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aturation mechanism of DNA

Min Xu, Tinghui Dai, Yanwei Wang* and Guangcan Yang *

DNA denaturation is related to many important biological phenomena, such as its replication, transcription

and the interaction with some specific proteins for single-stranded DNA. Dimethyl sulfoxide (DMSO) is

a common chemical agent for DNA denaturation. In the present study, we investigate quantitatively the

effects of different concentrations of DMSO on plasmid and linear DNA denaturation by atomic force

microscopy (AFM) and UV spectrophotometry. We found that persistent length of DNA decreases

significantly by adding a small amount of DMSO before ensemble DNA denaturation occurs; the

persistence length of DNA in 3% DMSO solution decreases to 12 nm from about 50 nm without DMSO

in solution. And local DNA denaturation occurs even at very low DMSO concentration (such as 0.1%),

which can be directly observed in AFM imaging. Meanwhile, we observed the forming process of DNA

contacts between different parts for plasmid DNA with increasing DMSO concentration. We suggest the

initial mechanism of DNA denaturation as follows: DNA becomes more flexible due to the partial

hydrogen bond braking in the presence of DMSO before local separation of the two complementary

nucleotide chains.
1. Introduction

DNA is a long polymer made from mono-nucleotide DNA. It
codes genetic information and plays an important role in many
biological processes. When the hydrogen bonds between
nucleotides are broken, DNA is denatured, resulting in base pair
breakage and double-stranded helix separation into two single
strands. DNA denaturation is becoming important for nano-
technology as DNA is now used for its self-assembly proper-
ties,1,2 to create nanodevices3 or to design molecular memories.4

The denatured structure of DNA exists widely in nature, and
denaturation is affected by a series of factors, such as pH,5,6

temperature,6–8 ionic strength,9 ion type,10–12 organic
reagent,13–17 binding protein18. However, the detail mechanism
of DNA denaturation is still not fully understood, and has
interested experimental and theoretical scientists for decades.19

Generally, DNA can be denatured by heat, chemical treat-
ment$(such as some organic solvents), or their combinations.
Chemical treatment is more convenient for DNA denaturation
investigation. Dimethyl sulfoxide (DMSO) is a common chem-
ical agent for DNA denaturation.20 It is a small amphipathic
organic molecule with a hydrophilic sulfoxide group and two
hydrophobic methyl groups. It is an important polar aprotic
solvent that dissolves both polar and nonpolar compounds.
Thus, it has been used as a good solvent for a wide range of
organic compounds, and is a powerful reagent in chemical and
biological studies. For example, it can be used in
sity, Wenzhou 325035, China. E-mail:

.cn; yanggc@wzu.edu.cn; Fax: +86-577-

3365
cryopreservation for preserving intact proteins, phages, and
cells in suitable concentration,21–23 and acts as an inducer of
cellular differentiation and as a free radical scavenger and
radioprotectant.24–26 DMSO can not only denature DNA solely,
but also can lower DNA melting temperature by adding a very
small amount in solution.27–32 Previous ensemble study shows
that at least 10% DMSO in solution is needed to obtain an
observable absorption signal change of ultraviolet 260 nm for
detecting DNA denaturation at room temperature.15,33 However,
recent studies have shown that even the involvement of very low
concentrations of DMSO can have a signicant impact on
different directions of research on proteins and nucleic
acids,24,34–36 and low concentrations of DMSO can cause signif-
icant conformational changes of nucleic acids, such as the
formation of Z-DNA under a specic condition.36 Therefore, to
study the effect of DMSO on DNA, especially in the range of low
concentration, is quite helpful to understand DNA denaturation
mechanism which is far more fully understood. On the other
hand, since local DNA denaturation is an obligatory step for the
initiation of the transcriptional process and DNA replication,
the location and dynamics of denaturation should be strictly
regulated in cells. Single-molecule analysis enable researchers
to detect phenomena having been obscured by ensemble aver-
aging in the past. Therefore, the study of DNA local denatur-
ation with single molecule technology such as atomic force
microscopy (AFM) will provide a direct visual information for
understanding the transition process of DNA denaturation and
developing biomedical applications based on DNA topology and
conformation. Based on the AFM images, we are able to calcu-
late the exibility of DNA to characterize its mechanical prop-
erties quantitively.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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In present study, we are trying to investigate quantitatively
the effects of low concentrations of DMSO on plasmid and
linear DNA denaturation by atomic force microscope (AFM) and
UV spectrophotometer to elucidate the mechanism of DNA
denaturation at single molecular level. We found that persistent
length of DNA decreases with increasing DMSO concentration
before DNA denaturation. And DNA denaturation occurs even at
very low DMSO concentration (such as 0.1%), which can be
directly observed in AFM imaging. When the plasmid DNA
hydrogen bond is broken, the conformation change from
relaxation to superhelix occurs because of the conservation of
the number of connections.37–40
2. Materials and methods
2.1. Materials

