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Abstract: Flavin mononucleotides (FMNs) and flavin adenine nucleotide (FAD) play vital roles in the
electron-transfer processes in diverse enzymatic reactions. Owing to the isoalloxazine chromophore,
flavins are easily detectable by surface-enhanced Raman spectroscopy (SERS), a surface-sensitive
technique. However, the details of the adsorption of flavins on SERS-active materials have never
been investigated. In this study, a comprehensive SERS analysis of flavins containing lumichrome
and lumiflavin on silver nanoparticles was conducted. With the aid of density-functional-theory
calculations, our results suggested that the flavin molecules were adsorbed on the silver nanoparticles
via the Nj site of the isoalloxazine moiety, which had a stronger adsorption ability than the adenine
moiety in the FAD. The SERS spectra of the flavins at different pH values also supported this
conclusion. This study demonstrated the feasibility of SERS for the structural characterization
of flavins, paving the way for the functional exploration of flavin-labeled detection sensors and
flavoprotein researches.

Keywords: flavin; riboflavin; flavin mononucleotide; flavin adenine nucleotide; isoalloxazine; surface-
enhanced Raman spectroscopy; DFT; adenine; adenosine triphosphate

1. Introduction

Riboflavin (RF), also known as vitamin By, plays a significant role in life activities,
especially in humans. A lack of vitamin B, can cause a range of clinical symptoms, such as
scrotal dermatitis, orchitis, and conjunctival congestion [1]. Riboflavin is mainly involved
in the electron-transfer processes of various enzymatic reactions in the body as a coenzyme
through two types of phosphorylated flavin derivative: flavin mononucleotide (FMN) and
flavin adenine dinucleotide (FAD). Of the two, the latter accounts for the clear majority [2].
The core molecular structure of flavin is an isoalloxazine group with a tricyclic ring (as
shown in Figure 1A), and this condensed ring, which contains nitrogen and oxygen ele-
ments, often has corresponding optical signals. Therefore, RF and its two derivatives have
good applicability in labeled and unlabeled spectroscopic detection [3-7].

Raman spectroscopy (RS) has been clearly established over the last century through
improved technologies, such as gratings, lasers, confocal microscopy, and nanotechnol-
ogy. It can therefore provide rich structural information on samples. Surface-enhanced
Raman scattering (SERS) spectroscopy is one of the techniques associated with RS. Based
on the physical and chemical enhancement generated by the interaction of the nano-
substrate with sample molecules and excitation light, SERS provides stronger and richer
information on sample characteristics and has the advantages of high selectivity, high
sensitivity, and high throughput [8,9]. Furthermore, SERS plays a vital role in various
fields, such as nanoscience [10,11], semiconductor science [12-15], materials science [16,17],
life science [18-20], and pharmacology [21,22]. Generally, some precious traditional-metal
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nano-substrates, such as gold and silver [23-25], and some transition-metal semiconduc-
tor nanomaterials, can exert excellent enhancement effects; the latter facilitate important
research applications in the field of optoelectronic science, such as the use of solar-dye
cells [26,27].
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Figure 1. (A) Structures of lumichrome (LC), lumiflavin (LF), riboflavin (RF), flavin mononucleotide
(FMN) and flavin adenine dinucleotide (FAD); (B) UV absorption spectra of LC, LF, RF, FMN,
and FAD.

In the detection and study of flavin molecules and flavin proteins using RS, lasers
matching the energy of the first electronically excited state of the molecules are usually
selected to perform resonance Raman detection in order to obtain the corresponding struc-
tural information [28-31]. With the invention and development of SERS, some researchers
have achieved the label recognition of flavin molecules and the off-label detection of flavin
proteins by constructing unique nano-substrates [32-35]. Although there are many reports
on SERS studies of flavin molecules, most of these studies involved the detection and
analysis of protein structures. The SERSs of flavin molecules that were either bound with
a protein or attached through a chemical bond to a silver surface were studied [36,37].
However, the details of the adsorption of flavins on SERS-active materials have never been
investigated. Also, comprehensive analysis of flavins and their photolysis derivatives (LC
and LF, Fig 1A) using RS and SERS, has rarely been reported.

