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A B S T R A C T

We developed a highly sensitive silicon platform, suitable to assess the molecular organization of protein
samples. Prototype platforms were obtained using different electrochemical protocols for the electrodeposi-
tion of Ag-nanoparticles onto the hydrogenated silicon surface. A platform with high Surface Enhanced Ra-
man Scattering efficiency was selected based on the surface coverage and the number density of particles size
distribution. The performance of the platform was determined by studying the interaction of Myristoylated
Alanine-Rich C Kinase Substrate (MARCKS) protein with the substrate according to its molecular organiza-
tion. The chemical and structural characteristics of MARCKS molecules were examined under two configu-
rations: i) a disordered distribution given by a MARCKS solution drop deposited onto the platform and, ii) a
compact monolayer transferred to the platform by the Langmuir-Blodgett method. Raman spectra show vibra-
tional bands of Phenylalanine and Lysine residues specific for the protein effector domain, and evidence the
presence of alpha helix structure in both configurations. Moreover, we distinguished the supramolecular order
between the compact monolayer and random molecular distribution. The platforms containing Ag-nanoparti-
cles are suitable for studies of protein structure and interactions, advancing a methodological strategy for our
long term goal, which is to explore the interaction of proteins with model membranes.

© 2017.

1. Introduction

Raman spectroscopy is a particularly useful technique for chemi-
cal identification of biomolecules (proteins, lipids, polypeptides, etc.)
in membrane model systems [1–4]. This analytical method is based
on the inelastic scattering of monochromatic radiation resulting from
interaction of the radiation with the sample, providing a molecular
fingerprint of the material. It is an advantageous method for bio-
physical studies in real-time as it is non-invasive and can be applied
in a wide variety of sample conditions such as different environ-
ment, aggregation state and amount of material. However, a signifi-
cant limitation lies in the inherent weakness of the Raman scattering.
Surface-enhanced Raman spectroscopy (SERS), coherent anti-Stokes
Raman spectroscopy (CARS) and tip-enhanced Raman spectroscopy
(TERS) are alternatives that overcome this drawback with remarkable
enhancement of Raman scattering, showing adequate sensitivity and
spatial resolution for the research of proteins and lipid membranes
[5–7].

The enhancement of Raman signals of molecules adsorbed on
“SERS active” metallic nanostructures (Ag or Au) is produced by the

⁎ Corresponding authors.
Email addresses: gborioli@fcq.unc.edu.ar (G. Borioli); glacconi@mail.fcq.unc.
edu.ar (G.I. Lacconi)

electromagnetic fields highly localized on the hot-spots, with the ex-
citation of surface plasmons on the metal surface, either in solution
or supported on a solid platform [8]. In SERS experiments using sup-
ported nanostructures, the molecules are adsorbed onto the solid sub-
strate and, after being illuminated with visible radiation, the scattered
light is collected from very small localized volumes through an optical
microscope objective. Thus, the analysis of Raman spectra obtained
by setting up a confocal system, provides detailed chemical and struc-
tural information with spatial resolution in the micrometer range. In
particular, interactions that regulate biomembrane function can be ex-
plored using vibrational spectroscopy, with minimal perturbation [8].

The aim of this work is the optimization of SERS-active platforms
for the study of intrinsically unstructured proteins (IUPs) [9]. We are
particularly interested in using SERS in future studies to explore the
interaction of IUPs with model membranes. IUPs are particularly in-
teresting for several reasons: first, the fact that they are evolutionar-
ily selected [10] indicates that they may perform their task more ef-
ficiently than structured proteins; second, their crucial role in global
cellular processes such as signal transduction, cell cycle progression
and transcription control, suggests that they may be involved in com-
plex interactions with many partners or with supramolecular struc-
tures [11]; and third, they are elusive to standard methods of charac-
terization [12]. Interactions are critical for the multiple functions of

