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The formation of chitosan dimer and its interaction with urea and creatinine have been investigated at the den-
sity functional theory (DFT) level (B3LYP-D3/6-31+ +G**) to study the transport phenomena in hemodialysis
membrane. The interaction energy of chitosan-creatinine and chitosan-urea complexes are in range —4 kcal/
mol < interaction energy <—20 kcal/mol which were classified in medium hydrogen bond interaction. The
chemical reactivity parameter proved that creatinine was more electrophilic and easier to bind chitosan than
urea. The energy gap of HOMO-LUMO of chitosan-creatinine complex was lower than chitosan-urea complex

fﬁi’;‘;ﬁ; that indicating chitosan-creatinine complex was more reactive and easier to transport electron than chitosan-
Chitosan urea complex. Moreover, the natural bond orbital (NBO) analysis showed a high contribution of hydrogen
Hemodialysis bond between chitosan-creatinine and chitosan-urea. The chitosan-creatinine interaction has a stronger hydro-
Membrane gen bond than chitosan-urea through the interaction 018-H34...N56 with stabilizing energy = — 13 kcal/mol.

Urea The quantum theory atom in molecule (QTAIM) also supported NBO data. All data presented that creatinine
can make hydrogen bond interaction stronger with chitosan than urea, that indicated creatinine easier to trans-

port in the chitosan membrane than urea during hemodialysis process.

@@0 Elsevier B.V. All rights reserved.

1. Introduction

Kidney is the largest multifunctional internal organ in the body. Ac-
cording to the World Health Organization (WHO), chronic kidney dis-
ease has caused the death on 5-10 million people annually [1]. One
solution to overcome kidney diseases chronic is hemodialysis. Hemodi-
alysis is a medical process to remove remaining toxic metabolite com-
pounds from the blood patients with chronic kidney diseases. The
main components of hemodialysis are a semi-permeable membrane
which is allowing selective transport of toxic compounds with low mo-
lecular weight such as urea and creatinine in the blood [2,3]. Hemodial-
ysis membranes should be biocompatible with the blood, capable to
transport metabolic compounds of the blood system, selective, and
non-ti components [4,5]. Molecularly, the existence of a functional
group and the formation of hydrogen bonds between the active site of
the membrane active site with target molecules in the hemodialysis
process are also important [6].
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Normally, synthetic membranes such as polysulfone, Polyethersul-
fone had been used clinically as hemodialysis membranes because
these polymers are easier to be manufactured [3,5]. However, the syn-
thetic membrane has a drawback in which this type of membrane is
not biodegradable, less functional group, and hydrophobics. Theoreti-
cally, Sasongko et al. (2020) had lated the interaction between
PSf with urea and creatinine using density functional theory (DFT) in
which the result shows that PSf forms a weak interaction both with
urea and creatinine ( Toxic compounds that should be removed from
the blood) [7]. Hence, many researchers try to develop hemodialysis
membranes from biopolymers such as cellulose, chitosan, and others
[5,8]. One of the biopolymers used for hemodialysis membrane is chito-
san and its derivatives [4]. As a hemodialysis membrane, chitosan has
the advantage that is purely degradable, inert, non-toxic, biocompatible,
and easily modified chemically due to it has two active clusters: a clus-
ter of amine (—NH;) and hydroxyl (OH) [3-5]. Furthermore, its func-
tional group can interact and form a hydrogen bond with creatinine
orurea. 3
Currently, the use of theoretical approach using computational
chemistry can explain the interactions that occur at the level of mole-
cules or atoms [12-14]. Because of the advance of molecule simulation,
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computatioféll chemistry applications have been widely used to assist
many kinds of research in various fields such as health, energy, industry,
environment technology, and pharmaceuticals. Costa et al. (2018) has
done modeling the interaction between dimer with sodium alginate-
chitosan to leam polyelectrolyte complex [12]. Deka and Bhattacharyya
(2017) have calculated the dimer interaction between chitosan with es-
sential amino acids to know and predict drug delivery effectively in the
future [15]. In the case of transport phenomena in the membrane, using
a theoretical approach with computational study can identify more de-
tails about the interaction between the membrane with target mole-
cules by obtaining geometric, energetic, and electronic parameters in
an appropriate molecular structure model [9,10]. Therefore, the ability
of the computational approach to simulate polymer molecules is lim-
ited. Thus, chitosan is commonly calculated in the dimer structure
form [7,11-14].

Studies using density functional tJE®ry dispersion correction ( DFT-
D3) have rekindled investigations of the nature and site of interaction
between nanomaterials and biomolecules. Amidst a myriad of such
studies, many computational studies are devoted to illustrating chitosan
and its derivatives as gene carriers [15-17]. An equally good number of
studies have shed light on different carrier molecules for protein drugs
[18,19]. In this study, we focus on the interaction between chitosan-
creatinine and chitosan-urea. This study aimed to evaluate the possible
interactions that stabilize the chitosan-creatinine and chitosan-urea
complex formation, starting from the geometry optimization of dimeric
structures of chitosan, urea, and creatinine.