DNA (pBR322 plasmid and linear 5000 bp) was purchased from
Fermentas (Thermo Fisher Scientic, Inc., Waltham, MA, USA)
and its initial concentration was 500 ng mL�1. Calf thymus DNA,
dimethyl sulfoxide (DMSO, purity$ 99.8%) and 3-amino-
propyltriethoxysilane (APTES, purity$ 99%) were purchased
from Sigma-Aldrich (Sain Louis, MO, USA) and were used
without further purication. Puried water was obtained from
a Milli-Q system (Millipore, Billerica, MA, USA).
2.2. Sample preparation for AFM imaging

Mica modied with APTES (APTES-treated mica) was used as
substrate for the preparation of the samples for AFM imaging in
air. The preparation procedure of AFM imaging in air is as
follows:41–43 mica was cut into about 1 cm2 square pieces and
attached to a glass slide. The freshly cleaved mica surface was
modied with APTES by evaporating 4% (v/v) APTES solution in
the fume hood for 4 h. Leave the surface in a drying oven for
30 min at 120 �C to further passivate. APTES-treated mica is
ready for the sample aer that. The DNA samples were diluted
to a nal concentration of 1 ng$mL�1 by a stock solution con-
taining 1 mM Tris–HCl at pH 7.8 with various DMSO concen-
trations, incubating at room temperature for about 30 min. A 40
mL aliquot of the DNA solution was deposited onto APTES-
treated mica and incubated for 3 min at room temperature.
The excessive solution was then removed. Finally, the sample
was rinsed with about 200 mL of deionized water and dried with
a gentle ow of nitrogen gas. The concentration of DMSO and
Table 1 The concentration of DMSO and the molecular ratio between
DMSO molecules and nucleotides

Concentration
of DMSO (%)

Concentration
of DMSO (mol L�1)

Molecular ratio between
DMSO molecules and nucleotides

0.1 0.014 4.6 � 103

0.2 0.028 9.1 � 103

0.5 0.07 2.3 � 104

1 0.14 4.6 � 104

3 0.42 1.4 � 105

5 0.7 2.3 � 105

10 1.4 4.6 � 105

© 2022 The Author(s). Published by the Royal Society of Chemistry
the molecular ratio between DMSO molecules and nucleotides
are listed in Table 1.

The preparation procedure of AFM imaging in liquid is
according to ref. 44. Here is a brief description of the deposition
protocol used: 1.0mMMgCl2, 25mMKCl, 10mMHEPES (pH 7.5)
solution was used as deposition buffer, 10 mMNiCl2, 25 mMKCl,
10mMHEPES (pH 7.5) solution was used as imaging buffer, NiCl2
containing buffer only plays a role of increasing the DNA–mica
interaction strength.When 1mMMgCl2, PBS as deposition buffer
and 10mMNiCl2, 25 mMKCl as imaging buffer, because PBS will
react with NiCl2, we changed the protocol slightly: before we used
imaging buffer, we add the procedure of gently rinsed with 2 mL
deposition buffer and 6mL ultrapure water. Both DNA and DMSO
are deposited on mica aer sufficient reaction in a centrifuge
tube, regardless of whether AFM experiments are performed in air
or liquid environment. In air, DNA can be adsorbed on the mica
surface in a very short time (30–180 seconds) and the conforma-
tion is almost not affected by the subsequent preparation process.
Therefore, although the evaporation process and the adsorption
on themica surfacemay change the local concentration of DMSO,
it has no effect on the DNA morphology. In liquid, DNA can be
adsorbed on the surface of mica within 2 seconds, and the
conguration remains unchanged aer adsorption. Longer
deposition time only makes the sample adsorbed more rmly, so
it will not be affected by the imaging liquid. The prepared samples
were scanned using a Nano Wizard III AFM (JPK Instruments AG,
Berlin, Germany) operated in ACmode in air. A silicon AFM probe
(NCHR-50, NanoWorld Corporation, Neuchâtel, Switzerland) with
aluminum coating was used and was driven at resonance
frequency of 320 kHz. During imaging, the surface was scanned at
a rate of 1.0 Hz.

