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In the present paper, the complexation of Ectoine drugs with pristhe PAMAM and Histidine modified PAMAM dendrimers was
investigated by density functional theory. The bond between Ectoine and PAMAM dendrimers was established via a cross-linking agent,
EDC/NHS, which is associated with the formation of amides bond between the two species. The results of the modeling were obtained by
B3LYP/6-311G approach for all forms of the PAMAM-drug complexes. Due to the results, the complex of ectoine-histidine modified
PAMAM dendrimer turns to absorb more electrons than ectoine-PAMAM dendrimer in a water solvent. Furthermore, the topological
analysis and the electron localization function show that the nature of the bond is purely covalent and their bond order is one in both
phases. DOS plots of drug-dendrimers are similar to the trends of their energy gaps in two phases. In addition, the binding energy between
Ectoine drug and dendrimers showed that this energy decreases from gas phase to solvent phase. The complex has displayed a meaningful
improvement of electronic and structural properties. Therefore, it represented that both PAMAM dendrimers being combined with the
Ectoine drug are appropriate for use in drug delivery.
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INTRODUCTION

the genes and drugs [11]. Dendrimers serve as carriers
for wvarious anticancer drugs like 5-fluorouracil [12],

In the present century, one of the most serious and cisplatin  [13], doxorubicin [14], paclitaxel [15],

common diseases is cancer. Using the nanocarriers of
solid lipid
nanocages, carbon

anticancer drugs like liposomes, micelles,
nanoparticles, polymeric nanoparticles,
nanotubes, nanocrystals, gold
and dendrimers indicated an appropriate

graphene  oxide,
nanoparticles,
therapy for cancer by targeting tumor cells without side
effects on other cells [1-8]. The considerable monodisperse
structure of dendrimers gives its specific characteristics like
solubility, reactivity, well-defined tunable

nanosize range, degree of uniformity, structure, globular

penetration,

morphology, capabilities to pass via cell walls owing to
their controllable size and lipophilicity, excellent flexibility,
[9-10]. Due to
characteristics, they are an appropriate vehicle to transfer

and functional performance these
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10-hydroxycamptothecin [16] and melphalan [17].
Polyamidoamines dendrimers with greatly special and
hierarchical three-dimensional architecture, are one of the
dendrimers which are highly utilized as proper carriers to
deliver drugs and tissue engineering and regenerative
medicine [18,19]. Wu et al. were reported that the histidine
modified PAMAM dendritic can be applied as efficient
chemotherapeutic drug vehicles in cancer treatment [20].
The reactions of drug-dendrimer are so significant in
pharmaceutical industry, the biomedical sciences and
pharmaceutical industry. Surveying these reactions can help
develop chemistry in biomedical and pharmaceutical
science [21]. Ectoine drug is considered as one natural
metabolite that forces the apoptosis in the cells of lung
cancer [22]. It could be applied as a medicine for the

treatment of lung cancer after more optimization of
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formulations or as an auxiliary drug. Since it has no toxic
impact on other cells [23, 24].

An approach for cross-linking and immobilization of
NH2-containing biomolecules onto carboxyl-containing
compounds through covalent amide bond is using N-ethyl-
NO-(3-(dimethylamino) propyl) carbodiimide (EDC) and N-
hydroxysuccinimide (NHS) [25,26]. Sam et al. investigated
in situ EDC/NHS activation of end carboxylic acids of an
undecylenic acid (UA) monolayer on porous silicon [27].

In the present study, the bonding of PAMAM and histidine
modified PAMAM with Ectoine drug was theoretically
investigated. The bond between Ectoine and dendrimers
was established through a cross-linking agent, 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide/N-hydroxysuccinimide
that is correlated to the formation of amides bond between
drug and dendrimer. This study aims to access the
information about electronic characteristics, chemical bond
nature due to the topological analysis of electron density,
the natural electronic configurations by natural bond orbital
analysis, and the bond order analysis due to the Laplacian
electron density of the reaction of PAMAM and
histidine modified PAMAM and Ectoine applying DFT
computational method.

