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Cisplatin under oriented external electric fields: a deeper insight into electrochemotherapy at the molecular level
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1. INTRODUCTION
Cisplatin (cis-[Pt(NH3)2Cl2])1 continues to be one of the most widely used drugs for treating various solid tumors, particularly ovarian, testicular, neck and head cancers since its discovery by accident in 1960s.2,3 In the past decades, tremendous endeavors have been made to understand the antitumor activity of this drug,4,5 resulting in a generally accepted mechanism consisting of different processes.6,7 Initially, cisplatin enters the cell membrane of tumor cells by passive diffusion, and then forms the bioactive species cis-[Pt(NH3)2(H2O)Cl]+ via the hydrolysis of anionic chloride whose concentration is lower inside cells. This singly aquated species is highly electrophilic and can attack the N7 position of a guanine residue in cellular DNA, yielding a monofunctional adduct via losing the water ligand. Afterwards, the second Cl‒ is expelled and the Pt2+ center interacts with an adjacent purine, ultimately leading to the formation of intrastrand cross-links with a bridging [Pt(NH3)2]2+ unit.8,9 Such highly distorted adducts will trigger severe DNA lesions and ultimately give rise to the necrosis and apoptosis of cancer cells.
In spite of the extensive clinical application of cisplatin, the side effects and resistance of patients toward this drug have promoted the development of novel combination therapy.10 Amongst, electrochemotherapy11-14 is a novel therapeutical strategy for the treatment of solid tumors by exposing the cells to electric fields to improve the bioactivity of non-permeable or low permeable anticancer drugs, such as cisplatin. It is reported that the introduction of electric fields can effectively enhance the cytotoxicity of cisplatin via increasing the cell membrane permeability to this drug.15,16 Moreover, it is proposed that electrochemotherapy has the intriguing ability to selectively kill tumor cells without harming the surrounding normal tissue.10 As a result, this therapy possesses an improved treatment efficacy and has been widely used in the clinics in Europe since 2005. 

Beyond the aforementioned reasons, it is interesting to reveal more insight into the higher efficacy of electrochemotherapy than traditional chemotherapy from a molecular point of view. Consequently, the geometric and electronic modification of cisplatin under different oriented external electric fields (OEEFs) has been detailedly studied in this work. It is recently reported that OEEFs can cause structural distortions and isomerization,17-20 induce proton transfer,21,22  modulate NLO responses of materials,23,24 and catalyze various reactions as smart catalysts and controllers of reaction mechanisms.25-34 Herein, we will mainly focus on the following two questions: (1) What is the influence of OEEFs on the geometric and electronic structure of cisplatin? (2) How does the OEEF-induced geometric and electronic modification improve the antitumor activity of cisplatin in electrochemotherapy? By answering these two questions, we hope this work could not only provide a deeper insight on the higher efficacy of cisplatin involved in electrochemotherapy than that in traditional chemotherapy at the molecular level, but also stimulate more interest to investigate biomedical phenomena by using the means of quantum chemistry.  
2. COMPUTATIONAL DETAILS
All calculations were performed by using the B3LYP functional35-37 in conjuction with the Grimme’s dispersion contribution correction38 implemented in Gaussian 16 program39 package because previous studies have proved that B3LYP functional could provide reliable results for thermochemistry and kinetics of organometallic compounds.40–45 Herein, the 6-311+G(d, p) basis set was used for H, N, and Cl atoms while the quasi-relativistic Stuttgart-Dresden pseudopotential (SDD)46 was applied for platinum atom. The OEEFs ranging from -0.01 to 0.01 au (1 au = 51.4 V/Å) were applied along the direction of Y-axis, and the direction and magnitude were defined by the keyword “Field = Y ± N” in Gaussian 16. It is worth mentioning that the positive OEEFs (F > 0) are set in parallel to the positive direction of Y-axis by using “Field = Y – N” (see Figure 1). Considering the key role of solvent, the solvation model based on electron density (SMD)47 with water solvent attached was used throughout. 