We performed density-functional theory (DFT) calculations for the adsorption of LC,
LE, RE, FEMN, FAD, and an isoalloxazine moiety by introducing Ag atoms. Next, we com-
pared the obtained results with the results of the RS and SERS of the actual samples and
determined each characteristic peak. Furthermore, we confirmed the adsorption sites of the
isoalloxazine moiety on the Ag-nanoparticle substrate and excluded the possibility of other
sites by conducting adsorption-substitution experiments. The purpose of this study is to
provide experimental and theoretical support/guidance for bio-sensors and chemo-sensors.
The application of SERS is useful either for flavin identification or as a Raman probe for
indirectly probing other targets. In both cases, the investigation of flavin adsorption, ori-
entations, and SERS-band assignments is essential. Owing to covalent-bond formation
and different molecular orientations, the SERS profiles of flavins usefully differ from their
normal Raman spectra. Thus, a comparison of the Raman and SERS fingerprints is of
importance for spectral analysis in practical label-free assays. The flavin-labeled sensors
are established on the basis of the resonance Raman effect of flavins with an appropriate
laser excitation, through which flavins can be selectively enhanced. In this case, the explo-
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ration of flavin-metal binding properties is necessary and significant for the experimental
optimization of the effective linking of flavin molecules and SERS-active materials.

2. Materials and Methods
2.1. Materials

Silver nitrate (AgNO3) was purchased from Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China. Lumichrome, lumiflavin, riboflavin, FMN, FAD, and adenosine triphos-
phate (ATP) were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd.,
Shanghai, China. Adenine was purchased from J&K Scientific, Beijing, China. Poly
dimethyl diallyl ammonium chloride aqueous solution (PDDA, 20%) was from Sigma-
Aldrich Technology Co., Ltd., Shanghai, China. Sodium citrate, sulfuric acid (98%), hydro-
gen peroxide (30%), ethyl alcohol, acetone, and trichloromethane were purchased from
Beijing Chemical Works, Beijing, China. All the flavins were dissolved in a PBS buffer
(pH =7.0, 0.01 M). All chemicals were analytically pure and used directly in this work. The
water used in the experiment was 18.25 ()-cm deionized water generated by a Direct-Pure
UP purifier from Rephile Bioscience Co., Ltd., Shanghai, China.

2.2. Methods
2.2.1. Preparation of Ag nanoparticles

The preparation of Ag nanoparticles was based on the protocol reported by Lee and
Meisel [38]. In brief, 200 mL of deionised water mixed with 36 mg of AgNOj3 solid was
boiled to produce small continuous bubbles. Next, 4 mL of a 1 w/w% sodium citrate
aqueous solution was rapidly added under vigorous stirring. When the solution turned
light yellow, the heating was switched off and the solution was continuously stirred until it
cooled to room temperature.

2.2.2. Preparation of Self-Assembly Ag Nanofilm on Glass

Hydroxylation of glass: A glass slide was cut into pieces measuring 5 mm X 5 mm, fol-
lowed by ultrasonic cleaning in deionized water, ethyl alcohol, acetone, and trichloromethane
for 5 min in sequence. These glass pieces were then cleaned two or three times with deion-
ized water. Subsequently, the cleaned glass was mixed with a mixture of hydrogen peroxide
(30%) and sulfuric acid (98%) (v/v = 3:7) in a beaker, heated to boiling while stirring with a
glass stirrer until no small bubbles formed, and then cooled to room temperature. Finally,
the cleaned glass was immersed in deionized water.

Self-assembled Ag films on glass: The hydroxylated glass squares were sunk into a
0.5% PDDA aqueous solution for 30 min, cleaned with water, dried with N, and immersed
in Ag colloid for 6 h. Finally, the self-assembled Ag films were cleaned and dried for
further use.

2.2.3. Measurement

The Ag films were immersed in different concentrations of FAD and 10~> M of LC,
LE, RE, FMN, adenine, and ATP, cleaned, and dried by N,. The Raman spectra of these
solid samples and Ag films were collected using a Renishaw 1000 Model Confocal Micro-
scope Raman Spectrometer with a 532-nanometer excitation laser. The ultraviolet—visible
(UV) spectra and fluorescence spectra were measured in an aqueous PBS buffer with 1-
centimeter-long cuvettes by PerkinElmer Lambda 1050 + Ultraviolet-Visible Near-infrared
Spectrophotometer and SHIMADZU RF-5301(PC)S Fluorescence Spectrophotometer, re-
spectively. The morphology of the Ag nanoparticles was characterized by transmission-
electron microscopy (TEM) using a JEM-2100 system and by scanning-electron microscopy
(SEM) using a JEOL JEM-7800F system.

