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ABSTRACT

Collagen and Polylactic Acid (PLA) as biomaterials in the tissue engineering have been
investigated for the structure and function in considerably large progress. From a viewpoint of its
electronic structures in the subnano-meter range, we investigate the bonding nature for five models of
the type | collagen, PLA models and the bimolecular interaction between the models by using Density
Functional Theory (DFT) calculations with Frontier MO theory. In order to confirm the accuracy of
the models, we compare the simulated IR and C1s X-ray photoelectron spectra with experimental
results. Especially, the interaction between PLA and (AspHypGly)-collagen models was obtained as
the chemical bond energy (1540 kJ/mol), and the results of PLA-other four collagen bimolecular
models were given as intermolecular bond energies of 30 ~ 81 kJ/mol. The intermolecular interaction
is due to inter-H-bond of ~OH--0=, -NH--0=, and —CH--O= functional groups, respectively, using MO
calculations.

INTRODUCTION

Collagen and polylactic acid scaffolds play important roles as biomaterials in
tissue engineering. The collagen molecules represent the most abundant protein
building block in the human body, where they provide primarily mechanical
stability, elasticity, and strength to connective tissues such as tendons, ligaments,
and bone. Polylactic Acid (PLA) is a well-known synthetic polymer which has great
potential for use as a scaffold material because of its slow rate of resorption [1].
The surface properties of the scaffold are responsible for the adsorption of proteins
and other biological molecules which regulate the cell’s response such as adhesion,
migration, proliferation and other material-protein interactions [2-5]. PLA
which degrades into innocuous lactic acid is used as medical implants in the form
of anchors, screws, plates, pins, rods, and as a mesh [6]. Depending on the exact
type used, it breaks down inside the body within 6 months to 2 years. This gradual
degradation is desirable for a support structure, because it gradually transfers the
load to the body (e.g. the bone) as that area heals [7].

A distinctive feature of collagen is the regular arrangement of amino acids in
each of the three chains of the collagen subunits. The sequence often follows the
pattern glycine (Gly)-proline (Pro)-X or Gly-X-hydroxy-proline (Hyp), where X
is any of various other amino acid residues [8]. Pro or Hyp constitute about 1/6 of
the total sequence. With glycine accounting for the 1/3 of the sequence, this means
approximately half of the collagen sequence. The Gly-Pro-Hyp triplet fits well
into the triple helix structure because it has relatively small side chains, however

()

Check for
updates

https://www jelsciences.com/articles/jbres1476.pdf

SCAN ME

*Corresponding author

Kazunaka Endo, Department of Chemistry
(Faculty of Science), Graduate School of
Natural Science and Technology, Kanazawa
University, Kanazawa, Japan

E-mail: endo_kz@nifty.com
DOI: 10.37871/jbres1476
Submitted: 03 May 2022
Accepted: 07 May 2022
Published: 13 May 2022

Copyright: © 2022 Endo K, et al. Distributed under
Creative Commons CC-BY 4.0 @®

OPEN ACCESS
Keywords

» Typelcollagen

» Polylactic acid
> DFT
» MO

Inter-and Intra-H-Bond

\

BIOLOGY

VOLUME: 3 ISSUE: 5 - MAY, 2022

How to cite this article: Endo K, Fuse M, Kato N. Interactions b/w Collagen and Polylactic-Acid Molecular Models Due to DFT
Calculations. J Biomed Res Environ Sci. 2022 May 13; 3(5): 537-546. doi: 10.37871/jbres1476, Article ID: JBRES1476, Available at:



Lif&Pyture

other residues with more substantial side chains can still be
accommodated by directing the side chains away from the
central axis. They are easily accessible to the surrounding
solvent and allow for polar and charged side chains to form
additional (water mediated) intra-molecular bridges via
H-bonding [9-11]. The side chains are also accessible to
other molecules, biominerals, or proteins in the biological
environment. Hence, the identities of the residues at the
X and Y positions to some extent govern the interaction
properties of the collagen molecule. Regions along the
collagen triple helix with a high degree of substitution of
Pro and Hyp for charged and hydrophobic residues often
function as binding sites.

