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Herein, for the first time, we report the experimental investigation on thyroglobulin (Tg) and myoglobin
(Mb) using graphene-enhanced Raman spectroscopy as a tool. Tg is the protein precursor of thyroid hor-
mones, while Mb can be used as an early cardiac protein biomarker. In the beginning, the absorption pro-
perties of Tg and Mb are investigated with the help of a UV-visible spectrophotometer. Later, Tg and Mb
are dispersed over two different glass substrates by drop-casting 10 pL of protein solutions with a con-
centration of 1 uM and their conventional Raman scattering (CRS) spectra are recorded. However, none of
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the vibrational modes are significant in their CRS spectra. Therefore, the graphene-enhanced Raman scat-
tering (GERS) spectra of Tg and Mb are recorded with a high signal-to-noise ratio. The number and inten-
sity of the vibrational modes in the GERS spectra are found to strongly depend upon the probed location.
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1. Introduction

The crucial functions of biological macromolecules in our
daily activities create a growing need for the identification and
quantitative analysis of biomolecules, including proteins,
nucleic acids, lipids, and carbohydrates. Proteins are essential
biomolecules that play a vital role in all biological processes,
including DNA replication, catalyzing metabolic reactions, and
transporting molecules to different locations." Therefore,
understanding the structural dynamics and molecular inter-
actions of complex biomolecules containing proteins is of
great interest in various research areas ranging from molecular
biology to biophysics, medicine, and biotechnology.

Raman spectroscopy is an essential tool for label-free, non-
invasive, highly sensitive, and real-time monitoring of biologi-
cal samples, playing a crucial role in the early-stage detection
and diagnosis of various dangerous diseases.>”™ A few studies
have demonstrated the Raman spectroscopy of protein bio-
markers.® The true potential of Raman spectroscopy in protein
research is limited due to low Raman signal and fluorescence
interference from biological samples.”® Several advanced tech-
niques, including surface-enhanced Raman scattering (SERS),
photonic nanojet (PNJ)-mediated SERS, resonance Raman
spectroscopy, PNJ-assisted Raman microscopy, whispering
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Finally, the assignment of all the observed vibrational modes is performed.

gallery mode (WGM)-assisted Raman microscopy, and gra-
phene-enhanced Raman scattering (GERS), have been adopted
to enhance weak Raman signals from different materials.®™”
In the SERS technique, two main mechanisms contribute
to the Raman signal enhancement: the electromagnetic
mechanism (EM) and the chemical mechanism (CM). In the
SERS technique, when metallic substrates are utilized, the EM
and CM contribute to the Raman signal enhancement.
However, in the case of graphene-based substrates, the
enhancement is primarily attributed to the CM rather than the
EM.'®'8 This is because the monolayer graphene films (MGFs)
have an optical absorption of nearly 2.3% in the UV-visible
region, and surface plasmons are excited in the terahertz fre-
quency range rather than in the visible range."®>* The GERS
technique represents an advancement over the conventional
SERS technique. It effectively suppresses fluorescence and
creates an optimal environment for molecular interactions,
resulting in an enhanced Raman signal for delicate bio-
molecules, pesticides, dyes, and more. It is widely applicable
in the systematic study of protein molecules due to graphene’s
exceptional features, such as uniform surface area, fluo-
rescence quenching, chemical stability, biocompatibility, and
high optical transmission.'®**° It provides a simple, reliable,
and inexpensive platform for protein molecules to interact
with MGFs to obtain fingerprint characteristics with a superior
signal-to-noise ratio (S/N), even for small amounts of protein
biomarkers.> " The GERS technique relies solely on the CM,
providing insight into the molecular interactions between the
analyte molecule and the MGF. These advantages highlight
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the superiority of the GERS technique over the SERS tech-
nique. This makes the GERS technique a powerful tool for
studying protein molecules in their native biological con-
ditions. The GERS technique has been successfully used to
detect protein biomarkers such as hemoglobin, albumin, ade-
nosine, etc.®*® However, it is important to note that the
enhancement of the Raman signal is always lower in the GERS
technique relative to the conventional SERS technique due to
its reliance on the CM rather than the EM. This can be con-
sidered a limitation of the GERS technique over the conven-
tional SERS technique. Protein biomarkers, which contain
organic components such as aromatic amino acids, aliphatic
side chains, and aromatic residues, can chemically bind to the
graphene surface through n-m stacking interactions. This
binding provides valuable insights into the molecular orien-
tation, spectral variability, and charge transfer behavior within
the protein-graphene system.***° This technique has pre-
viously been applied to several dye molecules and small bio-
molecules. However, to the best of our knowledge, this is the
first report studying two structurally large and clinically impor-
tant protein biomarkers, thyroglobulin (Tg) and myoglobin
(MDb), using the GERS technique. In the GERS technique, if the
excitation laser wavelength lies within the absorption band of
the proteins, then this technique can be called graphene-
enhanced resonance Raman scattering (GERRS).

