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ARTICLE INFO ABSTRACT

Keywords: Docetaxel (DOC) is one of the second-generation antineoplastic drugs of the taxanes family with
Laser confocal Raman spectroscopy excellent antitumor activity. However, the mechanism of DOC inducing tumor cell apoptosis and
Docetaxel

treating cancer diseases, especially its interaction with DNA in the nucleus, and its adjuvant or
combined Doxorubicin (DOX) acting on DNA molecules are unclear. In this study, the interaction
mechanism between DOC and DNA, as well as the synergistic effects and competitive relation-
ships among DOC and DOX when they simultaneously interact with DNA molecules were studied
by laser confocal Raman spectroscopy combined with UV-visible absorption spectroscopy and
molecular docking technology. The spectroscopic results showed that the binding constant of
DOC to DNA is 5.25 x 10° M}, the binding modes of DOC and DNA are non-classical interca-
lation and electrostatic binding, and the DNA-DOC complex has good stability. When DOC or DOX
interacts with DNA alone, both of them can bind with bases and phosphate backbone of DNA, and
also lead to DNA conformation changes; when DOC and DOX interact with DNA at the same time,
the orders of interaction not only affect their binding sites with DNA, but also cause changes in
the surrounding environment of the binding sites. In addition, the molecular docking results
further verified that DOC and DOX have synergy and competition when they interact with DNA
molecules simultaneously. The docking energies of DNA-DOC and DNA-DOX indicate the
important role of van der Waals forces and hydrogen bonds. This study has practical significance
for the design and development of antitumor drugs with less toxic based on the taxanes family
and the combination with other drugs for the treatment of cancer.

Drug-DNA interaction
Synergistic and competitive effects
Molecular docking

1. Introduction

DNA (Deoxyribonucleic Acid) is a crucial genetic material in organisms and is also the target of drugs [1]. Many anticancer drugs
used in clinical therapy exert their biological effects by interfering with the transcription and replication of DNA. The binding modes
between drugs and DNA are closely associated with the chemical structure, molecular conformation and the distribution of extra-
nuclear electron clouds of drug molecules, the modes can be simply classified into covalent, non-covalent and cleavage interactions [2,
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3]. Non-covalent binding involves electrostatic, groove and intercalative binding [4,5]. When small drug molecules interact with DNA,
it can be a singular mode or multiple modes coexisted. It is a basis that exploring the interaction mechanism between drug molecules
and DNA for understanding the mechanism of drug-induced apoptosis of tumor cells and developing new drugs with less toxicity.

Docetaxel (DOC) is one of the second-generation anticancer drugs of taxanes family and a semisynthetic analogue of 10-deacetyl-
baccatin-III derived from the needles of yew tree Taxus baccata [6]. DOC has some excellent properties such as better water solubility
than paclitaxel due to its chemical structure containing tert-butyl carbamate in the phenylpropionate side chain and a hydroxyl group
at C10, as well as lower toxicity and higher efficacy in anticancer activity. Recently, DOC has been attracted more and more attention
[7].

DOC can stabilize microtubules through binding to tubulin and inhibit its depolymerization, resulting in cell cycle arrest at G2/M
phase and inhibiting the proliferation and viability of cancer cells. Additionally, DOC can promote the expression of the cell cycle
inhibitor p27 while inhibit the expression of anti-apoptotic gene Bcl-2 [8]. DOC has remarkable efficacy and tolerability in clinical
applications, showing excellent antitumor activity in various cancers such as breast cancer, pancreatic cancer and non-small cell
carcinomas [9].

Studying and analyzing the interaction between small drug molecules and DNA can help deeply comprehend the pharmacological
activity of drugs. At present, the main methods and technologies include ultraviolet visible spectroscopy (UV-vis) [10], fluorescence
spectroscopy [11], isothermal titration calorimetry (ITC) [12], magnetic tweezer [13], optical tweezers [14], Atomic Force Microscope
(AFM) [15] and so on. However, these methods have limitations of some sort. Laser confocal Raman spectroscopy overcomes the
shortcomings of low sensitivity and weak spectral intensity of ordinary Raman spectroscopy and has many advantages such as high
accuracy and efficiency in the detection of single molecular characteristics [16,17].