https://doi.org/10.1016/j.jcis.2017.08.081
0021-9797/© 2017.
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IUPs and, their interaction with membranes is certainly relevant to
normal development [13–15]. The Myristoylated Alanine-Rich C Ki-
nase Substrate (MARCKS) is an IUP with multiple functions based
on its interactions with membranes [16–18], which is a fundamental
condition implicated in various diseases such as neuroblastoma and
respiratory tract related diseases [19–22]. MARCKS is a well-known
link of signal transduction cascades involving PKC, and participates
in brain development, phagocytosis, mitosis, cellular migration and
adhesion, among other important processes. It is enriched in rafts
where it cross-links actin filaments with plasma membrane and synap-
tic vesicles, by a complex calcium/calmodulin dependent process that
is regulated by MARCKS phosphorylation and N-terminal myristoy-
lation [23]. MARCKS association to membrane is mediated by a hy-
drophobic-electrostatic switch, located at the effector domain (ED)
[24–27]. The interaction depends on ionic strength [28], and the con-
tent of acidic phospholipids and the curvature of membranes [29,30].
It triggers lateral segregation of phosphatidylinositol 4,5-bisphosphate
(PIP2) [31], thereby generating dynamic domains in the membrane
that are related to cell signaling [32].

Our current approach focuses on the experimental analysis of the
SERS signals of the pure protein. We have proceeded in a stepwise
manner, as shown in the graphical abstract. Initially, we adjusted
the conditions for Ag electrodeposition in order to obtain a distribu-
tion of Ag nanoparticles (AgNPs) fixed on the silicon platform with
good properties as SERS substrate. The SERS performance was then
assessed using a Rhodamine 6G (Rhod) probe, and finally, the se-
lected Si-AgNPs platform was used as SERS support of a pure Lang-
muir-Blodgett (L-B) MARCKS monolayer. Detection of the main
functional groups in the SERS active residues of the protein was
achieved by comparing the intensity of vibrational modes of the sil-
icon-supported monolayer with those on the AgNPs (SERS active
sites) in the same sample. Spectroscopic analysis was complemented
by Scanning Electron Microscopy (SEM) images and Energy-disper-
sive X-ray spectroscopy (EDS) in order to assess the topological com-
positional distribution of species on the platform.

Our results show evidence of direct interaction between the MAR-
CKS effector domain (ED) and the AgNPs surface on the platform.
Alpha helix structure and specific vibrational bands of Phenylanine
(Phe) and Lysine (Lys) are observed when the protein ED inter-
acts with the platform. Furthermore, Raman signals depend on the
supramolecular order in the system, that is, a compact monolayer
transferred to the platform by the Langmuir-Blodgett method, versus a
random molecular distribution of a deposited drop. We conclude that
the Si-AgNPs platforms are suitable for detailed studies of IUP pro-
teins structure and interactions, thereby advancing a methodological
strategy for our long term goal of exploring their interactions with
model membranes.

2. Experimental section

2.1. Chemicals and materials

All aqueous solutions (electrolyte in the electrochemical cell and
subphase for the monolayers) were prepared from analytical grade
reagents and purified water (18.2 MΩ cm resistivity) using a Milli-
pore Milli-Q system. The electrolyte for silver electrodeposition was
KClO4 (J.T. Baker) with AgClO4 (BDH Chemicals Ltd.). The aqueous
solutions for the subphase of MARCKS monolayers were prepared
with 145 mM NaCl (MERCK). The MARCKS protein was purified by
affinity chromatography using pETMARCKS, constructed by cloning
the human MARCKS cDNA (996 bp) in the pET15-B vector (Gen-
Script, USA Inc) [33]. Protein stocks were typically 1 µg/

µl of protein in buffer of pH 7.4 containing 0.5 M NaCl, 20 mM
Tris–HCl, 300 mM imidazole 300 and 8 M urea.

2.2. Cleaning and pretreatment of silicon surface

Hexagonal samples were cut from n-Si(1 1 1) wafers (1–20 Ω cm,
Wafer World Inc.). Samples were first cleaned in an ultrasonic ethanol
bath and the pretreatment of the silicon surface involved sequential
oxidation and etching steps. A very thin oxide film was grown by
immersion of silicon in a basic peroxide solution bath (30% H2O2:
28–30% NH4OH: H2O; 1:1:5 v/v) [34,35] during 10 min. at 80 °C,
and after etching in a 50% HF/40% NH4F (1:7) solution (3 min) a hy-
drogenated surface was obtained. After each step, samples were rinsed
with Milli-Q water and dried with ultrapure N2.