For the first time, this paper aims to demonstrate the role
of the GERS technique in significantly enhancing the Raman
signal of two crucial protein biomarkers: Tg and Mb at low
concentrations. The accurate and sensitive detection of Tg and
Mb in biological samples is critical for the early diagnosis,
prognosis, and treatment monitoring in life-threatening
conditions.**™* Tg is a large glycoprotein produced by the
thyroid gland, and it has a dimeric structure consisting of two
identical polypeptide chains.*>*® It serves as a precursor in the
biosynthesis of thyroid hormones, such as triiodothyronine
(T3) and thyroxine (T4), where iodination of tyrosine residues
occurs.*”*® In clinical diagnostics, the Tg levels are set as bio-
markers for thyroid disorders, including thyroid cancer and
autoimmune conditions like Hashimoto’s thyroiditis.**>°

Mb is a protein found in the heart and skeletal muscles
and is an important biomarker for the early diagnosis and
assessment of myocardial infarction (heart attack).***" It con-
sists of 154 amino acids, including two histidine groups that
interact with the iron atom in the heme prosthetic
group.**°>* Mb plays a crucial role in the storage and trans-
port of oxygen in muscle tissues, especially during intense
physical activity. The level of Mb in the blood is important for
evaluating cardiac health and diagnosing muscle injuries.**>*
Reliable detection of these biomarkers in biological samples
such as blood or tissue enables significant progress in clinical
diagnostics.

Herein, we report (i) the experimental arrangement for
recording the conventional Raman scattering (CRS) and GERS
spectra of Tg and Mb, (ii) the Raman spectra of bare MGF-
based substrates, (iii) the GERS spectra of Tg and Mb recorded
by probing at different locations, (iv) the assignment of all
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observed vibrational modes, and (iv) the absorption spectra of
Tg and Mb solutions.

2. Materials and methods

2.1. Materials

The Tg from bovine thyroid (>90% purity, product number:
T1001) and Mb from equine heart (>90% purity, product
number: M1882) were sourced from Sigma-Aldrich, USA.
Additionally, the monolayer graphene film (MGF), grown on
copper foil through chemical vapor deposition (CVD), was also
obtained from Sigma-Aldrich, USA (product number: 900415-
1EA). The Tg and Mb protein solutions with a concentration of
107 M are separately prepared using deionized water as the
solvent.

2.2. UV-visible spectroscopy of protein solutions

To assess the purity of the protein solutions and determine
the appropriate laser wavelength for Raman scattering, we
initially measured the absorption spectra of the protein solu-
tions using a dual-beam UV-visible spectrophotometer (JASCO
V-770).

