNA protocol for the automated extraction system, instead of the commercial FFPE protocol. With this step-by-step protocol, DNA yields from FFPE samples were in average four times higher and fewer specimens failed the extraction process, which is critical when dealing with small-vessel biopsies. Amplicon sizes from 200–800 bp could be detected by PCR. This study shows that although DNA obtained from our FFPE tissue is highly fragmented, it can still be used for successful amplification and sequencing of shorter products. In conclusion, in our hands, the automated technology appears to be the best system for DNA extraction, especially for small FFPE tissue specimen.

INTRODUCTION:
Formalin fixation followed by paraffin embedding (FFPE) is a standard procedure for long-term preservation of pathological specimen in biobanking1. These samples provide a valuable source for histological studies as well as molecular analyses, especially genetic studies2. Further advantages of FFPE tissues are better long-term storage, lower costs, and easier storage conditions. Our intention here is to provide a reliable and easy-to-use protocol for reproducible nucleic acid isolation from small amounts of FFPE sections, since high quality DNA extraction is the first crucial step in a wide range of molecular techniques and FFPE tissues are the most available source of samples.

New scientific approaches, such as next-generation sequencing (NGS) and “omics” research approaches require high quality of nucleic acids3-5. Extracting DNA from FFPE tissue samples remains a challenging endeavor. DNA from FFPE samples can vary widely in quality and quantity depending upon its age and fixation conditions. Formalin, the most frequently used compound, leads to DNA-protein crosslinking6-8 and causes unspecific random breakage in the nucleotide sequence9. This may significantly impact downstream genomic analyses, since crosslinking can disable polymerase chain reaction (PCR) amplification6,10. Due to contaminants during the fixation process, purity of the DNA isolated from FFPE samples is often limited. In recent years, various methods for DNA isolation were established, mostly from cancer tissue specimens2,11-13.

In general, protocols for the extraction of nucleic acids from FFPE tissue can be differentiated into three main groups. The first, most commonly used group of methods includes commercially available silica-based column systems14. The second group involves manual organic phase extraction methods with phenol and chloroform, first described by Joseph Sambrook and David W. Russell15. As a third group, automated systems were established over the last years such as liquid handling systems as well as paramagnetic particle-based systems16. Each of the three named systems holds different advantages and disadvantages such as dangerous chemicals (i.e., xylene, phenol, chloroform), high costs17, manpower18, and time consumption19. Especially, for the difficult tissue specimen as well as high throughput analyses standardization, reproducibility, relatively low time-consumption, manpower, and costs are the most relevant features in finding a suitable method for nucleic acid isolation20. Automated extraction methods are known to show better reproducible results and are more sensitive for small biopsies. Moreover, less amount of tissue or blood is needed and the risk of clogging of the system due to high amounts of paraffin is reduced. Although machines for automated nucleic acid extraction and the needed kits are more expensive compared to manual methods, they are still convincing due to less problematic extraction processes. Literature search provides a lot of publications that illustrate a direct comparison between manual, column-based, and automated DNA and RNA extraction methods from different tissues and organisms, such as plants, animals, and humans as well as cells in culture20-22. There are also evidences present in literature to show that DNA and RNA isolated from 10-year old snap frozen tissue can be used for downstream analyses such as PCR, quantitative PCR, NGS, methylation analyses, and cloning9,23-26.

The major problem with, for example, aged human vascular tissue, as well as small tissue biopsies, especially concerning FFPE samples, is the lack of cells in the highly calcified atherosclerotic lesions, which consequently leads to low concentrations of nucleic acids1. Although several methods for DNA extraction from FFPE tissue have already been established and are widely used, the manual sample preparation methods require long hands-on time27 and toxic reagents such as xylene or phenol are necessary for deparaffinization2. As described, the deparaffinization process is a crucial time-consuming step (e.g., around 30 min) that markedly affects the quality and quantity of the extracted DNA (e.g., toxic effects on DNA, such as fragmentation and degradation of deparaffinization solution and high temperatures)28. Recently developed new DNA extraction protocols focus on using other non-toxic deparaffinization solutions, repair strategies and automated bead technologies. In particular, automated and semi-automated methods have been shown to be successful in DNA extraction with efficient recovery, lack of cross contamination, and easy performance29. We have established a protocol that overcomes these limitations. As a result, our technique allows a reduction of processing and hands-on time at highest quantitative and qualitative standards.

