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� A rapid and label-free SERS method
to analyze cellular environment is
proposed.

� A directly probe of cytosol without
nanoparticles internalization into

cells is presented.

� The method allows to obtain repeat-

able SERS spectra of cell lysates.
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Surface-enhanced Raman spectroscopy (SERS) is a promising and emerging technique to analyze the
cellular environment. We developed an alternative, rapid and label-free SERS-based method to get in-
formation about the cellular environment by analyzing cells lysates, thus avoiding the need to incor-
porate nanoparticles into cells. Upon sonicating and filtrating cells, we obtained lysates which, mixed
with Au or Ag nanoparticles, yield stable and repeatable SERS spectra, whose overall profile depends on
the metal used as substrate, but not on the buffer used for the lysis process. Bands appearing in these
over the past two de-
terface”, i.e. how nano-

particular, gold and silver nanoparticles, which are widely studied
and used in many applications of nanotechnology, are interesting
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1. Introduction

The scientific community has pai
biomedical applications of nanostru
cades. In particular, the topic “nano-
spectra were shown to arise mostly from the cytosol and were assigned to adenine, guanine, adenosine
and reduced glutathione (GSH). Spectral differences among various cell types also demonstrated that this
approach is suitable for cell type identification.

attention to the many

but also to exploit them for new biomedical applications. For
instance, nanomaterials can be used as innovative cellular [3,5,6]
and biochemical sensors with therapeutic potential [6,7]. In
s, has raised a strong systems to study interactions involved at the nano-bio interface
materials interact with biological

interest [1e4]. The aim of the studies found in the literature is to [8e10]. Currently, there are several analytical techniques, involving
the nano-bio interface the use of nanoparticles, suitable to characterize the nano-bio
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interface [2,8,11e13]. Among these techniques, surface-enhanced
Raman spectroscopy (SERS) is a vibrational spectroscopy applied
to this aim. The SERS effect induces a huge enhancement (with
factors varying between 106-1011) of the vibrational spectroscopic
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signal of molecules adsorbed on nanostructured metal surfaces,
including metal nanoparticles [14e17].

SERS has been often applied to the analysis of intact eukaryotic
cells, using metal nanoparticles as nano-probes to analyze the

1%, sodium e deoxycholate 0.5%, SDS 0.1%, NaCl 5M, EDTA 0.5M,
NaF 50mM in distilled water) and iii) Lysis buffer pH 7.4 (prepared
mixing Tris-HCl pH 7.4 10mM, EDTA 100mM, NaCl 100mM, SDS
0.1% in distilled water). The resulting lysates were successively

E. Genova et al. / Analytica Chimica Acta 1005 (2018) 93e10094

2

biochemical composition of cellular environments [18e20]. This
approach requires the internalization of nanoparticles into cells,
which can be achieved in different ways: by delivery by physical or
mechanical methods (e.g. microinjection), by passive diffusion, or
by active uptake (endocytosis) [21e23]. Uptake by endocytosis,
following the incubation with nanoparticles directly added to the
culture medium, is the most commonly used internalization
strategy. However, in this way nanoparticles are trapped inside
vesicles (i.e. endosomes) and thus they do not enter in the cytosol.
Functionalization of the nanoparticle surface, for instance with
peptides [22], is usually needed to allow their release into the
cytosol or to target specific subcellular structures. However, the
functionalized nanoparticle surface can hardly act as a probe for the
cellular environment, so that these nanoparticles are usually
employed for drug delivery or photo-thermal therapy, rather than
for sensing.

One possible alternative to study cells with SERS could be the
analysis of cellular lysates instead of intact cells. Using lysates,
spectral information about specific subcellular structures is lost. On
the other hand, cellular environments such as the cytosol, other-
wise inaccessible to nanoparticles up-taken by endocytosis, be-
comes readily accessible for analysis. Very recently, Hassoun et al.
[24] published a paper using SERS spectra of cell lysates, obtained
using Ag nanoparticles, to classify tumor cells. The aim of this work
is to further explore the application of SERS to cell lysates, inves-
tigating and characterizing lysates spectra obtained from both Ag
and Au nanoparticles, as a mean to study cellular environment. In
particular, a direct measurement and characterization of cytosol
composition, otherwise impossible with conventional approaches,
was carried out through SERS spectra of cell lysates.