Rezaei et al. have evaluated the binding mechanism of Piperine and calf thymus DNA and confirmed the groove binding of Piperine
to DNA [18]. Esfandiari et al. have investigated the interaction of Rebeccamycin with calf thymus DNA in the absence and presence of
H1 by molecular dynamics and multi-spectroscopic. The results showed that Rebeccamycin can interact with DNA by intercalation and
groove binding in the absence and presence of H1 [19]. Sani et al. have studied the interaction of Ofloxacin (Oflx) and calf thymus DNA
in the presence and absence of histone H1 by multi-spectroscopic. The results indicated that the interaction mode between Oflx and
DNA is intercalation binding, and the binding of Oflx to DNA-H1 complex is mainly driven by hydrogen bonding and van der Waals
forces [20].

In clinical applications and exploratory developments, it is found that adjuvant and combination chemotherapy can achieve
synergistic therapeutic effect to improve anticancer efficacy and reduce side effects [21]. Among them, the combination of DOC and
DOX has gained attention in the treatment of breast cancer, ovarian cancer and other cancers [22-24]. Doxorubicin (DOX) is a
broad-spectrum anthracycline derived from mutated strains of streptomyces peucetius [25]. DOX prevents the proliferation of cancer
cells by inserting base pairs to interrupt DNA transcription and inhibit the activity of topoisomerase II to impede DNA replication [26].
DOX has remarkable therapeutic efficacy on various cancers such as acute leukemia, breast cancer and multiple myeloma [27].

Lemiesz et al. have investigated the binding between taxane and human serum albumin and the influence of taxane on the
interaction between DOX and serum albumin by spectroscopic methods. It was found that the binding of taxane to serum albumin can
occur near the binding sites of DOX to serum albumin, and can induce surrounding conformation changes of serum albumin [28]. Chen
et al. have found that taxane can significantly enhance the resonance light scattering (RLS) signal and improve the binding ability of
anthracyclines to DNA using RLS technique [29]. Zeng et al. have demonstrated that DOX can interfere with the cytotoxic effect of DOC
on both mitotic arrest and apoptotic cell death through DNA fragmentation analyses, flow cytometry and cell rotation analysis [30].
Despite these studies providing partial hypotheses and explanations for the combined effects of taxanes and anthracyclines, further
experimental research and theoretical analysis are necessary to elucidate the interaction mechanism between DOC and DNA, as well as
the synergistic effects and competitive relationships when DOC and DOX interact with DNA molecules.

In this study, we have investigated the interaction mechanism between DOC and DNA, as well as the synergistic effects and
competitive relationships when DOC and DOX interact with DNA molecules simultaneously based on laser confocal Raman spec-
troscopy, combined with UV-vis spectroscopy. And the molecular docking technology is employed to validated the binding modes and
the binding sites between drugs and DNA.

2. Material and methods
2.1. Chemicals and reagents

DOC (CAS: 114977-28-5), DOX (CAS: 23214-92-8) and calf thymus DNA (CAS: 73049-39-5) were purchased from Sigma-Aldrich
(St. Louis, Missouri, USA). The stock solution of DOC (1.2 x 1072 M) was prepared in ethanol, the stock solution of DOX (1.2 x 1072M)
and DNA (1.5 x 103 M) were prepared in Tris-HCL buffer (10 mM, PH = 7.4). All solutions were stored at 4 °C away from light. The
concentration of DNA was determined by the molar absorption coefficient 969 = 6600L/(molecm) at 260 nm. The purity of DNA was
determined by measuring the absorbance ratio at 260/280 nm, Azs0,280 = 1.9, indicating its high purity without proteins. All other
chemicals and reagents used were of analytical grade.

2.2. Experimental methods

2.2.1. Raman spectroscopy
The Raman spectra of the samples were collected using Alpha 500R laser confocal Raman system, with a 20 x objective lens, a



S. Zhou et al. Heliyon 10 (2024) 30233

grating of 600 g/mm. The integration time was 30 s with 2 accumulations per measurement and the range was 400-1800 cm ™. The
data were preprocessed using WITec Project Four software, including cosmic ray removal, smoothing, baseline correction and so on.
The processed data were exported and the Raman spectra were plotted by Origin. The Raman spectra of DNA, DOC and DOX were
characterized and the Raman spectra of binary and ternary system complexes were measured. Five sets of valid data were taken for
each experimental group and averaged to obtain the final Raman spectra.