The frequency calculations were performed to verify the nature of stationary points (minima and transition states with zero and one imaginary frequency, respectively), and the natural population analysis (NPA)49 was carried out to reveal the effect of OEEFs on the electronic structure of cisplatin at the SMD-B3LYP-D3(BJ)/6-311+G(d, p)&SDD level. When the energy profiles for hydrolysis of cisplatin are constructed, the used Gibbs free energies are the sum of the single-point energies and the thermal corrections to Gibbs free energy at 298 K and 1 atm. Intrinsic reaction coordinate analysis48 was undertaken to confirm the transition states correctly connect the respective reactants and products. Molecular configurations and orbitals were plotted by using GaussView program,50 and the electron density difference (EDD) isosurface maps were obtained by employing the Multiwfn program.51
3. RESULTS AND DISCUSSION
To detect the influence of OEEFs on the geometric and electronic properties of cisplatin, the structure of this drug has been optimized under a series of OEEFs ranging from -0.01 to 0.01 au with step size of 2 × 10−3 au. Herein, the positive and negative OEEFs are set in parallel and antiparallel to the positive 
	TABLE 1. Changes of Pt-Cl (RPt-Cl, in Å) and Pt-N (RPt-N, in Å) bond lengths, ∠Cl-Pt-Cl (φ, in degree), ∠N-Pt-N (θ, in degree), ∠Cl-Pt-N (ρ, in degree), HOMO-LUMO gaps (in eV), NPA charges on Pt (QPt, in |e|), Cl (QCl, in |e|), and N (QN, in |e|) atoms, dipole moment (μ, in Debye), and solvation free energy (∆Gsol) with the Oriented External Electric Field (OEEF, in au) for cisplatin.

	OEEF
	RPt-Cl
	RPt-N
	φ
	θ
	ρ
	Gap
	QPt
	QCl
	QN
	μ
	∆Gsol

	-0.010
	2.336
	2.100
	94.8
	95.8
	84.7
	4.58
	0.155
	-0.406
	-0.913
	12.524
	-15.19

	-0.008
	2.342
	2.094
	94.6
	94.4
	85.5
	4.71
	0.170
	-0.426
	-0.907
	13.469
	-13.66

	-0.006
	2.349
	2.088
	94.5
	92.9
	86.3
	4.78
	0.184
	-0.445
	-0.901
	14.425
	-20.56

	-0.004
	2.356
	2.084
	94.2
	91.6
	87.1
	4.84
	0.197
	-0.464
	-0.896
	15.359
	-22.83

	-0.002
	2.364
	2.079
	93.7
	90.6
	87.8
	4.89
	0.210
	-0.482
	-0.891
	16.254
	-25.62

	0.000
	2.373
	2.075
	93.3
	89.6
	88.6
	4.93
	0.228
	-0.502
	-0.888
	17.178
	-28.64

	0.002
	2.382
	2.070
	92.8
	88.0
	89.6
	4.97
	0.241
	-0.521
	-0.883
	18.168
	-32.16

	0.004
	2.393
	2.067
	92.2
	87.2
	90.3
	5.00
	0.253
	-0.540
	-0.879
	19.088
	-35.16

	0.006
	2.404
	2.064
	91.5
	86.5
	91.0
	4.96
	0.267
	-0.559
	-0.875
	20.029
	-38.58

	0.008
	2.417
	2.062
	90.7
	85.7
	91.8
	4.90
	0.280
	-0.579
	-0.871
	21.017
	-42.46

	0.010
	2.433
	2.060
	89.6
	84.7
	92.9
	4.82
	0.295
	-0.600
	-0.867
	22.088
	-46.79


direction of Y-axis, respectively (see Figure 1). Under the considered OEEFs, the evolution of crucial geometric parameters, the highest occupied molecular orbital (HOMO)−lowest unoccupied molecular orbital (LUMO) gap, NBO charges on the Pt, Cl, and N atoms, dipole moment, and solvation free energy of cisplatin in water was summarized in Table 1. In the following subsections, the varying trends of geometric features and electronic properties as well as the hydrolysis of cisplatin under the changing OEEFs are discussed in detail.
3.1 Geometric Characteristics
Initially, the molecular structure of cisplatin was optimized without applying any OEEF. In field-free state, cisplatin possesses a Cs-symmetric structure, where the bond length of Pt-Cl and Pt-N bonds are 2.373 and 2.075 Å, while φ, θ, and ρ angles are 93.3°, 89.6°, and 88.6°, respectively. Under the imposed OEEFs, this drug always preserves a square-planar structure with Cs symmetry. Nevertheless, as shown in Figure 2, the OEEFs still exert substantial influence on the structural parameters of cisplatin. 
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FIGURE 1 Schematic diagram of cisplatin under OEEFs. Cartesian axes as well as the direction of positive electric fields (F >0) and inherent dipole moment (μ) are also shown.