2.3. Ag nanoparticles electrodeposition and characterization

AgNPs were electrodeposited onto the hydrogenated silicon in an
electrochemical home-made Teflon® cell. The n-Si(1 1 1)-H wafers
were placed in the bottom of the cell exposing an 0.430 cm2 area to
the solution and the electrical contact was done at the backside of
the wafer with In-Ga eutectic alloy. The counter electrode was a plat-
inum ring, and a silver wire immersed in the Ag+ electrolyte was the
quasi-reference electrode. All potentials are quoted versus the Ag/Ag+

(1 mM) quasi-reference electrode (EAg°/Ag+ = −0.30 V versus the po-
tential of saturated calomel electrode). The electrolyte used for sil-
ver deposition was 0.1 M KClO4 + 1.0 mM AgClO4 at pH 3.0 previ-
ously deoxygenated by pure nitrogen bubbling. Caution: manipulation
of perchlorate salts is potentially hazardous. Different potential-time
programs were applied to the electrode at 25 °C with a microcom-
puter controlled Autolab PGSTAT 30 (ECO CHEMIE) potentiostat/
galvanostat. The morphology of AgNPs on the Si(1 1 1) platform was
examined using a Field Emission Gun Scanning Electron Microscope
(FE-SEM) Zeiss, ΣIGMA. Images were acquired with 8 kV of accel-
eration voltage. These platforms did not require metallic coating for
SEM analysis. The SEM images were processed and analyzed with
ImageJ software (Java) [36], and three regions (2 × 2 µm2) selected at
random for each SEM image (24 µm2) were considered. The resulting
particle mean number densities are shown in the histograms in Fig. 1.

2.4. Analysis of SERS activity with a probe molecule

The SERS activity of platforms was determined by using Rho-
damine 6G (Rhod) as a probe molecule. A drop of 1.0 × 10−3 M aque-
ous Rhod solution was deposited onto the platforms, which were
subsequently (after 10 min) rinsed and dried at ambient conditions.
Raman and SERS spectra were obtained with a LABRAM-HR 800
Horiba Jobin Yvon microscope Raman system equipped with a He-Ne
laser (632.8 nm). The laser power at the sample was set below 1.5 mW
to minimize local laser-induced heating. The laser beam positioned
through an Olympus microscope objective 100× lens (0.9 numer-
ical aperture), irradiated 1.0 μm2 area on the sample. The charac-
teristic signal of silicon at 520.7 cm−1 was used for the spectrom-
eter calibration. Raman spectra of Rhod and protein molecules un-
der different configurations (drop or Langmuir-Blodgett monolayer
transferred onto platforms), were recorded in a wavenumber range of
200–3500 cm−1, with a spectral resolution of ∼1.5 cm−1 for an expo-
sure time of 10 s, for each measurement.

The Raman enhancement factor (FSERS(Rhod)) for each platform
was calculated with the ratio between integrated SERS intensities of
the signal at 1648 cm−1 (I1648), from adsorbed Rhod on the Si-AgNPs
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Fig. 1. SEM images (a–d) and histograms of AgNPs size distribution (a’–d’) for silver electrodeposition on silicon platforms obtained by different potential-time programs (a”–d”).
Error bars are the resulting number densities of particles from three regions (2 × 2 µm2) selected at random for each SEM image (24 µm2) and correspond to standard deviations. For
further information see Table 1.

platform, and those corresponding to absence of AgNPs (IREF). By
considering all experimental parameters (concentration, time of spec-
trum recording, laser wavelength and power) as constant, FSERS(Rhod)
can be calculated using Eq. (1) [37].

2.5. MARCKS purification

Human recombinant MARCKS was purified by affinity chro-
matography using a plasmid constructed for that purpose. The com-
plete DNA of the human gene was custom cloned (GeneScript USA
Inc.) in the pET15b vector to construct the plasmid pMARCKS. The
vector introduces a string of aminoacids (MGSSHHHHHHSS-
GLVPRGSH) which harbors the histidine tag that provides affinity

for a specific resin column. The protein was purified from liquid cul-
tures of E. coli containing pMARCKS using Novagene resin, and
eluted in a 300 mM imidazole, 0.5 M NaCl, 20 mM Tris and 8 M
urea buffer, pH 7.4. This protein preparation was characterized by
SDS-PAGE, interfacial monolayers, Dynamic Light Scattering (DLS)
and Spectroscopy. Electrophoresis and DLS results showed that
MARCKS elutes with urea as a rather homogeneous population of
particles with a hydrodynamic diameter of 26 nm (Fig. S1). Minor
marginally represented populations of 270 and ∼1000 nm were also
observed by scattering. Purification without urea yields mainly ag-
gregated protein. Quantification was done with the Bradford assay
(Bio-Rad Bradford kit). Prior linearization of the standard curve with
lisozyme as the standard protein was required. Calculated PI of hu-
man MARCKS without the his-tag is 4.39 and its calculated MW is
31664.77 Da.