The AFM images obtained by imaging in air are quantita-
tively analyzed. The kinks and bubbles of DNA in AFM were
regarded as DNA denaturation regions, take the distance
between the two farthest points on the 5000 bp DNA and the
PBR322 DNA chain as the long axis, and the parallel line of the
long axis is translated to both sides and is tangent to the point
on the chain, and the distance between the two parallel lines is
taken as short axis. Full contour length, local denaturation
length, long axis, short axis and end-to-end distance measure-
ments of DNAmolecules were performed by the soware ImageJ
(Wayne Rasband, National Institute of Health, USA), as shown
in Fig. 1. Each measured DNA was manually traced through the
mapping tool of the soware and was traced for at least three
times, and the length was automatically measured by the so-
ware. The average value of the three times was taken. The kinks
caused by DNA denaturation may contain the undenatured
parts, the ratio of denaturation going to be bigger than it really
is. In addition to the images shown in the paper, we also
measured DNA in other images. We analysed approximately 25
imaged DNA for each concentration group.
2.3. Sample preparation for dynamic light scattering (DLS)

The particle size measurements45 were performed by using
a DLS device of Malvern Zetasizer Nano ZS90 (Malvern Instru-
ments Ltd, Worcestershire, UK) equipped with the patented M3-
RSC Adv., 2022, 12, 23356–23365 | 23357
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Fig. 1 The various dimensions of 5000 bp DNA and pBR322 DNA in AFM images were measured manually by ImageJ.
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PALS technique. PBS buffer solution was used for the assay with
different concentrations of DMSO and 1 ng$mL�1 DNA. The
solution was detected aer incubated at room temperature for
30 minutes, and the sample cell was kept at 25 �C.
2.4. Sample preparation for UV spectrophotometry

An appropriate amount of the calf thymus DNA was dissolved in
1 mM PBS buffer and stored at 4 �C as DNA stock solution. PBS
buffer was used to prepare different concentrations of DMSO
solution, 200 mL of each concentration of solution was added to
2 mL of DNA stock solution. The nal DNA concentrations was
xed at 60.7 ng$mL�1. The PBS buffer solution containing
different proportion of DMSO without DNA was used as blank
control. 2 mL of the prepared solution were loaded onto the
pedestal of the Q5000 Ultra-micro ultraviolet spectrophotom-
eter (Quawell, USA) for absorbancemeasurement at 260 nm. For
thermal denaturation experiments, calf thymus DNA was
denatured by MK-10 dry bath incubator (ALLSHENG, Hang-
zhou, China). The nal A260 UV absorbance of each group of
Fig. 2 AFM images of pBR322 plasmids in 1 mM Tris–HCl buffer (pH 7.8)
The concentration of DMSO is 0.1%, 0.2%, 0.5%, 1%, 3%, 5%, 10%.

23358 | RSC Adv., 2022, 12, 23356–23365
sample were immediately recorded aer they were removed
from the incubator.
3. Results and discussions
3.1. AFM imaging and DLS experiment