2.2.4. Calculation Method of Density-Functional Theory

The quantitative B3LYP [39,40] method was adopted for density-functional-theory
calculations of flavin molecules via the Gaussian 09W program, with the 6-311+G** basis
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set for H, C, N, O, and P atoms, and the Lanl2dz pseudopotential basis set for Ag atoms.
The calculation results were analysed using the VEDA4 program [41] for assignment of the
Raman peaks.

3. Results and Discussion
3.1. Characterization of Ultraviolet-Visible Spectroscopic Absorption Spectra of Flavins

The ultraviolet-visible spectroscopy absorption spectra of LC, LF, RF, FMN, and FAD
at 10~* M were characterized, as shown in Figure 1B. The strong absorption band at 214 nm
represents the K-band of the conjugated structure of the isoalloxazine ring in the flavin
molecule, while that at 267 nm represents the B-band of the benzene ring (Ring I) in the
isoalloxazine ring. The absorption band between 350 and 500 nm is the characteristic
absorption band of the entire isoalloxazine chromophore. Due to the different conjugation
structures of the LC and the LF in Ring II and III and the p—m conjugation effect generated
by the lone pair of electrons on the two N atoms in the III ring, the absorption peak of the
LC appeared around 387 nm. However, the conjugation effect of the III ring of the LF was
stronger and more planar than that of the LC; hence, the absorption peak of the LF was
red-shifted to 441 nm. The RF and FMN had a redshift of about 5 nm in their absorption
peaks due to the substitution of nucleophiles and phosphate groups. The FAD molecule
contained an adenosine group; hence, it had a larger redshift, to 451 nm, than the LE.

3.2. Solid-State Raman Spectra and Theoretical Analysis of Flavin Molecules
3.2.1. LCand LF

The solid-state Raman spectra of the LC and LF were collected separately using a
532-nanometer laser as the excitation light. The integration time was 10 s, with only
one integration, and the laser power reaching the sample was 10 mW. The theoretical
Raman spectra were analysed by using DFT for both the LC and the LF as shown in
Figures S1 and S2.

The characteristic Raman peaks of the LC were mainly distributed at 200-1800 cm !
and ~3000 cm~ . The region around 3000 cm~! was related to the C-H stretching-vibration
modes of the benzene ring and the methyl, while the peaks at 1697 and 1734 cm ™! were
attributed to the stretching-vibration modes of C,=0 and C4=0. The deviation was large,
compared with the theoretically calculated vibration modes of the carbonyl group, because
most of the frequencies obtained from the theoretical calculation were resonant frequencies,
which exclude non-resonant effects. Therefore, the calculated results had some deviation
from the actual values, which was more obvious in the carbonyl group. Generally, a
correction factor is multiplied by the calculated frequency, and the larger the frequency,
the larger the deviation. In some cases, low- and high-frequency regions are multiplied
by different correction factors [42—45]. In this study, we used 0.9960 [46] as the correction
factor. The region around 1573 cm~! was related to the stretching-vibration modes of the
benzene-ring carbon skeleton (C-C), while the peaks at 1026, 1339, 1381, and 1464 cm™!
were related to the C-N stretching-vibration mode. The peak at 1280 cm~! belonged to
the C-N-C in-plane bending-vibration modes in Ring II and that at 738 cm ! belonged to
the C-C stretching-vibration modes of Ring I and the ring-breathing-vibration modes of
Ring II, while the peaks at 526 602, 652, and 683 cm ! were related to the C-N in-plane
bending-vibration modes in Rings II and III. The related peaks’ attributions are listed in
Table S1.