2.2.2. UV-vis spectroscopy

UV-vis spectroscopy enables qualitative, quantitative and structural analysis of molecules by analyzing the position and the
absorbance of the peaks [31]. The UV-vis spectra of the samples were collected using the ultramicro UV-vis spectrophotometer
(DS-11, DeNovix, USA) to study the effects of different conditions (pH, DNA concentration, interaction time and ionic strength) on the
samples. Each set of samples was mixed thoroughly and left at room temperature for half an hour. In the melting point experiment, the
UV-Vis spectra of DNA and DNA-DOC were measured at intervals of 5 °C in the range of 20-100 °C and the absorbance at 260 nm was
recorded. To ensure the accuracy and reliability of the experimental results, three measurements of each spectrum were averaged and
then plotted and analyzed.

2.2.3. Molecular docking method

Molecular docking technology provides valuable information on potential binding modes and interactions between drugs and DNA
at the molecular level [32,33]. Molecular docking software Autodock (Scripps, USA) has been used to simulate and calculate all
possible binding conformations and interaction forces. After the ligand and receptor were treated with dehydrating and hydrogena-
tion, the grid point position was 70 x 80 x 90 and the grid point spacing was 0.375 A. Based on Lamarck genetic algorithm, the
semi-flexible docking method was used to calculate the docking calculation of receptor and ligand. The optimal binding conformation
was selected from the final docking results, and PyMol 2.5.3 software was used to visualize and analyze the docking results. The 3D
crystal structure of DNA was downloaded from Protein Data Bank. The structures of DOC and DOX were downloaded from ChemSpider
(ChemSpider ID: 130581) and PubChem database (PubChem CID: 31703).

3. Results and discussion
3.1. Raman spectra

3.1.1. Raman spectra of DNA

In order to avoid the variation of DNA Raman peak positions due to different DNA states, Raman spectra of DNA fiber and DNA
solution were studied. Fig. 1 shows the Raman spectra of DNA fiber and solution. The main Raman peaks of DNA solution include 733,
785, 807, 838, 1013, 1100, 1250, 1307, 1378, 1423, 1487, 1577, and 1662 em ™. These characteristic peaks reveal the vibrational
information of the DNA molecular structure [34,35]. The 785 cm™! peak represents the symmetric stretching vibration of bases C, T
and O-P-0. The 807 cm ™! is attributed to A-DNA, while the 838 cm ™! is attributed to B-DNA. The 1013 cm ™! is attributed to the C-O
stretching vibration of deoxyribose and 1100 cm™! corresponds to the O—=P—O0 symmetric stretching vibration. 733, 1250, 1307,
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Fig. 1. Raman spectra of DNA fiber and solution, ¢(DNA) = 1.2 x 1072 M.
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1378, 1423, 1487, 1577, and 1662 cm ™! are attributed to the relevant vibrations of bases. 733 and 1307 cm ™ correspond to the
symmetric stretching vibration of base A and 1250 cm ™! peak represents the vibrational mode of bases A and C. 1378 em™! corre-
sponds to the molecular vibration of the three bases A, T and G. 1423 cm ™! belongs to the molecular vibration of bases A and G. Both
1487 and 1577 cm ™! can be attributed to the molecular vibrations of bases G and A. 1662 cm ™! is attributed to the stretching vibration
of C=0.

By comparing the Raman spectra of DNA fiber and solution, it is observed that the peak positions are almost the same, with a few
peaks being slightly shifted. A new peak of 838 cm ™! appeared in the spectra of DNA fiber formulated into solution. At this time, the
Raman peaks of 807 and 838 cm ™! were found in the DNA solution, indicating that the solution was in the coexistence state of A-DNA
and B-DNA [36]. The Raman peaks at 1011 and 1666 cm ! shifted to 1013 and 1662 cm ! respectively. The difference between DNA
fiber and DNA solution is that the DNA in solution may be affected by the solvent, which may cause slight changes in DNA confor-
mation and skeleton due to ionic binding or hydration, and thus affect the DNA Raman peak positions [37].