Especially for reproducible high-throughput analyses such as genotyping, epigenomic studies, and RNA sequencing the handling of FFPE specimen with column-based purification systems is often difficult and, time consuming (e.g., long deparaffinization steps, column clogging, and long hands-on times). Clogging of the silica membranes due to high amount of paraffin is the major issue. Other circumstances that can worsen the isolation of high-quality nucleic acids are small amounts of tissue such as micro-biopsies of skin, small mouse tissue, very fatty or calcified tissue as plaques, ossified tissue, and aged samples. Especially in diagnosis and forensics, automated and semi-automated systems such as liquid handling or paramagnetic particle-based extraction methods became more and more essential over the last few years30,31, mainly due to relatively low hands-on times and the possibility of standardization. Most of the already published protocols work perfectly for smooth tissues with high or medium amounts of cells such as tumor biopsies or plant tissue13,22,32. Literature about methods for semi-automated particle-based methods used for isolating DNA from relatively hard-to-handle tissue such as fixed single cells, calcified vessels, collagen rich tissue, and fatty tissue with low cell numbers are only poorly described33.

In this study, an optimized semi-automated method for DNA isolation from vascular paraffin embedded sections is described, comparing it to two manual column-based protocols. DNA quantity, purity, and the extent of fragmentation were used for validation. The commercially available blood DNA protocol, was used as a starting point and the manual steps of the semi-automated system were subsequently optimized for the use of FFPE as well as fresh frozen tissue samples from human and animal tissue, combining steps from the FFPE and the tissue protocol. The automated step of this protocol is pre-installed on the instrument and depends on the used kit (here, the blood DNA kit). With the described semi-automated cartridge-based system it is possible to isolate DNA from blood, fresh-frozen tissue, formalin-fixed tissue and even single cells with the same protocol, machine, kit and consumables, instead of using different protocols and kits for the instrument, as it is recommended by the company. There are only minor differences in the protocols, such as one buffer and some incubation times for the different applications, which makes this protocol very useful for extracting DNA from all kinds of tissues. Our protocol is primarily optimized for calcified, poor in cells and fibrous human vascular tissue, but can of course be used and further optimized for all kinds of difficult tissues mentioned above.

Summarized, for researchers in the cardiovascular field working on atherosclerosis (e.g., aorta, carotid arteries, coronary arteries) we provide an easy-to-use, point-by-point protocol for semi-automated DNA extraction from vascular FFPE samples.
[bookmark: _Hlk49341822]
PROTOCOL:
The permission to collect human carotid atherosclerotic specimens in our biobank was approved by the local Hospital Ethics Committee (2799/10, Ethikkommission der Fakultät für Medizin der Technischen Universität München, Munich, Germany). Written informed consent was obtained from all patients. Experiments were performed in accordance with the principles of the Declaration of Helsinki.
[bookmark: _Hlk47682297]
1. Tissue preparation

1.1 Prepare 5–8 tissue sections of 10 µm from the FFPE sample with the microtome and transfer it in a 1.5 mL tube. It is not necessary to reduce the excess of paraffin from the block.

NOTE: Thinner single sections instead of one large section accelerate the buffer reaction. Discard the first sections due to O2 exposure. For bigger samples, it is also possible to use fewer sections.

1.2 Centrifuge these tubes in a bench top centrifuge, set to 5,000 x g for 1 min at room temperature to collect each sample on the bottom of the tube.