The characteristic Raman peaks of the LF were also mainly distributed within the
range of 200-1800 cm ! and at ~3000 cm !, and the region around ~3000 cm ! belonged
to the C-H stretching-vibration modes of the benzene ring and the methyl, while the peaks
at 1714 and 1752 cm~! belonged to the C,=0 and C4=0 stretching-vibration modes. The
peaks at 1582, 1621, and 1670 cm~! were mainly attributable to the stretching-vibration
mode of the benzene ring C-C. The peaks at 1360, 1386, 1464, and 1549 cm ™! can be mainly
attributed to the C-N and C-C stretching-vibration modes in Ring III. The characteristic
peaks at 1079, 1167, 1234, 1283, and 1345 cm ! were mainly attributed to the C-N and C-C
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stretching-vibration modes in Ring II. The characteristic peak at 781 cm ™! is attributable
to the C43-C10,-N71 and Cy,-Cs,-N5 bending-vibration modes; the peak at 738 cm s
attributable to the breathing-vibration modes of Ring II and Ring III; and the peak at
681 cm~! is attributable to the N;-C,-O and N3-C4-O bending-vibration modes. The
related peaks’ attributions are listed in Table S2.

3.2.2. RF, FMN, and FAD

The solid-state Raman spectra of RF, FMN, and FAD were collected separately by
using a 532-nanometer laser as the excitation light, with an integration time of 10 s and
a laser power of 10 mW, as shown in Figure 2A. The Raman spectra of the three flavin
molecules showed that the characteristic peaks in the low-frequency and high-frequency
regions had extremely similar positions and intensities. The theoretical analysis of the
Raman spectra of the three flavin derivatives (Figure S3A) also indicated a high degree of
similarity among the molecules, indicating that the Raman spectra of the flavin molecules
can be mainly attributed to their common isoalloxazine chromophores, as shown in the
yellow part of Figure 1A. The comparison of the theoretical spectra and the solid Raman
spectra of the LC, LF, and FAD, shown in Figure 2A and Figure S3B, indicated that the
spectra of the LC were markedly different from those of the LF due to the large difference
in the conjugated structures and planarity of Rings II and III. Moreover, while the RF,
FMN, and FAD can be regarded as derivatives of the LF, both the theoretical spectra and
the experimental solid Raman spectra were highly similar; hence, the peak was possibly
attributable to the LF moiety.
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Figure 2. Normal Raman (A) and SERS (B) spectra of LC, LF, FAD, FMN, and RFE.

3.3. SERS Spectra of Flavin Molecules
3.3.1. Characterization of Ag nanoparticles

The TEM and SEM images, shown in Figure S4A,B, suggested that the average size of
the prepared Ag nanoparticles was about 50 nm, and the Ag nanofilm was uniform on the
surface of the hydroxylated glass sheet.

The Ag nanoparticles had a maximum absorption band at 429 nm, and the absorption
band of the flavin (e.g., FAD) adsorbed on the silver nanoparticles showed a certain
redshift, indicating the successful adsorption of the FAD on the Ag nanoparticles, as shown
in Figure S4C. The maximum excitation wavelength and maximum emission wavelength of
the FAD were 470 nm and 523 nm, respectively; hence, we collected the fluorescence spectra
of the Ag colloid, the FAD, and their mixture at the excitation wavelength of 470 nm. As
shown in Figure 54D, the fluorescence quenching of the FAD occurred in the presence of the
Ag nanoparticles, further indicating that the FAD was adsorbed on the Ag nanoparticles.



Chemosensors 2023, 11, 190 6 of 14

3.3.2. SERS Spectra of Flavins

The 532-nanometer Raman spectra of the 10~> M of the LC, LE, RE, EMN, and FAD
adsorbed on the Ag nanofilms were examined separately to obtain their enhanced spectra
on the Ag nanoparticles. As shown in Figure 2B and Figure S5, the LC showed more
variation in terms of relative intensity and displacement, while the LF and FAD had a
large variation in terms of the relative intensity of the C-C, C-N, and C=O Raman peaks
of Rings II and III near 1500 cm !, indicating that the vibrational modes of this part were
enhanced and related to their adsorption mode on the Ag nanoparticles. The comparison
of the enhanced spectra of the LC and LF with the normal Raman spectra showed that
their adsorption modes were different. The related SERS peaks’ attributions are listed in
Tables S1 and S2.