3.1.2. Raman spectra of DOC

The molecular structure of DOC (Fig. 2a) and corresponding Raman spectra (Fig. 2b) are shown in Fig. 2. The main Raman peaks of
DOC are concentrated in the range of 600-1800 em™}, which mainly contains 620, 696, 805, 894, 952, 1002, 1163, 1254, 1274, 1325,
1372, 1455, 1602, 1630 and 1717 cm~!. The Raman peaks at different positions can reveal vibrational information of the DOC
molecular structure [38,39]. 620 and 696 cm~! are attributed to the stretching vibration of C=C. 805 cm ! characterized the
deformation vibration of C-H. 894 and 952 cm ™! belong to the methyl rocking vibration. 1002 and 1163 cm™! are associated with
C—C vibration mode. 1254 cm ™" is attributed to the stretching vibration of C-C, while 1274 ecm ™ is attributed to the deformation
vibration of carbon alkyl. 1325, 1372 and 1455 cm ! are attributed to the deformation vibration of C-H including CH; and CHs. 1602
cm ™! represents the structure of ester and 1630 cm ™! represents the stretching vibration of C=C conjugated with C=0. 1717 cm™!
represents the stretching vibration of C=0.

3.1.3. Raman spectra of DNA-DOC

Fig. 3 illustrates the Raman spectra of DNA and DNA-DOC. It can be found that when DOC interacted with DNA, the Raman peak at
733 and 1307 cm ! shifted to 740 and 1315 cm ™! respectively, indicating a certain interaction between DOC and base A. The Raman
peak at 838 cm ™! shifted to 845 cm ™! indicating that DOC can affect the B conformation of DNA. The Raman peak of 1100 cm ™7,
attributed to the symmetric stretching vibration of O—=P=O0, shifted to a lower wave number of 1085 cm™, due to the hydrogen bond
between DOC and the phosphate backbone of DNA. The blueshift of the characteristic peak from 1378 to 1382 cm ™! is caused by the
deformation of hydrogen bond between the -NH of base A and the C=0 of base T. The characteristic peak of 1577 cm ™" shifted to
1582 cm™!, indicating that DOC molecule can form hydrogen bond with base G. The redshift from 1662 to 1658 cm™! is due to the
C=0 change of base C. Therefore, DOC can interact with the bases of DNA as well as the phosphate backbone, and can also induce the
conformation changes of DNA.

3.1.4. Raman spectra of DOX

The molecular structure of DOX (Fig. 4a) and its corresponding Raman spectra (Fig. 4b) are shown in Fig. 4. The main Raman
characteristic peaks of DOX include 440, 463, 792, 992, 1083, 1210, 1245, 1428, 1448, 1578 and 1635 cm’l, which reveal the
structural information of DOX [40-42]. The Raman peaks at 440 and 463 em ! are attributed to C-C-O and C-O vibrations,
respectively. 792 cm ™! is attributed to the deformation vibration of C-H on the ring, while 992 cm™! is attributed to C-Hs and the
deformation vibration of C=0 and C-O-H. 1083 cm ™! is assigned to G-O vibration, while 1210 and 1245 cm ™" are attributed to C-O-H
and C-H vibrations respectively. 1428 cm ™" is attributed to vibrations of single and double bonded oxygen on the ring. 1448 cm ™ is
attributed to ring breathing vibrations and N-H deformation vibration. 1578 cm™! is attributed to ring breathing vibrations. 1635

em™! is attributed to the stretching vibration of C=0. The Raman spectra of DOX powder was also measured, and the peak of DOX
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Fig. 2. (a) Molecular structure of DOC; (b) Raman spectra of DOC, ¢(DOC) = 1.2 x 1072 M.



S. Zhou et al. Heliyon 10 (2024) 30233

—DNA
785 = DNA-DOC

Intensity(a.u.)

i Y :
400 600 800 1000 1200 1400 1600 1800
Raman Shift(cm™)

Fig. 3. Raman spectra of DNA and DNA-DOC solution.
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Fig. 4. (a) Molecular structure of DOX; (b) Raman spectra of DOX powder and solution, ¢(DOX) = 1.2 x 1072 M.
powder is similar to that of solution, with only a slight shift of 1448 cm™*.

3.1.5. Raman spectra of DNA-DOX

Fig. 5 illustrates the Raman spectra of DNA and DNA-DOX. It can be found that when DOX interacted with DNA, the Raman peak at
733 and 1307 cm ™! shifted to 748 and 1312 cm ™! respectively, which may be due to the formation of hydrogen bond between DOX and
base A. The Raman peak at 838 cm™ ! shifted to 856 cm’l, indicating the insertion of DOX can affect the B conformation of DNA [43].
The peak of 1100 cm ™! shifted to a lower wave number of 1089 cm™}, which is due to the hydrogen bonds between the -3 and the
—OH of DOX with the phosphate backbone of DNA. The blueshift from 1378 to 1384 cm™! is caused by the deformation of the
hydrogen bond between the —NH of base A and the C=0 of base T. 1487 cm ™ is sensitive to environmental changes of base G [44],
and its blueshift to 1492 cm ! is due to the interaction of DOX with base G [45]. The redshift from 1662 to 1656 cm ™! is caused by the
formation of hydrogen bond between -NH; of amino sugar group and the C=0 of base C. It can be seen that DOX can not only interact
with the adenine, thymine, guanine, cytosine and phosphate backbone of DNA, but also affect the conformation of DNA.