Atomic force microscopy (AFM) has been known to be a power-
ful tool for determining some subtle change of DNA confor-
mation. We used AFM to investigate the change in morphology
of DNA in the presence of different concentrations of DMSO in
solution. Two types of DNA were used, one is circular plasmid
pBR322 DNA, including 4361 bp, and the other is linear 5000 bp
linear DNA. The obtained AFM images of circular plasmid DNA
on the mica surface are shown in Fig. 2. For the negative
control, we start by imaging DNA alone in the same buffer
condition as used in presence of DMSO (Fig. 2a), which shows
the typical circular conformation of DNA in the absence of
DMSO as expected. From Fig. 2b–h, the corresponding DMSO
concentrations in solution increases gradually from 0.1% (v/v)
at different concentrations of DMSO in air. (a) Without DMSO. In (b–h)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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to 10% (v/v). We can see a dose dependent change in the
conformation of DNAs. In Fig. 2b, we can see DNAs have more
bends compared with those in Fig. 2a, but few or no kinks can
be found, and no crossings. In the case, the effect of DMSO on
DNA is only to make DNA more exible, but have no observable
change on its tertiary conformation. When the concentration of
DMSO is increased slightly to 0.2% and 0.5%, as shown in
Fig. 2c and d, some dose dependent local denaturation can be
found, including local small bubbles or twisted clusters due to
the denatured single stranded DNAs collapse. Because of the
local denaturation, some toroidal supercoils are observable, in
which DNA chain crossovers, although the concentration of
DMSO is still very low. When the concentration of DMSO grows
further up to 1%, as shown in Fig. 2e, in addition to the irreg-
ular shape of loosely interwound, partially plasmid molecules
become more intertwined, but with clear open space visible
between the contact points. When 3% DMSO is added into the
DNA solution, as shown in Fig. 2f, tight supercoiling was
detected as a close contact between DNA segments from
duplexes, with regions of close contact separated by loops with
different duplex-to-duplex distance. When we increase the
concentration of DMSO further to 5% and 10%, as shown in
Fig. 2g and h, the degree of plectonemic supercoiling in the
plasmid molecule increased until the plasmid molecules most
of duplex segments became plectonemic supercoiled structure,
with no clear space between contact points.

Similar to the length of pBR322 DNA, we imaged 5000 bp
linear DNA with increasing concentration of the DMSO and
studied its physical properties. The obtained AFM images of
linear DNA on the mica surface are shown in Fig. 3 with the
increase concentration of DMSO. Fig. 3 shows images of DNA
samples incubated with different DMSO concentrations. Fig. 3a
shows in the absence of DMSO, we can see the naturally
extended DNA on the fresh mica surface. When the
Fig. 3 AFM images of 5000 bp linear DNA in 1mMTris–HCl buffer (pH 7.8
the concentration of DMSO is 0.1%, 0.2%, 0.5%, 1%, 3%, 5%, 10%.

© 2022 The Author(s). Published by the Royal Society of Chemistry
concentration of DMSO is 0.1%, 0.2% as shown in Fig. 3b and c,
the double strand is more curved, the same as the plasmid DNA.
As shown in Fig. 3d and e, we observed loops, crossings and
knots of different sizes at 0.5% and 1% DMSO concentration.
When the concentration of DMSO is 3% and 5%, as shown in
Fig. 3f and g these individual toroidal structures appeared as
a series of loops resembling a telephone cord. When the
concentration of DMSO is 10%, as shown in Fig. 3h, more
compact structure is adopted by DNAmolecules. The crossing is
the point at which the number of entanglements between DNA
strands is less and the intersections between strands can be
clearly observed. The knot is a point of convergence where
strands of DNA are intertwined to form multiple intersections
that cannot be clearly identied.

To further explore the interaction between DNA and DMSO
in physiologically similar conditions, we used 1 mM PBS buffer
and 10 mM HEPES buffer containing 1 mM MgCl2, 25 mM KCl
respectively for AFM imaging of DNA in a liquid environment.
The results in liquid are shown in Fig. 4 in which Fig. 4a–d used
PBS buffer, and Fig. 4e–h used HEPES buffer. DMSO concen-
trations in the two groups of buffers were 0.1% (a, e), 0.5% (b, f),
5% (c, g) and 10% (d, h). Firstly, we can see that in the same
buffer, with the increase of DMSO concentration, the DNA
superhelix structure would become more and more obvious.
Secondly, by comparing the experimental results of the two
buffers, we can see that there is almost no difference in the DNA
conformation of the two buffers at the same concentration of
DMSO. Finally, by comparing the AFM experiments in liquid
and air environments, AFM experiments in liquid is consistent
with the trend of DNA conformational change under different
DMSO concentration in air. In addition, the liquid environment
even improves the resolution of AFM, allowing us to more
clearly observe the kink and superhelical structure produced by
DNA denaturing.
) at different concentrations of DMSO in air. (a) Without DMSO. In (b–h)