A numbers of researchers were utilized PAMAM in
theoretical computations. The adsorption of 5 fluorouracil
drug on PAMAM carriers has been surveyed with M06-2X
and B3LYP functional in an aqueous solution [28]. A
study of the structural of
nanostructure complex formation between polyamidoamine

theoretical probabilities
dendrimers and some drugs which suppress hepatitis virus
growth has been handled with RHF/PM6 approach [29].
The interaction between PAMAM dendrimer and Tran’s
isomer of Picoplatin anticancer drug has been studied by
DFT [30]. A theoretical study on the reactivity and the
structural properties of the Melphalan anticancer drug with
PAMAM dendrimer has been done in both phases of gas
and solvent [31].

Also, the interaction between PAMAM GO and gold
nanoclusters has been studied theoretically at DFT level
[32]. Further computational study of amine-and acetyl-
PAMAM-dexamethasone
has

terminated 2 1-phosphate

complexation been performed for atomic-level
characterization of dendrimer-drug complexes [33]. The use

of theoretical and computational methods to evaluate the
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loading of the drug in the PAMAM carrier and its release
process in the target area has advantages over experimental
[34-36].
dendrimeric fractal patterns for the encapsulation of

methods Besides, the theoretical design of
salicylanilides drug has been investigated [37].

Our study's results can help a better viewpoint of the
reaction between PAMAM and histidine modified PAMAM
with Ectoine and proper information about bonding of the
reaction between PAMAM and histidine modified PAMAM

with Ectoine.

COMPUTATIONAL METHODS

All geometrical optimizations and quantum chemical
PAMAM, histidine modified
PAMAM, and their complexes were performed using

calculations of Ectoine,

Gaussian 09 program [38] by Becke’s three-parameter Lee-
Yang-Parr hybrid functional (B3LYP) [39] with 6-311G
basis set in the solution and gas phases. DFT computations
into structural
geometry changes, interaction energy, and load distribution

present us with excellent viewpoints

in the encapsulation process. Frequency computations are
done to remove the imaginary frequencies and gain
minimum energy. Quantum Theory of Atoms in Molecules
and Multifunctional [40] are
applied to investigate the nature of interaction and binding

Wavefunction Analyzer

among the atoms of PAMAM and ectoine by the topological
analysis of the electron densities. Moreover, Fuzzy bond
order [41], Mayer bond order [42], and natural bond orbital
(NBO) for PAMAM-Ectoine and histidine modified
PAMAM-Ectoine were calculated.

Besides, the function of electron localization as a
measurement of the likelihood of finding an electron in the
neighborhood space of a reference electron located at a
given point and with the same spin [43] was achieved by
Multiwfh code. For simulating the biological system,
configurations are surveyed in the solvent phase. Surveying
solvent impacts was done using the integral equation
formalism polarized continuum model of self-consistent
reaction field [44]. The descriptors of quantum chemical as
an energy gap, and electronegativity and global hardness
can be used to assess the chemical reactivity which is
computed. The bond between ectoine with PAMAM and
histidine modified PAMAM is made bya cross-linking
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applying EDC-NHS.
The final reaction between the drug and PAMAM (histidine
modified PAMAM) can be written as follows:

EDC

Ectoine + PAMAM (Histidine mod ified PAMAN ) —i5—
Ectoine — PAMAN (or Histidine mod ified PAMAM ) + H,0

(1)

The bonding energies resulting from the reaction between
the Ectoine molecule and the PAMAM (histidine modified
PAMAM) can be acquired from Eq. (2).

AX e = X oo + X = X

) Ectoine

+ X

binding (PAMAM (Histidine mod ified PAMAM ))

@)

complex

Where X is the enthalpy (H), the Gibbs free energy (G) or
total energy (E), and Xcomplex is correspond to the values of
the PAMAM-Ectoine or histidine modified PAMAM-
Ectoine.

RESULTS AND DISCUSSION

We have firstly optimized the structures of PAMAM,
dendrimer, histidine modified PAMAM, and Ectoine in gas
and solvent phases. The structures of PAMAM dendrimer
and Ectoine were shown in Fig. 1. Moreover, the optimized
configurations of histidine modified PAMAM GO,
PAMAM- Ectoine, and histidine modified PAMAM-
Ectoine in the solvent phase were indicated in Fig. 2.