As we know, there are three interesting studies of
‘genipin-collagen immobilization of Polylactic Acid (PLA)
fibers’ [12], ‘poly (lactic-co-glycolic acid) interactions
with collagen, [13], and ‘Surface characterization, collagen
adsorption and cell behaviour on poly (L-lactide-co-
glycolide) ‘[14]. They indicated compatiblity of interaction
with PLA and collagen, and however we think there is no
study until now from nanoscopic interaction viewpoints.
Then, from a fundamental standpoint as well as for designing
biomaterials, it is often important to obtain the information
on sub-nanoscale from quantum chemical field. In the two
decades, the software performance of the quantum chemical
calculation developed remarkably with rapid progress of the
hardware capacity of the computer, and we are, then, able
to perform the considerable precise calculation about the
electronic state of the biomaterials.

In this work, we demonstrate electronic structure
and bonding calculations of five amino-residence
models [Proline-Hydroxyproline-Glycine(ProHypGly)
{PHG}, Proline-Arginine-Glycine(ProArgGly) {PAG},
Glutamine-Hydroxy- Proline-Glycine(GluHypGly){GHG},
Proline-Lysine-Glycine(ProLysGly) {PLG}, Asparagine-
Hydoxyproline-Glycine (AspHypGly){AHG}] for the type
I collagen and PLA model using the Density Functional
Theory (DTF) method [15] with Frontier molecular orbital
theory [16]. For PLA, type I five collagen models, and the
bimolecular model molecules, the intra- and inter-hydrogen
bonding energies are estimated from empirical MO method
[17,18].

COMPUTATIONAL DETAILS

Individual models for PLA and collagen five amino-
residences

The initial geometric structures for model molecules
of Polylactic Acid (PLA) (Total atoms = 30, Total electrons
= 124) and type I collagen five amino-residences {Proline-
Hydroxyproline-Glycine (PHG) (Total atoms = 38, Total
electrons = 144), Proline-Arginine-Glycine (PAG) (total
atoms=47, total electrons=168, charge = +1), Glutamine-
Hydroxyproline-Glycine (GHG)(total atoms=39, total
electrons=160, charge = -1), Proline-Lysine-Glycine
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(PLG) (total atoms=45, total electrons=154, charge =
+1), Asparagine-Hydoxyproline- Glycine (AHG) (total
atoms=36, total electrons=152, charge = -1)} were optimized
at a semiempirical PM7 method [17,18]. Furthermore,
we performed the second geometry-optimization with
B3LYP/ TZVP level in GAUSSIAN 09 program [15] by using
the Cartesian coordination from the initial geometry-
optimization. Figure 1 shows molecular models for PLA,
and type I collagen five amino-residences. In order to
simulate IR and C1is XPS spectra of PLA and the five collagen
model molecules, we performed DFT SCF calculations at
the B3LYP/6-31G(d, p) level with the keyword of ‘Freq.’
Thus, we obtained the harmonic frequencies of their model
molecules at the optimized geometries. We have cited the
experimental IR spectra [12,19] of PLA and type I collagen
films, respectively. For Cis XPS analysis, we used SCF
converged energies values of the PLA and collagen model
molecules as the electron binding energies using Koopmans
theorem. The calculated intensities of C1s XPS were obtained
from abundance ratios of fuctional groups for the PLA and
collagen model molecules. In the case of experimental
spectra of the Cis XPS for PLA and collagen substances, we
referred from the manuscript [12,14].

a) Interaction system between PLA and type I collagen
model molecules

We consider the bimolecular interaction systems
between PLA and type I collagen five amino-
residences models. The initial geometric structures
for bimolecular systems were also optimized at a
semiempirical PM7 method [17]. Furthermore, we
performed the second geometry- optimization with
B3LYP/6-31G (d,p) level in GAUSSIAN 09 program
[15] by using the Cartesian coordination from the
initial geometry-optimization. In table 1, converged
total energies of five bimolecular systems were
indicated with sum energies of individual models for
PLA and collagen five amino-residences. Therefore,
in the table, we could calculate the interaction
energies of bimolecular systems between PLA and
five collagen models.