(1)
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2.6. Langmuir-Blodgett film and drop deposition

Monolayers were constructed by spreading small volumes of pro-
tein stock solutions onto the surface of pure MilliQ (R) water, or of
NaCl at 145 mM and 50 mM. Aqueous stock 1 nmol/μL solutions of
purified recombinant MARCKS protein (see previous section) were
diluted in 150:200:30 Chloroform/Methanol/stock. About 100 μL of
this dilution were slowly spread in a 273 cm3 KSV NIMA (KSV, Fin-
land) trough with a surface area of approximately 170 cm3. After a
5 min wait for solvent evaporation, slow compression was performed
by closing the barriers at a compression speed of 10 cm2/min; the tar-
get pressure was 15 mN/m. After another 5 min stabilization wait, a
single monolayer was transferred onto the platform submerged in the
subphase prior to spreading, using the KSV NIMA LB dipper sys-
tem, with the rate of withdrawal through the monolayer being 2 mm/
min. Another configuration used to study the interaction between dis-
ordered MARCKS molecules and the Si-AgNPs platform involved the
deposition of a drop (10 μL) of 1 nmol/μL MARCKS stock solution
onto the SERS substrate. As a blank control, equivalent samples were
deposited onto the silicon platform without AgNPs.

2.7. Characterization of MARCKS on the platforms

Raman and SERS spectra of protein supported on the platform
were recorded with the micro-Raman spectrometer described in the
Analysis of SERS activity with a probe molecule. Optical images and
SERS spectra of samples containing MARCKS monolayers were ac-
quired on freshly L-B transferred specimens or on a freshly deposited
drop. After that, SEM and Energy Dispersive Spectrometry (EDS)
analysis were carried out on the same platform. The corresponding
spectra and images were then correlated, in order to obtain topo-
graphic and morphologic information of the different protein arrange-
ments on the platform.

Different molecular arrangements could be easily identified
through the optical images. In these experiments, the scattered inten-
sities are presented in absolute values. Raman imaging of SERS sig-
nals was performed using the Raman imaging system incorporating a
piezo-stage for the sample movement, exposing 12 × 12 μm2 area to
the focused He-Ne laser (spatial resolution of 1 μm and laser power
of 0.5 mW). SERS spectra were acquired at every pixel of the image
and the spectral mapping was achieved with colors assigned to Raman
band intensities (signal area after baseline corrections).

The large depth of field characteristic of SEM microscopy enabled
focusing of a large area of the sample; simultaneous qualitative infor-
mation of the distribution of elements on the surface was obtained us-
ing an X-ray detector Energy Dispersive Spectrometer (EDS) and a
Scanning Electron Microscope (FE-SEM) Zeiss, ΣIGMA.

3. Results and discussion

3.1. Electrodeposition of AgNPs on silicon platforms. Assessment of
the SERS activity

The application of complex potential-time programs and the
changing of electrolyte composition have been shown to be useful for
controlling the size and distribution of deposited crystallites [38–40].
Thus, we used different electrochemical procedures for the deposi-
tion of silver nanoparticles (AgNPs) onto hydrogenated n-type sili-
con (1 1 1) oriented wafers, in order to obtain optimal conditions for
SERS-active platforms.

Potential values for nucleation and growth of silver clusters were
determined by analyzing the electrochemical behavior of the hydro-
genated silicon electrodes (Si-H). Fig. S2 in the supplementary ma-
terial shows the potentiodynamic profile of Si-H in 0.1 M
KClO4 + 1 mM AgClO4 aqueous solution at pH 3.0, when a cyclic po-
tential scan at 0.02 V s−1 has been applied. Two main current peaks
(at around −0.46 V and −0.8 V) are observed in the cathodic poten-
tial scan, associated with the silver ion electroreduction on the semi-
conductor surface and on the silver crystallites, respectively. Upon
reversing the potential sweep direction, deposition of silver contin-
ues until the potential reaches 0.0 V and no dissolution current is ev-
idenced. Based on the potentiodynamic results, we assayed different
potential-pulse programs to control the amount, distribution and size
of electrodeposited AgNPs.

