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Abstract

Surface-enhanced Raman scattering is a well-established technique for molecular detection at low concentration, which is
becoming increasingly popular in the field of biotechnology and health sciences. Since the process is understood in depth, the
technique is becoming reliable. In this contribution, we consider another aspect of SERS besides molecular detection, focusing on
the binding mechanisms of a complex system such as a protein to the noble metal substrates required by the technique itself. We
also show that using a solid nanostructured substrate produced by controlled pulsed laser deposition SERS enables label-free
detection of a protein. This is checked on lysozyme as a well-known prototype. Use of solid substrates with controlled morphol-
ogy proves advantageous over colloidal systems for SERS applications. Moreover, such substrates are superior in terms of shelf

life, packaging and ease of shipment.

Keywords Surface-enhanced Raman scattering - Label-free detection - Laser ablation - Nanostructured substrates - Lysozyme -

Protein binding

Introduction

Since several years, the research on SERS activity of various
nanoparticle systems shifted from simple test molecules such
as Rhodamine dye to complex molecular systems like proteins
or drugs that should be identified and detected in complex
fluids like human blood or plasma [1]. While small test mol-
ecules bind well and show reproducible SERS spectra, com-
plex molecular systems such as proteins are often more
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difficult to deal with through SERS. State-of-the-art detection
of proteins in clinical applications employs fluorescent
markers, such as in ELISA test [2, 3] for HIV recognition
[4]. Such a process is time-consuming as well as expensive.
Time becomes even more a vital factor in medical emergency,
where first aid is the provision of initial care and it is important
to give the appropriate treatment following the right diagnosis.
In such diagnostic procedures, a first quick screening to con-
firm selected disorders is a must. While Raman spectroscopy
is not yet a very popular technique in medical diagnostics, it
has the potential to positively contribute to the molecular-
sensitive diagnostic techniques currently adopted in the bio-
logical and medical fields [5-8]. Indeed, promising results
were obtained in therapeutic drug monitoring applications of
SERS [9]. In this work, we show the molecular sensitivity of
SERS through its dependence on the protein-metal interac-
tions at the nanostructured substrate surface used to drive the
SERS action. This label-free application of SERS may be-
come a rapid, cheap and easy screening procedure aimed at
probing selected biomolecules through their specific interac-
tion sites.

The Au substrates used in this work consist of mutually
assembled Au nanoparticles synthesized in a controlled way
on suitable inert rigid supports by pulsed laser deposition
(PLD), and such substrates demonstrated to be efficient
SERS sensors for both the mechanisms responsible for
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enhancement effects (i.e. charge transfer and covalent bond-
ing) [10, 11]. These substrates are sensitive towards dye mol-
ecules like Rh6G [12], drugs such as apomorphine [13, 14]
and carbamazepine [15] and volatile compounds such as 2-
naphthalenethiol [16]. As a further development, the potential
for applications of these substrates should also be tested to-
wards complex biological molecules such as proteins.

In the field of proteomics [17, 18] and metallomics [19,
20], protein structures, functions and their interaction with
metals in their free or ionic form are the focus of study.
Protein purification [21] is an essential step in this research.
However, the low yield of the synthesis and purification stage
leads in most cases to ultra-low amounts of proteins. Hence, it
is quite costly and laborious to manufacture sizeable quantities
for analysis and studies with conventional methods and instru-
mentation such as X-ray diffraction, NMR spectroscopy,
RNA analysis and other spectroscopy techniques [22]. Thus,
a sensitive technique such as SERS, which is able to detect
and investigate low quantities of proteins, is welcome in this
field of applications.

Point-of-care (POC) diagnostics is an emerging field which
relates to sensing low amounts of biological material such as
proteins in blood plasma in a quick and reliable fashion, by
operating with microfluidic channels [23]. POC would be an
effective diagnostics at a doctor’s office within few minutes.
One of the technological mechanisms of microfluidics for
POC is by metal-protein interaction [24]. For this, it is necessary
to understand the binding process of proteins on metallic nano-
structures on flat supports. Hence, nanostructured metal surfaces
synthesized on flat rigid supports, such as obtainable by PLD,
provide a reliable tool for this study through the SERS effect.