Moreover, a study about hydrogen bonding, HOMO LUMO energy,
transfer proton, and transfer electron were also analyzed. The density
functional theory (DFT-D3) and natural bond orbital (NBO) methods
were employed. This study can suggest the development of hemodialy-
sis membrane with chitosan and its derivative in the future.

2. Computational details
2.1. Computational analysis %ensiry functional theory (DFT)

The theory for calculation in this study was%sity functional theory
(DFT). Firstly, the minimum energy of chitosan, urea, and creatinine was
obtained by optimization, individually. The most stable molecule of chi-
tosan interacted with the most stable molecule of creatinine and urea to
get the minimum energy of chitosan-creatinine and chitosan-urea com-
plexes. After the optimization, the molecules and complexes have to be
calculated their frequencies to darify the molecule stability. If all fre-
quency is positive, this molecule is stable [7,12-1 . Furthermore,
after the complexes were optimized, the calculation of Basis Set Super-
position Error (BSSE) was employed to determine the interaction en-
ergy. The following equation calculation for the interaction of energy:

Eint = Ecsjurea=(Ees + Eurea) + EnssE cs/urea (1)
E'int - Ecs.-'cl‘eatinine—{Ecs + E1:|‘e¢1linjne,'I + EBSSE cs/creatinine {2]

where E.yea and Exoreatinine are the minimum energies of chitosan-
urea and chitosan-creatinine complexes. The interaction of both
chitosan-creatinine or chitosan-urea is non-covalent. One of the non-
covalent interaction is hydrogen bond interaction [28]. The determina-
tion of the interaction energy aims to determine the type of interaction
of hydrogen bonds, whether weak, medium, or strong.

2.2 HOMO - LUMO energy analysis

The reactivity to transfer electron is determined by the calculation of

HOMO - 0 energy [8,10,15,16,48,60]. According to the Koopmann
theorem, 0 energy related to ionization energy (1) and LUMO
energy been used to estimate the electron affinity [15,48,49]. The

other chemical descriptors such as chemical hardness (1),
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electronegativity ( ), softness (S), global electrophmy index, and
electrophilicity index (w), a chemical potential (i) can be obtained
from HOMO and LUMO energy by following equations:

I~ —HOMO 3)
A= —LUMO )
1. ) .

n= jt_Ewmo—EHmm,l (5)
1. ) 1, ! .
¥=—pn=y I+ A) = — 5 (Enomo + Ewmo) (6)
5= 11} 7)
W= %2} (8)

HOMO energy value shows the molecular ability to donate electron
in which a value #E®her than the Eyome value implies the increase of
molecular ability to donate an electron to the acceptor. Meanwhile,
Ei 1o shows the molecular ability to receive electron. A molecule with
low Ejj 0 can receive more electrons [40,48).

33
2.3. Computational analysis of Natural bond orbital (NBO) and quantum
theory atom in molecule (QTAIM)

In evaluating the charge distribution, type of interactions binding
energies, and reactivity to transport proton, a set of NBO calculations
were empl [12,15,30,31,33-35]. Base on Second-Order Perturba-
tion Theory, the hyper conjugative interaction energy between an occu-
pied (i) and an unoccupied (j) NBO was calculated, as described in
Eq. (9).

F

2 " :
E° = AEj = g pars

9)
ccupancy, Ff ; Is the NBO Fock matrix between i
difference between the energies of j and i NBOs
[7,848-50,64]. Th 0 method gives an accurate Lewis structure of a
molecule through the highest possible percentage of an orbital electron
density, becoming a u method for analyzing intra- and intermolec-
ular interactions [10]. Quantum Theory Atom in Molecule (QTAIM] is
normally generated to support the NBO analysis [38]. QTAIM was @L-
lated by Multiwfn software [84]. Furthermore, intrinsic strength bond
strength index (IBSI) was also generated to study qualitatively the
strength of hydrogen bonding. IBSI WAS a New Way for Probing Bond
Strength [39]. All the calculations were performed using Gauss View
graphical interface, Chemcraft [40], and NWChem [41] DFT method
generated all calculation with the hybrid quality of Becke three-
parameter exchange; Lee et al. of correlation functional (B3LYP)
method; and 6-31+4g"* basis set. This study also compares the gas
phase, water solvent (SMD Solvation Model), and water solvent with
Grimme's D3 dispersion correction. The dispersion correction in the sol-
vent effect is generated because this is vital for the valid analysis of
transport studies over the membrane and essential for agreement with
experimental values [42].

gesu.lts and discussion

3.1. Isolated structure of chitosan dimer, urea, creatinine

where q; is the doi
and j, and g; - &; is

3
The geometry monomer structure was calculated to obtain a stable
molecule and minimum energy. Firstly, chitosan dimer, urea, and
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creatinine structures were optimized individually using the Nwchem
program. The l'esullathe optimization geometry can be seen in Fig. 1.

