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tive detection of other biomarkers.
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a b s t r a c t

p53 is a powerful transcription factor playing a pivotal role in the prevention of cancer development and
in maintaining genome integrity. This oncosuppressor is found to be functionally inactivated by muta-
tions in many human tumors. Accordingly, wild type p53 and its oncogenic mutants represent valuable
cancer biomarkers for diagnostic and prognostic purposes. We developed a highly sensitive biosensor,
based on Surface Enhanced Raman Spectroscopy, for detection of wild type p53 and of p53R175H, which is
one of the most frequent tumor-associated mutants of p53. Our approach combines the huge Raman
signal enhancement, mainly arising from the plasmonic resonance effect on molecules close to gold
nanoparticles, with the antigen-antibody biorecognition specificity. By following the enhanced signal of a
specific Raman marker, intrinsic to the nanoparticle-antibody bioconjugation, we were able to push the
antigen detection level down to the attomolar range in buffer and to the femtomolar range in spiked
human serum. The method demonstrated a high reproducibility and a remarkable selectivity in
discriminating between wild type p53 and p53R175H mutant, in both buffer and serum. A calibration plot
was built and validated by ELISA for a reliable quantification of p53. These findings entitle our SERS-
based immunosensor as a powerful and reliable tool for a non-invasive screening in human serum
targeting p53 network. The approach could be easily extended to ultrasensitive detection of other
markers of general interest, with feasible implementations into multiplex assays, functioning as lab-on-
chip devices for several applications.
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1. Introduction

p53 is a tumor suppressor protein playing an important role in
cellular stress response by controlling pathways leading to cellular
senescence, cell cycle arrest and apoptosis [1]. Unfortunately, in
many tumors p53 is functionally inactivated by a strong down-
regulation, with a consequent lowering of its current levels [2]. In
addition, p53 is mutated in almost half of human cancers [3], and
some oncogenic mutants are characterized by high stability and
accumulation in the extracellular fluids of cancer patients [4e6].
Among these, p53R175H represents one of the most common p53
mutants found at progressively higher quantities in several tumors,
such as lung, colon and rectal andwith a particularly high incidence
in breast tumor [7]. Therefore, wild type p53 (p53wt) and the
mutant p53R175H are valuable cancer biomarkers and their ultra-
sensitive, non-invasive and selective detection is highly desired for
early tumor diagnosis [8e10] and for evaluating invasiveness and
prognosis [11], especially in connection with p53-based anticancer
therapies [12]. In particular, the quantitative determination of p53
mutants at the very early stage, when therefore its concentration is
very low, could be extremely relevant to diagnosis and also to
therapy choice and optimization, also in the perspective of preci-
sion medicine applications [13].

Several sensitive analytical approaches were developed to
detect p53 proteins, such as the enzyme-linked immunosorbent
assay (ELISA) [10], electrochemical assays [14,15], Surface Plasmon
Resonance sensing [16], Field-Effect Transistor biosensing [17],
Surface Enhanced Raman Spectroscopy (SERS) [18,19] and others
[20e22]. Ongoing efforts are currently focused on the improvement
of sensitivity, selectivity, accuracy and specificity of the different
sensing approaches aimed at detecting the p53-family proteins
[23]. However, the intrinsically disordered character of this protein,
concomitantly with its ability to target different partners within its
network, makes such a task rather difficult [24,25].

Among other techniques, SERS, which is based on the huge
enhancement of the Raman cross section when molecules are
placed in close proximity of a nanostructured metal surface, able to
exert electromagnetic, plasmonic and chemical effects [26], ap-
pears extremely promising [27e30].

In previous SERS works [18,31], we exploited the binding ca-
pacity of the protein Azurin for detecting p53 and its mutated
isoforms. However, due to the extended binding regions recognized
by Azurin, which involves both the N-terminal and the DNA binding
domain of p53 proteins [32e34], we were not able to discriminate
among p53wt and its mutated isoforms and, more importantly, we
were not able to reach an ultra-low detection level, which could be
important for early cancer diagnosis [35].

