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Abstract
Background

Tissue samples can provide high molecular weight (HMW) DNA for advanced genomic applications, such as long-read
sequencing. Archived frozen tissues stored in biobanks or tissue repositories could retain DNA quality. However, the impact
of different tissue disruption methods on DNA yield, purity and integrity remains incompletely characterized.

Methods

The impact of three disruption methods on DNA was initially compared using rabbit liver tissues: liquid nitrogen (LN) coarse
smashing, LN fine grinding, and TissuelLyser homogenization. Key parameters, including lysis time, homogenization buffer,
agitation frequency, and running duration, were subsequently optimized to maximize DNA yield or preserve fragment
integrity. Different disruption methods were further evaluated using archived frozen human liver, kidney, bladder, and
pancreas tissues to assess their applicability across different tissue types.

Results

All methods yielded A260/280 ratios of ~ 1.8. LN fine grinding resulted in the lowest DNA yield, DNA integrity number (DIN)
and A260/230. LN coarse smashing yielded optimal integrity (DIN > 8, peak size ~ 50 kb) but moderate yield, and prolonged
lysis did not improve DNA recovery. The TissuelLyser group with nuclease-free water had the highest yield and purity
(A260/230 > 2.0) but the smallest fragment size (~ 25 kb). Buffer selection markedly affected the outcomes of TissuelLyser
homogenization. PBS achieved high integrity (DIN ~ 9, peak size ~ 60 kb), whereas ATL buffer (lysis solution of DNA
extraction kit) produced smaller DNA fragments (~ 22 kb) but significantly increased the yield (1245.93 + 168.37 ng/mg).
Validation in human tissues demonstrated that the optimized Tissuelyser protocol consistently outperformed the LN
disruption methods across all four tissue types.

Conclusions

Tissue disruption should balance DNA recovery and integrity. TissueLyser homogenization offers a standardized and
efficient approach for HMW DNA extraction. The buffer and parameters should be guided by the specific requirements of
downstream applications.

INTRODUCTION

DNA extracted from human tissues is a core resource in biomedical research, precision medical diagnosis, targeted therapy
development and cutting-edge interdisciplinary exploration [1-3]. Large-scale genomic initiatives, such as the Mutographs
project and the Genotype-Tissue Expression (GTEX) project, rely on the systematic collection and long-term cryopreservation
of large numbers of human tissue specimens, as well as subsequent extraction of high-quality DNA [4-6]. High-quality DNA
not only serves as a prerequisite for diverse applications with specific requirements but also directly affects the depth,
breadth, and reliability of the research [7]. In particular, third-generation sequencing technologies, including long-read
sequencing, require high-molecular-weight (HMW) DNA with sufficient quantity and integrity to achieve optimal sequencing
performance [8-10].

DNA quality is commonly assessed in terms of purity and integrity. The purity of DNA is evaluated through the ratios of

A260/280 (indicating protein contamination) and A260/230 (indicating polysaccharides, organic solvent or salt

contamination) [11, 12]. The integrity of DNA is assessed by the DNA integrity number (DIN) and DNA fragment size. The

DIN value ranges from 1 (highly degraded) to 10 (highly intact) [13-15], and DIN = 8 is considered high quality [16]. DNA
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fragmentation makes DNA less suitable for certain applications that require HMW DNA and have specific, strict standards
for the length of DNA [13, 17, 18]. HMW DNA is typically defined as fragments larger than 10 kb [17]. The importance of DNA
molecular weight is particularly evident in long-read sequencing. For example, the mean insert size recommended for
PacBio HiFi whole-genome sequencing libraries is 10—25 kb [19]. Despite this relatively smaller library size, PacBio
recommends starting with genomic DNA larger than 40 kb on average, to ensure a high-quality input and a more narrowly
focused library size distribution after shearing [19]. Oxford Nanopore Technologies is able to sequence very long DNA
samples (> 50 kb) [20, 21]. However, obtaining DNA of the desired molecular weight often requires specialized extraction
protocols followed by controlled fragmentation or shearing, which can increase procedural complexity, time, and cost [21-
24]. Any mechanical shearing, nuclease degradation, or chemical damage during sample pretreatment or DNA extraction
procedures can result in DNA fragmentation [25]. Therefore, preserving DNA integrity during the processing of tissues is
particularly important for generating HMW DNA suitable for advanced genomic applications.