3.1.6. Raman spectra of DNA. DOC and DOX complexes

In order to deeply investigate the interaction mechanism of DNA, DOC and DOX and their mutual influence effects, Raman spectra
of DNA, DOC and DOX in different interaction sequences were compared and analyzed, as depict in Fig. 6. Fig. 6a represents the Raman
spectra of DNA as a control; Fig. 6b represents the addition of DOX to DNA followed by DOC, denoted as DNA-DOX-DOC; Fig. 6¢
represents the addition of DOC before DOX, denoted as DNA-DOC-DOX; Fig. 6d represents the simultaneous addition of DOC and DOX,
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Fig. 5. Raman spectra of DNA and DNA-DOX solution.

denoted as DNA-(DOC-DOX).

Compared with DNA-DOX in Fig. 5, some of the Raman peaks of DNA in DNA-DOX-DOC significantly shifted in Fig. 6b. Raman peak
corresponding to base A at 748 cm ™! shifted to 732 cm ™!, peak representing DNA conformation at 856 cm ™! shifted to 840 cm™! and
the peaks associated with bases A and G at 1492 and 1577 cm ™ shifted to 1484 and 1584 cm ™. These shifts suggested that DOC can
affect the intercalation of DOX, leading to changes in the degree of Raman peak shifts. In comparison with DNA-DOC in Fig. 3, the
Raman peak of 740 cm™! characterizing base A in DNA-DOC-DOX shifted to 730 em™! in Fig. 6¢, while no significant change in other
peak positions. This indicated that DOC can occupy some sites after interacting with DNA, resulting in fewer sites where DOX can
interact.

Table 1 shows the peak positions and peak attribution when DOC and DOX interact with DNA in different sequences. Analyzing the
shift degrees of the Raman peak in the ternary system, the shifts of 733 and 1307 cm ™! representing base A were within 2 cm™},
indicating that the order of interaction had little effect on base A. The 838 cm ™! characteristic peak exhibited the maximum shift in
DNA-DOC-DOX, with a shift of 7 em™?, indicating that the addition of DOC before DOX had the greatest effect on the DNA
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Fig. 6. Raman spectra of DNA, DOC and DOX complexes. (a) DNA; (b) DNA-DOX-DOC; (c) DNA-DOC-DOX; (d) DNA-(DOC-DOX).
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conformation. The peaks associated with base G in DNA-DOX-DOC showed the maximum shift, with shifts of 3 and 7 cm ™! at 1487 and
1577 em ™}, respectively. This indicated that interaction sequence of adding DOX first and then DOC had the strongest effect on base G,
resulting in the most significant impact on DNA. The variation of 1662 cm ™! characterizing C=0 was minimal in DNA-DOC-DOX,
attributed to the partial occupancy of binding sites by the bacatine ring of DOC molecules after interacting with DNA, resulting in
difficulty of insertion of DOX into DNA.

From the above analysis, it can be concluded that there exist synergistic effects and competitive relationships when DOC and DOX
interact with DNA simultaneously. The different sequences of interaction of DOC and DOX with DNA not only affect the binding sites of
drugs and DNA, but also cause changes in the environment surrounding the binding sites.

3.2. UV-vis spectra

The binding modes between drugs and DNA was further investigated by UV-vis spectroscopy. While the binding mode of DOX and
DNA has been extensively studied [46,47], the following is a detailed study of the binding mode of DOC and DNA. The effects of pH,
DNA concentration, interaction time, ionic strength and temperature on the UV-Vis spectra of DNA-DOC complexes were investigated.
During the experiments, the concentration of DOX is 1.2 x 10~*M, under the condition, the absorbance of DOX is about 0.6, and the
measurement error will be relatively small. In order to avoid the influence of different concentrations of DOX and DOC, the con-
centration of DOC is also 1.2 x 10™* M.