From Figure 2 and Table 1, it can be observed that the Pt-Cl bond length of cisplatin is gradually elongated from 2.336 to 2.433 Å, whereas the Pt-N bond is continuously shortened from 2.100 to 2.060 Å when OEEFs change from -0.01 to 0.01 au. This indicates that the imposed OEEFs have opposite effects on the Pt-N and Pt-Cl bonds of cisplatin. That is to say, when the imposed OEEF gradually changes from -0.01 to 0.01 au, the Pt-N bond strength of cisplatin is gradually enhanced whereas its Pt-Cl bond is weakened, which can be confirmed by the increasing Wiberg bond index (WBI) of Pt-N bond and the reducing WBI value of Pt-Cl bond (see Figure S1). This phenomenon can be understood by the fact that the Cl− anion tends to move towards the positive pole while the central Pt ion tends to move towards the negative pole of the applied electric fields, resulting in the contraction of Pt-N bond and the elongation of Pt-Cl bond in cisplatin. Moreover, as shown in Figure. S1, perfect linear relation between the WBI values of Pt-N (or Pt-Cl) bond and OEEFs were observed with correlation coefficient of 0.9994 (or 0.9976). Based on this relationship, the coordinate bond strength of cisplatin can be precisely controlled by changing the field strength of the imposed OEEFs along the direction of Y-axis.
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FIGURE 2 Evolution of (a) the Pt-Cl (RPt-Cl, in Å) and Pt-N (RPt-N, in Å) lengths as well as (b) ∠Cl-Pt-Cl (φ, in degree), ∠N-Pt-N (θ, in degree), and∠Cl-Pt-N (ρ, in degree) as a function of the oriented external electric field (OEEF, in 10-3 au) for cisplatin.
When taking the angles into account, it is found from Figure 2b that the φ and θ angles of cisplatin are gradually reduced, whereas the ρ angle is enlarged with the applied OEEFs changing from -0.01 to 0.01 au. This changing trend in bonding angles originates from the migration of the Cl‒ anions to the positive pole and the movement of ammonia ligands towards the negative pole of the imposed electric fields. The above structural changes in bond lengths and angles clearly demonstrate that these applied OEEFs along Y-axis have substantial effect on the structure of cisplatin. In particular, the weakened Pt-Cl bonds under the positive OEEFs can facilitate the hydrolysis process of cisplatin, and thereby, enhance its antitumor activity, which will be discussed later.