In the attempt to both achieve a reliable discrimination between
wild type and mutated isoforms of p53 and reach a lower detection
limit, we developed a method which combines the remarkable
detection capability of the SERS technique with the unique bio-
logical specificity occurring between antigen-antibody pairs [36].

Two specific antibodies, able to target the antigens p53wt or its
mutant p53R175H, were bound to gold nanoparticles through a
specific linker and by following a very reproducible chemical pro-
cedure, able to minimize non-specific interactions. We monitored
then the enhanced Raman signal from a specific marker intrinsic to
the nanoparticle-antibody bioconjugation. Accordingly, we were
able to lower the detection level of both the p53wt and p53R175H
antigens to a femtomolar concentration in human serum, and even
down to the attomolar range in buffer. The achievement of such an
unprecedented high sensitivity [15,31,37,38] took advantage of a
careful tailoring and standardization of both the substrate and the
detection probe functionalization chemistry, combined with
immunosensing through appropriate antibodies able to maximize
the capture process.
The detection method demonstrated a high reproducibility and

a remarkable selectivity in discriminating between p53wt and
p53R175H mutant, in both buffer and serum. Quantification of the
antigen concentrations was validated by ELISA. All these features
strongly highlight the potentiality of the proposed biosensing
approach for early detection of cancers harbouring a strong down-
regulation of p53wt and/or a tiny presence of the p53R175H mutant;
providing concomitantly a remarkable tool to evaluate prognosis
and efficacy of anticancer therapies. The method could be easily
adapted for detection of other markers and it is even implement-
able as a lab-on-chip device for multiple applications.

2. Materials and methods

2.1. Materials

Gold NanoParticles (NPs) in colloidal solution (50 nm diameter;
4.5$1010 particles/ml) were purchased from Ted Pella (Redding, CA).
4-aminothiophenol (4-ATP, Molecular Weight (MW) 125 Da),
glutathione S-transferase (GST, MW 26 kDa), ethanolamine (ETA,
MW 61Da), mouse monoclonal anti-p53wt PAb 1620 antibody
(anti-p53wt, MW 150 kDa) and healthy human serum were pur-
chased from Sigma-Aldrich (St. Louis, MO). Wild type p53 (p53wt,
MW 43 kDa) and the rabbit polyclonal anti-p53R175H antibody
(anti-p53R175H, MW 150 kDa) were purchased from Creative Bio-
mart (Shirley, NY). Mutant p53R175H (p53R175H, MW 43 kDa) was
purchased from Genscript (Piscataway, NJ). Phosphate-buffered
saline (PBS) solution 50mM pH 7.2, hereafter buffer, was pre-
pared by using reagents from Sigma Aldrich. p53 pan ELISA kit was
purchased from Roche Diagnostics GmbH (Mannheim, Germany).