CAUTION: Too long centrifugation leads to clotting of the sample and complicates the lysis.

2. Lipid dissolution and deparaffinization

NOTE: This step is needed for deparaffinization and lipid digestion. The buffer used is less toxic than commercial deparaffinization solutions.

2.1 Add 300 µL of the commercially available incubation buffer and 6 µL of 1-thioglycerol to each tube.

NOTE: Do not use more than 300 µL as this is the maximum volume of the automation system cartridge.

2.2 Vortex for 10 s and incubate the sample for 10 min at 80 °C and 500 rpm in a heating block to solubilize paraffin.

CAUTION: The tissue should be completely dissolved in the end. If necessary, vortex several times during incubation.

3. Sample and protein digestion

NOTE: Native digestion with protease K is crucial to have clean DNA extracts without proteins. It also reduces any contaminating proteins present. Furthermore, nucleases are also destroyed to save the DNA34. This overnight step is also needed for complete sample digestion.

3.1 Let the sample cool down to 60 °C and then add 30 µL of the provided Proteinase K solution.

3.2 Vortex again and incubate the mixture at 65 °C and 500 rpm overnight (4–20 h) in a heating block. Vortex the samples during incubation from time to time for complete sample digestion.

NOTE: Overnight incubation leads to better results. Mixing steps are recommended every 30–60 min. In the end, there should not be any visual tissue piece inside the tube.

4. Cell lysis

4.1 Add 400 µL of the lysis buffer, provided in the blood kit and vortex shortly.

4.2 Incubate the sample again at 65 °C for 30 min with 500 rpm.

4.3 Let the sample cool down to room temperature. The paraffin will harden on top.

CAUTION: Do not vortex again, to keep the paraffin separated from the sample. Otherwise, the paraffin is mixed with the tissue, which destroys the sample. The sample will be collected in step 6.1.
 
5. Preparation of the pre-dispensed cartridges

5.1 Turn on the machine, as well as the associated tablet computer.

5.2 Start the software app and click on the Door button to open the instrument.

5.3 Remove the rack from the instrument and insert the pre-filled cartridge into the probe rack. Ensure that the cartridge clicks twice when into place and remove the sealing foil.

5.4 Add the plunger in the last (8) well of the cartridge. It serves as pipette tip in the instrument.

5.5 Fill the provided 0.5 mL elution tubes with 65 µL of elution buffer, provided with the kit. Leave the tubes open and insert them into the dedicated position in the front part of the rack, after the cartridge.

NOTE: The minimum volume for elution is 60 µL. The system will lose 5–10 µL of the added elution volume.

6. Automated DNA extraction

6.1 Carefully puncture the paraffin on top of the 1.5 mL tube from step 4.3 to reach to the clean sample at the bottom of the tube without mixing it with paraffin again.

6.2 Transfer the whole mixture (730 µL) of the prepared sample in the first well of the cartridge.

6.3 Insert the rack into the automated DNA extraction machine. Ensure that the rack locks in the back of the machine first and in the front afterwards.

6.4 Start the run by clicking the upper left orange Start button in the software. A window with different pre-installed protocols will open. Select Blood DNA protocol on the instrument. Confirm that plunger, elution tube, and sample were added by clicking yes in the software. The door of the instrument will close automatically, and the run starts (the light will turn green). The run will take approximately 38 min. No further calibration is needed.

NOTE: Watch until the system has picked up the plungers for all samples in the rack. If this is not happening the system stops automatically and the machine protocol must be restarted.

6.5 Ensure that the system performs the automated lysis step in the first well of the cartridge, followed by washing steps in wells 3 to 7. There is no further programming step needed. The complete program is pre-installed by the company.

6.6 Once done, ensure that the system elutes the DNA in the prepared elution tubes via the added plunger. The magnetic particles stay in the plunger. The plunger in the end goes back to the last well of the cartridge.

7. Finish the run

7.1 When the run is completed (the machine shows blue light), open the instrument by clicking the button for opening (door-sign) and remove the rack from the system.