RSC Adv., 2022, 12, 23356–23365 | 23359
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Fig. 4 AFM images of pBR322 DNA in liquid. (a–d) were buffered with 10 mM HEPES (pH 7.5), containing 1 mM MgCl2, 25 mM KCl, the
concentration of DMSO is 0.1%, 0.5%, 5%, 10%. (e–h) were buffered with PBS, the concentration of DMSO is 0.1%, 0.5%, 5%, 10%.
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In addition of visual comparison, we tried to quantify how
DMSO affect the mechanical properties of both circular and
linear DNA chains. Here we used twomethods. The rst method
is DLS. We measured the particle size of pBR322 DNA at
different DMSO concentrations (0%, 1%, 5%, 10%) by DLS,
being similar to ref. 46. The experimental results are shown in
the Fig. 5. In the absence of DMSO, the peak centered at about
490 nm, when 1% DMSO was added, the peak center shied
signicantly to the le, and the peak centered at about 360 nm.
When the concentration of DMSO increased to 5%, the peak
centered at about 337 nm and when the concentration of DMSO
increased to 10%, the peak centered at about 284 nm. It can be
explicitly seen that the particle size of DNA decreased with the
increase of DMSO concentration, because of the ability of
DMSO to change the topological structures.47,48

The second method is to analyze the images collected by
AFM. At rst, we measured the mean dimension of two types of
DNA fragments at various DMSO concentrations. Then, we
traced the mean end to end distance of linear DNA under the
same conditions, which is closely related to the persistence
length of DNA molecule. We found out the orientation in which
DNA images show the maximal extension as the long axis and
measured the dimension as R1, then measured the dimension
perpendicular to the long axis as R2. The arithmetic average D¼
(R1 + R2)/2 is our denition of the mean dimension of a polymer
chain. pBR322 DNA and 5000 bp DNA mean dimensions at
different DMSO concentrations was obtained aer statistical
analysis of the obtained data. The relations between the mean
dimension and DMSO concentration are shown in Fig. 6. We
can see that the DNA mean dimensions decrease with
increasing DMSO concentration progressively in both circular
and linear chains. For example, the mean dimension of bare
pBR322 is about 408 nm, then becomes about 370 nm when
adding 0.1% of DMSO in solution, a shrinkage by 9%. When
DMSO concentration goes up to 10%, the mean dimension of
23360 | RSC Adv., 2022, 12, 23356–23365
pBR322 DNA deceases to 220 nm, almost half of the original
dimension. For linear DNA, the result is also similar. The DNA
mean dimension of 5000 bp DNA gradually goes down from
(757� 9) nm to (324� 5) nm, reduced 57%, when 10% of DMSO
is added. Although the variation trend of AFM and DLS was
consistent, the results of DLS appear systematically bigger than
from AFM. The reasons may include solution effect, absorption
on mica surface and the complex shape of DNA.

From the statistics for DNA mean dimension and particle
size, we can infer that adding DMSO into solution makes DNA
more exible, that is, the persistence of DNA chain decreased.
To investigate the inuence of DMSO upon the exibility of DNA
quantitatively, we measured the end-to-end distances of linear
DNA fragments and calculated their persistence lengths by
wormlike chain (WLC) model. The mean square root distances
of linear DNA fragments are presented in Table 2. We can see
the mean square root distance of DNA decreases monotonically
with increasing DMSO concentration. For example, the mean
square root end-to-end distance of 5000 bp linear DNA is (683�
43) nm in the absence of DMSO in solution, while it decreases
drastically to (509 � 41) nm in the presence of 0.1% DMSO in
solution. It means a very low concentration of DMSO has a quite
impact to the change of end-to-end distance of DNA, and thus to
the persistence of DNA. When the concentration goes up to 5%,
the mean square root end-to-end distance deceases to (288 �
25) nm. The data in Table 2 was calculated by measuring the
DNA persistence length of multiple images and averaging it. We
analysed 25 DNA images for each concentration group. The end-
to-end distance of DNA more than expected in Fig. 3a is prob-
able due to excessive water ow for washing or excessive ow of
nitrogen for blow drying during the preparation process.

According to the worm like chain model, we can estimate
persistence length from the Mean Square End-to-End distance
of DNA, the relation between them is as follows:49
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Size distribution with different DMSO concentrations. (a) 0%. (b) 1%. (c) 5%. (d) 10%.