b) Intra- and inter-H bonding energies of PLA, type I
five collagen, and the bimolecular model molecules

For PLA, type I five collagen, and the bimolecular
model molecules, we estimated the intra- and
inter-hydrogen bonding energies with 1SCF
calculation of empirical MO method [18] by using the
Cartesian coordination from the second geometry-
optimization in GAUSSIAN 09 program. The bond
enegy was obtained as the two-center bond-
energy using keywords “(AM1 XYZ 1SCF VECTORS
ALLVEC BONDS ENPART)” in Winmopac sofware
[18] calculations. The scaling factor (0.280) was
evaluated as the averaged value of the two-center
bond-energy divided by the experimental bond-
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Figure 1 Molecular models of PLA and type | Collagen five amino-residences involving intra-H-Bonding of five Collagen-models.

Table 1: Geometry-optimization energies for PLA, and Collagen mlecular dissociation energy [20] for each chemical bond in
models (PAG, GHG, PHG, PLG, AHG), and their interaction energies. . .
Volecul el N table 2. The energy values were used in our previous
olecular models energies (hartree . .
gies ( ) works [21-23]. In this work, we also use the value in
individual sum _bimolecular_stabilization order to perform intra- and inter-H bonding energy
(PLA+collagen-model) system  energy( kJ/mol) calculations of PLA, type I five collagen models, and
the bimolecular model molecules.
TR0 RESULTS AND DISCUSSION
*(HartreeFock MO)  -873.086
Since it is lacking in the fundamental understanding of
Collagen mlecular models its electronic structures in the subnano- meter range, we
PAG(ProArgGly) -1064.521
GHG(GIuHypGly) -1083.808 Table 2: Experimental bond-dissociation and calculated bond energies.
Bond- Energies*
PHG(ProHypGly) -933.889 Bond Experimental Dissociation Eend EvaIMue;:::;rom Am1
PLG(ProLysGly) -954.983 Energies
Ev Ev
c-C 3.2~4.4 3.2~4.2
AHG(AspHypGly)  -1044.503 c-c 63 5466
*(HartreeFock MO) -1038.490 C~C 8.7 8.9
Cc-0 3.7 3.7~4.0
PLA-PAG -1942.529  -1942.549  0.020 (52.5 kd/mol) 0-Co 4.8 4.3~4.6
C=0 7.7~7.8 6.8~7.1
PLA-GHG -1961.816  -1961.827  0.011 (28.9 kd/mol) C-F 4.1~5.4 4.6-4.8
PLA-PHG -1811.897 -1811.923  0.026 (68.3 kJ/mol) C-Cl 2.9~4.1 3.0~3.5
C-H 3.7~4.9 3.3~3.5
PLA-PLG -1832.991  -1833.021  0.030(78.8 kJ/mol) *The values were obtained from (two-center bond-energies by AM1 method)
x 0.280.
PLA-AHG -1922.511-1923.089  0.578(1540 kJ/mol) # (#The scaling factor was evaluated as the averaged value of the two-center
bond-energy divided by the experimental bond-dissociation energy for each
*(HartreeFock MO) -1911.576  -1912.146  0.569(1490 kJ/mol) chemical bond)
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investigate the electronic structure and bonding nature for
five models of the type I collagen, PLA, and the interaction
between collagen and PLA models using the DTF method.
In order to clarify the accuracy of collagen and PLA models,
we compare simulated IR and XPS spectra of collagen and
PLA models with the experimental ones. Furthermore, we
describe nanoscopic interaction types between collagen and
PLA models using Frontier molecular orbital theory.

a) IR and Cis XPS for PLA and collagen five amino-
residences

We indicated simulated and experimental vibrational
frequencies for PLA and collagen model molecules in figures
2a & 2b and table 3. In the figure, simulated IR spectra
correspond considerably well to the experimental ones. In
the case of the PLA model, experimental broader spectra
in the range of 1000 ~ 1300 cm™ in figure 2a show bending
vibrations of functional (-CH,, -OH, -C=0) groups, and
experimental two peaks around at 1375 and 1474 cm™ appear
to be bending vibrations of -CH, groups. Simulated doublet
peaks between 1835 and 1866 cm™ in the figure correspond
to the experimental one at1754 cm™ due to the streching
vibration of -CO group, and smaller theoretical doublets
in the range of 3050 ~ 3160 cm™ are owing to experimental
similar ones at 2845 and 2987 cm™.