2.2. Probe assembly

4-ATP molecules and NPs (Fig. 1A) were linked through a co-
valent bond (S-Au) (Fig. 1B). The 4-ATP-NP reaction was optimized
by varying the concentration of 4-ATP (between 10�2 and 10�9M),
the reaction temperature (25 �C, 30 �C, 40 �C) and the reaction time
(3 h, 4 h, 24 h). The parameters were selected by following the shift
of the absorption band of NPs, which is proportional to the number
of bound 4-ATP molecules. Finally, 1ml of the mother solution of
NPs was mixed with 1ml of 4-ATP (4$10�3M in absolute ethanol)
and the obtained solutionwas incubated at 25 �C for 3 h. To remove
the excess of unbound 4-ATP and to promote the ethanol to Milli-Q
water solvent exchange, the solution was dialyzed overnight by
using a membrane with a MW cut-off of 100 kDa. The interaction
between gold NPs and 4-ATP was followed by optical spectroscopy.
Bare gold NP solution exhibited an absorption band centred at
about 533 nm (Fig. 2, black line), which was attributed to the sur-
face plasmon excitation of gold NPs [39]. Upon binding of NPs to 4-
ATP, this band was broadened and upward shifted to 537 nm (Fig. 2,
red line); with this indicating the formation of the 4-ATP/NP
complex (Inset in Fig. 2) [31]. To covalently bind the antibody to 4-
ATP/NP complex, a diazo coupling reaction was performed [40].
Briefly, such a reaction results into the formation of the diazonium
compound (-Nþ≡N), which is highly reactive, towards the histidine
and tyrosine amino acids of proteins. Diazonium compound
(Fig. 1C) was obtained by adding 500 ml of NaNO2 (0.1M, pH 3) to
500 ml of dialyzed 4-ATP/NP solution, very slowly and under con-
stant stirring, for 15min at 4 �C. Phenol was used to visually
monitor the progress of the reaction. Excess of both nitrous and
hydrochloric acid was removed by dialysis against Milli-Q ice water
for 6 h and the resulting solution was stabilized at pH 7.2 by dial-
ysing overnight against buffer at 4 �C [41,42]. 100 ml of anti-p53wt
(1.5$10�6M), or alternatively 100 ml of anti-p53R175H (1.5$10�6M),



Fig. 1. Scheme of the chemical reaction steps leading to the functionalization of the NPs with anti-p53 molecules. (A) Bare NP; (B) reaction between NP and 4-ATP molecules,
leading to the 4-ATP/NP complex; (C) formation of the diazonium compound; (D) reaction of 4-ATP/NP complex with anti-p53 to form the anti-p53/4-ATP/NP probe; and (E)
blocking of unreacted sites of the anti-p53/4-ATP/NP probe with ETA. (not in scale).

Fig. 2. Absorption spectrum of NPs before (black line) and after (red line) conjugation with 4-ATP. The maximum absorption peaks are marked. Inset: schematic representation of
the two compounds. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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were then added to the diazonium compound solution (200 ml). The
solutionwas kept under a gentle stirring at 4 �C for 2 h to obtain the
anti-p53 probe (anti-p53/4-ATP/NP, Fig. 1D). In order to remove the
excess of unbound anti-p53, the final solution was centrifuged at
8000 rpm for 5min, the pellet was re-suspended in an equal vol-
ume of buffer and the overall procedure was repeated twice. To
block unbound reactive sites on the NPs surface, 200 ml of the anti-
p53/4-ATP/NP probe was incubated with 100 ml of 1M ETA under a
gentle stirring at 2 �C for 2 h (Fig. 1E). The solution was centrifuged
at 8000 rpm for 5min to remove the unbound ETA molecules and
the pellet was re-suspended in 200 ml of buffer; such a procedure
having been repeated twice [43].

2.3. Quantification of the antibody conjugated to NPs

Fig. 3 shows the fluorescence emission spectra of anti-p53wt



Fig. 3. Emission spectra of anti-p53wt in the reaction solution (black line) and of two
supernatants (red and green lines), resulting from the centrifugation of the diazonium
compound/anti-p53wt solution. Samples were excited at 280 nm and fluorescence
emission was collected at 340 nm. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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(black line) upon 280 nm excitation, at the concentration used in
the probe assembly, and of the supernatants obtained by two
successive washing and centrifugation steps (red and green lines,
respectively). The observed decrease of the fluorescence intensity
for the two supernatants indicates that unbound anti-p53wt mol-
ecules were progressively removed. To evaluate the amount of the
anti-p53wt conjugated to 4-ATP/NP (Cconjugated), the unbound anti-
p53wt in the supernatants was estimated according to the expres-
sion [44]:

Cconjugated ¼ C0 � Cunbound ¼ C0 ðF0 � FÞ=F0 (1)

where C0 and F0 are the concentration and fluorescence intensity of
the initial sample and of anti-p53wt, respectively; while Cunbound
and F are the concentration and the fluorescence intensity of the
anti-p53wt in the supernatants, respectively. Accordingly, we esti-
mated that about 2.5�103molecules of anti-p53wt, corresponding to
a concentration of 1.9�10�7M of anti-p53wt, were conjugated to a
single NP. The same concentration was also estimated for the anti-
p53R175H probe conjugated to a single NP.