2. Materials and methods

2.1. Cell culture

The immortalized human hepatic IHH cell line was obtained
through stable transfection with recombinant plasmid SV40. The
primary culture was isolated by surgery from the healthy liver of a
male patient affected by intestinal neoplasia [25]. The cell line was
maintained in Dulbecco's modified Eagle's medium (DMEM) high
glucose with the addition of 10% fetal bovine serum (FBS), 1.25% L-
glutamine 200mM, 1% penicillin 10000 I.U./mL, streptomycin
10mg/mL, 1% HEPES buffer 1M, 0.01% human insulin 10�4M and
0.04% dexamethasone 1mg/mL. The hepatic tumor human HepG2
cell line was maintained in Minimum Essential Medium Eagle
(EMEM) with the addition of 10% FBS, 1% L-glutamine 200mM, 1%
penicillin 10000 I.U./mL, streptomycin 10mg/mL and 1% Na-
pyruvate 100mM. The human cervix carcinoma Hela cells were
maintained in DMEM high glucose with the addition of 10% FBS, 1%
L-glutamine 200mM, 1% penicillin 10000 I.U./mL, streptomycin
10mg/mL. Cell cultures were maintained according to standard
procedures in a humidified incubator at 37 �C and with 5% CO2 and
cell passage was performed once a week. All chemicals were pur-
chased from Sigma-Aldrich and used as received.

2.2. Lysate processing

Cell lysate samples were prepared by lysing 5� 106 IHH, HepG2
or HeLa cells at room temperaturewith three different types of lysis
buffer: i) sodium citrate at the concentration of 10mM pH 4.4, ii)
RIPA buffer pH 7.4 (prepared by mixing Tris-HCl 1M pH 7.4, NP-40
filtered (Amicon Ultra 3 K Centrifugal filter devices, cut off 10 kDa)
by centrifugation at 14000g, 4 �C for 30min. All samples were
stored at �80 �C until SERS analysis.

2.3. Cellular fractions preparation

The fractionation process was done for IHH cells in order to
separate four different cellular compartments and to analyze them
separately with SERS spectroscopy. The cellular fractions of nuclei,
cell organelles (lysosome, peroxisome, and mitochondria), mem-
branes and cytosol were obtained centrifuging cell lysates (3� 107

IHH cells in 2.5mL of sodium citrate) at different speeds. Briefly, to
separate nuclei, the lysate was initially centrifuged at 600 g for
10min, then the supernatant was recovered and centrifuged at
5000 g for 5min to obtain a pellet containing lysosome, peroxi-
some, andmitochondria. Finally, the supernatant was recovered for
the last time and ultra-centrifuged (using Beckman optima L Miotti
with rotor type 50 Ti) at 83000 g for 1 h at 4 �C to obtain a pellet
that contains membranes, and the supernatant which consists of
the cytosolic fraction. All samples were stored at �80 �C until SERS
analysis.

2.4. Cell cycle synchronization

IHH cells were exposed to synchronization through serum
starvation technique, with arrest in G0/G1 cell cycle phase [26].

Briefly, two 25 cm2
flasks, with cells growing at 30e40% of

confluence, were washed twice with 5mL of D-phosphate-buffered
saline (D-PBS) and, successively, culture medium lacking fetal
bovine serum was added. The flasks were incubated for 72 h. After
this time of incubation, cells from one flask were collected, while
the other one was re-stimulated adding 7mL of complete medium
culture; this flask was recovered after re-stimulationwith complete
medium culture for 48 h. Cells were then collected, washed with
5mL of D-PBS in order to eliminate culture medium residues,
counted and finally lysed. The efficiency of cell cycle synchroniza-
tion was verified by flow cytofluorimetric DNA content analysis,
that allows the determination of cells percentage distribution in the
three cell cycle phases [27].