The quality and quantity of DNA are influenced by the tissue type, initial state of the tissue sample, pretreatment method,
and extraction procedure [26-29]. Prior to DNA extraction, it is essential to lyse tissue samples to release DNA [30]. The
majority of commercial DNA extraction kits suggest that tissue disruption can reduce lysis time. Mechanical disruption
methods, such as liquid nitrogen (LN) grinding via pestles and mortars, cutting tissues into pieces with scissors, and bead-
based homogenization, are widely adopted to accelerate cell lysis in tissue DNA extraction [26, 30—32]. However,
mechanical disruption can also introduce shear forces that may fragment genomic DNA [33]. The choice and optimization
of tissue disruption method may be particularly important when HMW DNA is required.

Notably, bead-based homogenization is increasingly used for tissue disruption because it can homogenize extremely small
tissues through the crushing action of beads against the tissue, combined with localized shear forces generated in the
surrounding buffer [27]. The impact of this approach on DNA quality may depend on several operational parameters,
including the composition of the liquid phase, agitation speed, and running duration [27, 31]. However, even in the
instructions of well-established commercial kits, recommendations regarding the homogenization buffer are either absent
or inconsistent across different manufacturers. Examples include the QIAwave DNA Blood & Tissue Kit (Qiagen, Hilden,
Germany), PureLink® Genomic DNA Kit (Thermo Fisher Scientific, Waltham, MA, USA), TIANamp Genomic DNA Kit (Tiangen
Biotech, Beijing, China), Wizard® Genomic DNA Purification Kit (Promega, Madison, WI, USA) and HiPure Tissue DNA Kit
(Magen Biotechnology, Guangzhou, China). Despite the widespread use of these approaches, few studies have
systematically evaluated how tissue disruption methods and their key operational parameters influence DNA yield, purity,
and integrity, particularly in archived frozen tissues.

To address this gap, we first evaluated the impact of three disruption methods on the quality and quantity of DNA in
archived frozen rabbit liver tissues. Subsequently, an attempt was made to optimize the LN coarse smashing method by
extending the lysis time, and the effects of buffer solutions, agitation speed and running duration of the bead-based
homogenization method on DNA quality were evaluated. Finally, four types of frozen human tissues, namely, liver, kidney,
bladder, and pancreas, were used to validate the influence of different disruption methods on DNA quality.

MATERIALS AND METHODS
Tissue preparation

The rabbit liver tissues used in this study were specimens acquired from our prior research, which had been stored in vapor-
phase LN since May 2025 [34]. These specimens were collected after the rabbit was anesthetized by intravenous injection
of 3% pentobarbital sodium (30 mg/kg) into the ear vein and euthanized through the intravenous administration of an
overdose of 10% pentobarbital sodium (100 mg/kg). Human tissues cryopreserved in vapor-phase LN for several months to
four years were provided by the Department of Biological Repositories, Zhongnan Hospital of Wuhan University, a member
of International Society for Biological and Environmental Repositories (ID:49623232). This study was approved by the
Experimental Animal Welfare and Ethics Committee of Zhongnan Hospital, Wuhan University (Approval No. 2025109) and
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the Medical Ethics Committee of Zhongnan Hospital of Wuhan University (Approval No. 2017038). All experiments were
conducted with four biological replicates (n = 4).

Tissue disruption methods

An excessive tissue input, particularly for samples with rich DNA (e.g., liver, lung, or spleen), can reduce both DNA yield and
purity. Therefore, the majority of commercial tissue DNA extraction kits (e.g., QIAwave DNA Blood & Tissue Kit, PureLink®
Genomic DNA Kit, TITANamp Genomic DNA Kit, Wizard® Genomic DNA Purification Kit and HiPure Tissue DNA Kit) specify a
maximum amount of starting material in their protocols. Therefore, in the present study, frozen rabbit liver tissues were first
placed in a mortar precooled with LN and gently smashed into small pieces using a pestle. These pieces were then quickly
weighed on an electronic balance (#HZT-A + 300, HUAZHI, USA) without thawing. Pieces weighing approximately 10 mg, as
recommended by the Hipure Tissue DNA Mini Kit (#D312102, 2024, Magen, China) for liver tissue, were selected and
randomly assigned to three disruption groups (Fig. 1).