3.2.1. Effect of pH on DOC

Fig. 7 shows the UV-vis spectra of DOC at different pH in different wavelength ranges. Fig. 7a indicated that DOC had two ab-
sorption peaks at 190-260 nm, with peak I around 200 nm and peak II around 230 nm. As pH increasing, the intensity of peak I
decreased significantly and the peak position was redshifted, while peak II had no significant change. Fig. 7b shows the UV-vis spectra
of DOC at 220-300 nm. With the increase of pH, the intensity of DOC at 230 nm increased slightly and the peak position did not change
significantly. The absorption peak at 230 nm was due to the n—x* transition of aromatic structure such as benzene ring. Additionally,
there was also a weak absorption peak at 273 nm, attributed to the cycloalkyl groups in the DOC molecule and the methylene and
epoxy groups on the stereoisomer. Therefore, due to the minimal impact of pH on the absorption peak at 230 nm, it is chosen as the
standard for the qualitative identification and quantitative determination of DOC.

3.2.2. DNA concentration

Fig. 8 shows the UV-vis spectra of DNA-DOC. As shown in Fig. 8a, a hypochromic effect was observed in the DNA-DOC spectra with
the increase of DNA concentration, and the hypochromic ratio was 25.35 %, indicating that DOC and DNA had a certain effect. This
interaction may be attributed to the insertion of DOC into DNA, causing axial contraction and conformation change of DNA, leading to
n-n* stacking and energy transition phenomena. An isosbestic point appeared around 244 nm, serving as a characteristic feature of
intercalation [48,49]. Therefore, there may be intercalation between DOC and DNA, but the hypochromic effect was less than 40 %,
and there was no significant blueshift or redshift, indicating differences from classical intercalation.

To further understand the binding strength between DOC and DNA, linear fitting with equation (1) was performed based on the
UV-vis spectra at 230 nm in Fig. 8a and the results were presented in Fig. 8b.

1 1 1
AfAO_XJrKA X A X Cpna

@

Here, Ay is the absorbance of free DOC at 230 nm, A is the absorbance at 230 nm at different DNA concentration, cpya is the
concentration of DNA. The ratio of intercept 1/A to slope 1/(Ksy x A) can be used to calculate the binding constant Ku for the
interaction between DOC and DNA and the result is Ky = 5.25 x 10° M. In comparison, the binding constant of the interaction
between DOX and DNA is 6.50 x 10* M~ [50]. Therefore, the binding between DOX and DNA is more stable than that between DOC
and DNA.

3.2.3. Interaction time
Fig. 9 shows the UV-vis spectra of DNA-DOC complex at different times. The absorbance at 230 nm of DNA-DOC showed no
significant changes, with only a slight fluctuation of approximately 0.04 nm, indicating good stability of DNA-DOC complex.

Table 1

Location and attribution of DNA, DOC and DOX complexes (400-1800 cm ).
DNA DNA-DOX-DOC DNA-DOC-DOX DNA-(DOC-DOX) Attribution
733 732 730 730 A
838 840 845 842 B-DNA
1100 1086 1086 1086 0=P=0
1307 1312 1313 1315 A
1487 1484 1486 1485 G. A
1577 1584 1579 1579 T. A. G
1662 1656 1661 1656 Cc=0
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3.2.4. Melting point experiment

The thermal melting temperature (Ty,) is the temperature at which the DNA double helix structure is decomposed into half, and it is
also one of the indexes to judge the stability of DNA molecular structure [51].To further verify the stability of DNA-DOC, the Ty, of the
complex was investigated in the experiment. The thermal denaturation curves of DNA and DNA-DOC solution were prepared according
to equation (2):

A4

= (2)
Ar — Ay

us

In the equation, fi represents the unwinding degree of DNA, A is the absorbance of DNA (or DNA-DOC) at 260 nm at different
temperatures, Ag and As represent the initial and final absorbance.

Fig. 10 shows the thermal denaturation curve of DNA and DNA-DOC. The Ty, of DNA and DNA-DOC are 77.56 °C and 82.63 °C,
respectively. The double helix structure of DNA has a significant stability under the effect of hydrogen bonding and base stacking.
When the temperature increases, the binding force weakens and the DNA double helix dissociates into single strands [52]. Interca-
lation can enhance the stability of the DNA double helix structure, increasing T, by approximately 5-8 °C [53]. After interacting with
DOC, the Ty, of DNA increased by 5.07 °C. This indicated that DNA-DOC had a strong stability and further confirmed the intercalation
between DOC and DNA.