2.5. SERS substrate preparation and characterization

Gold and silver nanoparticles were respectively synthesized by
Turkevich [28] and Lee-Meisel [29] methods. Briefly, to synthesize
gold nanoparticles, 10.6mg of HAuCl4 were dissolved in 25mL
milliQ-water, then the solution was heated rapidly with vigorous
stirring. When the solution started boiling, 750 mL of aqueous cit-
rate trisodium solution (1wt %) were added drop by drop. The
mixture was boiled for 20minutes after the citrate addition. To
synthesize silver nanoparticles, 22.5mg of AgNO3were dissolved in
125mL milliQ-water. The solution was heated with constant stir-
ring. After boiling, 2.5mL of aqueous citrate trisodium solution (1%
wt/v) were rapidly added. The mixture was further boiled for one
hour. For the preparation of both Ag and Au nanoparticles, all
glassware was carefully cleaned with concentrated solutions of
strong acids (aqua regia for Au, HNO3 for Ag), and then carefully
rinsed with milliQ-water. Both gold and silver colloids were stored
in the dark at room temperature. SERS substrates were character-
ized by UVevisible absorption spectroscopy to verify repeatability
using a Lambda 20bio UVevis spectrometer (Perkin-Elmer, Monza,
Italy). Both Au and Ag colloids presented some batch-to-batch



variability in size-distribution, as indicated by the three extinction
spectra shown in Fig. S1 as Supplementary Information, which are
representative of three different size-distributions. The maximum
of extinction band occurred, on average, at 537 nm for Au and at

coronas can thus be avoided by de-proteinizing the sample, leading
to a stronger SERS effect. In fact, in SERS intense signal amplifica-
tion occurs mostly at the gap between nanoparticles, also called
“hot spots”, which in colloidal systems are formed upon partial

Fig. 1. Effect of filtration. Average SERS spectra of 11 lysates of IHH cells using (A) Ag
and (B) Au nanoparticles as substrates. In both (A) and (B), spectra are slightly stacked
for better clarity: top spectra (light blue and light red) are from filtered lysates (10 kDa
cutoff), bottom spectra (dark blue and dark red) are from unfiltered lysates. Average
spectra are obtained from 4 independent measurements out of 2 different cell cultures.
Beside each average spectrum, intensity standard deviation ( ±1 SD) is shown in
shaded grey. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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408 nm for Ag. These values are consistent with the literature
[28,30]. TEM images of the colloidal Au and Ag nanoparticles are
also shown as Supplementary Information (Figs. S2 and S3).

2.6. SERS instrumentation

SERS spectra were collected using an inVia Raman microscope
(Renishaw plc, Wotton-under-Edge, UK) in the range of
400e1800 cm�1. The instrument is equipped with 785 nm NIR
diode laser (Toptica Photonics AG, Germany) delivering 120mW of
power at the sample. The spectrograph with a 1800 l/mm grating
yielded a spectral resolution of 4 cm�1. A� 10 microscope objective
(numerical aperture 0.25) was used for data acquisition. Calibration
of spectrograph was done with the lines of a Neon lamp, and the
calibration was checked prior to each measurement using the
520 cm�1 band of a silicon reference sample. Data were acquired
using the software WiRE 3.4 (Renishaw).

2.7. Sample preparation for SERS measurements

All types of samples (non-synchronized cell lysates, synchro-
nized cell lysates and cellular fractions) were prepared for the SERS
analysis using the same method. Samples were mixed using a
micropipette with Au or Ag colloidal nanoparticles in a 1.5 mL
polypropylene tube, with a 1:4 lysate-substrate ratio for a final
volume of 25 mL (i.e. 5 þ 20 mL). The samples were first transferred
onto a UV-vacuum quality CaF2 microscope slide and then placed
under the Raman microscope to start the spectra acquisition. We
used CaF2 slides to avoid the typical interference due to fluores-
cence, which is characteristic of standard glass microscope slides.
SERS spectra were then acquired focusing the laser at the top of the
drop with an exposure time of 10 s.

2.8. Data preprocessing, analysis and visualization

All SERS data processing was performed within the R software
environment for statistical computing and graphics [31]. In
particular, for graphical representation of this set of data the
hyperSpec package was used [32]. Preprocessing consisted in the
subtraction of baseline and normalization. The complete pre-
processing consisted of three steps: (i) baseline correction, (ii)
smoothing interpolation to project the spectra on an evenly spaced
wavenumber axis (using the function spc.loess from package
hyperSpec), and (iii) intensity vector normalization. For the baseline
correction, a polynomial baseline (4th order) was fit automatically
to thewhole spectral range andwas subtracted from each spectrum
of the dataset, using the function modpolyfit from package baseline
[33].