2.4. Preparation of the capture substrate and of the probe

The functionalization of the substrates, able to capture the cor-
responding probe, was done by following the procedure sketched
in Fig. 4AeE. First, glass substrates were cleaned by immersion in
100% acetone for 5min, dried to N2 and ultraviolet irradiated for
30min to strongly increase the number of silanol groups on the
surface (Fig. 4A). Successively, they were treated with 3-
aminopropyltriethoxy-silane (APTES) dissolved in chloroform (6%
solution) for 3min to form a self-assembled monolayer. After
rinsing three times with chloroform, and drying to N2, they were
reacted with 1% glutaraldehyde solution for 4min at room tem-
perature (Fig. 4B). Then, rinsing withMilli-Q water and drying to N2

of the aldehyde-modified glass substrates was followed by incu-
bation with 40 ml of p53wt or p53R175H proteins, at concentrations
ranging from 10�10M to 10�18M in buffer, for 6 h at 4 �C (Fig. 4C);
with the formation of the self-assembled protein monolayer
through the solvent exposed amino groups being thus promoted.
To block the unreacted sites (i.e. the sites of the functionalized
substratewhich had not reactedwith p53 or its mutant), a two-step
procedure was followed. First, the substrates were incubated with
40 ml of GST (10�10M) overnight at 4 �C and then washed with
buffer and N2 dried (Fig. 4D). In this way, we found that the
unreacted sites on the functionalized substrates could be more
effectively blocked by GST, whose dimensions are comparable to
those of p53, through a reaction involving its solvent exposed
amino groups. To complete the blocking of the unreacted sites, the
substrates were successively incubated with 40 ml of ETA (1M) for
5 h at 4 �C, and subsequently washed with buffer and N2 dried
(Fig. 4E) [43,45]. Finally, these substrates, functionalized with the
markers to be detected (p53wt or p53R175H), were incubated with
10 ml of the probe (containing about 10�7M of anti-p53), for 3 h at
4 �C, to promote the antigen-antibody biorecognition (Fig. 4F). The
incubation times were in the 2e10 h range in the various steps and
were optimized by monitoring the number of bright emitting sites
(called hot spots [46e48]) showing the features of the anti-p53wt/
4-ATP/NP probe (see below). The substrates were thenwashedwith
buffer to remove the excess or unbound probe and N2 dried.

Blank reference samples were prepared by incubating the glass
slides, previously treated with APTES and glutaraldehyde, with GST
and ETA, but without p53wt or p53R175H. Experiments with serum
were performed by incubating for 6 h at 4 �C the substrates, which
had been previously functionalizedwith APTES and glutaraldehyde,
with 40 ml of bare healthy human serum or of human serum spiked
with p53wt or with p53R175H, at concentrations ranging from 10�10

to 10�16M [49]. Then, samples were treated with GST and ETA as
above described. Finally, the substrates were washed with buffer
and dried to N2. The substrates were stored in a humid chamber at
4 �C and were found to be stable within two weeks and were used
once. The same procedure for the incubation with the probe was
followed for blank and serum samples.