For the LN coarse smashing group, 10 mg tissue pieces were cryogenically smashed 3-5 times in LN with a pestle to obtain
smaller fragments of approximately 1-2 mm in diameter, yielding coarse tissue pieces. For the LN fine grinding group, 10
mg tissue pieces were first processed as described for coarse smashing and then further ground into a fine powder. For the
TissueLyser group, 10 mg tissue pieces were placed into 2 mL RNase-/DNase-free sterile polypropylene centrifuge tubes (#
MCT-200-C-S, Axygen, USA) and mechanically homogenized via a high throughput bead-based shaking Tissuelyser
(#Scientz-48, Ningbo SCIENTZ Biotechnology Ltd., China) under the following conditions: 250 pL of nuclease-free water
(#BL510A, Biosharp, China), two different sized nuclease-free homogenization beads (4 mm and 2 mm diameter,
respectively) [34], and a frequency of 50 Hz with continuous operation for 30 seconds. After homogenization, the samples
were centrifuged at 12000 x g for 1 minute, after which the supernatant and beads were discarded. The disrupted tissues of
the three groups were placed into 2 mL centrifuge tubes and supplemented with 230 pL ATL buffer and 20 pL proteinase K,
followed by incubation in a 55°C water bath for 30 minutes. Both ATL buffer and proteinase K were provided by the Hipure
Tissue DNA Mini Kit (#D312102, 2024, Magen, China).

Extended lysis time of coarse smashed tissues

Approximately 10 mg frozen rabbit liver tissue piece was cryogenically smashed 3-5 times in LN. After 230 pL ATL buffer
and 20 pL proteinase K were added, the coarse smashed tissues were randomly allocated to three extended lysis time
groups: 60, 90, and 120 minutes in a 55°C water bath.

Homogenization buffer

Frozen rabbit liver tissues were cryogenically smashed into 10 mg tissue pieces and transferred to two other buffer
solutions containing two different sized nuclease-free homogenization beads (4 mm and 2 mm diameter, respectively): 230
pL ATL buffer with 20 pL proteinase K and 250 pL phosphate buffered saline (PBS, pH 7.4, #C10010500BT; Gibco, USA). The
tissues were homogenized via a Tissuelyser at a frequency of 50 Hz with continuous operation for 30 seconds. After
homogenization, the samples in the PBS group were treated in the same way as those in the TissuelLyser group with
nuclease-free water. For the ATL group, the beads were removed with sterile tweezers. The treated tissues were incubated in
a 55°C water bath for 30 minutes.

Homogenization parameters

Frozen rabbit liver tissues were cryogenically smashed into 10 mg pieces. The agitation frequency and running duration of
homogenization were adjusted for the two buffer solutions. For the ATL groups, 10 mg tissue pieces were transferred to 230
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pL ATL buffer combined with 20 pL proteinase K, followed by homogenization with continuous operation for 30 seconds
under lower agitation frequencies of 20, 30, and 40 Hz. For the PBS groups, 10 mg tissue pieces were transferred to 250 pL
PBS and homogenized at 50 Hz for longer running durations of 60 and 90 seconds.

Validation in frozen human tissues

Four types of frozen human tissues were cryogenically smashed into small pieces according to the instructions of the
HiPure Tissue DNA Mini Kit: liver (~ 10 mg), kidney (~ 10 mg), bladder (~ 20 mg), and pancreas (~ 20 mg). The tissue pieces
were randomly assigned to the LN coarse smashing group, the fine grinding group, and the TissuelLyser group using PBS and
ATL as the homogenization buffer (50 Hz, 30 seconds). The disrupted tissues were incubated in a 55°C water bath for 30
minutes.

DNA extraction and quality assessment

After the tissues were incubated in a 55°C water bath, DNA was extracted using the HiPure Tissue DNA Mini Kit. The primary
steps were as follows: (1) 10 pL of RNase A was added, followed by incubation at room temperature for 20 minutes, (2) 250
uL of DL buffer was added, followed by incubation at 70°C for 10 minutes, (3) 250 pL of anhydrous ethanol was added and
DNA purification was performed using a silica column, and (4) the extracted DNA was eluted with 50 pL of AE buffer.