The chemical reactivity descriptors of Ectoine,
PAMAM, and Histidine modified PAMAM, PAMAM-
Ectoine and Histidine modified PAMAM-Ectoine have
shown in Table 1. The global hardness and energy gap of
Ectoine in the solvent phase is less than the gas phase.
Therefore, ectoine stability is less in the water solvent and
its reactivity is higher. The global hardness and energy gap
of PAMAM and Histidine modified PAMAM in the solvent
phase is greater than the gas phase.

Tablel indicates gap energy, global hardness, and
electronegativity of histidine modified PAMAM is greater
than pristine PAMAM. Thus, the reactivity of Histidine
modified PAMAM in the solvent phase is higher. After
binding, the energy gap and global hardness of PAMAM-
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Fig. 2. The optimized configurations of the histidine
modified PAMAM (a), PAMAM-Ect (b), and
histidine modified PAMAM-Ect at solvent
phase (c).

Ectoine complex decreased compared to fiee state ectoine
in both phases and the energy gap increased compared to
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Table 1. The Gap Energy, Global Hardness, and Electronegativity (eV) for PAMAM-Ect and PAMAM-His-Ect

Complex E.=Erumo - Enomo X = -(Ezomo T ELumo)/2 n=E, 2

Gas Solvent Gas Solvent Gas Solvent
Ectoine 6.3037 6.0569 37614 3.7305 3.1518 3.0284
PAMAM 5.2629 5.2629 2.7487 2.8410 2.6314 2.7253
PAMAM-His 4.6221 5.2490 2.6571 2.9336 2.3110 2.6245
PAMAM-Ect 5.1927 5.4439 2.8127 2.8384 2.5963 2.7219
PAMAM-His- Ect 5.3650 54384 2.6180 2.7010 2.6825 2.71923

Table 2. The Binding, the Enthalpy, the Gibbs Free Energies, and Dipole Moment for PAMAM-Ect

and PAMAM-His-Ect

Energies and dipole moment PAMAM-Ect PAMAM-His- Ect
Gas Solvent Gas Solvent
AE (kJ mol™) -31.0851 -65.8344 -39.5844 -95.9344
AG (kJ mol ™) -26.6251 -41.9948 -37.1875 -87.6746
AH (kJ mol ™) -31.3983 -66.8163 -40.3526 -96.3558
p (Debye) 7.5203 9.5619 9.7127 12.8765

PAMAM in a water solvent.

By surveying the electronegativity, it can be understood
that PAMAM-Ectoine and Histidine modified PAMAM
turn to absorb more electrons than the gas phase. Therefore,
the reaction of Ectoine with PAMAM and histidine
modified PAMAM the
electronegativity and reduced their energy gap and global
hardness in both phases, but the amount of decrease is less
in Histidine modified PAMAM. The reaction energies of
Ectoine-PAMAM and Ectoine-Histidine modified PAMAM
in both phases which are indicated in Table 2.

In both Ectoine -PAMAM and Ectoine-Histidine
modified PAMAM systems, Gibbs
negative which show the adsorption is spontaneous.
indicated that this
reaction is exothermic. By comparing the binding, the
enthalpy, and the Gibbs free energies for PAMAM-Ect and
PAMAM-His-Ect, it can be concluded that the PAMAM-
His-Ect complex is more stable. Furthermore, the polarity of

causes a reduction in

free energies are

Moreover, the negative enthalpies

molecules is shown by dipole moment. The polarity of
PAMAM-Ect and PAMAM-His-Ect is higher in water
solvent than in the gas phase and PAMAM-His-Ect
complex is greater than PAMAM-Ect.

The saddle point on distributing electron density is
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named bond critical point which has the electron density
gradient of zero. BCP is characterized by the major
diameter elements of the Hessian matrix of electron density.
The whole three diameter elements of the Hessian matrix of
electron density at a point is the Laplacian of electron
density at that point [45]. The positive Laplacian shows the
decrease in electrons and the negative Laplacian is related to
many electrons.