Chitosan dimers were chosen to represent the chitosan polymer due
to the interaction energy and enthalpies between a dimer, trimer, and
oligomer with water similar [20]. Since chitosan dimer can be repre-
sented as researchers use chitosan dimer for their research
[11-14,20-25]. The optimum geometry of chitosan dimer (Fig. 1) pre-
sents seven H-bonds (a = 2.40717 A, b = 2.65884 A, c = 1.94862 A,
d=247443 A, e = 236173 A, f = 2.62226 A, g = 2.65661 A). The
bond rotation between the pyranose rings can be evaluated by the y di-
hedral angle [12]. The f and c bonds help to keep both pyranose rings in
the same average plane, as can be verified by the small magnitude of the
calculated y dihedral@figle. The considered chitosan conformation pre-
sents y = —36.999. The planarity of disaccharides, oligosaccharides,
and chitosan polysaccharides can be determined by torsion angles ¢
and . The  and s were calculated between the bonds from each cyclic
of the disaccharide moiety to its glycosidic oxygen atom [7,26]. The ¢
and  angles in the optimized dimer of chitosan present values of
= —114.557"° and & = —159.559°. Based on these values, it showed
that chitosan dimer has great planarity between its saccharide units be-
cause the values of ¢ and W in the chitosan dimer are larger than linear
protonated chitosan dimer {—114.557° and —159.559" against —96.7°
and —153.8° respectively) that have been calculated by Costa et al.,
2018 in the previous study [12].

Creatinine was chosen because creatinine is a toxic waste substance
of creatinine phosphates in muscle contraction. Normal levels of
creatinine in humans is 0./-1.2 mg/dL. Creatinine filtered by the kid-
neys is then excreted in the urine. The increasing concentration of

C1
4.057

(a)

Fig. 1. Optimize geometry of molecule;
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creatinine caused decreasing kidney activity [50]. To make a selective
membrane for hemodialysis, we have to know the size of toxic sub-
stances that should be removed from the blood and the compound
needed for our body. Creatinine and urea are the substances that have
to be removed from the blood. The size of creatinine was calculated
and depicted in Fig. 1. The result gave information that creatinine has
asize of 5.61 A. The size was obtained by calculating the longest distance
of the molecule represented by H13...08.

The other toxic molecule that must be removed from the blood is
urea. Urea is the final product organic compound of protein metabolism
in the human body. Urea harms the body if it is excessive in the blood.
Normal urea levels in humans within 15-40 mg/dL [51]. To reject the
urea from the blood, the hemodialysis membrane also should have a
pore size bigger than urea. The optimization of molecule urea gives in-
formation that urea has a size of 4.05 A. According to Fig. 1, the size of
the urea is smaller than creatinine.

According to the creatinine and urea size calculated in this study, it
can be considered to make a membrane with a pore size bigger than cre-
atinine or more than 5.358 A. The other consideration to determine the
good pore size of the membrane for hemodialysis is macromolecule size
such as protein, hormone, immunoglobine or antibody that is important
for our body, according to the study conducted by Reth et al. (2013).
Immunoglobin has a size of approximately 100 A [52,53]. That is why
the hemodialysis membrane typically ranges on the dialysis membrane
to the nanomembrane, with a pore size of around 10-100 A [54,55].

Furthermore, based on the comparison of creatinine and urea size, it
can be inferred that urea easier to transport in the chitosan membrane
than creatinine. This result was consistent with Lusiana, Siswanta, and
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Table 1

The interaction energy of chitosan-creatinine and chitosan-urea.
Complexes Solvent Theory level Interaction energy (keal/mol) Hydrogen bond
Chitosan-creatinine  Gas B3LYP DFT/6-31 g** —19.04 R{H34..N56) = 1.88 AR[013.. . H54) = 1.94 AR(H44...048) = 186 A
Chitosan-creatinine  Water B3LYP DFT/6-31 g** —112 R{H34. .N56) = 1.80 AR[013...H54) = 2.12 AR(H44...048) = 181 A
Chitosan-creatinine  Water B3LYF DFT- -31g* —20.68 R{H34..N56) = 1.77 AR[013...H54) = 1.97 AR({H44...048) = 176 A
Chitosan-Creatinine  Water B3LYP DFT- =31++g"  —1414 R{H34..N56) = 1.83 AR[013..H54) = 1.94 AR(H44...048) = 178 A
Chitosan-creatinine  Water B3LYF DFT-D3/6-31++g**  —13.50 R{H34..N56) = 1.81 AR[013...H54) = 2.00 AR({H44...048) = 180 A
Chitosan-urea Gas B3LYP DFT/6-31 g** —10.62 R{H54...013) = 276 AR(H55...019) = 196 AR(048.. H47) = 234 A
Chitosan-urea Water B3LYP DFT/6-31 g** —398 R{H54...013) = 278 AR(H55...019) = 204 AR(048.. H47) = 236 A
Chitosan-urea Water B3LYF DFT- -31g* —993 R{H54...013) = 276 AR(H55...019) = 196 AR(048.. H47) = 234 A
Chitosan-urea Water B3LYP DFT- -31++g* —840 R{H54...013) = 2.81 AR(H55...019) = 198 AR(048.. H47) = 253 A
Chitosan-urea Water B3LYP DFT-D3/6-31++g"*  —476 R{H54...013) = 302 AR(H55...019) = 2.10 AR(048.. H47) = 276 A

Hayashita's studies (2013) that urea has higher % transport in the chito-
san derivative membrane than creatinine [4]. The pore size and perme-
ation size are not only the factor of the membrane ability to transport
creatinine or urea. The other factor is hydrogen bonding [6]. Therefore
more detail about hydrogen bonding between chitosan and creatinine
or urea will be further discussed.