Cell cycle data were analyzed by a two way-ANOVA followed by
Bonferroni's post test (Prism GraphPad, version 6.0) and statistical
significance considered for p< .05.

3. Results and discussion

Intense SERS spectra are obtained from lysates only after
filtration with a cutoff at 10 kDa, whereas addition of nanoparticles
to unfiltered lysates yield weak spectra (Fig. 1). The reason for this
lies in the formation of a protein corona on the surface of metal
nanoparticles [34,35] exposed to protein solutions, which in-
terferes with the formation of nanoparticle aggregates, necessary
for generating a strong SERS effect. The formation of protein
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nanoparticle aggregation. A similar situation, in which SERS in-
tensity dramatically increased upon de-proteinization, has been
also observed in the case of colloid-based SERS of blood serum and
plasma [36,37]. We have also tried de-proteinization with other
methods (i.e. by adding HClO4 6N) with similar results (Fig. S4 in
Supplementary Information). However, filtration is better since it
does not require the addition of reagents, which could interfere
with the analysis by changing the chemical composition as well as
the pH of the samples. The average final protein concentration after
filtrationwas quantified with UVeVis spectroscopy (see Table S1 in
Supplementary Information). An alternative approach consists in
the pre-aggregation of metal colloids before their addition to the
lysates. Using this method, Hassoun et al. [24] obtained SERS
spectra from lysates using Ag nanoparticles which are similar to
ours, with small differences possibly due to the different Ag colloid
preparation protocol. Interestingly, the same lysate sample gives a
different SERS spectrum depending on the metal used as a sub-
strate, in spite of the fact that both Au and Ag nanoparticles are
prepared using citrate, and are both coated with negatively-
charged citrate molecules. This is another example on how crucial
the nature of the metal substrate is in modulating the interaction
with the sample.

Spectra similar to those in Fig. 1A were also reported by other
authors investigating live, intact cells [38] using electroporation to
deliver the Ag nanoparticles inside nasopharyngeal carcinoma cells
(C666), human squamous carcinoma cells (A431) and human



Burkitt's lymphoma cells (CA46), as well as in different cancerous
renal cells (ACHN, A498 and HEK 293), fixed by drying before
addition of Ag nanoparticles [39]. This similarity between SERS
spectral profiles (i.e. the relative intensity patterns) of filtered ly-

SERS spectra of lysates can be attributed to vibrational modes of
adenine, guanine, adenosine [40e42] and reduced form of gluta-
thione (GSH), all of which are present in the cytosol fraction. In
particular, SERS spectra of lysates obtained on Ag nanoparticles are
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sates and intact cells suggests that the lysis process and the de-
proteinization step do not heavily alter the biochemical composi-
tion of the sample as detected by SERS. On the other hand, SERS
spectra of nanoparticles uptaken by endocytosis are rather different
[21], corroborating the hypothesis that filtered lysates yield spectra
which are closer to those given by biomolecules found in the
cytosol of intact cells than those due to species found in endo-
somes. This is consistent with the fact that, during filtration, nuclei,
organelles (which remain intact after lysis) and membranes are
eliminated from the lysate sample. We also noted that, while SERS
spectra collected from nanoparticles up-taken by endocytosis are
rather heterogeneous and present different spectra, depending on
nanoparticles incubation time [21], spectra collected from lysates
are repeatable (as shown by the intensity standard deviation in
Fig. 1) and do not present any time dependence. These differences
can be explained by the fact that filtered lysates are homogeneous
samples, while endosomes present a greater heterogeneity, also
leading to a higher variability in nanoparticle aggregation kinetics.