At BCP, quantities as the Laplacian, V’p(r), the
potential energy density, V(r), the positive definite kinetic
energy density, G(r), and the total electronic energy density,
H(r) = V(r) + G(r), in terms of which the bond degree,
H(r)/p(r), can be deliberated. In addition, Eq. (3), displays a
helpful relationship between them:

%vz p(r) =V () +2G(r) = H(r) + G(r) 3)

The nature of chemical bonds could be distinguished by the
values of potential and kinetic energy. The characteristics of
chemical bonds can be shown by the amounts of potential
and kinetic energy. The chemical bonds is covalent in case
Laplacian and H(r) be negative, p(r) > 0.02, G(r)/p(r) and
G(r)/V(r) <1 [46]. Ionic interactions displays positive
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Table 3. Electron Density Descriptors (a.u.) at the Bond Critical Points (BCP) between Atoms of Ectoine-

PAMAM Complex
Atoms p(1r) V3p(r) Ellipticity -G(r)/V(1) G(r)/p(r) E(r)
Nys3-Has Gas 0.3224  -13125 0.0443 0.1274 0.1740 -0.3842
Solvent 0.3224  -1.3049 0.0444 0.0128 0.0174 -0.4330
Neo-H7s Gas 03235  -1.2446 0.0517 0.1381 0.1836 -0.3705
Solvent 03235  -1.2442 0.0525 1.3860 1.8434 0.1661
Na3-Ces Gas 03016  -0.7230 0.0785 0.03253 0.0558 -0.5004
Solvent 03070  -0.7512 0.0717 0.3276 0.5817 -0.3665
O45-Cos Gas 03659  -0.73440 0.0208 0.3999 1.0029 -0.5507
Solvent 03592 -0.7657 0.0249 0.3898 0.9434 -0.5304
Ce6-Co7 Gas 02300 -0.39341 0.0776 0.2786 0.2689 -0.1601
Solvent 02299  -0.3934 0.07819 2.7851 2.6888 0.3963
Ce7-Ces Gas 02203  -0.36879 0.0211 0.2796 0.2655 -0.1506
Solvent 02212 -03732 0.0205 2.7885 2.6582 03772
Ce7-Neo Gas 0.2361 -0.4369 0.0410 0.3298 0.4483 -0.2152
Solvent 02379  -0.4460 0.0393 0.3304 0.4568 -0.2202
C34-Nys Gas 0.2381 -0.4545 0.0128 0.33640 0.4905 -0.2304
Solvent 02372 -0.4507 0.01154 0.3365 0.4893 -0.2289

Table 4. Electron Density Descriptors (a.u.) at the Bond Critical Points (BCP) between Atoms of Ectoine-
Histidine Modified PAMAM Complex

Atoms p(r) V’p(r)  Ellipticity -G@)/V(r)  G@)/p(r) E()
Cso-Ns, Gas 0.2418 -0.4685 0.0355 0.3226 04399 -0.2234
Solvent 0.2417 -0.4695 0.0368 0.3225 04414 -0.2241
Ns-Cey Gas 0.2938 -0.6946 0.0646 0.3207 0.5288 -0.3291
Solvent 0.2991 -0.7191 0.0600 0.3280 0.5733 -0.3513
Ns-Hes Gas 0.3247 -1.2809 0.0475 13176 1.764039 0.1381
Solvent 0.3244 -1.2767 0.0493 0.1324 0.177277  -0.37669
O6-Co7 Gas 0.3676 -0.6921 0.0208 04083 1.0475 -0.558
Solvent 0.3623 -0.7376 0.0269 0.3972 0.9842 -0.5412
Ce7-Ces Gas 0.2285 -0.3841 0.0702 2.8340 2.7505 0.4068
Solvent 0.3624 -0.7376 0.0269 0.3972 0.9842 -0.5412
Ces-Coo Gas 0.2189 -0.3639 0.0231 2.7927 2.6276 0.3693
Solvent 0.2185 -0.3619 0.02058 2.8007 2.6365 0.3704
Ces-N7g Gas 0.2495 -0.4984 0.0454 03174 0434018  -0.2329
Solvent 0.2464 -0.4841 0.0426 03191 04334 -0.2279
N7o-Hze Gas 0.3248 -1.2843 0.0523 1.3244 1.7803 0.1417
Solvent 0.3246 -1.2754 0.0543 1.3462 1.7979 0.1501