3.4. Analysis of FAD Molecules on Ag-Nanoparticle Substrates
3.4.1. Adsorption Time

The self-assembled Ag-nanofilm glass slides were immersed in 10~> M of FAD solution
for 1,2, 4,8, 15, 30, 60, 120, and 240 min, followed by 532-nanometer Raman spectroscopy,
as shown in Figure 3. Taking the Raman peak at 1346 cm ™! as the reference, the signals
of the FAD with adsorption times of 1 and 2 min were significantly weaker than those of
the other samples soaked for longer times, which could be attributed to the small amount
of FAD adsorbed onto the Ag-nanoparticle substrate in a shorter time. As the soaking
time increased, the molecules adsorbed on the substrate increased and the peak intensity
at 1346 cm~! was gradually enhanced. Six sets of data were randomly selected for error
analysis at each time point. Approximately 1 h later, the adsorption of the FAD on the
prepared Ag nanofilm became saturated.

A ; min :min ;‘" min 1346 cm™! [ B = FAD adsorped on Ag film
~===2 min 15 min 120 min 5000 SR e
4 min 30 min 240 min 15,000  indifferent time {
.
= z
~ S
g £ 10,000 -
£ =
7 =
= = %
& £ +
= ;_52 5000 - {
[
T T T Aﬁ_l--".‘-h,\'l‘-.‘q_'--."—l’\_l]"I‘irl Ll Illl ! llll T Illl T IIII T
400 600 800 1000 1200 1400 1600 0 10 30 60 120 240
Raman shifts (cm™) Time (min)

Figure 3. (A) The SERS spectra of 10~3 M FAD on Ag nanofilm at 1, 2, 4, 8, 15, 30, 60, 120, 240 min
immersed time, respectively; (B) the adsorption curve of 107> M FAD on Ag nanofilm with respect to

time based on 1346 cm 1.

3.4.2. Adsorption Mode

Surface-enhanced Raman spectroscopy probe molecules can be chemically adsorbed
on substrates through group sites, such as sulthydryl, amino, and carboxyl [47,48]. Taking
FAD as an example, its molecular structure shows several group sites, N1, N3, and N5 on
the isoalloxazine ring and the phosphate group and N on the adenine group.

The SERS spectra of the same concentrations of adenine (A), ATP, RE, FMN, and FAD
adsorbed on the Ag nanofilm were collected, as shown in Figure S6A,B. The SERS signals
of the three flavin molecules on the Ag nanoparticles were almost consistent. Both adenine
and ATP have strong peaks of ring-breathing-vibration modes and are poly-nitrogenous
heterocyclic at 730 cm ™! [49]. The characteristic peak information in the high-wavelength
band was somewhat different, which can be attributed to the two adsorption modes shown
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FAD

in Scheme 1c¢,d [50]. The comparison of A and B showed that the flavin molecules also had
the characteristic peak of the ring-breathing-vibration modes and were poly-nitrogenous
heterocyclic at 738 cm~!. However, the molecular structures of both the RF and the FMN
did not contain adenine groups, there was a certain blue shift from 730 cm !, and their
absolute intensities were much lower than those of the adenine and ATP at the same
concentration. Therefore, it can be assumed that the flavin molecules were mainly adsorbed
on the Ag nanoparticles through the isoalloxazine ring.

R
b |
\(0 N /NYO
N Ag
0
Ap-
NH d 2%
OEEew
) N \)
" |
)
Ag
Adenine ATP

(R'= triphosphate ribose)
Scheme 1. Possible modes of adsorption on Ag nanoparticles of FAD, adenine, and ATP.

There have been several theoretical speculations and discussions on the adsorption
mode of the isoalloxazine ring on an Ag-nanoparticle substrate. First, the Nig on the
isoalloxazine ring is replaced by a nucleolus, making it unable to act as an adsorption site.
As a commonly used electron-transfer coenzyme in living organisms, FAD has active redox
properties, with the conjugated structure between N; and N5 as the redox centre, and it
is capable of transferring one or two electrons. Therefore, these two N atoms have high
activities, and most of the electron-transfer reactions start with the N5 attack, while Ny has
a steric hindrance effect. Therefore, N5 is more likely to play a key role in Ag-nanoparticle
chemisorption by FAD. Furthermore, Ag may also coordinate with C4 carbonyl oxygen on
Ring III, which forms a more stable five-membered ring structure together with N5 [51],
as shown in Scheme 1a. In addition, there is also N3 with H attached to the isoalloxazine
ring, similar to Ny on adenine, which may be adsorbed as a N-Ag bond, as illustrated
in Scheme 1 b and c. When the H on Ny of A is substituted, as in the case of adenosine
triphosphate ATP, it may be adsorbed in the manner shown in Scheme 1d [50].