We point at investigating in detail lysozyme as a prototyp-
ical example because it is a well characterized protein for
which useful information is available in the literature, both
on the SERS response and on the interaction with noble metal
nanostructures [25, 26] as probed by X-ray diffraction [27].
Lysozyme is an enzyme protein often found in secretions. Its
role in the innate immune system is to break the cell walls of
certain pathogens [28]. Deficiency of lysozyme can lead to
increased incidence of diseases, such as bronchopulmonary
dysplasia, conjunctivitis and loss of protection against patho-
gens like Streptococcus [29]. In certain kinds of cancer like
leukemia [30], excessive production of lysozyme takes place,
which is toxic to body and may lead to kidney failure and
other organ disorders [31]. To the best of our knowledge, the
first study on SERS of lysozyme by Hu et al. dates to 1995
[32]. Hu et al. dealt with Ag NPs in colloidal state produced by
silver borohydride used as a reducing agent along with lyso-
zyme solution to obtain SERS spectrum of lysozyme.
Although Hu et al. could probe by SERS the binding of lyso-
zyme with Ag NPs in colloidal state, no indications were
proposed about the binding of specific amino acid residues
to the NPs. In a more recent study, Chandra et al. [33] use
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the same synthesis procedure of Ag NPs to characterize lyso-
zyme and they find indication of interaction of silver with the
Trp123 residue. A more detailed study by Wei et al. investi-
gates the binding site of lysozyme to Au NP with the help of
X-ray diffraction [27]. Wei et al. propose the binding of Au
NP to the His15 residue of lysozyme.

Here, we concentrate on label-free SERS detection of lyso-
zyme. The SERS spectrum was obtained by working in acidic
media since lysozyme is known to show affinity towards met-
al NPs at a pH of about 4 [34]. We also propose a binding site
for the protein with the Au NP on a locally flat substrate. To
the best of our knowledge, this is the first time that moving
from the interpretation of the SERS spectrum of a protein a
proposal is offered for the binding site of the protein on the
metal surface. In perspective, this approach may foster the
application of SERS to the label-free characterization of pro-
teins. In fact, similarly to the case of lysozyme, the features of
the SERS spectrum of proteins are expected to be the finger-
print of specific molecular dependent interactions with the
selected metal nanostructures.

It is also worth mentioning that the SERS substrates con-
sidered in this work are thin films deposited on solid supports.
This is different from other popular SERS systems such as
colloids which have the mobility to probe the molecule from
all directions [35] and in some cases can even unfold the
protein and probe out its insides. Thus, the protein-metal in-
teraction using colloidal systems (Ag or Au) is not easily
controllable which leads to poor molecular-structure sensitiv-
ity and scarcely reproducible SERS signal. Different proteins
may denature and show similar SERS profiles or the same
protein may show different SERS spectra with substantial
variations. In this respect, the PLD substrates are constraint
systems making them a more controlled SERS system able to
probe in a more reproducible way the protein-metal interac-
tions, so that even minor differences in SERS spectra can be
taken as a possible fingerprint of the protein structure.

Experimental Methods
Preparation of PLD Au Substrates

Gold nanostructured substrates were produced using pulsed
laser deposition (PLD) technique using for the deposition a
KrF excimer laser (A =248 nm, pulse width 25 ns, repetition
rate 10 Hz). The laser was focused on the target surface by a
quartz lens. Pure gold targets were placed on a rotating holder
in order to avoid surface cratering. The support slides (made
of 7059 Corning glass) were placed at a distance of 35 mm
from the target. The PLD chamber was kept at a constant
pressure of 70 Pa of Argon. The deposition of Au nanoparti-
cles was fixed at 10000 laser shots and 2 J cm 2 of laser
fluence [36, 37].
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Fig. 1 SERS spectra of 7 x 10~* M lysozyme on PLD Au substrates with
different pH at (a) 6 (black) (b) 4.2 (blue), (c) 4 (green) and (d) 3 (red)
(colour figure online)

Preparation of Ag Colloids

Silver colloids were prepared using chemicals of analytical
reagent grade. Distilled water was used for the reaction.
Silver colloids were prepared by adding dropwise 5 x

103 M silver nitrate (100 ml) into ice-cold 6 x 10> M sodium
borohydride (300 ml) solution under vigorous stirring. The
resulting solution was kept at 40-50 °C for about 20 min,
and then, the colloidal solution was diluted to a volume of

500 ml with twice distilled water. Solutions prepared by this
technique were aged for 2 or 3 weeks before use.