Application of various single potential pulses, or potential sweeps,
to the Si-H electrodes resulted in different platforms. Fig. 1 shows
the SEM images, the number density of particles size distribution
(note that the histograms show distributions for particles smaller than
30.000 nm2), and the respective potential-time programs. The percent-
age of silver covered area was determined as the fraction of the sur-
face occupied by NPs on a representative ∼24 μm2 area of the sample
(Table 1).

The SEM images in Fig. 1 show that the entire surface is covered
with particles of different sizes in all cases. Data in Table 1 show that
when silver is deposited by a simple pulse at moderately negative po-
tential (−0.5 V), the area covered is also moderate, and the number
density of particles is very low (Fig. 1a). The presence of a few aggre-
gates of particles on platform (a) is also evident. On the other hand, the
histogram shows that the number density of deposited particles varies
in a continuous way for sizes between 2000 and 30000 nm2. There
is a significant amount of Ag plasmonic particles with characteristic
dimensions (with a diameter of around 140 nm for our experimental
conditions), which have greater surface plasmon resonance effect and
produce the major contribution to the enhancement.

When the pulse is at very negative potentials (−0.8 and −1.2 V), a
high density of small particles is observed together with the presence
of a few giant Ag crystallites (Fig. 1b and c). On the other hand, very
low cathodic charge is consumed when silver is deposited by the po-
tentiodynamic program d”, with a low percentage of covered area and
remarkable inhomogeneity of particles as revealed by SEM (Fig. 1d
and Table 1).

Surface coverage and number of NPs are not the most important
parameters for a SERS active substrate. The size and shape of the Ag-
NPs formed, and the proximity between them, in terms of the reso-
nance conditions of the surface plasmon, are very critical to increase
Raman scattering. The efficiency of Raman enhancement on two dif-
ferent points of each platform, chosen at random, was determined by
SERS spectra (average of 10 spectra with 10 s acquisition time) of

Table 1
Electrochemical charge of silver deposition (QAg), percentage of silver covered area (%
Area Ag) and SERS factor (FSERS) for Si-AgNPs platforms given in Fig. 1.
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adsorbed Rhodamine 6G as a probe molecule. The most intense spec-
tra for each platform are presented in Fig. 2. Mean values of approx-
imate enhancement factor (FSERS(Rhod)) from these measurements
were calculated by the ratio of the 1648 cm−1 signal (C–C aromatic
stretching vibration) intensities between the Si-AgNPs platform and
the silicon surface [37]. Table 1 shows that mean FSERS values are
in the same order of magnitude. We have selected the potential pulse
program “a” as the optimal and most simple procedure for a good
SERS-active substrate, on the basis that it yields platforms with higher
SERS intensity and less heterogeneous AgNPs.

3.2. Langmuir-Blodgett monolayers of MARCKS

In order to assess the quality of the AgNPs platforms for SERS
studies of biological systems, we chose to focus on amphitropic IUPs
because Raman has proved to be a powerful tool in differentiating
among the multiple arrangements representing the signature of IUPs
[41]. Thus, we used the MARCKS protein with two supramolecular
arrangements, one organized as a Langmuir-Blodgett monoloayer and
the other loosely deposited as a drop. MARCKS is a moderately acid
protein with a putative charge of −32.3 at 7.4 which corresponds to
the buffer pH. It is important to note that the Effector Domain (ED)
of MARCKS, a tract of 26 aminoacids in the middle of the protein
whose sequence is KKKKKRFSFKKSFKLSGFSFKKNKKE, repre-
sents 8% of the total length. Half of the residues in the ED are posi-
tive, mainly Lysines (that is, twelve of the total 27 lysines, the other
15 lysines being distributed along the rest of the sequence), and this
high concentration of positive charge in the ED determines the – fa-
vorable – energetics of MARCKS domain formation with anionic and
neutral phospholipids [42]. In addition, five of the six phenylalanines
(F or Phe) present in MARCKS are located in the ED, allowing us
to ascertain a molecular identification process involved in interactions
with phospholipids, on the basis of changes observed in the Raman
Phe signals. It is important to note that these aromatic residues pene-
trate in the hydrophobic core of acidic chains and, concomitantly, the
positively charged Lysines (K or Lys) stay closer to the lipid phos-
phates [43]. Moreover, there are two other big hydrophobic residues
in the MARCKS sequence, namely Leucines (L or Leu), one of

