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ABSTRACT: Research on amino acids is an attractive area because of their application in ~ o» —"Phe "

9 i
metabolism, cancer treatment, growth, and repair of body tissue, and RNA and DNA o« ., %359
syntheses. Twenty amino acids are primarily responsible for protein synthesis. In our  ** % 9

:

study, we used a Cug nanocluster as an amino acid detector. For the investigation, we
adsorbed amino acids on the Cug nanocluster and studied their UV—visible spectra. It is
observed that all of the Cug—amino acid complexes have peaks at near 380 nm wavelength
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except the Cu—phenylalanine complex, where two UV—visible peaks are found at 3, ’ ,J, ’
wavelengths 351 nm (excitation energy 3.49 eV) and 403 nm (excitation energy 3.02 eV), s E=CuPe P
respectively, which originated from the HOMO — 2 to LUMO (28%) and HOMO — 1 to o ,/)f, X
LUMO (38%) transitions. Due to this unique transition, the Cuy nanocluster can be used — ** dtcion m':" '
for the detection of the phenylalanine amino acid out of the 20 amino acids. S —— t

Wavelength (nm)
1. INTRODUCTION many essential compounds (melanin, pyrimidine nucleotides,

purine creatine, histamine, heme, and thyroxine).7
In recent years, metal nanoclusters have been a very
attractive research field owing to their unique optical and

physical properties. Metal nanoclusters have a diameter of 2
1

Protein, one of three important macronutrients, is an
important energy source for the human body. Proteins have
two parts, short peptides and amino acids, and they can be
adsorbed and digested in both forms (amino acid and

1
peptides), and both have important physiological effects.' ™ nm and a metal core has ten tq hundred'metal atom's.
Amino acids present in the human plasma are in M level Copper metal nanoclusters have unique chemical and physical

concentrations. They are not only regulators of gene characteristics with various applications in therapeutics and

. . medical diagnostics, nanodevices, chemical sensors, catalysis,
expression but also neurotransmitters and precursors of several 12— 14
. . . and many other fields. Many research groups have
hormones. Amino acids play an important role as an

intermediate in biosynthetic pathways 15-7 Amino acids can researched metal nanoclusters as a detector,”> >* some of
. . . ) 24
be used for many other functions, for example, inhibitors which are briefly described here. Wang. et al. workéd on t.he
(dehydroproline), neurotransmitters (gamma-aminobutyric development of a sensor for the detection of glutathione with
acid), osmoregulation (proline), and metabolic intermediates the. help of MnO, nanosheet-copper na.nocluster composites.
(ornithine and citrulline).® Amino acids and their chemical This sensor may be useful for the detection of the glutathione
analogues are used in the medical field, cosmetics, and in the levels 1.n' human sera. This sensor is low cost, 'has low
synthesis of pharmaceutical agents. The synthetic polymer of cytotoxicity, has a turn-on fgorescence response, and is easy to
amino acids is used as encapsulation in drugs and medicine develop. Guo an.d Cj'al synthesized a wgter—.soluble
because they are easily dissolved in water and can easily fluorescence ascorbic acid copper nanocluster, which is stable

achieve controlled release in the bloodstream.” Branched-chain and  well monod1sP ersed with strong fluorescence. The
amino acids, valine, leucine, and isoleucine, are adsorbed in ﬂl.lorescence properties of the.se complexes can be quen.ched
tumors besides tryptophan and arginine. Therefore, these Wlth, the. help of tetracycline. They found .two linear
amino acids and their complexes with other amino acids can be relationships between FO and F and tetracycline concen-
applied for the treatment of tumors, such as glycine being used
for the biosynthesis of many nonprotein compounds Received: July 18, 2023
(porphyrins and purines).'” The role of amino acids is not Accepted: September 14, 2023
limited to the nervous system but also their application in the Published: December 21, 2023
biosynthesis of many essential compounds. The role of

glutamine, aspartic, and glycine is not a limitation to the

nervous system but also their application in the biosynthesis of
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Figure 1. UV—visible spectra of amino acids calculated at the Cam-B3LPY/LanL2dz level of theory.