2.3. CRS spectroscopy of Tg and Mb proteins

To record the CRS spectra of protein molecules, 10 pL of Tg
and Mb solutions were drop-cast separately onto two different
glass substrates using a micropipette. The samples were then
allowed to dry completely at room temperature. The protein
molecules dispersed on glass substrates were loaded into the
Raman microscope (SekiTech, STR-750). The Ar' laser of wave-
length 514 nm was directly focused on the glass substrate with
the help of a 50x microscopic objective lens of numerical aper-
ture (NA) 0.75. The Raman signal was collected in the back-
scattering geometry using the combination of a 0.750 m
imaging triple grating monochromator (Princeton Instruments
Acton SP2750i, spectral resolution: 1.3 em™" with 600 grooves
per mm) and a charge-coupled device camera (PIXIS-256E).
The CRS spectra of Tg and Mb were recorded at different
locations on glass substrates. However, no significant Raman
signals from these proteins were detected. This suggests a
possible limitation of the CRS technique in capturing the
Raman signals of proteins on a glass substrate.

2.4. Preparation of MGF-based substrates

To obtain significant Raman signals, the GERS technique is
used, with two different MGF-based substrates prepared for
both proteins. For the preparation of the MGF-based substrate,
we utilized the MGF grown on Cu foil through chemical vapor
deposition (CVD), which was purchased from Sigma Aldrich,
USA. The theoretically estimated thickness of MGF is
0.345 nm, with a transparency greater than 97%. For optimal
sensing applications, the MGF must be undamaged, continu-
ous, and devoid of any cracks or tears. Moreover, in order to
improve the S/N, the MGF from Cu must be transferred to a
glass substrate. Several techniques for transferring the MGF
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from Cu to a glass substrate are documented in the
literature.'®>>>° However, for this study, we followed the
method used in our previous work.'® Some details of this
method are as follows. A thin layer of polymethyl methacrylate
(PMMA) was drop-cast on the MGF supported by a small rec-
tangular-shaped 2 cm x 2 cm Cu foil. After completely drying,
the MGF supported by PMMA and Cu on either side was trans-
ferred to 15% HNO; solution for complete etching of Cu.
Afterward, the PMMA layer covering the MGF was fished out
on a clean glass substrate and then soaked in hot acetone to
wash away the PMMA layer. This left a clean MGF on the glass
substrate, which was used as a GERS substrate for the
proteins.

2.5. Characterization of MGF-based substrates

Before recording the GERS spectra of protein molecules, the
MGF-based substrates were characterized by a Raman micro-
scope and an atomic force microscope (AFM). The obtained
Raman spectra are shown in the next section. Fig. S1, in the
ESI,T represents a typical AFM image of the MGF placed on a
glass slide displaying a smooth surface with a few surface con-
taminants. In a 200 nm x 200 nm AFM image of the MGF, the
root mean square (RMS) roughness is 1.2 nm and the average
roughness is 0.9 nm, respectively.

2.6. GERS spectroscopy of Tg and Mb proteins

After the characterization of MGF-based substrates, the Tg and
Mb protein molecules were dispersed on two different MGF-
based substrates by drop-casting 10 pL of protein solutions
with a concentration of 107 M and allowing them to dry at
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room temperature. The protein molecules containing MGF-
based substrates were loaded into the Raman microscope, and
the spectra of both protein molecules were recorded using the
same laser and microscopic objective lens (Fig. 1). Several
Raman spectra were recorded by probing different locations on
the MGF-based substrates containing the protein molecules.

3. Results and discussion

3.1. Absorption spectra of Raman probe molecules

As mentioned in the experimental details, the absorption
spectra of the Tg and Mb solutions are recorded and shown in
Fig. 2 to check their purity and absorption band. In general,
the absorption band helps us to determine the suitable exci-
tation wavelength for resonance Raman spectral measure-
ments of the protein molecules. From Fig. 2, it is clear that the
absorption spectra of Tg and Mb extend from ultraviolet to the
visible region. The strong absorption in the ultraviolet region
is primarily due to the presence of peptide bonds and aromatic
amino acids in the protein molecules, highlighting their
unique biochemical properties.®*® The GERS spectra of Tg
and Mb protein molecules are obtained with an Ar' laser of
wavelength 514 nm. It is noteworthy that the Tg and Mb
protein solutions do not exhibit strong resonance at 514 nm,
which is clear from Panels (a) and (b) of Fig. 2. There is no
observable transition band of the proteins that is enhanced
due to the resonance with an excitation wavelength of 514 nm.
Consequently, the resonance effect seems not to be prominent.
Therefore, the enhancement of the Raman signal for these
proteins is primarily attributed to the GERS technique, while
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Illustration of an experimental setup for recording the Raman spectra of protein molecules dispersed over the MGF-based substrate. A small