3.2 Electronic Properties
Considering the above structural changes, it is highly expected that the imposed OEEFs could also exert drastic effect on the electronic structure properties of cisplatin. Firstly, the variations of HOMO and LUMO energies as well as the HOMO-LUMO gaps of cisplatin under the applied OEEFs are illustrated in Figure 3. It can be seen from Figure 3a that the LUMO energy initially increases and then reduces when OEEFs change from -0.01 to 0.01 au, whereas the HOMO level gradually decreases until reaching a plateau under the OEEFs of 0.004−0.01 au. Consequently, as shown in Figure 3b, the HOMO-LUMO gap of cisplatin increases from 4.58 to 5.00 eV when OEEFs change from -0.01 to 0.004 au, and then gradually decreases from 5.00 to 4.82 eV as the positive OEEFs further increase from 0.004 to 0.01 au. In addition, the applied OEEFs also give rise to significant effect on the shapes of HOMO and LUMO orbitals of cisplatin. As shown in Figure 3a, the LUMO containing 3p of Cl and 5dyz of Pt for cisplatin is suddenly changed to the orbital composed of diffused electron cloud around ammonia upon imposing a large negative OEEF of -0.01 au, while its HOMO changes from the orbitals containing 3p of Cl and 5dxz of Pt to those are mainly comprised of 
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of Pt when the introduced positive electric fields are larger than 0.004 au. 
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FIGURE 3 Evolution of (a) HOMO and LUMO energies and (b) HOMO-LUMO gaps as a function of the oriented external electric field (OEEF, in 10-3 au) for cisplatin.
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FIGURE 4 Dependences of (a) NPA charges on Pt (QPt, in |e|) and Cl (QCl, in |e|) as well as (b) dipole moment (μ) of cisplatin on the oriented external electric fields (OEEFs, in 10-3 au)
To detect the influence of OEEFs on the intramolecular charge transfer in cisplatin, natural population analysis (NPA)50 was carried out and the results are summarized in Table 1 and plotted in Figure 4. Clearly, when the imposed OEEFs change from -0.01 to 0.01 au, the NPA charges on Pt and Cl atoms of cisplatin are gradually increased from 0.155 to 0.295 |e| and from -0.406 to -0.600 |e|, respectively, whereas QN slightly decreases from -0.913 to -0.867 |e|. This suggests that the charge transfer from ammonia side to chlorine side in cisplatin is gradually enhanced by enlarging positive OEEFs on it, but is weakened by increasing the strength of negative OEEFs with the opposite direction. To visualize the OEEF-induced charge transfer, the electron density difference (EDD = ρwith field - ρwithout field) isosurfaces of cisplatin under OEEFs of -0.01 and 0.01 au were plotted in Figure 5. With respect to the cisplatin in field-free state, more electrons were further transferred from ammonia ligands to chlorine atoms under the positive OEEF of 0.01 au because electron tends to shift to the positive pole of electric field. On the contrary, the electrons turn to move from chlorine atoms to ammonia molecules when the direction of OEEFs is reversed. Furthermore, it is noted that, under the positive OEEF of 0.01 au, the pink regions between Pt and Cl atoms clearly reflect the electron density on the Pt-Cl bond path is reduced. This again verifies the above conclusion that the Pt-Cl bond is weakened under the positive OEEFs, which will facilitate the hydrolysis of anionic chloride in cisplatin.
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FIGURE 5 Isosurface maps of the electron density difference (EDD) for cisplatin under OEEFs of -0.01 and 0.01 au with respect to the field-free state. The regions with green and pink color correspond to the increase and decrease of electron density, respectively.

Due to the charge rearrangement under OEEFs varying from -0.01 to 0.01 au, the electrostatic potential (ESP) difference between the ammonia (positive) and chloride (negative) sides of cisplatin becomes remarkable (see Figure S2). Consequently, as shown in Table 1, the inherent dipole moment (μ) of 17.178 D for cisplatin is gradually enlarged to 22.088 D as the positive OEEFs increase to 0.01 au, whereas it is gradually reduced to 12.524 D when the negative fields change from 0.00 to -0.01 au. This can be easily understood by considering the stepwise increasing induced dipole moments with the same direction and opposite direction to the inherent dipole moment of cisplatin under the increasing positive and negative OEEFs, respectively. For example, under the increasing positive electric fields, the enhanced intramolecular charge transfer (q) from ammonia to chloride and gradually elongated charge-center distance (d) jointly lead to the increase of μ according to the definition of the dipole moment (μ = q·d). Thereby, as shown in Figure 4b, an excellent linear relationship between μ and electric field (F) was obtained, and the resultant linear equation is μ = 0.4736 F + 17.236 with R2 = 0.9997 (F in 10-3 au). On the basis of this relationship, an interesting point is that the molecular polarity of cisplatin under OEEFs with different strengths can be quantitatively predicted because the larger dipole moment suggests the stronger polarity of a molecule. Therefore, these results demonstrate that the increasing OEEFs can gradually enlarge the polarity of cisplatin, and thus enhance its solubility in polar solvents, such as water. This can be further confirmed by the increasing solvation free energy (∆Gsol) from -15.19 to -46.79 kcal/mol for cisplatin in water as the OEEFs increase from -0.01 to 0.01 au (see Table 1). Obviously, the enhanced water solubility of cisplatin under positive electric fields makes for the efficient uptake and utilization of this antitumor drug in the progress of electrochemotherapy.