2.5. Optical absorption, emission and SERS experiments

Absorption measurements on bare and functionalized NPs were
carried out at room temperature using a two-beam photo spec-
trophotometer (V-550, Jasco) in the spectral region 450e650 nm
with a 0.5 nm bandpass. Fluorescence measurements were carried
out at room temperature using a Spectrofluorometer (FluoroMaxR-
4 Spectrofluorometer, Horiba Scientific, Jobin Yvon). Samples were
excited at 280 nm and fluorescence emission was collected from
295 to 400 nm by using 1 nm increments and an integration time of
0.5 s. A 3 nmbandpass was used in both the excitation and emission
paths. Spectra were acquired in the signal to reference (S/R) mode
to take into account for random lamp intensity fluctuations.
Moreover, emission spectra were corrected for Raman contribution
from the buffer. Raman and SERS experiments were performed by a
Jobin-Yvon Super Labram confocal system (Horiba Scientific, Jobin
Yvon), equipped by a liquid nitrogen-cooled CCD (EEV CCD10-11
back illuminated; pixel format: 1024� 128 detector) and by a
spectrograph with a 1800 g/mm grating. Spectra acquisition was
performed according to back scattering geometry by using a notch
filter to reject the elastic contribution. A diode-pumped solid-state
laser emitting at 532 nm with a power of 10mW (4.8mW on the
sample) was employed as the excitation source. Measurements
were performed by using a 50� objective with a numerical aper-
ture NA¼ 0.6; laser spot diameter reaching the sample being about
1 mm. The confocal diaphragmwas 400 mm and the slit was 200 mm.
A typical accumulation time of 100 s and a spectral resolution of
5 cm�1 were used. For each sample, a 3� 3 mm2 region of the
functionalized substrate was manually scanned by the microscope
objective to localize the hot spots; ten spectra were acquired for
each sample. All spectra were vector normalized within the whole
wavenumber range and processed by a concave rubber-band
baseline correction in order to remove fluorescence background.



Fig. 4. Sketch of the main steps for the substrate functionalization. (A) UV ray treatment to increase the amount of silanol groups; (B) incubation with APTES and glutaraldehyde; (C)
functionalization with p53; (DeE) blocking of unreacted sites with GST and ETA; and (F) incubation with the functionalized probe (not in scale).
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The reproducibility of the results was assessed by repeating each
experiment five times.

2.6. ELISA assay for p53 quantification

The photometric one-step-enzyme immunoassay (p53 pan
ELISA kit, Roche Diagnostics) was used for the quantification of
unknown samples of p53R175H (100 ml, diluted 1:5 in sample
diluent). The assay is based on the quantitative ‘‘sandwich ELISA00

principle in which a capture antibody is pre-coated onto a micro-
titer plate where the sample and the peroxidase-labelled detection
antibody were incubated to form a stable immuno-complex. Sub-
sequent to washing step, the peroxidase bound to the immuno-
complex is developed by tetramethylbenzidine (TMB) as a sub-
strate. The (A450nm-A690nm) of each sample was measured in
duplicate by using a microplate spectrophotometer (Multiskan™
Go, ThermoScientific, Whaltam, MA), and its mean value was used
for protein quantification by using a calibration curve obtained
from human p53 standards, provided by the producer.

3. Results and discussion

3.1. Raman characterization of the probe

The SERS spectrum of the 4-ATP linker after conjugation with
the NPs, is shown in Fig. 5A. Five main bands are detected in the
1000-1500 cm�1 region. In particular, bands at 1089 and 1176 cm�1

arise from CeS stretching and CeN bending modes of the benzene
ring, respectively. The bands at 1423 and 1492 cm�1 can be asso-
ciated to the CeC stretching vibrations, while the band at
1125 cm�1 was not assigned [18,50,51]. The disappearance of the
band at 2555 cm�1, due to the stretching vibration of free 4-ATP
SeH group (Fig. 5A, Inset), witnesses the occurrence of 4-ATP
conjugation to the NPs, via an S-Au covalent bond [41].

Fig. 5B shows the SERS spectrum of the antibody probe as ob-
tained by conjugation of the 4-ATP/NP systemwith anti-p53 via the
diazotization reaction involving the exposed histidine and/or
tyrosine residues of the biomolecule. The obtained system will be
named anti-p53wt/4-ATP/NP probe in the following.We note in this
probe the appearance of an additional strong Raman band centred
at about 1328 cm�1 (highlighted in Fig. 5). The band is assigned to
the stretching vibration modes of the diazo bond (N¼N), which
tightly keeps linked the antibody to the 4-ATP/NP and witnesses
the occurrence of a covalent bond between 4-ATP/NP and the
antibody [31,50]. Moreover, it constitutes a specific Raman finger-
print (or Raman marker), with well distinguishable vibrational
features of the probe. The presence of this Raman signal, which
results significantly enhanced by the plasmonic effect induced by
the NPs, has been then exploited in our strategy for detection of p53
and its mutant with high sensitivity. A spectrum almost identical to
that shown in Fig. 5B, was obtained by conjugating the 4-ATP/NP
system with anti-p53R175H (not shown); with this constituting the