Laplacian and H(r), p(r) < 0.1, G(r)/p(r) and G(r)/V(r) > 1. the significant chemical bonds of PAMAM-Ect and
Electron density descriptors at the bond critical points for PAMAM-His-Ect are shown in Table3 and Table4,
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Fig. 3. ELF plots of optimized Ectoine-PAMAM a) at gas
and b) at solvent phases.

respectively. Laplacian and E(r) of bonds are negative in
gas and solvent phases. Moreover, the electron density
values of them are higher than 0.02. The analysis of
quantities as -G(r)/V(r), E(r), and p(r) showed that these
bonds are covalent kinds.

Analyzing the function of electron localization was done
to corroborate the characteristics of bonds. ELF is an easy
in atomic and
molecular systems. ELF analysis can give information about

measurement of electron localization
the binding, the location of bonds, the electron pairs, the
atomic structure of the system, and the strength of bond by
integrating the electron density ofthe ELF area. To prove
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Fig. 4. ELF plots of optimized Ectoine-Histidine modified
PAMAM a) at gas and b) at solvent phases.

the covalent bonding, ELF can be utilized [47]. ELF amount
is between zero and one. By enhancing the ELF, the
electrons become more localized and conceptualized, the
characteristics of the atomic bond between two atoms
gradually transform into covalent kind. ELF amounts are in
the range from O to 1. By increasing the ELF, the
characteristics of the bond become covalent kind due to the
electrons becoming more concentrated and localized [48].
The topographical analysis of ELF of PAMAM-Ect and
PAMAM-His-Ect are done which are indicated in Figs. 3
and 4, respectively, in both phases. The upper limit ELF = 1
corresponds to perfect localization and the value ELF =%
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correspons to electron-gas-like pair probability. ELF for the
bond between reaction PAMAM-Ect and PAMAM-His-Ect
are almost 0.45. The ELF analysis characterized N-C bonds
are partly covalent that approved electron density analysis.
Analyzing the natural bond orbitals prepare the electronic
density distribution on atoms and bonds which is a
beneficent instrument to understand the delocalization of
electron density.

Tables 5 and 6 indicate NBO analysis after and before
the reaction of Ectoine with PAMAM and histidine
modified PAMAM for main atoms in both phases. Table 5
data show that the electron densities of orbitals have
changed. The electron density of 2S and 2P orbitals of N43
was reduced in both phases after the reaction of Ectoine
with PAMAM. For O84 atom, the electron density of 2s
orbital increased after adsorption, while the electron density
of 2P orbital was reduced in the gas phase. The electron
density of 2S and 2P orbitals increased after the reaction in

the water solvent. For C85 atom, the electron density of 2P
orbital of C85 in both phases increased after the reaction but
the electron density of 2S orbital increased in the gas phase
and do not alter in the solvent phase. For C87 atom, the
electron densities of 2s and 2p orbitals in both phases have
reduced. After the reaction, the electron densities of 1s
orbitals of H44 atom have reduced by 0.07 and 0.06 in gas
and solution phases, respectively. Moreover, the table
indicates NBO analysis after and before the reaction of
Ectoine with histidine modified PAMAM, Table 6 data
indicates that the electron densities of N52 orbital after the
reaction not have changed. For O66 and C67 atoms, the
electron density of 2P orbital reduced and the electron
density of 2S orbital increased after reaction in the gas
phase. The electron density of 2P orbital increased in the
water solvent.