7.2 Discard the cartridges.

7.3 Reinsert the empty rack to the instrument and close the door via the door button in the upper-right corner. Close the software app and turn off the machine, as well as the tablet computer.

7.4 Store eluates at -20 °C for long-term storage or at 4 °C for short-term storage or use it directly for downstream analysis or concentration measurements.
[bookmark: _Hlk34298810]
REPRESENTATIVE RESULTS:
For the establishment of the protocol, 5 FFPE tissue blocks from patients with atherosclerosis of the carotid artery were used. DNA was isolated with an optimized semi-automated protocol (kit C) as well as with two commercially available manual column-based protocols (kit A and kit B, see Table of Materials). DNA extraction with kit A and B was performed according to the manufacturer´s protocol. The only change that was made in the protocol of the two commercially available kits (kit A and kit B): deparaffinization in the beginning was performed twice due to high amounts of paraffin surrounding the sections. After deparaffinization with xylene, DNA was bound to the column-membrane and washed three times. After drying the membrane by centrifugation, DNA was eluted with 60 µL of the provided elution buffer.

To determine the optimal quantity of samples needed for reproducible results from every patient, different amounts of material were taken. Consecutive tissue sections of 2 x 10 µm (20 µm in total), 5 x 10 µm (50 µm in total), and 8 x 10 µm (80 µm in total) were used (Figure 1). The quality and quantity of total genomic DNA isolated with the automated system and the two-manual column-based systems were assessed both with spectrometry, a microplate reader spectrometric system as well as fluorometry. Fragmentation analysis was performed using automated screen-tape technology and polymerase chain reaction (PCR). Statistical analysis was done using commercially available software (see Table of Materials).

The semi-automated protocol leads to higher quantity of the extracted DNA
Using micro-volume spectrometry and plate reader spectrometry as well as fluorometry as shown in Figure 2, the total amount of genomic DNA was compared for the different amounts of tissue sections (20 µm, 50 µm, 80 µm in total). A linear increase of DNA concentration was obtained with the cartridge-based semi-automated kit C, with all three quantification methods. For the manual kits A and B, no significant differences were observed between 20 µm, 50 µm, and 80 µm sections. The mean concentration of all five tissue samples measured with micro-volume spectrometry and microplate reader technology for DNA extracted with the semi-automated protocol (Figure 2A,B, Table 1) showed a significant, a four times higher, concentration (45 ng/µL) compared to the column-based protocols A and B (p = 0.016). Kit A attained mean concentrations of 12.5 ng/µl, while Kit B attained only 8.5 ng/µL. Figure 3 shows the quality of the extracted DNA with the three named methods. Summing up that there is no big difference in quality. The semi-automated kit shows more stable quality, the measured quantities are comparable. Similar results were found by using fluorimetric measurements of the DNA concentration (Figure 2C). Mean concentrations of DNA using kit A were further reduced to 3 ng/µl compared to the spectrometric analysis. Summarizing the quantity of DNA, the automated protocol turned out to be the most efficient method for low cells-tissue samples.
 