The DNA concentration and purity (A260/280 and A260/230 ratios) were measured with a NanoDrop One
spectrophotometer (Thermo Fisher Scientific Ltd.). The DNA yields were normalized to the tissue mass (ng DNA/mg tissue).
DIN and fragment size (200 bp to > 60 kb) were determined using an Agilent 4200 TapeStation system with Genomic DNA
ScreenTape (#5067-5365, Agilent Biotechnologies Ltd., USA). The peak size is recommended as the sizing metric [29]. For
statistical analysis, peak sizes > 60 kb were assigned to a nominal value of 60 kb.

Statistical analysis

Statistical analyses were conducted via GraphPad Prism 8.0.1 (GraphPad Software, San Diego, CA). The Shapiro-Wilk
normality test was performed to determine whether the data followed a normal distribution, and the homogeneity of
variance was also examined. For the rabbit tissues, one-way ANOVA was used when normality and homogeneity of variance
were satisfied. Otherwise, the Kruskal-Wallis U/H test was used. For the human tissues, repeated measures one-way ANOVA
or the Friedman test was used. If the test result was statistically significant, a post hoc test for multiple comparisons was
performed.

RESULTS

The effects of disruption methods on DNA quality of frozen rabbit
liver

Three methods were used to disrupt the frozen rabbit liver: LN coarse smashing, LN fine grinding, and TissuelLyser
homogenization with nuclease-free water. The yield, purity, and integrity of the DNA were analyzed. As shown in Fig. 2A, the
LN fine grinding group presented the lowest DNA yield, followed by the coarse smashing group, and the TissuelLyser group
presented the highest DNA yield (145.13 £16.65, 504.41 + 140.48 and 862.58 + 96.01 ng/mg). The A260/280 ratio of all the
groups was approximately 1.8 (Table 1). The A260/230 ratio in the TissueLyser group was greater than 2.0, which was
significantly greater than that in the LN fine grinding group (Table 1). The coarse smashing group showed significantly
higher DIN values (8.75 + 0.31, Fig. 2B) and larger DNA peak sizes (~ 50 kb, Fig. 2C) than the fine grinding and TissuelLyser
groups. The LN fine grinding group showed considerable variability in peak size (33.16 + 11.10 kb, with the standard
deviation exceeding 30% of the mean), and the TissueLyser group exhibited the lowest peak size (25.77 + 3.20 kb).

Page 5/18



Table 1
Evaluation of DNA extracted from frozen rabbit liver.

Disruption methods Lysis Yield DIN Peak A260/280 A260/230
time (ng/mg) size
(min) (kb)
LN fine grinding 30 145.13 = 7.35 33.16+ 1.80% 1.52 =
16.65 * 11.10 0.07 0.15
0.42
LN coarse smashing 30 504.41 8.75 5331+ 1.85% 2.01+
140.48 * 3.52 0.04 0.30
0.31
60 43212 8.88 5424+ 1.84% 193¢
91.32 t 2.05 0.04 0.13
0.22
90 375.30 = 8.30 4796+ 185t 1.98 ¢
47.47 + 3.38 0.02 0.19
0.14
120 480.00 + 8.15 4707+ 186+ 2.00 £
39.20 + 8.39 0.02 0.06
0.31
TissuelLyser homogenization NFW 50 30 862.58 + 7.55 2577+ 1.87% 214 +
(buffer, agitation frequency, Hz 96.01 + 3.19 0.01 0.05
and running duratior% 30s 0.10
ATL 50 30 124593+ 8.33 2179+ 188+ 221+
Hz 168.37 + 0.61 0.01 0.10
30s 0.17
ATL 40 30 1300.27+ 8.70 3048+ 187t 215+
Hz 71.41 * 3.93 0.02 0.17
30s 0.08
ATL 30 30 880.04 = 8.68 53.73+ 1.87+ 2.07
Hz 322.76 * 3.03 0.01 0.10
30s 0.19
ATL 20 30 733.22 8.68 58.30+ 1.87% 2.02
Hz 130.62 t 2.57 0.02 0.14
30s 0.13
PBS 50 30 687.12 = 8.88 5744+ 187% 2.09 £
Hz 106.06 t 1.90 0.02 0.11
30s 0.05
PBS 50 30 858.56 = 8.73 5934+ 1.87% 219+
Hz 142.94 + 1.24 0.02 0.29
60 s 0.33
PBS 50 30 735.08 + 8.40 5873+ 1.82% 1.87
Hz 66.44 + 2.44 0.05 0.38
90s 0.14

NFW/ATL/PBS represent different homogenization buffers when a Tissuelyser is used.