For collagen models, we showed the calculated
smaller broader complicated peaks (2900 3050 cm™) and

JOURNAL OF BIOMEDICAL RESEARCH & ENVIRONMENTAL SCIENCES 1ssn: m

intermediate strong peaks (3200~3550 cm™) due to streching
vibrations of -CH, and (-NH, -OH) groups, respectively,
in the lower plot of figure 2b. The simulated spectra seem
to agree in the experimental broader curve in the range of
2800 ~ 3800 cm™ in the upper plot of figure 2b. In many
experimental IR peaks between 1000 and 1750 cm™ in figure
2b, the intensive peak at 1635 cm™ depends on calculated
one at 1750 cm™, and other resident experimental peaks are
due to bending vibrations of functional (-CH,, -OH, -C=0)
groups.

As described in Computational Details, we used the
electron binding energies of the PLA and collagen model
molecules due to the Koopmans theorem from SCF
converged energies values of the model molecules. In table
4, simulated Cis Core-Electron Binding Energies (CEBE)’s
of the model molecules were given in the relative to -CH,
and -CH, functional groups as 285.0 eV. In the table, we gave
the shifted values from difference between SCF converged
energies values of the model molecules and 285.0 of -CH,
and -CH, functional groups, although it is characteristic
that the shifted values were amounted as 12.2 and 11.2 eV
for the total charge (-1) of model molecules in the type I of
collagen. In figures 3a & 3b, we showed simulated Cis XPS
of PLA and collagen models using the CEBEs in table 4 with
experimental ones, respectively. Calculated Cis XPS in both
PLA and collagen cases are in considerably good agreement
with experimental ones. Thus, it concludes that our PLA

Table 3: Calculated IR frequencies of PLA and collagen models with experimental ones.

Streching Vibrations

Model Molecule Experimental
Functional Group Range(Cm™)
-CH, -CH,,-CH, P LA (3050-3160)
-C=0 PLA (1835- 1866)

Range(Cm")
2850-3050
1700-1750

-OH AHG(3611) 3200-3550

-NH AHG(3197,3366)  3300-3400

-C=0 AHG(1738,1749,1848) 1700-1750
-CH,-CH, AHG(3015,3036,3072,

3078,3081) 2850-3000

-NH PAG(3220,3341,3457,3490

3627,3699,3750)  3200-3500

-CH PAG(2951,3015,3029,3058, 3106,3123) 2850-3050
-C=0 PAG(1695, 1702, 1743,1825) 1700-1750

-CN  PAG(1537,1615,1665,1695,

1702,1743)  1640-1690

-NH PLG(3425,3428,3490,3528)  3200-3500

-CH PLG(2958,3018,3040,3059, 3069,3120,3124) 2850-3050

-C=0 PLG(1681,1729,1821)  1700-1750
-CN PLG(1524,1534)  1640-1690
NH  GHG(3400)) 3200-3500

-CH GHG(2833,2900,2996,3001, 3003,3011,3021,3051,3082) 2850-3050
-C=0 GHG(1725,1733,1742,1845) 1700-1750

-OH PHG(3697) 3200-3550
-NH  PHG(3487,3508) 3200-3500
-CH PHG(2942,3017,3029,3039,3054,
3077,3102,3111,3119) 2850-3050
-C=0 PHG (1751,1791,1812)
-CN  PHG (1148,1413,1418,1592)

1700-1750
1640-1690

Bending Vibrations

Functinal Model Molecule Experimental
Group Range(Cm?') Range(Cm)
-CH, PLA (1350,1353, 1386,
1439,1445,1454,1469)  1350-1470
-CH,-OH, PLA(1122,1125,1145,