Automated extraction protocol leads to a better quality of the extracted DNA
Furthermore, the quality of DNA isolated with the three different protocols was assessed spectrophotometrically, both using spectrophotometer and microplate reader, calculating the A260/280 ratio (Figure 3A,B and Table 2). Nucleic acids have their absorbance maximum at 260 nm. Purity of high quality DNA is generally in the range from A260/280 values of 1.6–1.8, as evidenced by the two dashed lines in Figure 3A,B35. The mean ratio of the manual column-based kit A was 1.92 ± 0.6 in spectrometry and 2.58 ± 1.2 measured with microplate-reader technology. Kit B showed smaller ratios (1.45 ± 0.3 and 1.85 ± 0.7). DNA isolated with the semi-automated kit C showed purity ratios of 1.4 ± 0.07 in spectrometry and 1.68 ± 0.05 calculated with the microplate reader. In both the measurements, the automated isolation method showed less variation in purity ratio than the manual kits but only kit A showed significant differences in paired t-test analysis because of the huge scattering (p = 0.0025 and p < 0.001). Regarding the microplate measurement, all samples isolated with the automate system passed the purity criteria (ratios between 1.6 and 1.8), whereas kit A and kit B in many cases failed these criteria (p < 0.001). Spectrometry (Figure 3A) evidenced that not all samples isolated with the optimized cartridge system (minimum ratio = 1.36) reached the defined purity threshold (dashed lines, indicating the A260/280 ratio of 1.6 and 1.8), indicating buffer contamination. In addition, huge variation of the calculated ratio for kits A and B was observed. Consequently, semi-automated DNA isolation provides samples with comparable and reproducible quality, whereas the DNA quality is widely fluctuating with column-based isolation methods. Another quality check was performed using DV200 calculation (Figure 3C, Table 2). Here, the manual column-based extraction system A showed a value of 90% ± 3.8 for fragments bigger than 200 bp, whereas kit B only showed 85% ± 7.1 (p = 0.01). Also, in this analysis, DNA extracted with the semi-automated protocol showed the highest percentage of fragments bigger than 200 bp (92% ± 3.6).

Summing it up, quality of the DNA extracted with the semi-automated system was more stable and reproducible, whereas DNA isolated with the column-based systems showed more variation in quality ratios. DV 200 indicated similar quality for kits A and C, whereas kit B had less fragments bigger than 200 bp.

DNA fragmentation is independent of the used protocol
Fragmentation of the DNA was assessed with semi-automated screen tape technology. In Figure 4A, representative gels are shown to display the extent of fragmentation of all samples used in this study. Dark color indicates a higher density whereas grey shaded images indicate lower densities. Here, similar patterns were observed for all samples and in all three kits. The first three samples show the darkest region (which equals the highest accumulation of the fragmented DNA), in the lower part of the gel representing the smaller DNA fragments, samples from patient 4 and 5 show more (denser) fragments in the upper part of the gel, indicating less fragmented DNA. In Figure 4B, the difference in DNA fragmentation using various amounts of material (20 µm, 50 µm, and 80 µm) is shown for one representative sample using all three isolation strategies. Electropherograms show the corresponding fragment distribution. The data is summarized in Table 3. Here, the only visual difference between the three kits was found in the graphs of the 20 µm sections, with the automate kit showing a clearer electropherogram with more DNA detected. For 50 µm and 80 µm sections, no visible difference in the electropherogram was found between the different kits used in the study.

Figure 5A shows the mean distribution of the fragment sizes for the semi-automated cartridge system kit C as well as for the two manual kits A and B. Mean distribution of the fragment sizes for the automated system shows the following results: 5% of the DNA fragments were smaller than 200 bp, 62% sized between 200 bp and 1500 bp and 29% of the DNA fragments were longer than 1,500 bp. Higher percentage of augmented DNA fragmentation was measured with Kit B (12%) and Kit A (8%). Medium size fragments were similar for kit A (62%) and kit B (57%). Regarding the longer DNA fragments, no significant difference (kit A 26%, kit B 27%) were observed. This leads to the conclusion that DNA isolated with the optimized semi-automated kit (kit C) seems to be less fragmented than DNA isolated with column-based kits.

The fragmentation peak (highest amount of DNA for a certain fragment size) in all three kits was analyzed for each of the five tissue samples (Figure 5B). No differences between the three isolation methods could be detected concerning the overall DNA fragmentation. Of note, regardless of the kit utilized, samples 1 to 3 show an average maximum peak between 280 bp and 620 bp whereas samples 4 and 5 are less fragmented with an average fragmentation peak between 1,200 bp and 1,800 bp. These results indicate that DNA fragmentation is affected by the quality of the specimens itself.