For the two adsorption modes, several adsorption modes were plotted using Gaussian
software, as shown in Figure 4, below, and further calculations were performed by using
the Lanl2dz pseudopotential group with the addition of Ag under the conditions of the
B3LYP quantization method and the 6-311+G** -basis group. The results are shown in the
following figure. Comparing the calculated spectra of the LF of these three adsorption
modes and the experimental SERS spectra of the LF (Figure 5D), we found that the spectra
of the LFAg?2 adsorption mode were more consistent with the experimental spectra than
the other two. In fact, the adsorption process was chaotic and the flavins preferred the N3
adsorption mode on the Ag nanoparticles. Furthermore, a few molecules may have been
adsorbed by the N.
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Figure 4. The DFT calculations three complexes (A-C) of LF combined with Ag atom and the
experimental SERS spectrum (D) of LFAg.
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Figure 5. (A) The 532-nanometer laser Raman spectra of the FAD mixed with the same concentration
of adenine or ATP. (B) The magnified spectra of the yellow dotted line area of spectra A.

According to the results shown in Figure S6, there was a significant difference between
the intensities of the characteristic peaks of the ring-breathing-vibration mode of the
nitrogen-containing heterocyclic ring around 730 cm ™! on the Ag nanofilm for the same
concentration of flavin molecules, adenine, or ATP. Even the Ny of adenine was substituted
with other groups, like ATP, a noticeable peak in the ring-breathing-vibration of the nitrogen-
containing heterocycles was still present, which can be attributed to the fact that the flavin
molecule was connected to the Ag through the isoalloxazine ring rather than through the
adenine moiety. To demonstrate this, we prepared mixed samples of FAD, RF, and FMN,
each with adenine or ATP, ensuring that the concentration of all the solute molecules was
10~° M. Subsequently, the glass pieces assembled with Ag nanofilms were immersed in
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each of the prepared solutions, followed by washing and drying. These samples were
examined by 532-nanaometer-laser Raman spectroscopy, and the results are shown in
Figure 5 and Figures S7. According to the spectrum in the yellow dashed region, the
intensity of the characteristic peak of the ring-breathing-vibration mode of the nitrogen-
containing heterocyclic ring near 730 cm ™! for the sample mixed with adenine was much
higher than that of the flavin molecule alone and that of the sample mixed with ATP. The
peak of 736 cm ™! might be attributable to the slight adsorption of ATP on the Ag nanofilm
with the FAD, contributing to a slight redshift from 738 cm 1.

In addition, these results indicate that the adsorption of the Ng of the adenine and the
Nj3 of the isoalloxazine ring on the Ag nanoparticles was stronger than the coordination
adsorption of the N7 and Ny of the ATP. To further verify this conclusion, we designed an
experiment for the replacement of signal molecules adsorbed on Ag nanofilms by other
signal molecules. While ensuring sufficient adsorption time, adenine or ATP adsorbed on
glass pieces of Ag nanofilms were soaked in a solution of flavin molecules for a period of
time, and the flavin molecules adsorbed on the glass pieces of Ag nanofilms were soaked in
a solution of adenine or ATP for a period of time. Next, the samples were removed, cleaned,
dried, and subjected to 532-nanometer-laser Raman spectroscopy. The experimental results
are shown in Figure 6 and Figure S8.

A Adenine replaced by FAD on Ag films /10 B ATP replaced by FAD on Ag films
Oh Th 4h 0 min 10 min “"""I
0.5h 2h . m"“l 5 min 20 min

Intensity (a.u.)

Intensity (a.u.)