-C=0 1226,1273)  1200-1300

-NH,, CH, AHG(1611,1689) 1500-1600
-CH,, -NH, AHG(1230,1240) 1200-1300
-CH,-C=0 AHG(1353,1356,1366) 1350-1450

-NH  PAG(1493,1537,1615,1665,
1695,1702,1743)  1500-1600
-CH PAG(1493,1535,1537) 1380-1465
-NH PLG(1524,1534,1593,1623,
1661,1681,1729)  1500-1600
-CH,-CH, PLG(1109,1380) 1380-1465
-NH  GHG(943,1602,1635) 1500-1600
-CH GHG(1233,1296,1374,1375,
1392,1418,1500,1602) 1380-1465

-NH PHG(1291,1418,1427,1791) 1500-1600
-CH PHG(1291,1413,1418,1427) 1380-1465

Endo K, et al. (2022) J Biomed Res Environ Sci, DOI: https://dx.doi.org/10.37871/jbres1476
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Figure 2 Experimental and simulated IR spectra of PLA and collagen models.
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Table 4: C1s Core-electron Binding Energies of PLA and Collagen models.
Experiment Calculated(eV)
PLA AHG PAG PLG

Functional (eV) GHG PHG

Group

C-H 285.0 (284.6,285.0,285.2) (285.0) (284.2,284.4,250.0,285.3) (284.2,284.3285.0,285.3,285.5)

C-0-C 286.5 (286.4,287.0,287.2)
C-OH 286.6

-C=0 287.9 (288.4,288.6,288.7) (288.4,288.5288.8) 287.3  287.4
-C(=0)-0- 289.0 290.3 288.7
-C-NH 285.9
287.4287.6) 286.4,286.5,286.7) 286.8,287.4) 286.4,286.5)
-C(=0)-NH 288.1
N-C(-N)-N 289.8

Shifted value* 75 122 5049 112 76

(287.2287.2)  286.9

286.4, 286.5)
(289.3,290.2) (287.9,288.0) (288.3288.3) (288.0,288.2)

(284.2,285.0,285.5) (284.7,285.0,285.2)

287.5

(286.7,286.8, (285.5,285.5, (285.6,285.8,286.5, (285.9,286.0, (285.4,285.7,286.3,

(287.7,288.2)

“C1s CEBEs were given in the relative to ~CH, and —CH, functional groups as 285.0 eV.

and collagen model molecules are reasonable to analyze
the electronic states of individual ones and the interaction
bimolecular system.

b) Individual MO calculation analysis of PLA and type I
collagen model molecules

Figures 4a & 4b shows MO energy levels (with hartree
unit) of PLA and collagen models at the ground electronic
state from the DFT calculations. In the figure, in order to
discuss the interaction system on the Frontier MO theory
[16], we ploted the MO contours for three MO levels lower
and upper from the Highest Occupied (HOMO) and Lowest
Unoccupied (LUMO) MOs, respectively for the PLA and five
collagen model molecules. For MO contours of PLA in figure

4, three HOMO, HOMO1, and HOMO2 (HM, HM1, HM2) levels
for the PLA model were indicated with bonding orbitals
owing to —C=0 and —C—-0-C functional groups, severally,
while the LUMO, LUMO1, and LUMO2 (LM, LM1, LM2) were
written with the anti-bonding orbitals of the groups. In table
5, we showed MO contour functional groups for occupied
(HM, HM1, HM2) and unocupied (LM, LM1, LM2) orbitals of
PLA and (AHG, GHG) collagen models.

For AHG collagen model in table 5, MO contours of the
occupied HM, HM1, and HM2 levels are due to bonding
orbitals of the two —C=0, (two —C=0, -N-C), and two —
C=0 groups, respectively. On the other hand, MO figures
of unoccupied LM, LM1, and LM2 result in anti-bonding
orbitals of —C=0, (-C=N-, —C=0), and (—-C=0, two -C=N-)

Endo K, et al. (2022) J Biomed Res Environ Sci, DOI: https://dx.doi.org/10.37871/jbres1476
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functional groups, severally, the last two groups involve the
hydroxy-pyrrolidine ring. In the case of GHG model in the
table, MO contours of the occupied HM, HM1, and HM2 levels
are owing to bonding orbitals of the two —C=0, groups in
three occupied MOs. However, MO figures of unoccupied LM,
and (LM1, LM2) show with anti-bonding orbitals of —C=0,
and (-C=N-, and —C=0 in hydroxy-pyrrolidine ring) groups,
respectively. It is characteristic in figure 4a that the energy
gap of HOMO and LUMO for PLA model is 6.8 eV, while the
gaps of AHG and GHG collagen models give 2.2 and 2.9 eV.
The gaps of two collagen model molecules are considered as
semiconductor-like ones.