Fig. 5. (A) SERS spectrum of 4-ATP self-assembled on gold NPs. Inset: Raman signals in the range corresponding to the stretching mode of the SH group belonging to free 4-ATP (red
line) and to 4-ATP bound to gold NPs (black line). (B) SERS spectrum of anti-p53wt/4-ATP/NP probe. The yellow band highlights the Raman marker at 1328 cm�1. In each box, a
schematic representation of the corresponding probe assembly step is shown (not in scale). (For interpretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)
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anti-p53R175H/4-ATP/NP probe.

3.2. SERS detection of wild type and mutated p53 in buffer

The anti-p53wt/4-ATP/NP probe was incubated with the capture
substrates, which had been previously functionalized with p53wt at
different concentrations (ranging from 10�10 to 10�18M) (see Ma-
terials and Methods Section). Fig. 6AeC shows the SERS spectra
Fig. 6. SERS spectra of the samples obtained upon incubating the anti-p53wt probe on substr
10�17M (C). Raman spectrum obtained upon incubating the anti-p53wt/4-ATP/NP probe on
highlights the Raman marker at 1328 cm�1. In each box, a schematic representation of the bio
in this figure legend, the reader is referred to the Web version of this article.)
corresponding to capture substrates functionalized with p53wt at
10�12, 10�15 and 10�17M. The observed characteristic Raman
fingerprint at 1328 cm�1 (marked in yellow), corresponding to the
stretching vibration of the diazo bond formed between the anti-
p53wt and the 4-ATP/NP system, can be clearly detected down to
10 aM antigen concentration. The appearance of the Raman
fingerprint witnesses the occurrence of a biorecognition process
between p53wt and the anti-p53wt/4-ATP/NP probe. At
ates functionalized with p53wt at different concentrations: 10�12M (A), 10�15M (B) and
the blank substrate; with this being used as negative control (D). The yellow band

recognition event is shown (not in scale). (For interpretation of the references to colour



Fig. 7. SERS spectra of the samples obtained upon incubating the anti-p53R175H probe on substrates functionalized with p53R175H at different concentrations: (A) 10�12M, (B)
10�15M, and (C) 10�17M. The yellow band highlights the Raman marker at 1328 cm�1. In each box, a schematic representation of the biorecognition event is reported (not in scale).
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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concentrations lower than 10�17M, the signal of the Raman
fingerprint becomes almost undetectable over the noise level
(Fig. 6D).

Similar results were obtained when the anti-p53R175H/4-ATP/NP
probe was incubated with substrates functionalized with p53R175H,
in the 10�10 to 10�17M concentration range. Again, the character-
istic Raman fingerprint at 1328 cm�1 can be clearly observed for
p53R175H concentrations down to 10�17M (Fig. 7). We would like to
emphasize that, to the best of our knowledge, such a low detection
level was not reached till now for both p53wt and its mutant
[10,14e17,19e21]. Such a high sensitivity exceeds that obtained in
our previous works, also based on SERS detection [18,31], and in
other literature reports [37,38]. The remarkable sensitivity of our
approach stems also from a careful tailoring and standardization of
both the substrate and the detection probe functionalization
chemistry; indeed, we ascertained that the passivation of the
substrate with both GST and ETA significantly lowered the non-
specific signals also arising from the interaction of the probe with
non-passivated capture substrate.