LN, liquid nitrogen; DIN, DNA integrity number; NFW, nuclease-free water; PBS, phosphate buffered saline.

The impact of lysis time on the DNA quality of coarse smashed frozen
rabbit liver
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A 30-minute incubation for the coarse smashed tissue was insufficient to achieve complete lysis, as evidenced by the
residual macroscopic tissue clumps. We therefore extended the incubation time. No significant differences in the DNA yield,
purity, or peak size were observed across incubation times up to 120 minutes (Table 1, Figure S1A, S1C). However, DINs
were significantly lower in the 90-minute and 120-minute groups than in the 30-minute and 60-minute groups (Figure S1B).

The effects of different homogenization parameters on the DNA
quality

Compared with homogenization with nuclease-free water, homogenization with ATL buffer resulted in a significantly
increased DNA yield, whereas PBS showed no significant difference in DNA yield (Fig. 3A). DNA purity was comparable
among the three groups, as evidenced by both the A260/280 and A260/230 ratios (Table 1). The PBS group presented
significantly greater DINs than the nuclease-free water group (8.88 + 0.05 versus 7.55 £ 0.10). The DINs of the ATL group
(8.33+0.17) tended to be greater than those of the nuclease-free water group, although the difference was not statistically
significant (Fig. 3B). The PBS group exhibited a significantly larger DNA peak size than the ATL and nuclease-free water
groups (57.44 +1.90 kb versus 21.79 + 0.61 kb and 25.77 + 3.19 kb, Fig. 3C).

In light of the highest DNA yield but the lowest DNA peak size observed in the ATL group, we subsequently decreased the
agitation frequency. DNA purity remained consistent under all conditions (Table 1). For DNA integrity, homogenization at
20-40 Hz produced significantly higher DINs than homogenization at 50 Hz (Fig. 3E). Compared with higher frequencies (40
Hz and 50 Hz), lower homogenization frequencies (20 Hz and 30 Hz) resulted in larger peak sizes but lower DNA yields (Fig.
3D, 3F). The DNA peak size was lowest at 50 Hz.

Considering that the PBS group presented the greatest DINs and the largest DNA peak size but a lower DNA yield, we
enhanced the disruption intensity by extending the running duration. No differences were observed in the DNA yield, purity,
or DNA peak size (Table 1, Fig. 3G, 3I). Nevertheless, more intensive treatments (50 Hz, 90 seconds) resulted in lower DINs,
however, all values still remained above 8 (Fig. 3H).

The effect of disruption methods on the DNA quality of frozen human
tissues

In the validation experiment on four types of frozen human tissues, the average DNA yield was the highest for the ATL
Tissuelyser group (liver, 2021.48 + 497.97 ng/mg; kidney, 1219.45 + 317.98 ng/mg; bladder, 2123.04 + 1558.40 ng/mg; and
pancreas, 2214.50 + 483.88 ng/mg) and the lowest for the LN fine grinding group (Fig. 4A-4D). For the liver tissues, the LN
fine grinding group showed the lowest DINs (Fig. 4E). For the other three types of tissues, no significant differences in DINs
were observed (Fig. 4F-4H). Notably, apart from a single kidney tissue that exhibited DINs < 8 under four disruption
methods, the PBS TissueLyser group of all other tissues presented DINs > 8 (Table 2). Furthermore, the PBS Tissuelyser
group of all tissues generated HMW DNA with a peak size > 50 kb (Fig. 41-4L). The ATL Tissuelyser group generated
relatively lower peak sizes (liver, 21.40 + 3.27 kb; kidney, 34.03 + 7.55 kb; bladder, 44.05 + 11.59 kb; and pancreas, 34.99 +
9.70 kb, Table 2), with the exception of only two bladder tissues that exhibited a peak size > 50 kb. The LN fine grinding
group of pancreas tissues and the coarse smashing group of bladder tissues presented a DNA peak size > 50 kb, whereas
these two disruption methods showed marked fluctuations in the other three tissue types. In terms of DNA purity, significant
differences were observed in the bladder and liver tissues among the four disruption methods, with the TissuelLyser groups
exhibiting superior purity (Table 2). No significant differences were found in kidney and pancreas tissues.
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Evaluation of DNA extracted from four types of frozen human tissues.