Preparation of Lysozyme Solution

Lysozyme from chicken egg white was purchased in powder
form from Sigma-Aldrich (molecular weight of ~ 14.3 kDa).
Ten milligrams of lysozyme was dissolved in 1 ml of distilled
water to obtain the concentration of 7 x 10™* M. A water so-
lution of nitric acid prepared at pH 2 was used to modify the
pH of the lysozyme solution by careful dropwise mixing.

Raman and SERS Measurements

The Raman/SERS spectra were acquired through a Labram
Jobin Yvon HR800 instrument in backscattering mode. The
785 nm excitation line was focused on the sample through a x
50 objective and the power at the sample was 0.8 mW. The
Raman spectrum of solid lysozyme was collected over 5 min.
SERS measurements with Au substrate were performed by
immersing it in the lysozyme solution and spectra were accu-
mulated over 600 s. After every spectrum, the pH was
changed from 6 down to 3 to observe the effect of pH on the
peak intensities of the SERS spectrum, which reflects the
binding strength of the protein with the Au substrate. SERS
spectrum with Ag colloidal solution was obtained by mixing
in an NMR tube the Lysozyme solution (0.1 ml) with the Ag
colloid (0.5 ml) after which SERS spectra were collected. The
integration time of the measurements on colloids was 600 s
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Fig. 2 Raman (a, red) and SERS spectra (b, green) of lysozyme from PLD Au substrates with major peak assignments (colour figure online)
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Table 1 Assignment of experimental Raman and SERS (from PLD Au substrate) signals of lysozyme with brief description of observed differences
Raman Raman assignment SERS peaks SERS assignment Description (observed differences)
peaks (em ) (em™)
Raman SERS
372 Proline * Au (s) Absent
510 SS bridge stretching 521 SS bridge Broader
623 Phenylalanine 601 Phenylalanine Shifted
645 Tyrosine 642 Tyrosine Shifted
760 Tryptophan (s) Absent
771 Arginine * Au (s) Absent
838 Tyrosine doublet 831 Tyrosine doublet Shifted
858 849
880 Tryptophan Absent
904 Absent
934 CC stretching Absent
963 Tyrosine Absent
1005 Phenylalanine (ring breathing) 1005 Phenylalanine (ring breathing) Weaker
1013 Tryptophan Absent
1032 Phenylalanine 1034 Phenylalanine Slight shift
1072 Arginine * Au (s) Absent
1085 Tyrosine Absent
1107 Tryptophan Absent
1131 Tryptophan Absent
1155 Phenylalanine 1153 Phenylalanine Slight shift
1177 Tyrosine Absent
1210 Tyrosine Absent
1256 Amide III Absent
1325 Phenylalanine + histidine 1315 Histidine + phenylalanine Shifted
1339 Tryptophan Absent
1384 COO symmetric stretch (s) Absent
1448 Amide II + histidine 1448 Amide II + histidine Stronger
(CH2 scissoring) (w) (CH2 scissoring) (s)
1554 Tryptophan Absent
1582 Histidine (C=C stretching) 1583 Histidine (C=C stretching) Strong and broad
1619 Tryptophan + phenylalanine 1621 Tryptophan + phenylalanine Slight shift
1664 Amide 1 Absent

with 0.8 mW power. The spectra shown are subtracted from
the background signal which slowly increases with decreasing
wavenumber.

Results and Discussion
SERS Spectra on Au PLD Substrates of Lysozyme

The SERS spectrum of lysozyme at 7 x 10~ M (10 mg ml™")
was acquired as a function of the pH of the lysozyme solution,
from slightly alkaline to acidic, i.e. from pH 6 to pH 3 (Fig. 1).
At pH 6, the SERS spectrum of lysozyme is very weak. As the
pH becomes acidic, the spectrum becomes more prominent
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and detailed. This indicates that lysozyme can interact with
the Au substrate at acidic pH, which was observed in previous
studies [38].