730cm™ 950cm ™!
400 600 800 1000 1200 1400 1600 1800 400 600 800 1000 1200
Raman shifts (cm") Raman shifts (cm ™)
C FAD replaced by Adenine on Ag films 10,000 I D FAD replaced by ATP on Ag films 10,000 I
——1h 2h 4h ——1h 2h 4h
’3? 75110m" g
= i =
- S
> >
Nt -
= =
c =
2 3
E E
400 600 800 1000 1200 1400 1600 1800 400 600 800 1000 1200 1400 1600 1800
Raman shifts (cm™) Raman shifts (cm ™)

Figure 6. The 532-nanometer-laser Raman spectra of adenine (A) and ATP (B) replaced by FAD on Ag
nanofilms, respectively, and the 532-nanometer-laser Raman spectra of FAD replaced by adenine (C)
and ATP (D) on Ag nanofilms, respectively. The replacement time were marked above the color line.

The characteristic peak at 730 cm ™! indicated the presence of adenine or ATP on the
Ag-nanoparticle substrate. As shown in Figure 6A and Figure S8, the characteristic peak
of the adenine adsorbed on the Ag-nanofilm glass slides at 730 cm~! was not displaced
or significantly weakened in intensity after it was soaked in RF, FMN, and FAD for 0.5,
1, 2, and 4 h, respectively, indicating that the adsorption capacity of the adenine and
isoalloxazine rings on the Ag nanoparticles was comparable and stable.

The ATP showed completely different results. As revealed in Figure 6B, the intensities
of the characteristic peaks at 730 and 950 cm~! diminished after the Ag-nanofilm glass
pieces with adenine or ATP were soaked in the FAD solution for 5 min, indicating that
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the ATP adsorbed on the Ag nanoparticles was rapidly replaced. After 10 min, the ring-
breathing-vibration mode of the purine at 730 cm ! changed to the ring-breathing-vibration
mode of isoalloxazine Rings II and III. Moreover, the characteristic peak at 950 cm !
disappeared, indicating that there were almost no ATP molecules on the Ag nanoparticles.
These results indicate that ATP has a weak adsorption capacity on Ag nanoparticles.

We also performed experiments on the substitution of FAD adsorbed on Ag nanopar-
ticles by adenine or ATP, as shown in Figure 6. According to the two spectra of C and
D, after a certain substitution time, both only had the ring-breathing-vibration modes of
isoalloxazine Rings II and III at 736 cm L, revealing neither the adenine nor ATP were
adsorbed on the Ag nanoparticles to replace the FAD. In the case of the adenine, the possible
reason for this was that the fully adsorbed FAD molecule had a large spatial structure, such
that there was a small adsorption space on the Ag nanofilm for the adenine, indicating that
the adsorption of the adenine was lower than that of the FAD.

Taken together, these results indicate that the Ny of adenine and N3 of isoalloxazine
ring have comparable and stable adsorption capacities on Ag nanoparticles, and that these
are both stronger than the coordination adsorption of the Ny and Ny of ATP.

3.5. Analysis of Flavin Molecules under Different pH Conditions

The sp3 hybridization of the N atom in nitrogen-containing compounds leaves a pair
of lone electron pairs, which is a classical Lewis base. As an electron donor, the base can be
converted to ammonium salt under acidic conditions. The pKa of isoalloxazine is about
10 [52]; therefore, under acidic conditions, the N3 on the isoalloxazine ring is protonated,
which may affect the adsorption of flavin molecules on Ag nanoparticles. Since flavins
tend to degenerate in basic environments, we prepared 10> M solutions of three flavin
molecules at pH = 3.0, 4.0, 5.5, and 7.0, and they were adsorbed on Ag-nanofilm glass
slides and analysed by 532-nanometer-laser Raman spectroscopy. The results are shown
in Figure 7, below. At pH = 3.0, no obvious characteristic peaks of isoalloxazine were
observed for the three flavin molecules. Characteristic peaks of isoalloxazine with weak
signal intensity appeared on the Ag-nanoparticle substrate at pH = 4.0. At pH = 5.5-7.0, the
signal intensity of the flavin molecules was further enhanced, indicating that deprotonated
N3 is more favourable for the adsorption of the isoalloxazine ring on Ag nanoparticles.
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Figure 7. The 532-nanometer-laser Raman spectra of RF (A), FMN (B), and FAD (C) on Ag nanofilms
under pH of 3.0, 4.0, 5.5, and 7.0, respectively.