3.2 Interaction energy

Intermolecular interaction is a study to understand how atoms and
molecules are organized within a system of chemistry [32-37]. Several
publications have demonstrated that chitosan and its derivatives form
stable complexes with proteins and peptides to find an effective drug
delivery method [8,38,39]. A high value of interaction energy (E int) de-
scribes a strong binding between the two molecules, while a decrease in
E int facilitates dissociation of a molecule. The interaction study can also
explain the interactions in the membrane transport phenomena with a
molecule in the solutions. One example in several publications was eval-
uated proton and electron transfer on the Proton Exchange Membrane
Fuels Cells, which described cellulose interaction with w. olecules
[32]. The binding affinity of rogen bond was evaluated a B3LYP-
D3/6-31++G"" level and corrected by zero-point energy (ZPE) and
basis set superposition error (BSSE). Furthermore, these calculations
were also simulated in the gas phase, intrinsic solvent effect with SMD
sol n model, and dispersion effect in the water solvent (Table 1).

e interaction energy of chitosan-creatinine simulated in the gas
phase is about —19.04 kcal/mol. This energy is higher than in the
water solvation model by approximately —11.20 kcal/mol due to the
creatinine is highly solvated in the water and made the hydrogen
bond interacts with water. This data are also similar to several publica-
tions in which, in their study, the interaction in the water solvent is
weaker than in the gas phase [23,25,42]. In contrast, the water solvent

! *"“H
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simulation corrected with dispersion (D2) effect presents the highest
interaction energy around —20.68 kcal/mol. Hence, This study empha-
sizes the contribution of Vanderwaal's interactions in the transport pro-
cess, where dispersion interaction is one of Vanderwaal's interactions
component. Singla et al. (2016) reinforced that the interaction energy
calculated by including dispersion correction deemed the process to
be exergonic, which implied that the interaction is loveable electroni-
cally. Furthermore, B3LYP/DFT-D3 and diffuse basis set 6-31++g""
were also employed to get more accurate calculations close to the real
experiment. The result shows that the interaction energy between chi-
tosan and creatinine is about 13,50 kcal/mol. Then, Fig. 2 also shows that
the hydrogen bonds on the chitosan-creatinine interaction occur in R
(H34...N56) = 1.81 AR(013...H54) = 2.00 A R(H44...048) = 1.80 A.
Furthermore, the data shows that the average lengths were under 2.0
Aand more than 1.8 A. These data were dassified as medium hydrogen
bonds [32].

The calculation of interaction energy value of osan-urea
complexes was —10.61 kcal/mol in the gas phase, —3. cal/mol in
water solvent —9.93 kcal/mol in water solvent corrected dispersion
(D2) effect. This data depicts that the interaction in solvent water with-
out dispersion correction has the energy more positive than the solvent
model corrected with dispersion effect because the interaction energy
generated without dispersion effect is more endergonic [42,64]. More-
over, The interaction energy between chitosan and urea simulated on
B3LYP/DFT-D using a diffuse basis set 6-314++g"" is about
—4.76 kcal/mol. Then, Fig. 2b illustrated that There are three hydrogen
bond interactions among chitosan and urea that consist of: R(H54...
013) = 3.02 AR(H55...019) = 2.10 A R(048...H47) = 2.76 A. Accord-
ing to the data of interaction energy and distance in the hydrogen bond
shown in Table, is interaction was the medium hydrogen bond type.

Identifying rogen bond strength between the target molecule
and the functional group on the membrane is important because it
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Fig. 2. Simulation in DFT-D3 B3LYP 6-314++g** (a) Chitosan dimer-urea interaction (b) Chitosan dimer-creatinine interaction.
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Table 2

The chemical descriptor of the sﬁ
System MO E LUMO I A 1 s u ¥ w
Chitosan —62124 1.0803 6.21241 —1.0803 720271 013712 —2.5661 2.56605 045145
Urea —6.6315 164358 6.63147 —1.6436 827505 0.12085 —2.4939 2.49394 037581
Creatinine —63104 007347 6.31037 —0.0735 6.38384 0.15665 —3.1184 3.11845 076167
Chitosan-urea —5.7553 094968 5.75525 —0.9497 6.70494 0.14914 —2.4028 240278 043053
Chitosan - creatinine —5.8042 —0.6885 5.80423 068845 511578 0.19547 —3.2463 3.24634 1.03002

can affect tlﬂolecular target permeability to the membrane [3,7,65].
The strong hydrogen bond interaction energy usually is more than
20 kcal/mol, where the strong hydrogen bond can accelerate transport
in the membrang?]. However, the strong hydrogen bond can also
make fouling in the membrane. On the other hand, the membrane
with a weak hydrogen bond interaction (under 4 kcal/mol) with urea
and creatinine will have slower action to transport these molecules
than medium or strong hydrogen bonds [41-46]. Thus, the medium hy-
drogen bond is the best interaction for the membrane to increase trans-
port creatinine and urea. The range of interaction energy for the
medium hydrogen bond interaction is between 4 kcal/mol and
20 kcal/mol [32]. Based on this finding implied that chitosan is a critical
and potential material for transport urea and creatinine.