trations. These properties are more important in developing a
detector for detecting tetracycline in environmental water with
the help of fluorescence ascorbic acid copper nanoclusters. Gao
and Cai”*® developed a sensor for the sensitive and selective
detection of kojic acid in foodstuffs. This is a new, rapid, label-
free, highly selective, and sensitive method. This process can
work directly in aqueous solution. Its design is simple. This
method is more accurate because of the interaction between
the kojic acid and copper ions. Therefore, it is easier to apply
in real samples. They say that this sensor can be applied for the
monitoring and regulation of food safety and quality. Hu et
al."” proposed a detector for H,0, and glucose detection by
copper nanoclusters. They investigated that the copper
nanoclusters have intrinsic peroxidase-like activity. On finding
these properties, they developed a simple and elective
colorimetric detector, which can detect H,O, and glucose.
This work is useful in catalysis, medical diagnostics, and
biotechnology. From the above discussion, it is clear that the
interaction of metal nanoclusters with organic systems is
significant for various applications. However, to the best of the
author’s knowledge, no research group has studied all
complexes of all 20 proteinaceous amino acids with metal
nanoclusters for the detection of amino acids. As such, in this
work, we have studied complexes of Cug metal nanoclusters
and amino acids using the time-dependent density functional
theory. The electronic spectra calculated via this method can
provide a unique spectral signature, which will be helpful in
detecting certain amino acids by observing their UV—vis
spectra.
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2. COMPUTATIONAL DETAILS

In this paper, we have chosen the Cug metal nanocluster, which
is the smallest stable copper metal nanocluster, as reported by
Cui-Ju.”® This reported structure and amino acid structures
were optimized by Gaussian16.’® In the case of metal
nanoclusters, many research groups had worked with
Moller—Plesset correlation energy corrections, which is more
accurate than the other methods.””™*’ Therefore, we have
chosen the MP2 method with a LanL2dz basis set to perform
all optimization of Cug—amino acid complexes. It is reported
that MP2/LanL2dz provides theoretically accurate energies.
An analytical frequency calculation was performed after
optimization, and all calculated frequencies were positive.
Therefore, all the reported structures are true minima.
However, this level of theory does not apply to performing
time-dependent self-consistent field (TD-SCF) calculations.
Therefore, time-dependent density functional theory (TD-
DFT)3O calculations were performed on MP2/Lanl2dz
optimized structures, using Cam-B3LPY/LanL2dz to calculate
the electronic adsorption spectra of Cug nanoclusters, and
amino acids adsorbed on the Cug nanocluster structure. In all
TD-DFT calculations, 20 transition modes have been used.''

3. RESULTS AND DISCUSSION

3.1. UV-Visible Analysis. There is a large panel of
understanding the time-dependent theory with the help of
quantum chemistry of atoms, molecules, and complexes. In
1968, Song et al, on the basis of Pariser—Parr—Pople and
Huckel methods, investigated the molecular orbital analysis
and reported the electronic structures and spectra of
anthocyanidins.”’ While in 1998, Pereira et al. worked on

https://doi.org/10.1021/acsomega.3c04820
ACS Omega 2024, 9, 276—282
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Table 1. Excitation Energy, Theoretical Peak at Wavelength, Oscillator Strength, Major Contribution, and Experimental
Literature Peaks at a Wavelength of Transition Orbital for the Cus Nanocluster Adsorbed Amino Acid Complexes®

amino theoretical peak at wavelength  excitation energy oscillator experimental literature observed peaks at
acids (nm) (eVv) strength major contribution wavelength (nm)
Ala 236 5.03 0.0037 H-1- L (59%) 240°°
H — L (40%)
Arg 200 5.99 0.004 H-2—L+1(88%)
215 5.56 0.0033 H-1- L (69%)
240 4.99 0.0033 H -4 — L (69%) 235%
Asn 209 5.74 0.0109 H — L (67%) 119
Asp 233 525 0.0053 H — L (45%) 196 and 227°*
Cys 214 5.61 0.0022 H — L (78%) 214
Gln 219 5.48 0.0037 H — L (77%) 203 and 227
239 5.02 0.0027 H -3 - L (72%)
Glu 231 5.22 0.008 H — L (80%) not found
Gly 240 5.00 0.0006 H -1 - L (65%) 230%
His 198 6.20 02319 H-L+1 (91%) 210"
Iso 218 5.49 0.0021 H - L (67%) not found
242 4.95 0.003 H-1- L (62%)
Leu 222 5.39 0.0015 H — L (55%) not found
242 4.95 0.0025 H-1- L (54%)
JH — L (44%)
Lys 216 5.56 0.0029 H-1-L (65%) 205"
242 4.95 0.0031 H-2 - L (61%)
Met 231 4.99 0.0093 H -1 - L (40%) 220"
Phe 206 5.83 0.0516 H— L+ 1 (45%) 209"
Pro 206 5.83 0.0191 H— L+ 3 (94%) 206"
Ser 210 5.70 0.0076 H -2 — L (38%) 210%
243 493 0.0023 H-2 - L (59%)
Thr 212 5.65 0.0066 H — L (59%) 202%°
245 4.90 0.0027 H-2 - L (57%)
Trp 250 4.82 0.081 H — L (33%) 260°°
Tyr 210 5.70 0.1315 H - L+ 2 (70%) 220"
246 4.86 0.026 H — L (62%)
Val 218 5.51 0.0092 H — L (59%) 203"
246 4.87 0.004 H-1- L (57%)
“Here represent HOMO by (H) and LUMO by (L).
349
1.0 - )
Cug
—~ 0.8 1
3
©
E 0.6 4
c 432
©
2044
o
<
< 0.2
0.0 4
Figure 2. Optimized structure of the Cus nanocluster. 260 360 4(')0 560 360 760 860