Comparison of Raman and SERS Spectra on Au PLD
Substrates of Lysozyme

The Raman spectrum of lysozyme as solid powder was ob-
tained with the 785 nm excitation line (Fig. 2). The Raman
peaks were assigned based on literature studies [39—41] on the
Raman activity of solid proteins based on their constituent
amino acids. The main Raman features arise from the aromatic
residues, i.e. tryptophan, tyrosine, phenylalanine and histi-
dine. The same scenario applies to describe the Raman



Plasmonics (2018) 13:2117-2124

2121

l b)‘

! oA

c ”

5 ﬁl ’ V\ ‘

Q |Ag colloid 1 | J .\Nl
A /

< o™ UII j‘f\] H’J \ b‘ WU ]

z A

‘@

C

)

IS

Au substrate PLD WNL‘J// MMW
2000 1800 1600 1400 1200 1000 800 400

Wavenumber (cm” )

Fig.3 Comparison of SERS spectra of lysozyme obtained from PLD Au
substrate (a, red) and from Ag colloid (b, green) (colour figure online)

response of lysozyme as well. Other important features of the
Raman spectrum come from the vibrations of the peptide
bonds, which is divided into three regions specific to certain
amide vibrations known as amide I, amide II and amide III. In
particular, amide I is the in-plane vibration of the peptide bond
with a major contribution from the C=0 stretching (observed
here at 1664 cm ') while amide II is the stretching of the CN
group and in-plane bending of the NH group (observed here at
1448 cm ™).

Comparing the Raman spectrum of lysozyme to its SERS
counterpart, we observe several differences. New peaks
emerge in the SERS spectrum compared to Raman as shown
in Fig. 2. Indeed, moving from high to low wavenumbers in

SERS, there is a very strong peak at 1384 cm ', assigned to
COO symmetric stretching, which is absent in Raman. We
assign some of the peaks in the region from 1300 to
1700 cm ' to originate from histidine in the SERS while only
one histidine peak is evident in the Raman spectrum. Again, a
couple of strong peaks emerge in the SERS spectrum at 1072
and 771 cm ' which were assigned [42] to arginine residues
bound to gold and are absent in the Raman spectrum. A broad
peak assigned to the disulphide bridge stretching (due to
cysteine-cysteine binding and due to various conformations
of SS bridge like GGG (glycine), TGG (tryptophan) and
TGT (cysteine)) in the Raman around 510 cm ! transforms
into a sharp narrow peak at 521 cm ' in the SERS spectrum.
The peak at 372 cm ™ is assigned to the proline amino acid
[43] which was interpreted as evidence of binding of proline
with gold. Table 1 summarizes the assignments of the ob-
served Raman and SERS peaks.

Comparison of SERS Spectra from Au PLD Substrates
and Ag Colloid

Colloidal systems are straight forward for SERS detection of
proteins since they can be easily produced and are mobile. We
used Ag colloids since Ag is known to provide often higher
SERS activity than Au. In a colloidal system, NPs are mobile
and hence have the possibility to probe the protein from all
directions. Thus, it is likely that the SERS spectrum obtained
from a colloidal system will slightly differ from the one ob-
tained on a solid substrate as can be seen from Fig. 3.
Comparing the two spectra, we find minor differences.
Major peaks assigned to arginine, histidine, aspartic acid, phe-
nylalanine and proline remain the same. Slight changes in the

Pro

Fig. 4 Row 1: Interactions of the amino acid residues with the Au
substrate responsible for peaks in SERS of lysozyme assigned to; row
2: schematic representation of the interaction of relevant amino acids with
Au NP. Sequence of lysozyme in which a histidine and aspartic acid, b

histidine and phenylalanine, ¢ histidine and arginine, d four di-sulphide
bonds due to cysteine-cysteine interaction and e proline bind to the Au
NP. Reference pdb file: 3P64
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Fig. 5 Schematic representation
of lysozyme lying flat on the Au
substrate with indications of the
binding position. The scale
lengths of the substrate and
lysozyme protein are not
proportional

spectrum from the Ag colloid concern the intensity ratios. A
peak at 1650 cm ™ differs from that of the spectrum from the
Au substrate pertaining to the amide I band. This implies that
the colloidal system is in fact able to probe the protein even in
regions not accessible to the solid substrate. A study based on
X-ray diffraction carried out on lysozyme in silver colloid [44]
elucidated the binding site of lysozyme on Ag colloid and
supported our interpretation of data.