Infigure 4aenergy levels of unoccupied LM, LM1, LM2 for
PLA model approach to the levels of occupied HM, HM1, HM?2
for AHG and GHG collagen models, and thus electrons on the
occupied orbitals (HM, HM1, HM2) for the collagen models
are able to transfer to unoccupied orbitals (LM, LM1, LM?2)
of PLA model in the bimolecular interaction system from the
Frontier MO theory. The result for bimolecular interactions
between PLA and (AHG and GHG) collagen models is shown
in figures 5a & 5b. In the figure, energy gap between HOMO
and LUMO for the PLA-AHG bimolecular system is 5.2 eV,
and then we can call the gap value as an organic insulator. On
the other hand, the gap for the PLA-GHG system amounts
to 2.0 eV as a semiconductor-like gap. The gap difference
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between PLA-AHG and PLA-GHG systems is considered
to be due to the distribution of frontier MO figures for the
system in figure 4a. In the former bimolecular system, the
distributions of (LM, LM1, LM2) orbitals of PLA model are
different from those of (HM, HM1, HM2) orbitals for AHG.
However, the distributions of (LM, LM1, LM2) orbitals of
PLA model are similar to those of (HM, HM1, HM2) orbitals
for GHG.

For figure 4b, the gaps of PHG, PLG, and PAG collagen
models indicate values of 4.4~4.9 eV which correspond
to the organic insulators. In table 5, we also showed MO
contour functional groups of occupied (HM, HM1, HM2) and
unocupied (LM, LM1, LM2) orbitals for the PHG, PLG, and
PAG collagen models with AHG, and GHG models. Therefore,
we omitted the explanation for the functional groups of
PHG, PLG, and PAG collagen models.

In figure 4b, we can estimated the difference energy
between HOMO of PLA and LUMO of PHG as 6.0 eV, while
the differences between HOMO of PLA and LUMOs of (PLG,
PAG) as (3.0, and 3.3) eV, respectively. Then, electrons on
occupied orbitals (HM, HM1, HM2) of the PLA model are able
to transfer to unoccupied orbitals (LM, LM1, LM2) of (PLG,
PAG) models better than the occupied orbitals of PLA model
do the unoccupied orbitals (LM, LM1, LM2) of PHG model
from the Frontier MO theory. Therefore, it can be seen in
figure 5b that the HOMO-LUMO energy gaps of PLA-(PLG,
PAG) bimolecular systems are much less as values of (5.3
and 4.3 eV) than the gap of PLA-PHG interaction system
obtained as the result of 6.8 eV.

Here, let’s discuss intra-hydrogen (H)-bond energies of
PLA and type I collagen model molecules. In figure 1, there
is no strong intra-H-bonding for PLA model. In the figure,
we showed intra-H-bond energies of five collagen (AHG,
PAG, PLG, GHG, and PHG) models deriving collagen helices.
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In the AHG model (Figure 1b), the energies of three (-NH-
--0-, -CH---0=, and -NH---0=) functional groups were
estimated as 25, 27, and 34 kJ/mol, while three functional
(-NH---0=) groups also shown as 28, 34, and 44 kJ/mol for
PAG model (Figure 1c). In the case of PLG, and GHG models
in figure 1d & 1e, two (-NH---0=) groups have 34 and 59
kJ/mol H-bond energies, and (-NH---N-, -CH---0=)
functional ones are 25 and 33 kJ/mol, respectively. For the
PHG model, we are able to give intra-H-bond energies as
16, 19, and 21 kJ/mol in -CH---0=, ~-OH---0=, -NH---0-
groups, separately.

c) Bimolecular interaction system between PLA and
type I collagen model molecules