DNA extracted with the semi-automated kit is suitable for PCR analysis
Ultimately, eight DNA samples isolated with the optimized protocol were used for downstream analysis performing PCR of different fragment lengths. Appropriate primers for the beta-actin housekeeping gene were chosen. A primary smooth muscle cell line served as a control (Figure 6). By displaying the detectable fragments in agarose gel electrophoresis, both samples with large maximum fragments (500 bp–800 bp for samples 1, 2, and 8) as well as samples with only 200 bp of maximum fragments were detected (samples 6 and 7), independent of the extraction method used.

FIGURE AND TABLE LEGENDS:

Figure 1: Experimental workflow. The main steps of sample preparation and semi-automated DNA extraction are shown in the context of the used specimens and in comparison, with the manual DNA extraction kits A and B.

Figure 2: Concentration measurement. The upper part (A-C) shows the DNA concentrations measured with spectrometry, microplate reader technology and fluorometry using 20 µm, 50 µm, and 80 µm sections (each, n = 5) for all three different kits applied. The lower part shows the distribution of the DNA concentrations of five samples (80 µm) measured with spectrometry (D), microplate reader technology (E) and fluorometry (F). p-values are calculated with the paired t-test, p < 0.05 was considered significant.

Figure 3: Purity of the isolated DNA. The purity of DNA was assessed by calculating the A260/280 ratio in two different spectrometers (A,B) for all three different kits (n = 15). Dashed lines demonstrate the optimal ratio (1.6–1.8). (C) shows the DV200 (fragments >200 bp) in % calculated via fragmentation analysis. P-values are calculated with Mann-Whitney test and shown in the graph accordingly, p < 0.05 was considered significant.

Figure 4: Representative images from the fragmentation analysis. The fragmentation of each individual sample 1–15 is shown in the screen-tape traces. For every sample (n = 5) different amount of DNA from 20 µm, 50 µm, and 80 µm sections were analyzed separately (n = 3 for each sample) (A). (B) shows the DNA fragmentation of one representative specimen for 20 µm, 50 µm, and 80 µm sections for all three kits.

Figure 5: Fragment distribution by screen-tape analysis. (A) shows the distribution of short, medium, and long fragments within the samples isolated with different kits. (B) shows the maximum fragmentation peak of the DNA isolated from samples 1–5 plotted for the individual kits. For every kit, the 20 µm, 50 µm and 80 µm sections of each samples are pooled. p-values are calculated with paired multiple t-test and shown in the graph, p < 0.05 was considered significant.

Figure 6: Fragmentation analysis with PCR. This gel electrophoresis shows the PCR products with different amplicon lengths of the beta-actin housekeeping gene for eight different samples and one control cell line. Lanes are named as follows: 1 = 100 bp, 2 = 200 bp, 3 = 300 bp, 4 = 400 bp, 5 = 500 bp, 6 = 600 bp, 7 = 700 bp, 8 = 800 bp, 9 = 1,000 bp, and 10 = 1,300 bp.

Table 1: Results of quantitative analysis. This table shows the minimum, maximum, and mean concentration, of the DNA isolated from the five patients with the three different kits. Concentrations were measured spectrometrically using micro spectrometer and microplate reader, as well as fluorometrically.

Table 2: Results of qualitative analysis. A260/280 ratios calculated with micro-spectrometer as well as microplate-reader are shown for every sample (n = 15) and the three different extraction methods. DV200 (fragments bigger than 200 bp) calculated via fragmentation analysis is also shown for kits A, B, and C.

Table 3: Results of fragmentation analysis. Here, the percentage of the fragments smaller than 200 bp, bigger than 1,500 bp and between 200 bp and 1,500 bp is shown for all five patients, the different amounts of starting material (20 µm, 50 µm, and 80 µm) and the three different isolation methods. Percentages smaller than 2% were named as not detectable.