For control, we recorded the Raman spectra from samples ob-
tained by incubating the anti-p53wt/4-ATP/NP probe (or the anti-
p53R175H/4-ATP/NP probe) on the blank substrate (see Materials
and Methods Section), and we found that they do not reveal any
significant signal over the noise (Fig. 6D). In particular, the average
intensity detected in the (1328± 10) cm�1 interval, as evaluated
Table 1
Detection of the signal at 1328 cm�1 (Raman fingerprint) over the noise for different com

Substrate
Probe

Blank p53wt p53R175H

anti-p53wt/4-ATP/NPs NS S NS
anti-p53R175H/4-ATP/NPs NS NS S

NS¼No Signal (as in Fig. 6D).
S¼Signal.
from ten spectra acquired at different sites of the same sample,
does not exceed that of the noise as estimated in the (1800± 10)
cm�1 spectral region, where no Raman signals are present (see also
Table 1). Accordingly, we infer that the anti-p53wt/4-ATP/NP probe
(or the anti-p53R175H/4-ATP/NP probe) does not undergo any
detectable unspecific interaction with the blank substrate.

To check the reproducibility of our SERS data, we analyzed the
intensity of the Raman fingerprint peak at 1328 cm�1 for five
independently prepared samples containing either p53wt or
p53R175H at 10�15M concentration. Fig. 8A and B shows the average
(over ten acquired spectra for each sample) and the corresponding
standard deviation of the integrated area of the peak for the two
sets of samples. We note that the five values of the integrated area
are comparable, within the errors, for both sample sets.

The selectivity of our biosensor for possible cross-reactions
between p53wt and p53R175H, was checked by analysing the
following samples: i) the anti-p53wt/4-ATP/NP probe incubated
with the substrate functionalized with p53R175H at 10�15M; and ii)
the anti-p53R175H/4-ATP/NP probe incubated with the substrate
functionalized with p53wt at 10�15M. The Raman spectra from both
samples did not reveal any characteristic Raman fingerprint at
1328 cm�1 over the noise level (see also Table 1). These results
demonstrate that our method is able to well discriminate between
the presence of the p53R175H mutant from that of the wild type
isoform of p53. Such a selectivity level may deserve rewarding
binations of substrates and probes.

Blank
Serum

p53wt

Serum
p53R175H
Serum

p53wt þ
p53R175H
Serum

NS S NS S
NS NS S S



Fig. 8. Integrated area of the Raman peak at 1328 cm�1 for five different samples obtained by incubating the corresponding anti-p53 probe on substrates functionalized with: (A)
p53wt in buffer; (B) p53R175H in buffer; (C) p53wt in human serum; (D) p53R175H in human serum. The average value and the corresponding standard deviation of the integrated area
were obtained from ten spectra acquired at different regions of the sample.
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applications in cancer diagnosis, especially when the simultaneous
presence of both p53wt and p53R175H at low concentration occurs
[12].

To reliably quantify the amount of p53 antigen samples with
unknown concentration, we constructed a calibration plot (Fig. 9)
of the average integrated area of the 1328 cm�1 peak as a function
of the logarithm of both p53wt (squares) and p53R175H concentra-
tion (open circles). Notably, a very good linear relationship in the
10�10 and 10�17 M concentration range is observed in both cases.
Accordingly, the data were fitted by the equation Y ¼ A þ B*X,
where Y is the averaged area intensity of the Raman marker peak
and X is the logarithm of the corresponding p53 concentration (see
continuous and dashed lines in Fig. 9). The fitting values A and B
and the adjusted R2 value, assessing the goodness of the fit, are
shown in the same Figure. This linear calibration plot was then
exploited to determine the concentration of two samples of
p53R175H at unknown concentrations. In particular, uponmeasuring
the average and the corresponding standard deviation of the
1328 cm�1 peak area from ten SERS spectra, the concentration and
the related uncertainties of the unknown p53R175H samples were
extracted from the calibration plot (see stars in Fig. 9 and Table 2,
column 2). The reliability of these results was further tested by
applying the p53 ELISA kit (Materials and Methods Section). We
found that the concentrations as determined by ELISA (Table 2,
column 3), are statistically consistent with those obtained by SERS
experiments. Such an agreement validates ourmethodwith respect
to its reliability in the quantification of p53.