Moreover, the total energy of cisplatin under OEEFs was also affected by the interaction between the applied OEEFs and its molecular internal electric field. As shown in Figure S3, the electronic energy of cisplatin gradually decreases as the applied OEEFs change from -0.01 to 0.01 au. That is to say, this drug molecule is stabilized because of an enhanced dipole under the positive fields, but is distabilized under the negative fields which weaken its inherent dipole moment. So, a good linear relationship between the electronic energy (E in au) of cisplatin and the applied electric field (F, in 10-3 au), i.e., E = -0.0068 F – 1153.20 with R2 = 0.9936 was obtained. Considering this fact, it is reasonable to expect that the absorbed cisplatin could adjust its orientation to stabilize itself under external electric fields, and finally adopts the relative location as shown in Figure 1, in which its dipole moment has the same direction to the positive OEEFs.
3.3 Hydrolysis of the anionic chloride in cisplatin

Previous investigation44 reported that the hydrolysis of Cl‒ is the rate-limiting step in the mechanism responsible for the antitumor activity of cisplatin. As mentioned above, under positive OEEFs, the Pt-Cl bonds of cisplatin are weakened, and Pt and Cl atoms carry more positive and negative NPA charges, respectively, which may effectively promote the aquation progress of cisplatin. To verify this hypothesis, the free energy profiles for the activation of cisplatin by hydrolysis under the imposed OEEFs ranging from 0 to 0.004 au have been plotted in Figure 6, while the relevant structures of transition states (TS) and monoaqua complexes are shown in Figure S4 and S5, respectively. As is expected, the computed activation Gibbs free energy barriers for interchanging one anionic chloride ligand with water in cisplatin are gradually decreased from 28.72 to 26.62 kcal/mol as the strengths of OEEFs increase from 0 to 0.004 au. Consequently, the introduction of positive OEEFs can indeed accelerate the hydrolytic process of Cl‒ in cisplatin to generate the reactive monoaqua species cis-[Pt(NH3)2(H2O)Cl]+ responsible of the Pt covalent binding to DNA nucleobases, which is greatly helpful to enhance the anticancer activity of this drug.
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FIGURE 6 Free energy profiles for the first aquation step of cisplatin under several OEEFs (F ≥ 0).
To understand the effect of OEEFs on the hydrolysis profiles of cisplatin, we focus on the optimized structures of the involved transition states as shown in Figure S4. It can be seen clearly that, under the considered OEEFs, all the transition states show approximate trigonal bipyramidal structures, demonstrating that this drug undergoes ligand substitution reaction through a pentacoordinate transition state. In each TS structure, the leaving chloride anion is stabilized by forming a hydrogen bond with the incoming water ligand. It is worth noting that, as the applied fields increase from 0 to 0.004 au, the distance between the Pt center and the leaving Cl‒ gradually increases from 2.871 to 2.987 Å, while the newly formed O-H∙∙∙Cl hydrogen bond reduces from 2.171 to 2.073 Å and the incoming ligand-Pt-outgoing ligand angle decreases from 66.9° to 63.9°, resulting in more and more stable TS structure with lower free energy. As a result, the activation free energies for the hydrolysis reaction of cisplatin gradually decrease along with the increasing strength of positive OEEFs.

	TABLE 2. Changes of wiberg bond index (WBI) of Pt-O bond, NPA charge on Pt (QPt, in |e|), vertical electron affinity (VEA, in eV), dipole moment (μ, in Debye), and solvation free energy (∆Gsol) with several Oriented External Electric Field (OEEF, in au) for cis-[Pt(NH3)2(H2O)Cl]+. 