3.2.5. Ionic strength

Electrostatic binding is a non-covalent mode of small molecules interacting with DNA and is generally considered as an auxiliary
mode of groove and intercalation [54]. To explore whether electrostatic binding plays a role in the interaction between DOC and DNA,
ionic strength experiment was performed.

Fig. 11 illustrates the absorbance change trend of DNA-DOC solution at 230 nm under different NaCl concentration. With the
increase of NaCl concentration, the absorbance of the spectra increased slightly. This is attributed to the binding of positively charged
Na' and negatively charged phosphate backbone, reducing the repulsion between two DNA strands [55], which weakens the inter-
calation between DOC and DNA molecules. Ionic strength experiment suggests an electrostatic binding between DOC and DNA.

3.2.6. UV-vis spectra of DNA, DOC and DOX complexes

Fig. 12 illustrates the UV-vis spectra of DNA, DOC and DOX complexes. Table 2 shows the peak intensity, absorption peak position,
peak shift and hypochromic ratio of UV-vis spectra of the ternary system. As depicted in Fig. 12, it can be seen that the spectrum of
DOX-DOC hardly changes comparing to the spectrum of DOX. Therefore, the effect of the interaction between DOX and DOC can be
neglected. A significant redshift and hypochromic phenomenon were observed after the interaction of DNA and DOX, with a 7 nm
redshift and 42.6 % hypochromic ratio. This is due to the insertion of DOX into DNA to form a stable complex. The hypochromic ratio of
DNA-DOX-DOC was 37.8 %, suggesting that DOC can affect the insertion of DOX into DNA, indicating the competitive relationships
between DOC and DOX.

Compared to the ternary system, the absorption peak of DNA-DOC-DOX was redshifted by 2 nm and the hypochromic ratio was 4.1
%. This small redshift and hypochromic degree are attributed to DOC occupying some sites after interacting with DNA, resulting in
fewer insertion sites of DOX. However, the absorption peak of DNA-(DOC-DOX) was redshifted by 3 nm and the hypochromic ratio was
19.9 %. This is due to the entanglement of the long chain of DOC on the DOX molecule to prevent part of DOX from inserting into the
DNA, resulting in less redshift and hypochromic degree.

Since the different interaction orders of DOC and DOX with DNA in the UV-vis spectra of the ternary system would result in redshift
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Fig. 10. Thermal melting curves of DNA in the absence and presence of Docetaxel, c(DNA) = 1.5 x 1074 M, ¢(DOC) = 1.2 x 1074 M.
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Table 2

UV-vis spectra peak position changes of the ternary system.

Intensity Absorption peak (nm) Shift (nm) Hypochromic ratio
DOX 0.587 484 0 0
DNA-DOX 0.337 501 7 42.6 %
DNA-DOX-DOC 0.365 501 7 37.8%
DNA-DOC-DOX 0.563 486 2 4.1 %
DNA-(DOC-DOX) 0.470 487 3 19.9 %

and hypochromicity, indicating a synergistic interaction between DOC and DOX. However, due to the different orders of interaction,
the degree of redshift and hypochromicity was different, indicating the competition relationships between DOC and DOX.

3.3. Molecular docking results

The molecular docking results of DOC and DOX with DNA are shown in Fig. 13 and Fig. 14. The docking binding energy of DOC and
DNA is —5.71 kcal/mol and the intermolecular energy (including van der Waals forces, hydrogen bonds, desolvation energy and
electrostatic energy) was —10.78 kcal/mol. Figs. 13a—c shows that the C13 side chain of DOC inserted into DNA. The oxygen atom (O)
in the side chain forms a hydrogen bond with the nitrogen atom (N) of base G and the hydroxyl group (-OH) forms a hydrogen bond
with the amino sugar group (-NHy) of base G, with length of 1.9 A and 2.2 A. The O atom of DOC bacatine ring forms a hydrogen bond
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Fig. 13. Molecular docking results of interaction between DOC and DNA. (a) Binding mode; (b) Hydrogen bond length; (c) Interaction sites; (d)
Conformation of free DOC and DOC after interacting with DNA.

of 2.3 A with —-NH, of base G, stabilizing the molecule in the groove and helping the phenyl group to insert into the DNA. Fig. 13d
shows the conformation of free DOC and DOC after interacting with DNA. The C13 side chain of DOC is twisted, resulting in a change in
conformation, implying the role of flexibility in stabilizing the DNA-DOC complex. The docking results indicate that hydrogen bonds
play an important role in the binding of DOC and DNA.