Taking into consideration, These results reinforced the creatinine
molecule interacted with the chitosan dimer stronger than urea. These
data can be concluded that creatinine is easier to be transported than
urea in the chitosan membrane. Although the creatinine interacts stron-
ger in chitosan than urea, the value of interaction energy almost similar.
It means that both chitosan and creatinine have the same probabilities
of transporting in the chitosan membrane. The interaction energy and
the particle size are not always the parameter in the transport phenom-
enon [48,49]. The other parameter is proton transfer; electron transfer;
energy stabilization; reactivity of chitosan, urea, and creatinine.

3.3 Reactivity of model system

Molecular orbitals' theoretical approaches are useful in predicting
the reactivity of molecules [29]. The quantum chemical parameters to
explain th ctivity of molecule are ionization energy (1), electron af-
finity (A), chemical hardness (1)), electronegativity ()], softness (5),
global electrophilic index (), and chemical potential (). They used
the quantum chemical parameters to determine the HOMO and LUMO
energy [8,10,25,49-54]. Molecular orbital { HOMO) is related to the abil-
ity to donate electron capacity of molecules, whereas molecular orbital
(LUMO) indicates the electron-accepting ability [31]. All the data of
chemical descriptors on the system is presented in Table 2.

Chemical hardness (1) is defined as the molecular resistance needed
to deform the number of electrons correlated with the stability and re-
activity of a chemical system [74]. A rigid molecule has a high HOMO-
LUMO gap. The more massive gap means that a molecule is more stable.
Table 2 shows that creatinine has a lower chemical hardness than urea,
which implies that creatinine is more reactive than urea.

The electronegativity data gave information that creatinine has a
higher electronegativity than urea, which implies that creatinine was
more electrophilic than urea. According to this data, it can be deter-
mined that creatinine was more electrophilic, while chitosan and urea
are more nucleophilic. Creatinine is more electrophilic than urea be-
cause there is a steric effectin the cyclic of creatinine that inhibit the nu-
cleophile functional group in the creatinine molecule, while urea has no
steric effect. The steric effect can be seen in Fig. 6. The best membrane is
the membrane that has a difference in electrophilicity. Hence the mem-
brane can attract the molecular target. According to this data, the creat-
inine can make a stronger bonding with chitosan than urea because
urea has almost similar electrophilicity with chitosan. This data is simi-
lar to the interaction energy where chitosan-creatinine has higher inter-
action energy than chitosan-urea

In the other data, HOMO-LUMO gap in this study aimed to under-
stand the ability of chitosan-creatinine and chitosan-urea to transfer
electrons. The molecule or complex with a small HOMO-LUMO gap
interpreted that this molecule was easier to transfer electron and
more reactive [75-79]. The HOMO-LUMO gaps were presented in Fig. 3.

Fig. 3 shows that both creatinine and urea caused decreasing the
HOMO-LUMO energy gap on chitosan. Fig. 3 informs that the bandgap
of chitosan-creatinine and chitosan-urea are 5.11 eV and 6.70 eV, re-
spectively. The interaction of chitosan-creatinine showed a decrease in
the energy gap was significant compared to the bandgap of the chitosan
dimer. Whereas, in the interaction of chitosan-urea, only small de-
creases. Based on previous research, the smaller gap energy HOMO-
LUMO means the unstable molecules [55-59]. The compound instability
only takes a small amount of energy to the electron can be excited from
the HOMO to LUMO. chitosan-creatinine and chitosan-urea complexes
have a similar HOMO energy, but the LUMO energy of chitosan-
creatinine complex was lower than chitosan-urea complex. “This data
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Fig. 3. HOMO-LUMO gap energy of a. Chitosan dimer-creatinine b. Chitosan dimer-urea.
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Table 3

MBO analysis of chitosan ger{reaﬁnine.
No nor (L) NBO Acceptor (NL) NEO E(2) E(NL)-E(L) F(LNL)

(keal/mol) (aw) (auw)

Chitosan tucreatininem
1 1013 178.BD*(1) N51- H54 359 091 0051
2 IF(2)013 178.BD*(1) N51- H54 932 0.82 0078
Creatinine to chitosan % g
3 1048 162 BD*(1) 0 19- H44 587 1.06 007
4 LP (2) 048 162.%‘(1] 019-H44 10.71 0.78 0.082
5 LP (1) N56 161 BD*(1) O 18- H34 18.02 083 0.109
[ BD (2) C53- N56 161 BD*(1) O 18- H34 183 0.84 0.035

demonstrated that both chitosan-creatinine and chitosan-urea com-
plexes have the same ability to donor electron but difference to accept
an electron”. However, both creatinine and urea can decrease the indi-
vidual chitosan bandgap, causing the transferred electron to be more ac-
cessible. Thus, this data suggests that chitosan can be determined as the
potential candidate to be hemodialysis membrane.