portion of the substrate containing protein molecules is zoomed in and shown as an inset for better clarity. The ribbon diagrams and commercially

available Mb and Tg samples are also shown in the inset.
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Fig. 2 Panels (a) and (b) represent the normalized absorption spectra of Tg and Mb solutions with a concentration of 1 pM, respectively. The

protein solutions are shown in the insets of these panels.

the GERRS technique does not play a major role. It is also
observed from Panels (a) and (b) of Fig. 2 that the Tg and Mb
protein solutions show similarities in their absorption behav-
ior. However, the absorption spectra of these proteins are
slightly different from the ones reported in the literature.®**
These differences may result from the variation in the solvent
or surrounding medium.

3.2. GERS spectra of Tg

As mentioned above, several CRS spectra of Tg are recorded by
probing different locations. A typical CRS spectrum of Tg is
shown in Panel (g) of Fig. 3. However, no significant
vibrational modes are observed in this spectrum. This raises
the demand for their GERS spectra to be recorded. Panels (a)-
(e) of Fig. 3 represent a few GERS spectra of Tg obtained at
different probed locations. To distinguish the vibrational
modes of Tg protein molecules from the three fundamental
modes of MGF-D (1350 cm™), G (1580 cm™'), and 2D
(2700 ecm™") peaks, a typical Raman spectrum of MGF is dis-
played in Panel (f) of Fig. 3. The G band originates from a
single resonance process associated with doubly degenerate
in-plane transverse optical (iTO) and longitudinal optical (LO)
phonon modes at the Brillouin zone center, while the 2D band
is related to the two-phonon intervalley double resonance scat-
tering involving iTO phonons near the K point. The D band is
known as the disorder or defective band, and it originates
from a double resonance Raman process involving the inter-
valley scattering of iTO phonons near the K point.'® The inten-
sity ratio of 2D and G peaks (I,p/Ig), that is greater than 1.5 for
the present case, clearly depicts the monolayer characteristic
of the graphene film.®® The spectra presented in these panels
demonstrate a notable enhancement in the vibrational modes
of Tg when they interact with the MGF-based substrate. This
observation suggests that the presence of the MGF-based sub-
strate significantly influences the molecular dynamics of the
Tg protein and provides valuable insights into the interaction
mechanisms between the Tg proteins and the MGF, highlight-

This journal is © The Royal Society of Chemistry 2025

ing the importance of a substrate in modulating protein
activity. Here, the origin of enhancement is mainly supported
by the chemical mechanism rather than the electromagnetic
mechanism. In some GERS spectra of Tg, the vibrational
modes of the MGF are entirely invisible, which indicates the
efficient charge transfer from the MGF to Tg. The GERS
spectra are found to strongly depend upon the probed
location, as in the case of dye molecules,'® because the charge
transfer depends upon the orientation of the proteins on the
MGF surface and which part of the protein is in physical
contact with the MGF. Similar to the case of dye molecules as
reported in the literature,'® the vibrational mode widths are
quenched by the MGF, resulting in sharp Raman peaks of Tg
[Panel (a)].

It is worth noting that the significant improvement in the
intensity of the vibrational modes of the MGF is reported in
the presence of some Raman probe molecules due to the
charge transfer from the Raman probe molecules to the MGF.
However, this is not observed in the case of the MGF-Tg
system. As mentioned earlier, the composition of Tg is notably
rich in tyrosine and comprises a large number of amino acids.
Additionally, it features extensive glycosylation, which involves
the attachment of carbohydrate molecules to proteins. The
modes identified in the GERS spectra of Tg protein molecules,
based on their composition, are summarized in Table 1.