Table 2

Tissue

type

Liver

Kidney

Bladder

Pancreas

Disruption

methods

LN fine
grinding

LN coarse
smashing

TissueLyser
(PBS)

TissueLyser
(ATL)

LN fine
grinding

LN coarse
smashing

TissueLyser
(PBS)

TissueLyser
(ATL)

LN fine
grinding

LN coarse
smashing

TissueLyser
(PBS)

TissueLyser
(ATL)

LN fine
grinding

LN coarse
smashing

TissueLyser
(PBS)

TissueLyser
(ATL)

DNA yield
(ng/mg)

Mean £
SD
250.45
+37.13
614.41
+234.23

961.04
+413.01

2021.48
+497.97

379.89
+135.75

607.03
+118.27

978.21
+492.77

1219.45
+317.98

157.85
+68.14

443.66
+278.85

629.51
+125.97

2123.04
+
1558.40

577.51
+106.23

615.21
+213.10

1301.49
+299.61

2214.50
+483.88

p
value

<

0.001

0.004

0.019

0.002

DIN

Mean
+SD

7.60
+0.74
8.43
+0.86

8.83
+0.54

8.10
+0.16

8.08
+0.33

8.25
+0.79

8.50
+0.69

8.35
+0.51

8.50
+0.52

8.70
+0.53

8.75
+0.39

8.55
+0.35
8.20
+0.45

8.30
+0.22

9.00
+0.29

8.65
+0.35

value

0.027

0.196

0.821

0.058

DNA peak size

(kb)
Mean
+SD
36.19
+
11.61

55.30
+7.63

58.76
+1.67

21.40
+3.27

+ o1

1.11
1.92

\o_\

(&)

1.84
+8.05

(o]

56.03
+2.70

34.03
+7.55

51.47
+7.76

56.24
+1.36

55.98
+2.77

44.05
+
11.59

58.59
+1.04

55.72
+4.99

59.27
+1.47

34.99
+9.70

value

0.004

0.002

0.035

0.012

LN, liquid nitrogen; DIN, DNA integrity number; PBS, phosphate buffered saline.

A260/280
Mean p
+SD value
1.83 0.007
+0.03
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A260/230

Mean
+SD
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+0.08
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+0.09

2.30
+0.07

value

0.026

0.347

0.001

0.087

DISCUSSION
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Tissue samples procured from various organs contain a large amount of highly diverse information (such as DNA, RNA, and
proteins) [31], which is highly valuable for biomedical research. As a crucial preprocessing step in biomedical research,
tissue disruption is intended to break down the cell and nuclear membrane via physical, chemical, or enzymatic means to
release intracellular components for subsequent molecular analysis [31]. The quality of this process directly influences the
accuracy and reproducibility of subsequent operations, especially for those requiring batch processing. Therefore, selecting
the most appropriate disruption method according to sample type, target analyte stability, and experimental throughput is
essential to maximize the utilization of archived frozen tissues preserved in biobanks [34]. In the present study, we
systematically compared tissue disruption methods to guide the extraction of high-quality DNA from archived frozen tissue
samples.

Our results indicated that LN fine grinding resulted in the lowest DNA yield and A260/230 ratio. This finding aligns with our
previous findings regarding tissue RNA, in which ground tissue powder adhering to a mortar and pestle significantly reduced
the nucleic acid yield [34]. Compared with coarse smashing method, LN fine grinding resulted in lower DINs and DNA peak
sizes. The mechanical forces involved in the grinding process may cause physical shearing of DNA molecules, leading to
DNA fragmentation [33]. Angthong P et al. similarly reported that additional LN homogenization of adipose tissue caused
lower DINs [35]. Furthermore, LN grinding is a technically demanding, complex and high-risk procedure that is prone to
introducing pollutants, which may affect the efficiency of subsequent nucleic acid purification [12, 17].