	OEEF
	WBI
	QPt
	VEA
	μ
	∆Gsol

	0.000
	0.369 
	0.435
	2.02 
	11.781 
	-74.09 

	0.001
	0.365 
	0.437
	2.03 
	11.943 
	-75.35 

	0.002
	0.360 
	0.439
	2.04 
	12.331 
	-75.99 

	0.003
	0.353 
	0.442
	2.07 
	13.067 
	-76.89 

	0.004
	0.348 
	0.444
	2.10 
	13.458 
	-77.72 


In addition, it is of great significance to investigate the influence of positive OEEFs on the resulting singly aquated species cis-[Pt(NH3)2(H2O)Cl]+ because it is a key intermediate that will approach and covalently bind to DNA, initiating a series of biochemical cascades that eventually leads to cell death. As shown in Figure S5, both the Pt-Cl and Pt-O bond lengths of cis-[Pt(NH3)2(H2O)Cl]+ gradually increase, and on the contrary, the bite angle ∠Cl-Pt-O slightly decreases under the increasing positive OEEFs. For example, when the imposed OEEFs increase from 0 to 0.004 au, the newly formed Pt-O bond in cis-[Pt(NH3)2(H2O)Cl]+ is slightly elongated from 2.122 to 2.139 Å, and the WBI of this bond is gradually reduced from 0.369 to 0.348. Moreover, as shown in Table 2, the increasing OEEFs also slightly enlarge the positive NPA charge on Pt from 0.435 to 0.444 |e| and the electron affinity (EA) of cis-[Pt(NH3)2(H2O)Cl]+ from 2.02 to 2.10 eV. Obviously, the attenuated Pt-O bonds as well as the enhanced EA and QPt of cis-[Pt(NH3)2(H2O)Cl]+ will facilitate the electrophilic attack of this water-activated drug on the negatively charged DNA. On the other hand, when OEEFs increase from 0 to 0.004 au, the dipole moment of cis-[Pt(NH3)2(H2O)Cl]+ is increased from 11.781 to 13.458 au, which further heightens the solubility of this singly aquated species with the ∆Gsol increasing from -74.09 to -77.72 kcal/mol. This will be conducive to increase the effective drug concentration of this drug in tumor tissue. All in all, the introduction of positive OEEFs indeed play an important role in improving the biological activity of cisplatin considering their obvious effects on the geometric and electronic structures of this anticancer drug and its hydrolyzate cis-[Pt(NH3)2(H2O)Cl]+.
4. CONCLUSION
In the present work, the evolution of geometric structure and relevant electronic properties of cisplatin under the varying OEEFs along Y-axis has been studied in detail. Our results demonstrate that the imposed OEEFs have substantial effect on the geometric and electronic properties of cisplatin. In particular, the positive OEEFs can not only weaken the critical coordination bonds but also enhance the intramolecular charge transfer of cisplatin and its water-activated product cis-[Pt(NH3)2(H2O)Cl]+, which makes for improving the bioactivity of this drug in electrochemotherapy. Also, it is predicted that the positive OEEFs are capable of enlarging the dipole moments and water solubility of cisplatin and its hydrolysis product cis-[Pt(NH3)2(H2O)Cl]+, and therefore, boost the effective concentrations of them in tumor microenvironment. More importantly, these conclusions for cisplatin may be also true for the other anticancer platinum drugs, such as carboplatin, oxaliplatin, and heptaplatin. Hence, it is our hope that this work could not only offer a depth understanding on the effect of OEEFs on antitumor activity of cisplatin, but also promote the application of OEEFs in clinical cancer chemotherapy, namely electrochemotherapy in the future.
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Abstract


Electrochemotherapy is an effective strategy for the treatment of solid tumors by exposing tumor cells to electric fields to enhance the bioactivity of non-permeable or low permeable anticancer drugs, such as cisplatin. To understand the improved efficiency of cisplatin in electrochemotherapy, the effects of oriented external electric fields (OEEFs) on the geometric structures and relevant electronic properties of cisplatin have been systemically investigated by density functional theory (DFT) computations in this work. Our results reveal that the presence of positive OEEFs on cisplatin can not only weaken its Pt-Cl bonds, but also enhance the intramolecular charge transfer in it, which effectively accelerates the critical hydrolysis step involved in the mechanism of its biological activity. Moreover, the positive OEEFs can facilitate the attack of the singly aquated cis-[Pt(NH3)2(H2O)Cl]+ on DNA, and enlarge the dipole moments and water solubility of cisplatin and its aquated product. Consequently, this work provides a deeper insight into the higher efficacy of electrochemotherapy than traditional chemotherapy from a molecular point of view.  


KEYWORDS: cisplatin, oriented external electronic field, density functional theory, hydrolysis, electrochemotherapy




















[image: image10.emf]

 EMBED Photoshop.Image.9 \s [image: image11.emf]6 [image: image12.emf] [image: image9.emf]
[image: image10.emf]7

[image: image11.emf][image: image12.emf][image: image13.jpg]International Journal of Quantum Chemistry




[image: image14.jpg]IWILEY rf- ONLINE LIBRARY International Journal of Quantum Chemistry




_1442669031.psd

_1660913495.unknown

_1442669032.psd

_1442669030.psd