The advancements of Wiberg bond order can be as
Mayer and fuzzy bond order that have confirmed extremely

Table 5. The Natural Electron Configuration of some Atoms of the Ectoine before and after Reaction with PAMAM

in Gas and Solvent Phases

Atoms Gas Solvent

Before After Before After
N43 2S(].4])2p( 4.4])3p( 0.01) ZS(].SZ)Zp(4.37)3p( 0.01) ZS( 1.42)2p( 4.45)3p( 0.01) ZS( 1.26)2p( 4.33)3p( 0.01)
H44 1 S( 0.66) 1 S( 0.59) 1 S( 0.64) 1 S( 0.58)
C34 ZS(I.OO)Zp( 3.16)3p( 0.01) ZS(I.OI)Zp( 3.16)3p( 0.01) ZS( 1.00)2p( 3.16)38( 0.01)3p( 0.01) ZS( 1.01)2p( 3.17)3p( 0.01)
084 2S(1.71)2p(4.84) ZS( 1.73)2p( 4.83) ZS( 1.70)2p( 491) ZS( 1.72)2p( 4.98)
C85 2S(0.76)2p( 2.44)3 S( 0.01) 28(0.77)2p( 2.53)3 S( 0.01) ZS( 0.77)2p( 241 )3 S( 0.01 )3p( 0.03) ZS( 0.77)2p( 2.53)3 S( 0.01)
C86 ZS( 0.96)2p( 3.14)3p( 0.01) 28(0.95)2p( 3.11 )3p(0.02) ZS( 0.96)2p( 3.14)3p( 0.01) ZS( 0.95)2p( 3.1 1)3p( 0.02)

Table 6. The Natural Electron Configuration of some Atoms of the Ectoine before and after Reaction with Histidine

Modified PAMAM in Gas and Solvent Phases

Atoms Gas Solvent
Before After Before After
Ns 2S(1.38)2p(4.51) 2S(1.36)2p(4.35) 2S(1.38)2p(4.53) 2S(1.36)2p(4.35)
Hes 1S(0.60) 1S(0.62) 15(0.60) 1S(0.60)
Cso 25(0.97)2p(3.15) 25(0.94)2p(3.11) 28(0.97)2p(3.15) 25(0.95)2p(3.11)
Ogs 281784 2S(1.74)2p(4.75)3p(0.01)  28U-70p(4oD 2S(1.73)2p(4.80)3p(0.01)
Cer 280702 @44) 25(0.83)2p(2.46) 2807 pp(24D 25(0.83)2p(2 44)
Ces 28@902p 1935000 95(0.95)2p(3.12)3p(0.01) 28 92p 313500 95(0.95)2p(3.12)3p(0.01)
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appropriate in bonding analysis applying Mulliken
population analysis and semi-empirical calculation
approaches. To show Ectoine-PAMAM and Ectoine-
histidine modifies PAMAM bonds, the bond lengths, Fuzzy
Bond Order, and Mayer Bond Order were calculated as
listed in Tables 7 and 8. The bond length of key atoms in
the solution phase increased slightly relative to the gas
phase, and therefore the bond order decreased. The bond
length of N43-C66 in the solution phase is shorter than the
gas phase and a shorter bond length indicated a stronger
bond. The amounts of MBO show that bond order reduced
after the reaction in both phases. The amounts of FBO show
that the bond order between the drug and the PAMAM
dendrimer is the same in both phases. To indicate PAMAM-
His-Ect bonds, the bond length of key atoms in the solution
phase increased slightly relative to the gas phase, and
therefore the bond order decreased. The amounts of MBO
and FBO indicate that bond order reduced after reaction in

both phases.

The density of the states of a system is defined as the
number of various states which are to be occupied by the
system at every energy. DOS computations permit one to
identify the general distribution of states as an energy
function. DOS spectra help better understand the reaction
between Ectoine-PAMAM and Ectoine-Histidine modified
PAMAM. DOS computation showed that there is not much
between Ectoine, PAMAM in the gas phase and water
solvent. Therefore, the difference between HOMO and
LUMO energies in two phases is little. DOS spectra
Histidine modified PAMAM, the difference among energies
gap in two phases is 0.11eV, and this small difference is
also observed in DOS spectra for Histidine modified
PAMAM. After the reaction between ectoine and PAMAM
(see Fig. 5), the difference between HOMO energies in two
phases is 0.5 eV and also the value of 0.4 eV for LUMO
energies. Therefore, this reaction causes that in the gas