Proposal for Lysozyme Binding Site with the Au
Substrate

With the help of available structure of lysozyme interacting
with gold obtained from the protein data bank 3P64 [27], we
make a proposal for the possible binding site for lysozyme with
the gold substrate, based purely on our assignments of the
SERS peaks (see previous sections). Firstly, the strongest and
most evident peak at 1384 cm ™' peak assigned to COO™
stretching region comes from the carboxylic residue of aspartic
acid which is bound to gold as depicted in Fig. 4a. Also, the
histidine peaks in the region 1300-1700 cm™' of the SERS
spectra are due to the binding of the histidine residue to gold
as shown in Fig. 4a, b. Moving to lower wavenumbers, we
assigned several peaks to phenylalanine. This can be explained
by the presence of the aromatic residue of the phenylalanine
amino acid in proximity of Au as schematized in Fig. 4b.

The peaks at 1072 and 771 cm ™' assigned to arginine
bound to Au NP are well explained by the binding of argi-
nine residues to the Au atom as shown in Fig. 4c. In fact,
the peak at 1072 cm ™ is specifically assigned to CN vibra-
tions of the arginine residue and the peak at 771 cm™ ' is
assigned to NH wagging and torsion modes. Taking into
account the above peak assignments, we are confident that
the Au surface is in contact with residues of histidine,
aspartic acid and phenylalanine.

Next, the narrow peak at 521 cm ' assigned to disulphide
bridge stretching can be ascribed to the presence of TGG
conformation of the disulphide bonds which is in proximity
to Au NP [45, 46] or to conformational changes in lysozyme
due to which most of the disulphide bonds change structure.
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The shoulder in the 521 cm™' peak which is approximately at
510 cm™ " is assigned to GGG conformation of the disulphide
bonds [47, 48]. There are four disulphide links in the lyso-
zyme protein in which one out of the four has a TGG confor-
mation while the remaining three have the GGG conformation
[49]. In Fig. 4d, lysozyme is shown with the four disulphide
bridges in blue.

Lastly, a probable marker can be identified to justify the
binding region of lysozyme to Au at 372 cm ' which is
assigned to proline. In Fig. 4e, we observe two proline amino
acids in plane with gold. As such, the two proline amino acids
can be visualized as lying flat on the solid Au substrate (see
Fig. 5) implying proximity of the proline with Au, thus orig-
inating this low frequency SERS peak.

We remark that our proposal for the binding location agrees
with lysozyme binding sites to Au by X-ray diffraction [27].
This is a robust indication of the reliability of the SERS spec-
trum to this end. We achieved a good comparison showing
that one Au atom of a NP attaches conveniently with the solo
histidine moiety of the lysozyme protein. Our result proves
that SERS spectra of complex molecules are reliable to a cer-
tain extent to understand binding sites and conformations of a
protein, even in the absence of any functionalization of the
metal surface.

Conclusions

In conclusion, SERS of a test protein (lysozyme) was obtained
with Au NP substrates deposited using PLD. The substrates,
which are solid in nature and hence lack the characteristic
mobility of colloids, being a more constraint system, were
used for SERS of a protein which has been proved to be
difficult to obtain in a controlled and reproducible way.
While SERS spectra of many proteins in literature were ac-
complished using labels, i.e. either fluorescent markers or al-
iphatic thiols to bind the NP with the protein, with our sub-
strates, SERS of a protein is performed as a label-free tech-
nique. Lastly, a binding site of the protein to the NP is pro-
posed based solely on the analysis of the SERS spectrum.
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