LN coarse smashing is a relatively mild disruption method compared to LN fine grinding. The DNA integrity of the coarse
smashing group was commendable, and the purity was within the acceptable ranges. However, this group yielded a
moderate quantity of DNA among the three disruption methods, which correlated with the observation that undissolved
tissue fragments remained after 30 minutes of incubation in a water bath. This suggested incomplete lysis, potentially
compromising DNA yield [30]. It is crucial to adjust the lysis time according to the tissue state [36]. While previous
investigations have reported that prolonged lysis (e.g., overnight) increases yields without decreasing quality [36, 37] or has
no substantial influence [38, 39], our results contrast with these findings. Extending the lysis time up to 120 minutes, which
completely dissolved the 10 mg tissue pieces, failed to increase DNA yield and instead resulted in DNA smearing and a
trend toward lower fragment peak sizes at 90 and 120 minutes. We hypothesize that this discrepancy may arise because the
amount of DNA within the exposed cellular structure is prone to reduction during chemical lysis, which exacerbates DNA
degradation [40]. Considering the extraction efficiency and the hypothesis that there might be an improvement in yield but a
decrease in DNA integrity, no additional groups with longer lysis times were conducted.

Bead-beating homogenization has been proven to be a simple, effective, and labor-saving mechanical disruption method
that increases the DNA yield [41, 42]. In this study, bead beating homogenization via a TissueLyser with nuclease-free water
yielded high purity DNA, with a maximum quantity of 862.6 + 96.0 ng/mg. Nevertheless, the TissuelLyser group exhibited
lower DINs with DNA peak sizes of ~ 25 kb. Similarly, Hermans N et al. reported that the implementation of a bead beating
step led to an approximately 60-fold increase in DNA yield but resulted in DNA fragmentation [43]. We hypothesized that the
observed fragmentation might be caused by either inappropriate buffer or the excessive intensity of homogenization.
Consequently, we introduced two other buffers (PBS and ATL buffer) for comparison with nuclease-free water under the
same homogenization parameters (50 Hz for 30 s). All buffers produced high purity DNA. Notably, the ATL buffer
significantly increased the mean DNA yield to 1245.93 + 168.37 ng/mg without mitigating DNA fragmentation. Despite
slightly higher DIN values (> 8), the DNA peak size remained approximately 22 kb. These results suggest that ATL buffer can
facilitate cell lysis and is highly efficient in releasing DNA, but the released DNA may remain susceptible to physical shearing
caused by mechanical homogenization. Thus, the trade-off between yield and integrity needs to be further tuned.

In contrast, PBS exhibited a slightly lower DNA yield but markedly improved DNA integrity, resulting in DINs near 9 and peak
sizes approaching 60 kb. This difference indicated that the buffer environment itself may substantially influence the extent
of DNA fragmentation. Simpson RJ. suggested that the choice of homogenization buffer depends on the nature of the
extract required and a buffer of moderate ionic strength at neutral pH is generally used [44]. Presumably, the isotonic
characteristic of PBS more effectively maintains the osmotic equilibrium of the dispersed tissue cells during
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homogenization. This enables tissue fragments to be dissociated into cell clumps without impairing the integrity of the
plasma membrane, thereby preventing DNA exposure and mechanical shearing.

Beyond buffer selection, optimization of homogenization parameters may further improve the quality of the target outcomes
[43, 45]. Given that ATL and PBS exhibited distinct advantages over nuclease-free water, with ATL favoring DNA recovery and
PBS better preserving DNA integrity, we subsequently examined the effects of agitation frequency and homogenization
duration for these two buffers. In the ATL buffer, decreasing the agitation frequency to 20 Hz or 30 Hz notably diminished
DNA yield but maintained DNA purity and improved DNA integrity, with HMW DNA > 50 kb. This phenomenon may be
attributed to the fact that lower agitation frequencies impose milder mechanical shearing forces on the released DNA,
thereby protecting long DNA strands from fragmentation. However, the reduced yield likely reflects incomplete tissue
disruption, as small tissue remnants were observed. In PBS, apart from the slightly lower DINs after 90 seconds of
homogenization, extending the running duration of PBS at a frequency of 50 Hz had no effect on the DNA yield, purity or
peak size. Extending the running duration of PBS homogenization did not increase the DNA yield, likely because the tissue
disruption had already reached an effective level at 50 Hz for 30 seconds, as evidenced by the absence of visible tissue
remnants.