3.4 NBO analysis

The determination of hydrogen bond interaction is crucial for study
interaction, especially for transport phenomena. Energy interaction is
not enough to judge the strength of hydrogen bonding interaction.
The other theoretical approach is by NBO analysis. NBO analyis normally
used to study deeply about the natural dERlital that primarily involve in
the Hydrogen bonding interaction [80]. NBO analyses point to the
formation of H-bonds within the chitosan dimer and urea or creatinine.

Table 3. shows the presence of dero?ond between chitosan-
creatinine at atom 018-H34...N56 with the stabilization energy of
18.02 kcal/mol. Similar hydrogen bond interactions also occur in
013...H54-N51 with stabilization energy = 9.32 kcal/mol and 019-
H44....048 has stabilization energy 10.71 kcal/mol. The strongest bond
in this analysis arose on 018-H34...N56 that has energy stabilization =
18.02 kcal/mol, which is classified as the medium hydrogen bond inter-
action. Kwan (2009) supported this finding that medium hydrogen
bonds have stabilization energy more than 4 kcal/mol and less than
20 kecal/mol [81]. The stronger hydrogen bonds will be easier to transfer
protons. Thus, it can be concluded that it would be accessible to creati-
nine in the transport mechanism. The complex of chitosan-urea con-
taining hydrogen bonds with stabilization energy only revolves
around 3.07 kcal/mol - 4.34 kcal/mol. Hydrogen bonds occur in 018...
H54-N53,019...H55-N53, 048...H47-N20 ( see in Table 4 and Fig. 2). Al-
though hydrogen bonds occur at the atom with high electronegativity,
the stabilization energy was less than 11.24 kcal/mal. It indicated that
hydrogen bond interaction that occurs in the complex of chitosan-
urea was not strong enough. The lower stabilization energy means
that more weak hydrogen bond interaction causes difficulty transfer-
ring protons [47,49). Therefore, it can be presumed that the interaction
of hydrogen bonds of chitosan-urea is weaker than chitosan-creatinine.

Table 4

MNBO a sis of chitosan dimer-urea.
No nor (L) NBO  Acceptor (NL) NBO  E(2) E(NL)-E(L) F(LNL)

(kcal/mol)  [(aw) (aw)

Chitor urea g
i 1013 *(1) N53-H54 434 0.79 0.052
2 P (1) 019 BD*(1) N53-H55 407 101 0.057
3 P (2) 019 BD*(1) N53-H55 432 0.84 0.054
Urea tosan g
4 1048 *(1) N20-H47 332 105 0.053
5 LP (2) 048 BD*(1) N20-H47 307 0.76 0.043

3.5. Quantum theory atom in molecule QTAIM

Bader (1990) has introduced the theory @Batom in a molecule for the
first time. This theory uses the distribution of electron density between
two atoms to explain a sysnl of chemical structure. Bader described
bond critical point {BCP) as a saddle point of electron density between
two atoms that form a @ mical bond [82]. QTAIM analysis can give use-
ful parameters such as Laplacian (representing the local charge concen-
tration or depletion) and el@Bkicity (the measure of “double bond" or m
character). The equation of Laplacian parameters at the BCP is given by

V2p =N + A +Ag,

1
where A1, N2,@Rd A3 are three parameters of the density at the critical
point To help more accurate data, Electronic energy density (H) can be
determined by the following equation

Hl_B('Pl - Gl_B('Pl + Vl_B('Pl

Gipcpy isEnetic energy density, and Vg, ;, potential energy density.
Now, The type of interaction n be identified with ¥%p, and Higcp).

¥2p (+) and Hgepy (+) The weak covalent interactions (strong
electrostatic bond).

v2p (—) and Hgcry (—) Strong inlaeractiornrong covalent bond),

v2p (+)and Higcry (—) medium strength ( partially covalent bond ).

On the other hand, the ratio of |V/G|is a reliable parameter to classify
the different interactions. According to this parameter, weak interac-
tions are described with |V/G| < 1, medium interactions 1 < |V/G| < 2,
and strong interactions |V/G| = 2.

In this@@search, multiwfn software was applied to calculate The
values of Kinetic energy density (G), potential energy density (V),
Laplacian (¥2p), | energy density (H), and the ratio of |V/G|. These
parameters were [isted in Table 4. The BCP plots for the interaction of
chitosan-creatinine and chitosan urea-are shown in Fig. 4.

The BCP for the interaction of chitosan-creatinine can be seen in
Fig. 4. According to Fig. 4, it showed that there is four necessary BCP in
the creatinine or urea. The analytical data for the BCP is presented in
Table 5.

On the complex chitosan-creatinine, there is three BCP (16, 19,27,
51), which have a negative value for H(BCP) and positive value for
¥2p. Base on that, data informs which the BCP includes in the medium
interaction or partial interaction. The ratio of |V/G|in that BCPis 1 < |
V/G| < 2, which meant that the interaction between chitosan and creat-
inine is medium interaction (medium hydm@ond). PositiveV?p and
H(BCP) values and |V/G| < 1 in the BCP ( 80) denote the weak covalent
interactions ( strong electrostatic bond ). The QTAIM analysis in the com-
plex chitosan-creatinine can be concluded to have three hydrogen
bonds.