Table 7. Bond Distance (A), Mayer Bond Order (MBO), and Fuzzy Bond Order (FBO) some of Bonds of the Ectoine
before and after Reaction with PAMAM in Gas and Solvent Phases

Bond Bond length MBO FBO
Gas Solvent Gas Solvent Gas Solvent

Before  After Before After Before After Before After Before After Before  After
Ny3-Hag 1.0000 1.0091 1.0139 1.0096 0.8685 0.7961 0.8632 0.7960 0.9024 0.7729 0.899  0.7729
O4s5-Ces 1.2258 1.2517 12327 1.2619 19306 1.7703 1.8990 1.7703 1.9834 1.8253 1.9493 1.8253
Nu3-Ces - 1.3605 - 1.3509 - 1.0823 - 1.0825 - 1.4063 - 1.4063
Ce6-Ce7 1.5370 1.5378 1.5321 1.5377 0.7965 0.8082 0.7997 0.8081 0.9656 09691 0.9732 0.9692
C34-Ny; 14700 14604 14719 14621 09300 0.8453 09154 0.8453 1.2675 1.1406 12639 1.1406

Table 8. Bond Distance (A), Mayer Bond Order (MBO), and Fuzzy Bond Order (FBO) some of Bonds of the Ectoine before
and after Reaction with Histidine Modified PAMAM in Gas and Solvent Phases

Bond Bond length MBO FBO
Gas Solvent Gas Solvent Gas Solvent

Before  After Before After Before After  Before After Before After Before After
N, Hgs 1.0040 1.0075 1.0126 1.0077 0.8575 0.8383 0.8519 0.8118 0.8745 0.8179 0.8725 0.8104
Os-Cs7  1.2258 1.2474 1.2327 1.2559 1.9306 1.8885 1.8990 1.8101 1.9834 1.8737 19493 18274
N5,-Cy7 - 1.3747 - 1.3614 - 0.9435 - 0.9952 - 1.3146 - 1.3666
CeCee 15370 1.5411 1.5321 1.5401 0.7965 0.7785 0.7997 0.7868  0.9656  0.9621 0.9732 0.9577
Cs0-Ns, 14671 14637 14761 1.4630 0.9598 0.8957 0.9338 0.8647 1.1982 1.1100 1.1965 1.1083
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Fig. 5. DOS plots of optimized Ectoine-PAMAM a) at gas
and b) at solvent phases.

phase the HOMO level shifts to lower energy compared to
the solvent phase, while the LUMO Ilevel is almost
unchanged. After the reaction between ectoine and Histidine
modified PAMAM (see Fig. 6), there is not any difference
between HOMO energies in two phases, the difference
among LUMO energies in two phases is 0.07 eV.

CONCLUSIONS

DFT computations were done to investigate the reaction
of PAMAM and Histidine modified PAMAM dendrimers
with Ectoine anticancer drug. In this article, the bond of
dendrimers and Ectoine drug was made by an EDC/NHS
cross-linking. Our results show that both PAMAM-Ectoine
and Histidine modified PAMAM-Ectoine complexes can
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Fig. 6. DOS plots of optimized Ectoine-Histidine modified
PAMAM a) at gas and b) at solvent phases.

adsorb more electrons in the water solvent. As well, the
characteristics of bonding between Ectoine and dendrimers
are covalent. Moreover, the bonding of Histidine modified
PAMAM-Ectoine complex is more covalent than PAMAM-
Ectoine. The binding energy of PAMAM-Ectoine showed
that this energy reduces from -31.085 eV in the gas phase to
-65.834 eV in the solvent phase. For Histidine modified
PAMAM-Ectoine, the binding energy from -39.584 to
-95.934 eV was reduced. Also, the computations of NBO
analysis, bond lengths and Mayer bond order, and Fuzzy
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bond order analysis of compounds were done to approve
the covalent bond. DOS spectra of Ectoine-dendrimers
complexes are similar to the trends of their energy gaps in
two phases.
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