The assignment of most intense bands of SERS of lysates (Fig. 2)
was done through the comparison of single SERS spectra of
nucleobases (adenine, guanine, cytosine, uracil), nucleosides
(adenosine, guanosine), nucleotides (adenosine mono- and
triphosphate, guanosine triphosphate, nicotinamide adenine
dinucleotide, inosinemonophosphate) and other biomolecules (e.g.
glutathione), all shown in the Figs. S5eS10 as Supplementary In-
formation. We have found that characteristic bands present in the
Fig. 2. Comparison between average SERS spectrum of 11 IHH lysates (IHH) on Ag (A)
and Au (B) nanoparticles, and corresponding SERS spectra of some biomolecules which
were found to be major spectral components, weighted by their contribution to the
IHH lysate spectrum: adenine (ADE), adenosine (ADO), guanine (GUA) and glutathione
(GSH). Dashed lines represent the “fitted” spectrum, i.e. the spectral sum of all com-
ponents as displayed in this figure.
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dominated by bands given by GSH, with a minor contribution of
adenine, whereas those obtained on Au nanoparticles are domi-
nated by bands given by adenine and adenosine, with minor con-
tributions of guanine and GSH.

The type of molecules appearing in these SERS spectra, i.e.
nitrogen-containing heterocyclic aromatic species (like purines)
and thiols, are those which are known to usually strongly interact
with Ag and Au substrates, yielding intense SERS spectra. Purines
were observed to dominate SERS spectra of other biofluids such as
serum, plasma and tears [36,43,44]. Nucleotide forms of nucleo-
bases, however, were not found to yield SERS spectra with the
substrate used (i.e. citrate-reduced Ag and Au nanoparticles). This
was not surprising, since phosphate backbones are negatively
charged and are thus subject to a repulsive force with the citrate
layer coating the metal nanoparticles, hindering their interaction
[45,46].

Differences between SERS spectra of lysates obtained from
different cell lines were then evaluated. We have analyzed one
human hepatic cell line (IHH), one human hepatic carcinoma cell
line (HepG2) and one human cervical carcinoma cell line (HeLa)
with Ag and Au colloidal nanoparticles as SERS substrate. SERS
spectra of lysates are rather similar between different cell lines,
when the samemetal substrate is used (Fig. 3). Indeed, SERS spectra
of different cell lines acquired with Ag substrates are almost
identical, while those acquired with Au nanoparticles present some
differences. However, these differences are limited to relative band
Fig. 3. Comparison between average normalized SERS spectra of filtered lysates from
different cells lines (i.e. IHH, HepG2 and HeLa) with silver (A) and gold (B) substrates.
For all lysates, the same lysis buffer, i.e. sodium citrate, was used. Each average spec-
trum is obtained from N independent measurements (N¼ 24 for IHH and 12 for other
cell lines) out of several (2e4) different non-synchronous cell culture flasks, containing
cells of the same cell-line and grown using the same method. Beside each average
spectrum, intensity standard deviation ( ±1 SD) is shown in shaded grey.



intensity and do not affect the overall spectral profile. In other
words, Au substrates appear to be more sensitive to the cell-line
used, with some cell-lines lysates (i.e. IHH) being richer in
adenine and adenosine but poorer in GSH with respect to other

interplay between the buffer components, the lysate constituents
and the Ag substrate. With the exception of the samples obtained
from the RIPA buffer, it can be concluded from these data that our
method to study cellular environment of human cells can be

Fig. 4. Comparison between average normalized SERS spectra of filtered lysates from
IHH cells obtained with different lysis buffers (i.e. RIPA, Lysis and Citrate buffers), with
silver (A) and gold (B) substrates. Average spectra are obtained from N independent
measurements (N¼ 13, 12 and 24 for the RIPA, Lysis and Citrate buffers, respectively)
out of at least 3 different cell cultures. Beside each average spectrum, intensity stan-
dard deviation ( ±1 SD) is shown in shaded grey.
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lines. It should be stressed that these spectral differences cannot be
due to different cell phases, since each spectrum in Fig. 3 was
averaged from lysates obtained from different non-synchronous
cell culture flasks, containing cells of the same cell-line and
grown using the samemethod. Thus, the differences observedmust
represent real differences between different lines.