DISCUSSION:
DNA extraction methods for FFPE tissue vary in quality and quantity of isolated DNA, which inevitably affects the performance of further downstream analyses. Thus, automation is becoming imperative to improve workflow and standardization, as well as quality management. Therefore, in the present study, a semi-automated method for DNA extraction from FFPE samples was evaluated demonstrating better results than the other tested manual column-based protocols.

To optimize the described semi-automated method, our aim was to have one general protocol for every kind of tissue and body liquid, as well as fixed specimen. For this, we used the commercially available DNA Blood kit from the company (Table of Materials) for optimization. First of all, we included an incubation step for deparaffinization, using the commercially available incubation buffer and 1-thioglycerol of the same company. In different tests regarding the incubation time and optimum melting temperature of the paraffin, we chose a 10 min incubation step at 80 °C as intended in other commercially available FFPE kits. Concerning the amount of FFPE slices, most companies recommend 2 µm x 10 µm slices for DNA extraction. As known in this magnitude, it is extremely difficult to isolate DNA from specimen containing little cell amount. For this, we tried different amounts of fixed tissue slices and found that using 50 µm of tissue in total (best in single sections of 5 µm–10 µm) showed the best results. This is at any rate suitable for tissue with low cell amounts, but tissue with higher amounts of cells can also be treated like this. Especially column-based systems here show a high limitation with clogging of the silica membrane. The Proteinase K digestion was suggested to last between 4–20 h. Here, we found out that an incubation time of 4–6 h is indeed fine, but overnight incubation leads to more sufficient quality and quantity of DNA. For better cell lysis, it also appeared helpful to add another 10 µL of Proteinase K on the next day and incubate again for 1 h. As a shaking/mixing speed we chose more than the suggested 300 rpm since we saw that stronger mixing (500 rpm–600 rpm) leads to better proteinase K digestion, and therefore, higher amounts of DNA. Also, additional mixing steps (such as vortexing or full speed shaking) during the incubation leads to better DNA extraction. Contrary to the original FFPE protocol, we chose further incubation time after the addition of lysis buffer to the sample, with the lysis being more sufficient at 65°C. The last optimization step of the protocol was the addition of another incubation buffer. The system requires at least 60 µL of elution buffer. With the automated system being known to loose 5 µL –10 µL, we choose to have an elution volume of 65 µL.

This protocol has some crucial steps to note. The first one is to set the right temperature to solubilize the paraffin. 80 °C seems to be the best temperature for optimal melting. It is also crucial to cool the sample to 60 °C before adding proteinase K to prevent this enzyme from degradation. Next, it is important to not vortex the sample again after the 30 min incubation time with lysis buffer since the paraffin has to harden on top. Otherwise, the sample will be contaminated with paraffin. As a last step, it is also important to add some extra elution buffer volume since the system loses 5 µL–10 µL. We think that 65 µl of elution buffer is a good amount. If higher amounts of DNA are expected, the volume can of course be increased.

The optimized semi-automated isolation method provided the highest concentrations of total genomic DNA in all FFPE samples. Using the same amount of elution volume, also the total yield of DNA was four times higher. Additionally, the column-based kits showed no increase in DNA yield using thicker tissue sections, whereas the automate system demonstrated a linear increase of the DNA concentration associated with the augmented amount of tissue used. These differences can be explained mainly due to the paraffin clogging in the columns and the consequent lowering of the DNA binding capacity. Our data also suggests that larger amount of FFPE tissue, in our case 80 µm sections, are not necessary when isolating DNA with the semi-automated system. We could show that already a smaller amount (20 µm sections) leads to a sufficient yield of DNA. Thus, valuable tissue material can be saved. Moreover, DNA extracted with the semi-automated protocol, fulfilled, in most cases, the required purity criterion for high quality DNA (A260/280 ratio between 1.6 and 1.8). In contrast, DNA obtained from column-based isolation systems showed wide variation in a DNA purity and fewer samples fit the mentioned optimum ratio.