Fig. 6 Mean dimension of DNA at different concentrations of DMSO. (a) pBR322 plasmid DNA. (b) 5000 bp linear DNA.
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R2D
2 ¼ 4LpL

0
B@1� 2Lp

L

0
B@1� e

� L
2Lp

1
CA

1
CA

where hR2i is the mean square end-to-end length of the polymer,
L is the original contour length, Lp is the persistence length. By
inserting the mean square end-to-end distance (hR2i) of DNA at
various DMSO concentration into the expression, we obtain the
© 2022 The Author(s). Published by the Royal Society of Chemistry
corresponding persistence length (Lp) of DNA respectively,
shown in Table 2. For example, in the samples with the 5%
concentration of DMSO, the initial persistence length (Lp) of
a bare DNA fragment of 57 nm decreased and reached 12 nm.
3.2. UV spectrophotometry

Usually, DNA denaturation is monitored by its ultraviolet
absorbance collected by a UV-vis spectrophotometer. We used
RSC Adv., 2022, 12, 23356–23365 | 23361

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra02480b


Fig. 7 260 nm absorbance of DNA. (a) At 0%, 1%, 5%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90% and 100% of DMSO. (b) At 45 �C, 50 �C,
55 �C, 60 �C, 65 �C, 70 �C, 75 �C, 80 �C, 85 �C, 90 �C, 95 �C.

Table 2 Root-mean-square end-to-end distance of 5000 bp linear
DNA at different concentrations of DMSO

Concentration
of DMSO (%)

ffiffiffiffiffiffiffiffiffiffi
hR2i

p
(nm) Lp (nm)

0 683 � 43 57 � 7
0.1 509 � 41 40 � 7
0.5 483 � 16 36 � 2
1 470 � 36 34 � 3
3 297 � 14 13 � 2
5 288 � 25 12 � 3

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
A

ug
us

t 2
02

2.
 D

ow
nl

oa
de

d 
on

 6
/1

3/
20

26
 2

:4
1:

07
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Q5000 Ultra-micro ultraviolet spectrophotometer (Quawell,
USA) measuring the change of absorbance at 260 nm caused by
denaturation. The denaturation of DNA will lead to the
destruction of base pairs, and the double-stranded helix is
separated into two single strands, but does not involve the
change of the primary structure of DNA. The denaturation of
DNA is measured by measuring the UV absorption of DNA
solution at 260 nm. The absorbance is related to the number of
unpaired DNA base pairs. The more unpaired DNA base pairs,
the greater the absorbance. Fig. 7a presents the UV denatur-
ation prole of DNA at various DMSO concentration, the
concentration of DMSO varies from 0% to 100%. When the
concentration of DMSO is lower than 1%, the absorbance does
not have an observable change. We inferred that the kinks
caused by DNA denaturation observed by AFM correspond to
the weakening of hydrogen bonds between two strands of DNA
rather than their complete separation, which is less sensitive in
UV absorption. When the concentration of DMSO is greater
than 1%, the absorbance gradually increases with increasing
concentration of dimethyl sulfoxide. At about 60% concentra-
tion of DMSO, the absorbance is saturated and we can conclude
that double stranded DNAs become single stranded chains,
implying complete denaturation.

In addition, in order to efficiently evaluate the effect of
DMSO concentration on DNA stability, we performed DNA
melting experiment by heating for comparison. Fig. 7b presents
the UV denaturation prole of DNA at various temperature.
About 10% of total absorption change (comparing to that at 95�)
at 70�. This is because in the thermal denaturation of DNA
molecules, as the temperature goes up, when the temperature
reaches a certain value, the double strand starts to open and
then there is a rapid process of unchain, becoming an irregular
line ball, and the denaturation temperature range is very
narrow. When the temperature rises to about 90 �C, we can see
that the DNA is almost completely denatured. By comparing the
UV denaturation prole of DMSO, the same DNA denaturation
23362 | RSC Adv., 2022, 12, 23356–23365
effect can be achieved when DMSO concentration is 60%. It is
notable that we focus mainly on DNA denaturation by DMSO
and thermal denaturation is only for comparison. Thus our
conclusions are mainly valid on chemical denaturation of DNA.