Analysis QTAIM in the chitosan-urea also has already operated with
multiwfn software. The hydrogen bond occurs in the BCP with ilﬂ 86,
91,110, and 119. The BCP (86,91, 110, and 119) have negative CP)
and positive V°p value which refer to medium interaction (medium
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(a)

Fig. 4. Bond critical point index for (

(b)

a) Chitosan-creatinine, (b) Chitosan-urea

Table 5
The QTAIM paraumeters.
13 .

BCP Prece) Vo Gincp) Hincr) Vincr) [V/G] he A2 A3 E[ncp) EHB (keal/mol)
Chitosan-creatinine
16 0.0398 0.0924 0.0249 —0.0018 0.0266 10712 0.0443 0.0491 —0.0010 0.0689 —8.3565
19 0.0051 0.0191 0.0037 0.0011 0.0026 0.7102 0.0017 0.0168 0.0005 1.2170 —0.8238
27 0.0223 0.0610 0.0160 —0.0007 0.0167 1.0449 0.1041 —0.0155 —00275 0.0616 —5.2382
51 0.0346 0.10m7 0.0256 —0.0002 0.0257 1.0064 0.1830 —0.0373 —0.0440 0.0238 —B8.0788
Chitosan-urea
86 0.0041 0.0146 0.0031 0.0006 0.0025 0.8099 0.0119 0.0052 —0.0024 0.6028 —0.7816
a1 0.0172 0.0529 0.0134 —0.0001 0.0135 10075 0.0618 —0.0149 0.0060 0.1012 —4.2357
110 0.0077 0.0253 0.0056 0.0007 0.0049 0.8685 0.0349 —0.0046 —0.0050 0.0588 —1.5222
119 0.0050 0.0187 0.0038 0.0009 0.0028 0.7561 0.0082 0.0051 0.0055 0.1241 —0.8028

hydrogen bond). This data also supported with |V/G| ratio, which has
value 1 < [V/G] < 2. The IB’ with index 111 has a positive H{BCP)
and V2pvalue which meant the weak covalent interactions ( strong elec-
trostatic bond). Despite a weak covalent interaction, the average inter-
action between chitosan and urea is medium interaction {medium
hydrogen bond).

The Hydrogen bond energy { Eyg; also determine in this analysis. The
average value of hydrogen bond energy in all complexes is 4-10 kcal/
mol, which is included in the medium hydrogen bond. The hydrogen
bond energy in the complex chitosan-creatinine bigger than chitosan-
urea. According to this data strongly conclude that creatinine has a

stronger attraction with chitosan than urea. This data is also supported
by all of the data in this research.

On the other hand, This data also demonstrated that chitosanis a
potential candidate as a hemodialysis membrane because it can
make a medium hydrogen bond with urea and creatinine. Compared
to Polysulfone, Chitosan has a stronger interaction with urea and cre-
atinine. The interaction of polysulfone with urea and creatinine had
been calculated by Sasongko et al. (2020). That study showed that
Polysulfoen has Ey by about 0.02-2.98 kcal/mol [7]. It implies that
chitosan has a better interaction with urea and creatinine thana clin-
ical membrane-based polysulfone.

Fig. 5. The RDG/sign{»2)p for (a) chitosan-creatinine (b) chitosan-urea.

5
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gi Reduced density gradient ( RDG) and NCI index

The intramolecular interactions and the nature of the weak interac-
tions on| osan-creatinine and chitosan-urea have been evaluated by
plotting the non-covffnt interaction (NCI) index and the reduced den-
sity gradient (RDG). The NCI index gives more information related to
the -covalent interaction, such as hydrogen bond. The reduced den-
sity gradient (RDG) is defined as (Johnson et al. 2010):

1 Vp(r)
203m2)'7 p(ry*?

The value of RDG racterizes the non-covalent interaction of com-
plexes. Fig. 5. showed the scatter graphs of RDG versus sign(h\2)p(
all complexes. Multiwfn program was used to obtained The sign
(Az)p(r) and NCI-RDG plots [83]. The value of h; and p can utilize to an-
alyze the interaction type.

hzp <0 and p = 0 means that strong attraction (hydrogen bond, hal-
ogen bond).

RDG(r) =

Steric Effect

Vanderwalls
(a)

Vanderwalls

Steric Effect

Fig. 6. RDGC isosurface for (a) creatinine(b)urea (

Stenic Effect

Inter I Journal of Biological Macromolecules 168 (2021) 339-349
hap = 0 and p = 0 Van der Waals interaction.

= 0 and p > 0 Strong repulsion (steric effect in-ring and cage).