The docking binding energy of DOX and DNA is —9.38 kcal/mol and the intermolecular energy (including van der Waals forces,
hydrogen bonds, desolvation energy and electrostatic energy) was —12.66 kcal/mol. Figs. 14a—c shows that the tetracyclic ring of DOX
is inserted into the base pairs. The —-OH at C9 forms a hydrogen bond with the N atom of base G and the O atom at C7 forms a hydrogen
bond with -NH, of base G, with length of 1.9 A and 1.8 A. The -NH, of DOX forms a hydrogen bond of 2.2 A with the O atom of base C
in the minor groove of DNA. Fig. 14d shows the conformation of free DOX and DOX after interacting with DNA, the amino sugar group
is twisted to affect its conformation.

The molecular docking results show that both DOC and DOX can insert into the base pairs of DNA and form hydrogen bonds with
the 2 and 3 sites of base G. When DOC and DOX interact together on DNA molecules, the —-OH at C9 of DOX competes with the O atom
of the DOC side chain, while the O atom at C7 of DOX competes with the -OH of DOC. The binding of DNA and DOX is more stable than
that of DOC due to the lower binding energy between DNA and DOX.

3.4. The interaction mechanism of DOC and DOX with DNA

Fig. 15 illustrates the interaction mechanism of DOC and DOX with DNA. When DNA interacts with DOX, DOX inserts into base
pairs and binds to DNA through hydrogen bonds and electrostatic interaction. When DOC subsequently interacts with DNA, DOC may
interact with other sites of DNA or displace a small amount of DOX molecules. When DNA interacts with DOC, the side chain of DOC
inserts into DNA and its bacatine ring forms hydrogen bonds with DNA in the groove. This occupies part of potential binding sites of

11
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Fig. 14. Molecular docking results of interaction between DOX and DNA. (a) Binding mode; (b) Hydrogen bond length; (c) Interaction sites; (d)
Conformation of free DOX and DOX after interacting with DNA.

DOX and DNA, making it difficult for DOX to insert into DNA. When both DOC and DOX interact with DNA simultaneously, the long
chain of DOC molecules will wrap around some DOX molecules, resulting in some DOC and DOX remain free in solution and the rest
DOC and DOX molecules interact with DNA by hydrogen bonds and electrostatic interaction.

4. Conclusion

In this study, laser confocal Raman spectroscopy, UV-vis spectroscopy and molecular docking technology were used to investigate
the interaction mechanism between DOC and DNA molecules, as well as the synergistic effects and competitive relationships between
DOC and DOX as acting on DNA molecules. The results of Raman spectroscopy showed some meaningful results. When DOC or DOX
interacts alone with DNA molecules, Raman peaks of DNA have different degree shifts, indicating both DOC and DOX can interact with
bases and phosphate backbone of DNA molecules, and also lead to DNA conformation changes. When DOC and DOX act on DNA
molecules simultaneously, the effect is different from that of single drug. Moreover, the different orders of DOC and DOX acting on
DNA molecules lead to different changes of DNA Raman peak positions, that is, the binding sites between drugs and DNA are affected.
The order of DOX acting firstly and then DOC has a greater effect on base G, and the effect is more stable, which shows the high
efficiency of the clinical treatment scheme of using anthracycline drugs first and then taxanes to some extent. UV-vis absorption
spectroscopy was used to systematically investigate the effects of DNA concentration, ionic strength, interaction time and temperature
on DNA-DOC, the experiment results indicated that the interaction modes between DOC and DNA are non-classical intercalation
binding and electrostatic binding. Molecular docking results showed that the C13 side chain of DOC molecule can insert into DNA
molecule and form hydrogen bonds with base G, confirming the correlation between C13 side chain and anticancer activity. The
difference in binding energy between DNA-DOC and DNA-DOX indicated the basis of better effectiveness in clinical treatment using
DOX firstly and then DOC. The research results of this study elucidate the interaction mechanism of DNA-DOC, as well as the syn-
ergistic effects and competitive relationships between DOC and DOX as acting on DNA molecules at the single-molecule level. This
study provides a theoretical foundation for designing and developing less toxic antitumor drugs and drug combination therapy for
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