Fig. 2. SERS spectra of a dried drop of 1.0 × 10−3 M aqueous Rhodamine 6G solu-
tion adsorbed on the Si-AgNPs platforms obtained by silver electrodeposition. a–d re-
fer to the different surfaces achieved by application of the potential-time programs pre-
sented in Fig. 1. In addition, a Raman spectrum of adsorbed Rhod on AgNPs-free sili-
con (blank) is included. All spectra were recorded at 633 nm excitation wavelength, the
same laser power and integration time; besides, the spectra were normalized respect to
the silicon signal at 520 cm−1.

which is within the ED, whilst the other lies in the N-terminal myris-
toylation domain together with the remaining Phe. This distinctive
composition of the ED aided us in the interpretation of the SERS spec-
tra.

The Langmuir isotherm reveals that the interfacial behavior is rep-
resentative of an expanded protein with high surface activity and re-
markable hysteresis upon compression-decompression (Fig. S3). The
adsorption behavior of MARCKS is typical of an IUP, with a critical
subphase concentration of 300 nM and pseudo equilibrium surface lat-
eral pressure of 19 mN/m, reached in less than 15 min [44,45]. These
results denote that MARCKS is highly tensioactive and stable at the
interface; therefore a protein monolayer may be spread and transferred
onto the Si-AgNPs platform at 15 mN/m. The total transferred mono-
layer was about 2 cm2, approximately corresponding to the area of
both sides of the platform (not shown).

3.3. SERS detection of deposited MARCKS molecules

Fig. 3 shows a representative SEM image of the transferred L-B
monolayer evidencing the presence of optically distinctive dense
patches that probably arise due to water evaporation. These dense
patches were also clearly observed in the Raman microscopy opti-
cal images. Their surface distribution is apparently independent of Ag
particle location (Fig. S4). They contain a high concentration of pro-
tein and ions (as explained below based on EDS and SERS analysis),
and remain intact long after sample preparation.

In order to obtain qualitative information about the composition of
the transferred protein monolayer, EDS analysis was performed (Figs.
3 and S5). The elemental analysis shows correlations between the dis-
tribution of Na+ and Cl− ions on the platforms. Moreover, we find
a higher density of these ions within the dense patches, suggesting
that they may promote protein accumulation during water evaporation.
This is consistent with no dense patches having been observed when
the MARCKS monolayer was formed and transferred without NaCl in
the subphase (results not shown).

It is important to note that the MARCKS monolayer is transferred
throughout the entire platform surface, either accumulated in dense
patches with higher salt concentration as discussed above, or dispersed
outside these patches, as evidenced by SERS spectra discussed in the
next section.

The selected SERS active platform “a” (Fig. 1) leads to a signifi-
cant enhancement of the Raman scattering from protein monolayers.
Fig. 4 shows the optical images and the representative SERS spectra of
adsorbed MARCKS in two configurations: drop deposition (Fig. 4a)
and L-B transference (Fig. 4b). We observe that signal intensification
is obtained in both cases, yet significant enhancement is only evident
in SERS spectra of the transferred monolayer (compare absolute inten-
sities in Fig. 4a and b). Fig. 4 also includes a control experiment with
the transferred protein monolayer onto a silicon area free of AgNPs
(Fig. 4c). Details for the main signals in the spectra, and the respec-
tive assignments from literature sources, are summarized in Table 2
[46–52]. It is important to underline that the assignment of some Ra-
man signals is based on individual amino acids [49–52], whereas in
the present work the amino acids are not free but involved in bonds
within the protein. As a consequence, frequencies in the SERS signals
may have shifted with respect to those of the free amino acids.