3.3. GERS spectra of Mb

Before recording the GERS spectra of Mb, the CRS spectra of
Mb protein molecules are recorded by probing different
locations. A typical CRS spectrum of Mb is shown in Panel (g)
of Fig. 4. However, there are no significant vibrational modes
in this spectrum. To investigate the vibrational modes of Mb
on a bare glass slide, we used a higher concentration solution
of Mb at 10 mM. Despite this increased concentration, no sig-
nificant vibrational modes are observed, as shown in Panel (h)
of Fig. 4. Panels (a)-(e) of Fig. 4 represent the GERS spectra of
Mb obtained at different probed locations. All these spectra

Nanoscale, 2025, 17, 17256-17264 | 17259
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Fig. 3 Panels (a)—(e) depict the GERS spectra of Tg obtained by probing different locations. Panel (f) represents the Raman spectrum of a bare
MGF-based substrate taken before dispersing the Tg. Panel (g) shows the CRS spectrum of the Tg protein molecules dispersed over the bare glass

substrate.

Table 1 The assignment of observed vibrational modes in the GERS
spectra of Tg, shown in Fig. 3. The vibrational mode assignment has
been sourced from ref. 67-70

S. Observed Raman

no. shift (em™) Vibration mode assignment

1 294
2 476
3 410, 490

Skeletal deformation in p-glucose
Disulfide stretching vibration

Ring deformation or skeletal mode in a
p-glucose shoulder

4 667 Aromatic ring deformation

5 815 C-O-C stretching in a glycosidic bond

6 950-990 Skeletal stretching mode of the backbone
or side chain of amino acids

7 1004 Phenylalanine vibration

8 1096-1160 C-O stretching vibration in p-glucose

9 1290-1300 Amide III band

10 1345 C-C stretching in tyrosine residues

11 1436-1470 C-H bending vibration in p-glucose

12 1580 Amide II band

13 1605-1657 Amide I (alpha-helical configuration)

14 2852 Symmetric and asymmetric bands of
methylene bands

15 2938 Symmetric and asymmetric methyl bands

16 2993 Methine CH

17 3074 Aromatic CH

are different from the one recorded for the bare MGF-based
substrate shown in Panel (f). In Panels (a)—(e), the vibrational
modes of Mb are enhanced significantly in the presence of an

17260 | Nanoscale, 2025, 17, 17256-17264

MGF due to the chemical mechanism or charge transfer
from the MGF to Mb. Here, the GERS spectra are also
strongly dependent upon the probed location due to the
reasons mentioned above. The reversible charge transfer is not
observed in the MGF-Mb system as in the case of the MGF-Tg
system.

Mb is made up of a diverse range of amino acids and
includes histidine residues that are crucial for its function. It
also contains heme prosthetic groups, which are organic com-
pounds that help with the binding and release of oxygen. The
distinct vibrational modes corresponding to various com-
ponents of Mb are detailed in Table 2, offering insights into
their structural and functional characteristics.

It is worth noting that from the Raman spectra of the MGF
that is used as the GERS substrate for Tg and Mb protein solu-
tions (Panels (f) of Fig. 3 and 4), it is clear that there is no sig-
nificant peak at 1620 cm™" and 2940 cm™". Also, the Ip/I; is
0.2 in both cases. Therefore, we can easily conclude that there
is no significant contribution from the structural factors such
as defects and nanocrystalline grain boundaries.”>”® It seems
that the variation in the intensity of different Raman peaks in
the GERS spectra is due to the different protein orientations at
various locations, as mentioned above. Based on the
vibrational modes observed in the GERS spectra of Tg and Mb,
the possible orientations of these proteins are estimated and
summarized in Tables S1 and S2 in the ESL.{

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Panels (a)—(e) represent the Raman spectra of Mb protein molecules dispersed on an MGF-based substrate, obtained by probing different
locations on their surface. The Raman spectrum of a bare MGF-based substrate is taken before dispersing the Mb protein, shown in Panel (f). Panels
(g) and (h) represent the CRS spectra of MB protein molecules dispersed over glass substrates by drop-casting 10 ml of Raman probe solutions with
concentrations of 1 uM and 10 mM, respectively.