the excited states of anthocyanidins with the density functional
theory based on the single excitation—configuration inter-
action.”” Sakata et al. worked on the anthocyanidin cationic
molecules to evaluate UV/vis adsorption with time-dependent
analysis.”” Perpéte et al. worked on the UV—vis analysis of a
series of polyphenol derivatives and investigated that the
Hartree—Fock and semiempirical approach does not give the
approaching result as the experimental literature.”* Freitas et al.
used TD-DFT to investigate the optical properties of the
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Wavelength (nm)

Figure 3. UV—visible spectra of the Cu4 nanocluster.

flavylium cations. In recent years, TD-DFT has been an
appropriate tool for understanding the UV—vis for small/large
compounds, molecules, and atoms.>

In this article, all of the reported structures were optimized
by the MP2/Lanl2dz level of theory. TD-DFT calculations
were performed to understand the UV—visible nature of Cuy,

https://doi.org/10.1021/acsomega.3c04820
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Figure 4. UV—visible spectra of Cug-adsorbed amino acid complexes.

Wavelength (nm)

amino acids, and Cug-adsorbed amino acids. All transitions
were observed due to the presence of Cug nanoclusters in all of
the Cug-adsorbed amino acids. In the copper atom, transitions
are possible in the d-orbital. Therefore, the molecular orbital
transition possibility is only from the d orbital. There are only
five orbitals (d,, d,, d., d¢_2 and d;) present in the d-
orbital. Out of which, three orbits are nonbonding orbitals (dxy,
d,, and d,,) and the other two (d,>_,> and d?) present both
bonding orbitals and their antibonding orbitals.

We first studied the UV—visible spectra obtained from the
TD-DFT calculation of the amino acids in order to compare
the UV excitation wavelengths before and after adsorption on
Cug. The UV—visible plots of the amino acids are shown in
Figure 1 and the excitation energy, oscillator strength, peaks,
and major contribution are reported in Table 1. In Figure 1, it
is observed that in all the amino acids, UV—visible peaks are
observed between the 200 and 250 nm wavelength range.
Detailed results from these calculations and their comparison
with previously reported experimental literature are listed in
Table 1. In Table 1, a maximum of a £10—15 nm difference is
observed between excitation peaks calculated by us and the
experimental ones reported in the literature. Therefore, we can
say that the method which has been chosen for the UV—visible
calculation provides results that are close to the experimental
literature. Therefore, this theoretical method is a more suitable
method to understand the UV—visible properties of the amino
acid and Cu-adsorbed amino acid. In most of the amino acids
(Ala, Asn, Asp, Cys, Gln, Glu, Leu, Thr, Trp, Try, and Val), the
transition has occurred due to the HOMO (H) to LUMO (L)
transition. While in the Ala, Arg, Gly, Iso, Leu, Lys, Met, and
Val amino acids, the transition has been found due to the
transition of H — 1 to L. In the remaining amino acids, the
transition occurs due to different molecular orbitals. The
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excitation energy of most of the amino acids has been observed
between the range of 4.81—6.02 eV. While the oscillator
strength is below 0.2319 in the amino acids. In contrast to
previously reported (experimental literature) UV spectra, in
our theoretical work, some additional small peaks were also
observed in the UV—visible spectrum of almost all amino acids.
However, these additional peaks have low oscillator strength in
comparison to the most intense peak. Therefore, these
additional peaks were not observed in experimental literature
spectra.