In contrast to the monolayer configuration, when a drop of MAR-
CKS solution is deposited and evaporated on the platform, no dense
patches are observed (Fig. 4a). Based on the SERS spectra such as
the one shown in Fig. 4a, we can identify particular amino acids that
are directly adsorbed onto the particles. Signals at 1011, 1540 and
1585 cm−1 can be associated with Phe residues and those at 1175 and



UN
CO

RR
EC

TE
D

PR
OOF

6 Journal of Colloid and Interface Science xxx (2017) xxx-xxx

Fig. 3. SEM-EDS analysis of MARCKS monolayer transferred on Si-AgNPs platform: (a) SEM image of the sample and the corresponding X-ray maps for (b) Na (Ka1), (c) O (Ka1),
(d) Cl (Ka1) and (e) Ag (La1) analysis.

1470 cm−1 with Lys residues present in the effector domain of MAR-
CKS. Contrastingly, the intense signals at 3247 and 3349 cm−1 cor-
respond to ν(N-H) stretching modes from NH2 groups present in As-
paragine, Glutamine and Arginine residues, which are located outside
the ED. In addition, the presence of water in the system is revealed
by the signal at 3431 cm−1. We can conclude that the MARCKS mol-
ecules deposited as a drop are randomly arranged on the platform.

SERS spectra from the dense patches in the transferred monolayer
(magenta ring in Fig. 4b) are much more intense (compare intensities
scales in Fig. 4) and rather different from those recorded for the drop.
Signals at 1230, 1563 and 1611 cm−1 correspond to vibrational modes

of the aromatic ring of Phe and those at 1165, 1340 and 1450 cm−1 can
be assigned to vibrational modes of the NH3

+ group of Lys. In addi-
tion, a very intense signal at 3491 cm−1 indicates that water molecules
are also present under this configuration. Finally, evidence of alpha
helix structure arises from the Amide I band at 1650 and 1686 cm−1

from both SERS spectra [46]. It is interesting to note that SERS spec-
tra recorded from spots focused outside the visualized protein dense
patches show the same scattered signals, evidencing that the protein is
present over the whole platform (Fig. S6).

We observe that the more conspicuous signals in the L-B config-
uration likely arise from Lys and Phe in the ED domain, suggesting
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Fig. 4. Optical images and SERS or Raman spectra for MARCKS, (a) deposited as a drop on Si-AgNPs platforms (Si-AgNPs MARCKSDROP); (b) monolayer transferred on Si-AgNPs
platforms (Si-AgNPs MARCKSLB) and (c) L-B transferred on the free-NPs area in the platform (Si-MARCKSLB).

that the protein molecules maintain a certain order in the supramolec-
ular arrangement when the whole monolayer is transferred.

In order to obtain complementary data, Raman imaging of Si-Ag-
NPs platforms containing MARCKS transferred monolayer was car-
ried out by using a piezo-electrical scanner with 1 μm step size. The
scanned platform area was 12 × 12 μm2 and SERS spectra were ac-
quired at every pixel (144 pixels) of the image. Five spectra were
collected with five seconds acquisition time at each pixel. MARCKS
spectral mapping shown in Fig. 5 was achieved with different colors1

assigned to Raman bands at 960 cm−1 (Two-phonon (2TO) process of
Si(1 1 1)), 1340 cm−1 (Lys, CH bend) and 1611 cm−1 (Phe, ring CC
str.). Intensity distribution (bands area after baseline corrections) on
the platform was determined by correlating each spectrum with the
optical image (Fig. 5a). In this manner, we could observe that the in-
tensity distributions from Lys and Phe bands correspond to the same
location in the platform, whereas the CH stretching shows a different
pattern. In summary, main intensified signals can be readily assigned
to Phenylalanine and Lysine residues belonging to the MARCKS ED
directly adsorbed onto the SERS active substrate. As expected, we

1 For interpretation of color in ‘Fig. 5’, the reader is referred to the web version of
this article.

observe shifts in signal position and increased peak intensity in SERS
with respect to Raman spectra of individual aminoacids, due to the
fact that the residues in the protein are constrained by peptidic bonds.
This result suggests a strong interaction between the ED aminoacid
residues and the silver surface [49]. Finally, even though there is
evidence of α-helix structure in the ED under both configurations
(see Table 2), we have found changes in frequency and intensity that
denote different supramolecular orders in the drop and the mono-
layer configurations: The CH-symmetric and antisymmetric vibra-
tional modes at 2800–2900 cm−1 are absent in the spectra of the drop
configuration, whereas the NH-vibrational modes at 3200–3500 cm−1

are present only in these spectra, denoting higher water content.