We commenced investigating bimolecular interaction
system between PLA and type I collagen model molecules
from sub-nanoscopic stand-points, since compatiblity of
interaction with PLA and collagen was already indicated in
three studies [12-14]. In table 1, we showed converged total
energies of five bimolecular systems with sum energies
of individual models for PLA and collagen five amino-
residences. In the table, stabilization energies in the ranges
of 30 ~ 81 kJ/mol were shown as reasonable intermolecular
interaction energies [24] for bimolecular systems between
PLA and four collagen (PAG, GHG, PHG, PLG) models,
although the energy (1540 kJ/mol) of PLA-AHG collagen
model is a chemical bonding one, and the result as an
intermolecular interaction energy is estimated too large.
The estimated value was obtained in similar result (1490 kJ/
mol in table 1) from the Hartree-Fock MO calculation ((RHF
or UHF)/6-31G(d,p)) in GAUSSIAN 09 program. Therefore,
we think there may be a special bimolecular complex which
has chemical bond energy.

In order to clarify the nature of stabilization energies
between PLA and collagen model molecules, we calculated
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Table 5: MO Contour functional groups for (HM, HM1, HM2) and (LM, LMT1,
LM2) of PLA and cllagen models.

Molecular HOMO HOMO1 HOMO2 ; LUMO LUMO1 LUMO2

Model Bonding orbitals Anti-bonding orbitals
-C=0,-C-0-C C=0,-C
0-C
PLA -C=0, -C-0-C -C=0,-C-0-C
-C=0,-C-0-C C=0,C-0-C
two -C=0 -C=0
AHG two -C=0, -C=N-
C=N, -C=0
Two -C=0 -C=0, two -C=N-
two -C=0 -C=0
GHG two -C=0 -C=N-, -C=0(in hydroxy-pyrrolidine)
two -C=0 -C=N-, -C=0(in hydroxy-pyrrolidine)
pyrrolidine -C=0,-N=C
PHG -C=0, hydroxy-pyrrolidine -N=C=0, hydroxy-pyrrolidine
-C=N-C, hydroxy-pyrrolidine ~ -N=C=0, hydroxy-pyrrolidine
-N=C=0, pyrrolidine -C=0
PLG two -N=C=0 -C=0, two -N=C=0
-C=0, two -N=C=0, pyrrolidine -C=0, two =N-C
Pyrrolidine -C=0
PAG two -N=C=0 -C=0, -N=(C(=N)=N

two -N=C=0, pyrrolidine -N-C=0, -N=(C(=N)=N

inter-hydrogen (H)-bond energies of PLA and type I
collagen model molecules. In figures 6a-e, we drew inter-
H-bond energies between PLA and five collagen model
(AHG, PAG, PLG, GHG, PHG) molecules. For PLA-AHG
bimolecular system (Figure 6a), we found-out an inter-H-
bond (-OH---0=) group of 30 kJ/mol, and in the case of
PLA-(GHG, PHG)-bimolecular sytems (In figure 6b,c), in
the former interaction type, there are two inter-H-bonds
(-C-0---0=, -N-H---0=) groups of (41, 26) kJ/mol, and in
the latter PLA- PHG bimolecular system, we are able to give
an inter-H-bond of —OH---NH group as 27 kJ/mol. In PLA-
PLG interaction system (Figure 6d), two inter-H-bonding
groups were shown as (-OH---0=, -CH---0=) values of
30, 39 kJ/mol, and for PLA-PAG bimolecular system (Figure
6e), we described an inter-H-bond of (-NH---0-) value as
22 KkJ/mol. These inter-H-bond enegies of the bimolecular
types between PLA and five collagen models are comparable
to stabilization energies of the systems without PLA-AHG
bimolecular type by using abinitio MO calculations, and
thus the nature of the intermolecular interaction can be
considered to be due to the inter-H bond between PLA and
four collagen models.