These spectral differences could be principally due to the
different basal concentrations of deoxynucleosidestriphosphate
(dNTPs), nucleosidestriphosphate (NTPs) and adenosine in normal
and tumor cells [47e49]. Tumor cells such as HepG2 and HeLa have
higher concentrations of adenosine, dNTPs and NTPs respect to
normal cells such as IHH. In particular, in tumor cells the concen-
tration of dNTPs and NTPs are respectively 6e11 and 1.2e5 times
larger than that of normal cells [47e49]. Since adenine has a much
more intense band at 732 cm�1 than adenosine, and species with
phosphate moieties are not detected because of their electrostatic
repulsion with the metal nanoparticles, cells which converted
adenine to adenosine, dNTPs and NTPs are thus expected to show a
weaker signal around 730 cm�1, as indeed observed in Fig. 3. In
other words, in tumor cell lines a lower concentration of the free
base adenine, as observed in SERS spectra, could be due to higher
relative concentrations of adenosine, dNTPs and NTPs. These dif-
ferences between different cells lines suggest that SERS of lysates
could be used as a rapid and inexpensive identification method for
different kinds of cells (i.e. tumor vs non-tumor cells). The fact that
these differences are greater for spectra on Au substrates than those
on Ag substrates, or, in other words, that Au substrates are more
sensitive toward differences between different cell-lines, is due to
the fact that adenine bands have a greater relative intensity on Au
substrates than on Ag substrates. Ag substrates, on the other hand,
favor the adsorption of GSH, whose concentration, as detected by
SERS, apparently does not show a significant variation among the
cell-lines studied. These observations are in agreement with what
reported in a recent work [24], in which SERS spectra of lysates
were used to build a predictive model for tumor cell classification,
with excellent sensitivity, specificity and accuracy.

To assess to which extent the lysis method might affect SERS
spectra, and if spectra obtained from lysates using different
methods can be compared, variations between spectra generated
by lysates preparedwith different lysis buffers were investigated. In
particular, cell lysates prepared with sodium citrate 10mM, RIPA
buffer, and lysis buffer were analyzed with SERS. The selection of
RIPA buffer and lysis buffer was due to their extensive use in sci-
entific protocols [50e53], whereas sodium citrate was chosen
because citrate is already present as adsorbate on the nanoparticles
(SERS spectra of sodium citrate are shown in Fig. S11 as Supple-
mentary Information). Moreover, sodium citrate is the buffer most
frequently used for quantification of certain drugs (for instance,
thiopurine metabolites) in cells by means of high-performance
liquid chromatography-mass spectrometry (HPLC-MS) [54]. Fig. 4
displays a comparison between these three different lysis
methods, showing that, in most cases, the method used has little
impact on SERS spectra. Minor differences (mostly concerning the
relative intensity of bands) are observed between SERS spectra of
lysates from different lysis buffers, while the main spectral struc-
ture is maintained. In particular, RIPA buffer and lysis buffer do not
affect SERS spectra with gold nanoparticles substrate. However,
RIPA buffer affects SERS spectra when Ag substrates are used,
sometimes causing the appearance of a broad, intense band at
1562 cm�1. At the moment, we do not have an explanation for this
variability, andmust consider it in general as the result of a complex
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applied to different lysis protocols, with minimal variations in the
spectra.

Focusing on SERS spectra of lysed IHH, we then aimed at
corroborating our hypothesis that SERS spectra are due to species
found in the cytosol. The cytosolic fraction of the lysate was sepa-
rated from other fractions (i.e. membranes, nuclei and organelles)
by centrifugation, and was analyzed by SERS after filtration (Fig. 5),
together with the other fractions for comparison. Based on the
close match between the spectra of the cytosolic fraction and those
of the un-fractioned lysate (Fig. 5), it can be concluded that most
bands in SERS spectra of filtered lysates are indeed due to the
cytosolic components. This is consistent with the fact that the
lysate spectra are similar to those obtained from live intact cells
[38,39]. On the other hand, membranes and organelles, like nuclei,
are mostly intact after lysis and centrifugation process, and are thus
almost completely eliminated from the sample after filtration [55].
Membranes, organelles and nuclei fractions yielded SERS spectra
nonetheless (Fig. 5), probably due to material originating from
damaged organelles and smaller parts of membranes which were
not filtered out. Moreover, the protocol used does not ensure a
perfect separation between the different fractions, allowing the
presence of GSH and purines, to various extents, in fractions other
than the cytosolic one.