To study adsorption of amino acids on Cug nanoclusters, we
first took its initial structure from ref 25 and optimized that
Cug nanocluster at the MP2/LanlL2dz level of theory to
maintain consistency throughout our work. This optimized
structure is shown in Figure 2. In the Cug nanoclusters, the
bond length of all six outer bonds is 2.48 A, and the inner three
bonds are 2.55 A. It (Cug nanocluster) has a Dy, point group
symmetry. To find suitable positions to adsorb amino acids on
this nanocluster, we consider the Mulliken charge of the Cug
nanocluster and the amino acids. We observed that the Cug
nanocluster has the same positive charge (0.25e) at each
corner, while amino acids have a more negative charge (range
from —0.26 to —0.30e) at the O of the —C=0 group of the
—COOH moiety. Therefore, they can easily interact with each
other due to the electrostatic interaction. Thus, we interact
with them on that side. The oxygen atom of the —C=0 group
of the —COOH moiety of amino acids was kept at 2.92 A
(sum of Vander Wall radius), as shown in Figure S1. All of the
structures obtained after optimization of these input structures
are reported in Figure S2. In Figure S2, it is clear that the
average bond length between Cu—O decreases and becomes
2.46 to 2.55 A in the optimized Cug—amino acid complexes.
While in the CusPhe and CugTyr complexes, the Cu atoms of

https://doi.org/10.1021/acsomega.3c04820
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Table 2. Excitation Energy, Wavelength, Oscillator
Strength, and Major Contribution of Transition Orbital for
Cug4 Nanoclusters and Cug Nanocluster Adsorbed Amino
Acid Complexes (Cus—Amino Acids)”

wavelength excitation oscillator
complex (nm) energy (eV) strength  major contribution
Cug 349 3.50 0.1992 H-4- L (36%)
432 2.86 0.1648 H-—1— L (85%)
CugAla 384 3.19 0.4572 H-1->L+1
(39%)
CugArg 375 323 03821 H-1-L (23%)
CugAsn 376 322 0.5059 H-—1— L (45%)
CugAsp 384 3.19 0.463 H-1->L+1
(38%)
CuCys 382 3.19 0.4436 H-1->L+1
(42%)
Cu,Gln 384 3.19 0.4422 H-1->L+1
(40%)
Cu,Glu 384 3.19 0.4603 H-1->L+1
(35%)
CugGly 378 3.18 04385 H—1— L (38%)
CugHis 384 3.18 0.4278 H-1->L+1
(45%)
Cuglso 382 3.19 0.454 H-1->L+1
(40%)
CugLeu 376 321 05224 H-—1— L (45%)
CugLys 382 3.19 0.4533 H-1-L+1
(40%)
CugMet 381 3.17 05476 H—1— L (59%)
CugPhe 351 3.49 0.1755 H-—2— L (28%)
403 3.02 02108 H—1— L (38%)
CugPro 382 3.19 0.4527 H-1->L+1
(40%)
CugSer 376 3.20 0.469 H-1-L (44%)
CugThr 384 3.19 0.4578 H-1->L+1
(39%)
CucTry 374 322 04837 H—1— L (40%)
CugTyr 376 3.32 0.2293 H-1—->L+2
(49%)
CugVal 382 3.19 0.4556 H-1-L+1
(39%)

“Here represent HOMO by (H) and LUMO by (L).

the Cug nanocluster also interact with the carbon atom of the
ring fragment of Phe and Tyr amino acids. Due to this
interaction, the bond lengths between Cu—O are 2.20 and 2.16
A in the Cu4Phe and CugTyr complexes, respectively. While
the bond lengths between Cu—C are 2.34 and 2.41 A in the
CugPhe and CugTyr complexes, respectively. Similarly, the
bond length between Cu—Cu atoms has been observed to
range from 2.0S to 2.10 A in the Cug nanoclusters of Cus—
amino acid complexes. We analyzed the TD-DFT properties
after the optimization of these complexes. UV—visible spectra
for the Cug nanocluster and Cug-adsorbed amino acids are
shown in Figures 3 and 4.

In Figure 3, 4 and Table 2, it is clear that the UV—vis peak of
Cug nanocluster has been found at 349 and 432 nm with
excitation energies of 3.50 and 2.86 eV, respectively. The
oscillator strength for the 432 nm peaks is 0.1648 and the 349
nm peak is 0.1992 in the Cug nanocluster. A peak of 349 nm
arises due to the H — 4 — L (36%) transition. While the peak
at 432 nm is due to the H — 1 — L (85%) transition. Similarly,
in all the Cu amino acid complexes, the UV—visible transition
peaks observed a range from 374 to 384 nm wavelength except
the CugPhe complex. In this complex (CugPhe), two transition
peaks were observed at 349 and 403 nm wavelengths. While
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Figure S. UV—visible spectra of the Cug, Phe, and CusPhe complexes
to understand the characteristic transition corresponding to Phe
detection.