Sarnecka et al. described recently that a magnetic particle-based system is more sufficient than column-based systems12. Khokhar and colleagues could demonstrate that the automated system based on another protocols is more sufficient for smaller amplicons and widely robust in terms of quantity and purity of the extracts compared with other methods36. Our samples confirmed these findings showing a high distribution in the A260/280 ratio of the DNA isolated by the other kits.

Regarding the fragmentation analysis, eight DNA extracts obtained from these three commercial methods were used for PCR amplification. Different fragment lengths of one housekeeping gene (beta actin) were amplified and visualized using gel electrophoresis. There was only mild variation between the individual samples that may be attributed to the fact that all tissues have similar stage of atherosclerosis. This assumption was confirmed by histology (data not shown). Furthermore, this data shows that all samples were treated with formalin in the same standard manner. No significant differences were observed with regards to the fragment length obtained from the different samples independent of the method used for DNA extraction. Hence, fragmentation of FFPE tissue does not depend on the method used for DNA isolation but is rather affected by the variability of the human specimens and formalin treatment.

Since the used semi-automated system is described as a magnetic particle mover, not a liquid handler, it also offers some advantages over other semi-automated systems. The main advantage is the minimal risk of cross-contamination, since no liquid handling or splashing happens during sample processing. Another point we want to mention is the high amount of samples, which can be processed in one run of the system, without having much more hands-on time. Using a semi-automated system also leads to a lower probability of user mistakes than with the column-based or phase-separation methods. Especially for biobanking analyses and diagnostic work as well as for handling difficult tissues the semi-automated method described above is highly recommended. In these areas, it is very important that different workers and sometimes even unexperienced people all come to fast, easy, and reproducible results. Other advantages of the system are the generally applicable protocol, which can be used for every kind of tissue as well as blood, other body liquids, and also cells with only one minor change in the first step of the protocol, where no incubation buffer is needed.

Even if our results clearly demonstrated the superiority of the automated system for DNA extraction from FFPE over the manual protocols, it is to mention that we have compared only three commercially available kits. Consequently, our conclusion concerns only the methods tested in our study. In addition, the number of samples was low, and we used only atherosclerotic plaques for comparison. In order to generalize the results of our study, other tissue samples in a greater number would be necessary.

Nevertheless, the automated system seems to have considerable advantage over the manual kits, particularly for specimens with low amount of expected nucleic acids. Also, the system itself has certain limitations. For example, as mentioned above, it is necessary to use in minimum 60 µl for elution, because the plunger needs this amount to elute the DNA. Also, the loss of elution volume is higher for the semi-automated system than for the column-based systems. The automated method has a loss of around 10 µl of elution volume, whereas the manual methods only have a loss of 5 µl. Also, the higher costs have to be mentioned. But for high throughput analyses, the semi-automated system still offers the best benefits compared to costs. As a last limitation of the system, it is important to note that automated and semi-automated extraction is a self-contained closed system. It is, of course, possible to isolate, for example, DNA and protein, or also RNA and DNA from one sample, but it is not that easy and often used with manual phase separation methods. All buffers are customized to the kit and are not usable for other methods in contrast to Trizol reagents. At the end, it is also important to mention that, in general, DNA from FFPE samples is not suitable for whole genome sequencing because the fragmentation of the nucleic acids is too strong.

In conclusion, in this study, we demonstrate that a fully automated DNA isolation method might be an excellent tool to reduce the hands-on time and the amount of starting material. Also, it seems to be the best choice to reduce the contamination risks between samples. In addition, the flexibility of the automated system allows processing of not only one but up to 48 samples per run, which makes this method a useful tool for future high throughput analyses of samples with low number of cells and thus minor amount of nucleic acids. The quality and quantity of the isolated DNA using the automated system appears superior over other manual kits and also usage in further analyses as Southern blot, single nucleotide genotyping, cloning analyses, methylation assays as well as PCR amplification is possible.
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