4. Conclusions

We have established a protocol for obtaining silicon platforms with
silver electrodeposited nanoparticles, and assessed their suitability for
SERS studies of biological specimens using an IUP protein. More-
over, the particle shape, size and distribution on the surface can be suc-
cessfully controlled by the deposition potential. These platforms were
used for comparative investigations of MARCKS under two configu-
rations, deposited drop and L-B transference.
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Table 2
Tentative assignments of SERS bands for MARCKS deposited by a drop on the plat-
form (Si-AgNPs-MARCKSDROP), L-B transference on Si-AgNPs platforms (Si-Ag-
NPs-MARCKSLB) and Raman signals for MARCKS monolayer on Silicon platforms
(Si-MARCKSLB). Data correspond to the spectra in Fig. 4.

Tentative
assignments

SERS Si-AgNPs-
MARCKSDrop
(cm−1)

SERS Si-AgNPs-
MARCKSLB
(cm−1)

Raman Si-
MARCKSLB
(cm−1) Ref.

Two-phonon
(2TO) process
of Si(1 1 1)

– ∼960 ∼960 [46]

Symm. ring CC
str.
Phe

1011 a a [47,48]

N-H wag
Lys

1175 1165 – [48]

Ring breath
Phe

– 1230 – [47,48]

CH2 wag
Phe and Lys

– 1302 1300 [47,48]

CH bend
Lys

– 1340 – [48]

CH2 sciss.
Phe and Lys

– – 1444 [47,48]

CH2 sciss.-NH
def.
Lys

1470 1450 – [48]

Ring CC str.
Phe

1540
1585

1563
1611

–
1612

[47,48]

Amida I – (α-
helix)

1650 1686 – [45,49]

CH str. –-- 2923 2922 [50]
ν(N-H) str. (NH2)
Lys

3244
3349

– [50]

H2O asymm. str. 3431 3491 [50]

a Signal superimposed with two-phonon (2TO) vibrational mode of silicon.

We can summarize the following points:

– Enhancement of Raman intensity is almost two orders of magnitude
higher when the molecules are arranged in a monolayer transferred
to the SERS active platform.

– SERS spectra of both configurations (compact monolayer versus
random molecular distribution), show differences that emerge from
the distinctive molecular order of these two arrangements. The drop
configuration lacks the CH-signals indicating weak interactions be-
tween neighbor molecules, but has NH-vibrational modes suggest-
ing higher water content.

– Similar spectral behavior is found in the CH vibrations region
(2900–2930 cm−1) for Raman spectra of MARCKS L-B recorded
from two regions on the platform: the zones covered with
Ag-nanoparticles and the Ag-free zones. This suggests that the or-
dered monolayer arrangement (with CH groups spatially distributed
in a given orientation) is conserved after transferred to the platform,
in the absence or presence of nanoparticles.

– An alpha helix structure may be observed only when MARCKS Ef-
fector Domain interacts with Ag-nanoparticles.

– The enhancement of the Phenylalanine and Lysine bands observed
in the SERS spectra of MARCKS monolayer transferred onto the
platform, suggests that Phenylalanine and Lysine, which are in-
cluded in the Effector Domain, are interacting with the Ag-
nanoparticles.

– The SERS active platforms proved to be an excellent solid support
for the direct observation of biological material by SEM without the
need to metalize the sample.
This work shows that the silicon platforms with silver nanoparti-

cles, obtained by a defined electrodeposition protocol, could be valu-
able for exploring the interaction of proteins – especially intrinsically
unstructured proteins – with model membranes. Raman spectroscopy

Fig. 5. Optical image (a), and SERS mapping from a 12 × 12 μm2 area, for integration of signals at ∼960 cm−1 (two-phonon, 2TO process of silicon) (b), 1340 cm−1 (Lys, CH bend)
(c), and 1611 cm−1 (Phe, ring CC str.), for MARCKS monolayer transferred on the Si-AgNPs platform. The signals corresponding to each map are highlighted by blue (map b),
orange (map c) and magenta (map d) bars in a representative spectrum taken at the dark protein aggregate seen in (a). Five spectra were collected with five seconds acquisition time
at each pixel.
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applied to sensors able to detect this kind of interactions would repre-
sent a great contribution to biomedical purposes.
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