the excitation energy of most of the complexes (except the
CugPhe complex) was observed in the range from 3.19 to 3.32
eV and the oscillator strength of these complexes ranged from
0.293 to 0.5059. The transition occurred in the CugArg,
CugAsn, CugGly, Cugleu, CusMet, CugPhe, Cu4Ser, and
CugTry complexes due to the transition from HOMO — 1 to
LUMO. While in the CugAla, CugAsp, CusCys, Cu¢Gln,
Cu,Glu, CugHis, Cuglso, CugLys, CugPro, CugThr, and CuyVal
complexes, the transition occurs from HOMO — 1 to LUMO
+ 1. Only in the CugTyr complex, the transition occurred due
to the transition from HOMO — 1 to LUMO + 2. In all the
Cug-adsorbed amino acid complexes, except the CugPhe
complex, most of the complexes have one transition peak in
UV—visible spectra.

When Phe and Tyr amino acids interact with the Cug
nanocluster, then the Cug nanocluster interacts with two
sides of Phe and Tyr amino acids, as shown in Figure S1. While
the interaction between Cu and Phe amino is stronger than the
CugTyr complex. The bond lengths between Cu—C are 2.34
and 2.41 A in the CusPhe and CugTyr complexes, respectively.
Therefore, it is clear that the interaction between Cu and C in
the Phe complex is stronger in comparison to the CugTyr
complex. Therefore, in the CusPhe complex, Cug breaks from
its initial structure and changes to a different type of structure.
Due to this effect, internal bonding is affected. Therefore, in
UV-—visible spectra, CugPhe complexes have two peaks. These
two peaks occurred due to the two transitions from the Cug
nanocluster with different HOMO and LUMO orbitals. Out of
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these transitions, one transition occurred due to the transition
of H— 2 — L (28%), and another transition from the H — 1
— L (38%) transition. Due to these two transitions, two
different peaks were observed at 351 and 403 nm wavelengths,
with oscillator strengths being 0.1755 and 0.2108, respectively.
The excitation energies of these peaks are observed at 3.49 and
3.02 eV, respectively. These excitation energies were the
highest and lowest excitation energies in comparison to those
of the other complexes.

When the Cug nanocluster interacts with amino acids and
forms complexes, the UV—visible peaks are observed in the
range from 374 to 384 nm wavelength. Therefore, in a sample
containing a mixture of multiple amino acids, if we use Cug as a
detector, we will observe all the merged peaks ranging from
374 to 384 nm wavelength. No information can be obtained
from this type of spectrum because it will be difficult to
identify, which peak belongs to which amino acid. However, a
peak at 403 nm can be uniquely identified in such a scenario.
This peak belongs to the CugPhe complex. This complex also
has another peak at 351 nm. A comparison between the
excitation wavelengths of the Phe amino acid, Cug nanocluster,
and CusPhe complex is shown in Figure 5. In Figure 5, it is
clear that the peaks at 349 nm (Cug nanoclusters) and 351 nm
(CugPhe complex) will be merged and cannot be identified.
While in the Cu4Phe complex, the peak at 403 nm can be
uniquely observed. It has a suitable oscillator strength (0.2108)
for observation in the experimental literature observation.

4. CONCLUSIONS

In this article, we selected the smallest stable Cug nano-
cluster,”® and we studied the interaction of this nanocluster
with all amino acids. We performed ab initio calculations at the
MP2/Lanl2DZ theory level to understand the optimized
structures. After the optimization, TD-DFT with 20 transitions
was used to understand the UV—visible adsorption properties
of these structures. From the UV—visible spectra, it is observed
that two peaks are observed at 484 and 398 nm in the Cug
nanoclusters. While the peaks are observed between the range
200—250 nm in the amino acids. When studying interacting
complexes, it is analyzed that most of the structure’s peak is at
the 380—390 nm range. While in the CusPhe complex, we
found the two peaks at 351 and 403 nm. The oscillator
strength of these two peaks is 0.1755 and 0.2108, respectively,
which are suitable for the experimental observation. Therefore,
the Cug nanocluster can be used as a Phe amino acid detector.
The application of this work is to identify the Phe amino acid
in a mixture of two or more amino acids. Phe and other amino
acids are used in skin products, protein products, biotechnol-
ogy, and medicine. Therefore, we can detect whether or not
Phe is present in it or not.
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