RDG scatter graph blue color circle shows the Hydrogen bond, the
red color circle denotes the steric effect, and the green circle correspond-
ing to Van der walls interactions. Fig. 5 showed that all of the complexes
have medium hydrogen bonds shown in the blue color cirngFurther-
more, the diagram density of chitosan- creatinine complex in the blue
area is denser and more negative than chitosan-urea complexes. Thus,
this data illustrated that the formation of hydrogen on chitosan-
creatinine is stronger than cr@&@inine-urea. Fig. 6 performed the more
real imagination to explain the scatter graj of RDG versus sign
(Mha)p(r), where Fig. 6 illustrates the location of hydrogen bonds, van der
Waals, and steric effect. Fig. 6. display the isosurface of complex
Chitosan-urea and Chitosan-creatinine. It can be shown that chitosan
formed a hydrogen bond both with urea and creatinine. A previous
study conducted by Sasongko, 2020 found that PSfas an approved hemo-
dialysis membrane did not make a hydrogen bond with urea and creati-
nine or only Van der Waals forces [7]. Hence, this indicates that chitosan

(b)

Hydrogen bond

Vanderwalls

(c)

Hvdrogen bond Vanderwalls
(e)

¢ chitosan (d) chitosan-creatinine (e) chitosan-urea.
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is a potential molecule for the hemodialysis membrane compared to PSE.
Furthermore, Fig. 6. Also, support the chemical parameters data where
urea has no steric effect while chitosan and creatinine have a steric effect.

3.7 Intrinsic bond strength index (IBSI)

gZOZO, a new approach was enlarged able to assess the most
relevant atomic contributions to the non-covalent interactions occur-
ring between two fragments.3 This development proves to be an ap-
pealiffgftool to shed light on the guest accommodation on a per-atom
basis. Also, in 2020 the ng[ntrinsic Bond Strength Index IBSI was ini-
tiated.4 IBSI score give very efficient data to internally probe the
strendBl given by atom pair, over a wide range (non-covalent to cova-
lent). An IBSI scale has been developed to range two-centre chemical
bonds by their intrinsic strength. In 2020 was, Klein et all proposed a
new release allowing for detecting the interaction between two given
sub-fragments of a single molecule, using QM electron density [39].
This probability is particularly engaging to evaluate the role of non-
covalent intramolecular interactions such us intramolecu - stack-
ing and hydrogen-bonding [39]. In this study, IBSI was calculated to
evaluate quantitatively the strength of intermolecular hydrogen bond
on chitosan-creatinine, and chitosan-urea complexes. The [BSI data
was presented in Table 6.

Table 6. shows that the chitosan-creatinine complex has an [BSI by
about 0.117 on average, while chitosan-urea complex only has an IBSI
u 0.1. Moreover, Klein et all (2020) classified that hydrogen bond
is generally <0.15 on the IBSl scale and larger than 0.053 [39]. According
to that range and Table 6., it can be implied that Creatinine forms 3 hy-
drogen bond with chitosan while only 1 hydrogen bond that is created
from the interaction between chitosan and urea. Furthermore, The loca-
tion of intermolecular hydrogen bond interaction was depicted on the
(Supplementary file, Figs. 2 and 3). Furthermore, IBSI analysis also sep-
arated the contribution of inter and intramolecular hydrogen bond in-
teraction that is not shown in the RDG and NCI analysis. Overall, The
IBSI data shows that chitosan.

4. Conclusion

In this work, the formation of chitosan-creatinine and chitosan-urea
complexes was evaluated by structure optimizations. Intramolecular H-
bonds kept the optimized structures of the isolated chitosan dimer. The
size of creatinine and urea were 5.358 A and 4.057 A, respectively. The
interaction between urea or creatinine and chitosan dimer existed as
medium hydrogen bond interactions. The interaction energy structures
of chitosan-creatinine are higher than chitosan-urea complexes. The
chemical reactivity parameter proved that creatinine is more electro-
philic than urea, making it easier to interact with chitosan less electro-
philic. Both creatinine and urea can decrease the gap energies of
chitosan dimer. The energy gap of HOMO-LUMO of complex chitosan-
creatinine was lower than complex chitosan-urea. It can be concuded
that chitosan-creatinine was more reactive than chitosan-urea. The en-
ergy gap complexes can give the future pathway to develop the hemo-
dialysis membrane, which involved photo-electric to accelerate the

Table 6

Intrinsic bond strength index of chitosan - creatinine and chitosan - urea.
Fragment 1 Fragment 2 Distance [igPair [BSICHM [BSIYEM
Chitosan-creatinine
34(H) S6(N) 1.8106 020992 0.04851 0.15606
13(0) 54(H) 20081 005281 0.02615 0.11523
44(H) 48(0) 1.8072 0.06997 0.04278 0.18836
Chitosan-urea
13(0) 54(H) 3.0206 001198 0.00262 001088
1970 55(H) 21058 0.04004 0.01843 0.08302
47(H) 48(0) 27697 001777 0.00463 001593

347

International journal of Biologiaal Macromolecules 168 (2021) 339-349

small molecular transports. The result of NBO analysis showed a high
contribution of a hydrogen bond between chitosan-creatinine and
chitosan-urea. The chitosan-creatinine has a stronger hydrogen bond
than chitosan-urea through the interaction 018-H34...N56 with stabi-
lizing energy = —13 kcal/mol. AIM analysis data also support the NBO
data. Thus, chitosan functional groups can help transport urea and cre-
atinine by hydrogen bond interactions through -NH, and -OH groups.
All data also showed that chitosan more favorable interacted with creat-
inine than urea.
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