Table 2 The assignment of observed vibrational modes in the GERS spectra of Mb protein molecules, shown in Fig. 4. The vibrational mode assign-
ment has been sourced from ref. 70-74

S. no. Observed Raman shift (em™) Vibration mode assignment

1 220-240 Fe-His stretching vibration

2 474 Low frequency heme group vibration

3 512 Fe-N stretching vibration

4 540-572 Fe-O stretching vibration

5 848 Ring breathing mode in tyrosine residue

6 997 Ring breathing mode of phenylalanine residue

7 1098 C-N stretching in the porphyrin ring

8 1150-1170 In-plane skeletal deformation of the porphyrin ring
9 1226 Amide III band (beta sheet configuration)

10 1283 Amide III band (alpha helical configuration)

11 1338 Amide III band

12 1353 In-plane bending vibration of the porphyrin ring (weak)
13 1454-1466 C=C and C-N bonds in the porphyrin ring

14 1509 Porphyrin ring high frequency mode

15 1554 Skeletal deformation mode

16 1580-1585 C=C stretching vibration of the porphyrin ring

17 1627-1640 In-plane bending vibration of the porphyrin ring (moderate)
18 1656 Amide I (alpha helical configuration)

19 2874 Symmetric and asymmetric methylene bands

20 2876 Histidine CH, group

21 2930 Symmetric and asymmetric methyl bands

This journal is © The Royal Society of Chemistry 2025
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In the present experiment, we used a laser power of 1 mW
with a minimal exposure time of 5 seconds, which prevents
protein denaturation. Also, our earlier research noted a similar
location-dependent enhancement in the GERS spectrum of
dye molecules, as detailed in ref. 16. Different orientations of
proteins at various locations can activate distinct vibrational
modes. Although not all vibrational modes are active simul-
taneously, recording a few spectra from nearby locations
allows us to capture all possible vibrational modes. Therefore,
we still believe that the GERS technique can be utilized for
sensing protein biomarkers.

4. Conclusions

The Tg and Mb solutions were prepared, and their absorption
spectra were recorded. From these spectra, it was found that
their absorption bands ranged from ultraviolet to visible
regions. The CRS spectra of these proteins were recorded by
drop-casting these proteins on glass substrates. However, no
significant vibrational modes were found in these spectra.
Later, the MGFs were transferred successfully from the Cu sub-
strate to the glass substrate using a chemical route and charac-
terized using Raman spectroscopy as a tool. Using the MGF-
based substrates, the GERS spectra of these proteins were
recorded with a high S/N ratio by focusing the laser light at
different locations. Based on the S/N ratio observed in the
GERS spectra of Tg and Mb protein molecules, we can easily
conclude that this technique can be utilized further for
samples of lower concentrations than pM. In both cases, the
several vibrational modes were significantly enhanced through
the irreversible charge transfer process from MGFs to proteins.
The number and intensity of the vibrational modes in the
GERS spectra of these proteins were found to be very sensitive
to the probed location. All the observed modes are assigned. It
is to be noted that there has been no report on the GERS of Tg
and Mb to date. Therefore, this will be the first report dealing
with the GERS of Tg and Mb. The present experimental study
revealed that several vibrational modes of these proteins are
Raman active. From the observed S/N ratio of the vibrational
modes, we easily conclude that the GERS technique will be a
useful tool for detecting Tg and Mb at their low concen-
trations, and this will help us to diagnose dangerous diseases
related to the thyroid and heart at an early stage. The results
obtained pave the way for sensing applications by extending to
other essential enzymes, biomolecules, and pesticides,
offering a more detailed understanding of molecular constitu-
ents. This approach enhances our comprehension of the
chemical mechanisms behind Raman signal enhancement
and the interactions of molecules with the graphene surface.
Given these impressive outcomes, this technique can be inte-
grated with other plasmonic and photonic nanostructures,
leading to the development of portable sensing devices
capable of detecting probe molecules in their native state, even
at ultralow concentrations.
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