Even in PLA and five collagen model bimolecular types,
we estimated intra-H-bond for five collagen models in
figures 6a & 6e as follows: For PLA-AHG system, there are
three intra-H-bonds for (-CH---0O=, -NH---0O=, -OH--
-0=) groups of 25, 26, 27 kJ/mol, severally, in AHG model
molecule in figure 6a. In the case of PLA-(GHG, PHG)-
bimolecular systems in figures 6b & 6¢, we gave an intra-H-
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bond (-NH---N-) group of 49 kJ/mol, and an intra-H-bond
of (-NH---0-) group as 24 kJ/mol, respectively. In PLA-
(PLG, PAG) bimolecular systems, the former case (Figure
6d) has two intra-H-bond (-NH---0=, -NH---0=) groups
of 28, 60 kJ/mol, and the latter one (Figure 6e) is composed
of three intra-H-bond groups as 30, 29, 36 kJ/mol.

CONCLUSION

We performed this work from the fundamental
understanding of its electronic structures in the subnano-
meter range. The results of electronic structure and bonding
nature for five models of the type I collagen, PLA model, and
the bimolecular system between PLA and collagen models
were performed by using DFT calculations.

In order to clarify the accuracy of collagen and PLA
models, in comparison of simulated IR and XPS spectra of
collagen and PLA models with the experimental ones, we
obtained reasonable results: Calculated IR spectra and Cis
XPS in both PLA and collagen cases are in considerably good
agreement with experimental ones.

We determined MO energy levels (with hartree unit) of
PLA and collagen models at the ground electronic state from
the DFT calculations. In order to discuss the interaction
system on the Frontier MO theory, we ploted the MO
contours with three MO levels lower and upper from the
highest occupied (HOMO) {as HM, HM1, HM2} and lowest
unoccupied (LUMO) MOs{as LM, LM1, LM2}, respectively,
for the PLA and five collagen model molecules. From the
viewpoint of energy levels, it is characteristic that the gaps
of HOMO and LUMO for PLA, and (PHG, PLG, and PAG)
collagen models show as 6.8, and (4.4~4.9) eV, which
correspond to the organic insulators. On the other hand,
the gaps of AHG and GHG collagen models give 2.2 and 2.9
eV. The gaps are considered as semiconductor-like ones.
Furthermore, we pointed-out that for PLA-(AHG, GHG)
bimolecular system, energy levels of unoccupied LM, LM1,
LM2 for PLA model approach to the levels of occupied HM,
HM1, HM2 for AHG and GHG collagen models, and then
electrons on the occupied orbitals (HM, HM1, HM2) for the
collagen models are able to transfer to unoccupied orbitals
(LM, LM1, LM2) of PLA model in the bimolecular interaction
system. In similar viewpoint, we compared the difference
energy between HOMO of PLA and LUMO of PHG as 6.0 eV,
while the differences between HOMO of PLA and LUMOs of
(PLG, PAG) as (3.0, and 3.3) eV, respectively. Thus, electrons
on occupied orbitals (HM, HM1, HM?2) of the PLA model are
able to transfer to unoccupied orbitals (LM, LM1, LM2) of
(PLG, PAG) models better than the occupied orbitals of PLA
model do the unoccupied orbitals (LM, LM1, LM2) of PHG
model.

From the standpoint of intermolecular interaction
energies for bimolecular systems, stabilization energies
in the ranges of 30 ~ 81 kJ/mol were shown as reasonable
intermolecular interaction energies for bimolecular

Endo K, et al. (2022) J Biomed Res Environ Sci, DOI: https://dx.doi.org/10.37871/jbres1476



Lif&¥4ture

JOURNAL OF BIOMEDICAL RESEARCH & ENVIRONMENTAL SCIENCES Issn: m

systems between PLA and four collagen (PAG, GHG, PHG,
PLG) models, although the energy (1540 kJ/mol) of PLA-
AHG(AspHypGly) collagen model is a chemical bonding one.
For the PLA-AHG collagen model system, we think there
may be a special bimolecular complex which has chemical
bond energy. In addition, we also calculated intra- and
inter-H-bond enegies for collagen I type model molecules
and the bimolecular types between PLA and five collagen
models by using semi-empirical MO method. The inter-H-
bond enegies of the bimolecular types between PLA and four
collagen models are comparable to stabilization energies of
the systems by using abinitio MO calculations, and thus the
nature of the intermolecular interaction can be considered
to be due to the inter-H- bond (Research Data).
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