The findings from the four types of human tissues were generally consistent with those from rabbit liver tissue. TissuelLyser
homogenization demonstrated relatively stable overall performance. Among them, the PBS groups resulted in a moderate
yield, yet the largest DNA peak size across the four types of human tissues. The ATL buffer yielded the highest amount of
DNA but the lowest DNA peak sizes, which varied across different types of tissue. This may be attributed to tissue
heterogeneity. For example, the DNA peak size of liver tissue was approximately 20 kb, which is consistent with the results
for rabbit liver tissue. Liver tissue is readily disrupted, but HMW DNA recovery from it has been reported to be challenging,
potentially owing to its high endogenous enzymatic activity [26]. Bladder tissue is more tough and more challenging to
disrupt. Siuta J et al. also reported substantial differences in DNA yields among human liver, kidney, and pancreas tissues
[26]. The TissuelLyser groups in our study presented higher DNA yields. Both the LN grinding and minced groups presented
marked fluctuations in the DIN and DNA size of the liver tissue. In contrast, the Tissuelyser groups produced more stable
results, suggesting that bead-based homogenization was more suitable for liver tissue. Nevertheless, with respect to the
other three tissue types, the disruption methods had a minor influence on the DIN. Taken together, cross-tissue validation
suggests that the effect of tissue disruption methods on DNA quality may vary with tissue characteristic.

Several limitations should be considered. First, the optimization experiments were primarily performed using rabbit liver
tissue, and only four types of human tissues were used for validation. Second, the number of biological replicates was
limited. Considering the impact of tissue heterogeneity and individual variations, the findings may not be directly
generalizable to other tissue types, and larger cohorts would be conducive to establishing more stable and reliable results,
thereby enabling the specific selection of appropriate disruption conditions for each type of tissue. Third, the performance
of the extracted DNA in downstream long-read sequencing was not directly assessed.

CONCLUSION

In conclusion, this study demonstrates that tissue disruption conditions substantially influence both DNA recovery and
molecular integrity during the extraction of HMW DNA from archived frozen tissues. Compared with the LN fine grinding and
coarse smashing, the bead-based homogenization tends to be more efficient. It consistently yields DNA with stable quality
and quantity, which is crucial for the accuracy of downstream analyses. Moreover, it facilitates the batch processing of
tissue samples, substantially improving efficiency. Specifically, the choice of homogenization buffer is critical. PBS can
generate high-quality HMW DNA with a DIN greater than 8 and a peak size > 50 kb, regardless of the sample type, agitation
frequency, and running duration. Conversely, the quality of DNA extracted from tissues treated with ATL buffer is more prone
to being influenced by these factors. ATL buffer produces moderate size of HMW DNA and provides a considerable DNA
yield higher than that of PBS. These findings may facilitate the preparation of high quality DNA for downstream genomic
applications requiring HMW DNA.
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(A) DNA yields, ng DNA/mg tissue. (B) DNA integrity number values. (C) DNA peak sizes. *, p values < 0.05; **, p values <
0.01; ***, p values < 0.001; ****, p values < 0.0001. Ordinary one-way ANOVA (A, C) and the Kruskal-Wallis test (B).
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Figure 3

Evaluation of DNA in four types of frozen human tissues.

DNA yields of the liver (A), kidney (B), bladder (C), and pancreas (D), ng DNA/mg tissue. DNA integrity number values of the
liver (E), kidney (F), bladder (G), and pancreas (H). DNA peak sizes of the liver (l), kidney (J), bladder (K), and pancreas (L).
PBS, phosphate buffered saline. A, liver; o, kidney; v/, bladder; e, pancreas. n.s., non-significant; *, p values < 0.05; **, p
values < 0.07; ***, p values < 0.001; ****, p values < 0.0001. Repeated measures one-way ANOVA (A, B, C, E, F, G, H, J, K) and

the Friedman test (D, I, L).
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Evaluation of DNA in frozen rabbit liver under different homogenization parameters via a TissueLyser.

DNA yields (A), DNA integrity number values (B), and DNA peak sizes (C) of DNA under three homogenization buffers. DNA
yields (D), DNA integrity number values (E), and DNA peak sizes (F) of DNA in the homogenization group with ATL buffer
under four agitation frequencies. DNA yields (G), DNA integrity number values (H), and DNA peak sizes (I) of DNA in the
homogenization group with PBS under three running durations. DNA yields, ng DNA/mg tissue. NFW, nuclease-free water;
PBS, phosphate buffered saline. A, NFW; o, PBS; e, ATL. n.s., non-significant, *, p values < 0.05; **, p values < 0.01; ***, p
values < 0.001; **** p values < 0.0001. Ordinary one-way ANOVA (A, C, D, E, F, G) and the Kruskal-Wallis test (B, H, I).
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