Successively, SERS spectra generated by lysates of IHH cells
synchronized by serum starvation were acquired (Fig. 6). Percent-
ages of cells synchronized at 0 h and reactivated for 48 h were
consistent with literature for G0/G1, S, and G2/M phases (Table 1)



[56,57]. SERS analysis with Au nanoparticles (Fig. 6B) showed that
starved hepatocytes are characterized by a lower intensity of the

732 cm�1 band, due to the ring-breathing vibrational modes of
adenine and adenosine, compared to those reactivated for 48 h.
This effect can be due to a particular process that occurs during the
cell reactivation. In fact, in the literature there are works showing

Fig. 5. Comparison between 4 different samples obtained from filtering different cell fractions separately and the overall lysate average SERS spectrum, for IHH cells lysed with
sodium citrate 10mM, for both Ag (A) and Au nanoparticles (B). Average spectra of filtered cytosol fraction (C) is shown together with those of the membranes (M), nuclei (N), and
organelles (O) (intensity standard deviations are shown as shaded gray areas). Average spectra are obtained from N¼ 21 independent measurements out of 8 different cell cultures.
The average spectrum of un-fractioned, filtered IHH lysate (same as in Fig. 1) is shown beside fraction averages for comparison (dashed black lines). All spectra were vector
normalized (before averaging) for better comparison.

Fig. 6. Effect of starvation. Average SERS spectra of filtered lysates of starved (black
lines) and reactivated (for 48 h, colored lines) IHH cells using (A) Ag and (B) Au
nanoparticles as substrates. Average spectra are obtained from N¼ 9 independent
measurements out of 3 different cell cultures. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

Table 1
Cell cycle synchronization. Percentages of IHH cells synchronized at 0 h and re-
activated for 48 h.

0 h 48 h

G0/G1 79.4± 2.4% 60.6 ± 2.5%***
S 5.7± 19.3% 14.0 ± 7.1%*
G2/M 14.9± 6.0% 24.8 ± 14.5%**

Statistical analysis 48 h vs 0 h: *, p < .05; **, p < .01; ***, p < .001 (Two way ANOVA
and Bonferroni's post test).
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that starved cells transform higher quantities of adenosine in the
correspondent nucleotides ADP and ATP [58]. Moreover, a recent
work demonstrates that ATP restrains cell death induced by serum
deprivation [59]. In our analysis, nucleotide forms of nucleobases
do not appear in SERS spectra because of the electrostatic repulsion
between negatively-charged phosphate moieties and negative
charges of the citrate layer on nanoparticles, as previously
explained. Therefore, a likely explanation for the observed spectral
changes is that, as a result of this transformation of adenine in
nucleotides form during starvation, SERS spectra of starved cells
display weaker adenosine/adenine bands than non-starved or re-
activated cells. After starvation, hepatocytes return to physiolog-
ical conditions with a consequent intensity increase of the adeno-
sine/adenine band. This effect is more readily observed in spectra
obtained using Au nanoparticles (Fig. 6B), where the bands due to
purine bases are more intense. However, upon careful inspection
the same phenomenon can be observed, to a lesser extent, in
spectra obtained from Ag nanoparticles as well (Fig. 6A), where
purines contribution to the spectrum is less pronounced.



4. Conclusions

Repeatable and stable SERS spectra of different cell lysates,
which are characteristic of the cell cytosol, can be obtained using an

2008, pp. 243e261.
[20] J. Kneipp, D. Drescher, SERS in cells: from concept to practical applications, in:

Y. Ozaki, K. Kneipp, R. Aroca (Eds.), Frontiers of Surface-enhanced Raman
Scattering, John Wiley & Sons, Ltd, Hoboken, 2014, pp. 285e308.

[21] J. Kneipp, H. Kneipp, M. McLaughlin, D. Brown, K. Kneipp, In vivo molecular
probing of cellular compartments with gold nanoparticles and nano-
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easy and rapid pre-processingmethod based on filtration. Themain
advantage of this method with respect to studying intact cells with
SERS is that the cytosol can be directly probed without the need to
internalize nanoparticles into cells. The interaction between cyto-
solic constituents and nanoparticles, and thus the corresponding
lysate SERS spectrum, is heavily influenced by the nature of metal
used, with Ag favoring the observation of GSH and Au that of purine
derivatives. Conversely, the type of buffer used for the lysis protocol
only marginally affects the spectral structure. Differences in the
SERS spectra, especially when obtained using Au substrates, allow
to distinguish between different cell lines, as well as to monitor
biochemical changes due to serum starvation.
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