3.6. Concentration Dependence of Flavin Molecules on Ag-Nanoparticle Substrates
The Ag-nanofilm glass slides were immersed in 10,107, 107, or 10~8 M FAD
solutions for 1 h, and the concentration-dependent spectra of the FAD molecules on the Ag-

nanoparticle substrates were obtained by using 532-nanometer-laser Raman spectroscopy,
as shown in Figure 8A. With the decrease in the FAD concentration, the number of molecules
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adsorbed on the Ag-nanoparticle substrates gradually decreased, resulting in a gradual
decrease in signal intensity. Moreover, a good linear relationship was observed between
107% and 10~8 M (Figure 8B), with a regression equation of y = 184.85 + 46,987.06x and
R? = 0.99717.
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Figure 8. (A) The 532-nanometer-laser Raman spectra of 107°,107%,107, and 108 M FAD on Ag
nanofilms; (B) standard curve of intensity of 1626 cm™! for the concentration of FAD. The regression
equation is y = 184.85 + 46,987.06x, R? = 0.99717.

4. Conclusions

In this study, flavin molecules were subjected to DFT calculations, solid-state Raman
spectroscopy, and SERS study. The planar structure and conjugation system of LC can be
changed by attaching other groups to the Ny of isoalloxazine, and this can cause obvious
spectral differences in Ag-nanoparticle substrates. The similarities between the Raman
spectra of the LF, RF, FMN, and FAD indicates that ribose groups attached to the Ny of
isoalloxazine do not affect Raman signals on Ag-nanoparticle substrates. The characteristic
Raman peaks can be mainly attributed to the isoalloxazine ring. The DFT calculations,
the analysis of the ring-breathing-vibration modes of the nitrogen-containing heterocyclic
rings, and the inter-substitution experiments between signal molecules demonstrated
that the flavin molecules were adsorbed on the Ag nanoparticles through the Nj site
on the isoalloxazine ring rather than through the weaker adenine moiety. These results
indicate that deprotonated Nj is favourable to the adsorption of flavin molecules on
Ag nanoparticles.

This study summarized the fundamental research on all the flavins based on Raman
and SERS spectroscopy, with the aim of elaborating the assignment of SERS-feature peaks
on Ag nanoparticles, pointing to the adsorption mode and determining the suitable pH
(5.5-7.0) and concentration for working on Ag nanoparticles, thereby paving the way
for the functional exploration of flavoproteins and sensors via nano-chip-adsorbed or
core-shell-nano-structure-embedded flavins based on SERS.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/chemosensors11030190/s1, Figure S1: The comparison
of the calculated Raman spetrum(black) and the experimental solid Raman spectrum(red) of lu-
michrome; Figure S2: The comparison of the calculated Raman spetrum(black) and the experimental
solid Raman spectrum(red) of lumiflavin; Figure S3: (A) The comparison of calculated Raman spectra
of RF, FMN and FAD. (B) The comparison of calculated Raman spectra of LC, LF and FAD; Figure S4:
(A) TEM image of Ag nanoparticles; (B) SEM image of the self-assembled silver film; (C) UV spectra
of Ag colloid, FAD and mixture of Ag colloid and FAD. The prepared Ag sol was mixed with 1074 M
of FAD at a volume ratio of 9:1, followed by 5-fold dilution. Next, the UV spectra were characterized
and compared with the UV spectra of the diluted Ag sol and FAD mix.; (D) Fluorescence emission
spectra of Ag colloid, FAD and mixture of Ag colloid and FAD at 470 nm excitation. The concentration
of FAD for fluorescence detection was equal to that of the mixture of Ag colloid and FAD with a
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volume ratio of 9:1 at 1075 M; Figure S5: Normal Raman (a) and SERS (b) spectra of LC (A), LF (B)
and FAD (C); Figure S6: SERS spectra of 10~ M RF, FMN, FAD, adenine and ATP on Ag film at
532 nm laser; Figure S7: 532 nm laser Raman spectra of RF(A) and FMN (B), mixed with the same
concentration of adenine or ATP; Figure S8: 532 nm laser Raman spectra of adenine replaced by RF
(A) and FMN (B) on Ag films, respectively; Table S1: Band assignments of Raman and SERS spectra
from DFT calculation and experimental results of LC; Table S2: Band assignments of Raman and
SERS spectra from DFT calculation and experimental results of LE.
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