By comparing with the data of atomic force microscope
(AFM), we found that even at ultra-low concentration range (0.1–
1%), we still observed DNA denaturation locally in the DNA
images. We calculated the ratio of local denaturation based on
AFM images of pBR322 DNA and linear DNA. We think that the
kinks and bubbles of DNA in AFM were closely related to DNA
denaturation regions: we rst used ImageJ to measure the total
contour length and local denatured parts of each DNA at
different concentrations of DMSO, and then calculated the ratio
of length of the local denatured part to the contour length,
nally, calculated the average from the all of data measured, the
calculated average rate is regarded as the denaturation rate. The
statistical results are shown in Table 3. For example, 1.4% of
plasmid DNA is denatured even in 0.1% DMSO solution while it
becomes 2.3% for linear DNA. This interesting nding might be
elucidated by the supercoiling of circular DNA since it has to
overcome the extra energy barrier to form DNA supercoils while
the supercoiling is released for linear DNA. Therefore, dena-
turing circular DNA is slightly harder than linear one. Since UV-
vis spectroscopy is an ensemble method, is not sensitive enough
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Denaturation ratio of pBR322 DNA and 5000 bp linear DNA at
different concentrations of DMSO

Concentration
of DMSO (%)

Denaturation of
pBR322 DNA (%)

Denaturation of
5000 bp DNA (%)

0.1 1.4 2.3
0.2 3.1 5.6
0.5 4.4 9.2
1 8.2 10.5
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to detect a small amount of local denaturation of DNA mole-
cules. This also reects the advantages of single molecular
techniques such as atomic force microscopy.

The double helix structure of DNA is mainly attributed to the
interaction of hydrogen bonds between the complementary
nucleotide units of DNA and the base stacking force. The
denaturation ability of DMSO can be rstly attributed to the
strong hydrogen bond acceptability of sulfoxide functional
groups and hydrophobic properties of methyl groups: DMSO
and amine group of Guanine base interaction through the
hydrogen bonding between oxygen moiety of DMSO and
a hydrogen atom of NH2 to destabilize DNA base pairing.
Another effect of DMSO is its modication on solvation envi-
ronment of DNA. The insertion of the non-polar methyl groups
of DMSO into the nonpolar space of the water, the structure of
the whole aqueous solution is changed, resulting in hydro-
phobic interaction and also affects the base stacking force.30,50

Even at a very low concentration of DMSO, the presence of
a strong interaction between the DMSO and the minor and
major grooves of the DNA bases causes a distortion of the
hydrogen bonds between the DNA bases, thus destabilizing the
DNA double helix.51 Therefore, some hydrogen bonds in DNA
chains and the base stacking force are weakened or broken by
the agent although the total double helix conformation of DNA
is still intact. The consequent result is that DNA becomes more
exible, in the other words, DMSO lowers the persistence of
DNA before causing the local denaturation of DNA. With the
increase of DMSO concentration, denatured regions gradually
increased, leading to an apparently more interwound DNA
conguration were observed in AFM images, as shown in Fig. 1.

By comparing with the data of atomic force microscope
(AFM), we found that the UV spectrophotometer did not detect
the denaturation behavior of DNA in the ultra-low concentra-
tion range (0.1–1%). It may be that the UV spectrophotometer is
not sensitive when denaturation occurs in only a few areas of
the DNA molecule. This also reects the advantages of atomic
force microscope compared with ultraviolet spectrophotometer
in observing the denaturation of DNA.
4. Conclusions

In summary, we can conclude some points for the interaction
between DMSO and DNA as follows:

(1) DMSO induces a dose dependently structural changes of
DNA as expected.
© 2022 The Author(s). Published by the Royal Society of Chemistry
(2) AFM examination shows that DMSO induces both linear
and plasmid DNA denaturation even at very low concentrations
(0.1%), far below the concentration at which traditional ultra-
violet spectrophotometry is capable to detect the alternation.
The AFM images also shows the contacts formed between
different parts of DNA supercoil because of the local denatur-
ation of plasmid DNA by DMSO.

(3) We found that DMSO also signicantly decreases
persistence length of DNA. Specically, the persistence length
of DNA in 3% DMSO solution decreases to 12 nm from about
50 nm without DMSO in solution.

(4) For the initial mechanism of DNA denaturation, we can
infer that DNA becomes more exible and has the unique
morphological and structural changes due to the partial
hydrogen bond broken in the presence of DMSO even at very
low concentration.
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