Finally, we would like to note that the presented method could
be easily implemented for the detection of other antigens on the
substrate, by choosing the appropriate antibodies to be conjugated
to the NP containing system, and also for the simultaneous detec-
tion of different biomarkers in multiplex assays [52].

3.3. SERS-based immunosensor for biorecognition of wild type and
mutant p53 in human serum

With the aim at applying our SERS-based immunosensor to
clinical purposes, we extended our method to the detection of both
p53wt and p53R175H in human serum, in which the presence of
these proteins could deserve a high interest in cancer diagnostics.
For control, the substrate functionalized with bare healthy human
serum was first analyzed. The Raman spectrum, shown in Fig. 10A,
reveals the presence of two broad bands, at about 1050 and
1175 cm�1, which are likely attributable to the lipids and phos-
pholipids present in serum [53]. Successively, we analyzed the
samples obtained by incubating the anti-p53wt/4-ATP/NP (or anti-



Fig. 9. Integrated area of the Raman peak at 1328 cm�1, as a function of the logarithm of the p53wt concentration (squares) and of p53R175H (circles); the average value and the
corresponding standard deviation of the integrated area were obtained from ten spectra acquired at different regions of the sample. The continuous line represents the fit of the
p53wt data by the equation Y ¼ A þ BX with A¼(2520 ± 110) and B¼(133 ± 10); while the dashed line represents the fit of the p53R175H data by the equation Y ¼ A þ BX with
A¼(2300 ± 180) and B¼(120 ± 14). The stars mark the integrated area for the unknown p53R175H samples.

Table 2
Concentration of two p53R175H samples as determined by SERS method (column 2)
and, for control, by a commercial ELISA kit (column 3).

p53R175H
Sample

SERS (pM) ELISA (pM)

Unknown1 2.0± 0.6 1.8± 0.4
Unknown2 16.2± 0.8 15± 3
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p53R175H/4-ATP/NP) probe on the substrates previously function-
alized with human serum spiked with p53wt (or p53R175H) at a
concentration ranging from 10�10 to 10�17M. We found that the
Raman fingerprint at 1328 cm�1 is clearly detectable for p53wt and
p53R175H samples, down to 10�15M; with representative SERS
spectra being shown in Fig. 10B and C, respectively. At lower con-
centrations, the Raman fingerprint is no more detectable over the
noise for both the p53wt and p53R175H samples. Accordingly,
10�15M constitutes the detection limit of p53wt and p53R175H in
human serum. For further control, we also analyzed the samples
obtained by adding the anti-p53wt/4-ATP/NP probe to the serum
spiked with p53wt and p53R175H; both of them at a concentration of
10�15M. The SERS spectrum, shown in Fig. 10D, is almost equal to
that obtained from the serum sample spiked only with p53wt
(Fig. 10B); with this witnessing the absence of any interference in
the detection of p53wt as due to the co-presence of p53R175H,
therefore confirming the ability of our method to discriminate
between the p53 isoforms. Similar spectra were obtained also by
using the anti-p53R175H/4-ATP/NP probe on the serum sample
spiked with both p53wt and p53R175H (see Table 1). Indeed, possible
concentration-based interference between p53wt and its mutant
could be evidenced from experiments conducted on samples at
different ratios of the two p53 isoforms.

By following the same procedure applied for p53 in buffer, the
reproducibility of the results for p53 in serum was assessed by
comparing the average integrated area of the 1328 cm�1 peak from
five samples (see Fig. 8C and D). Additionally, we note that the
average area values (about 400 a. u.) are significantly lower with
respect to those obtained in buffer at the same concentration
(about 600 a. u.). Such a decrease can be ascribed to a reduction of
the number of specific binding sites available in the functionalized
substrates, likely due to a non-specific interaction involving the
various biomolecules present in serum.

Finally, the possible cross-reaction between our probes (anti-
p53wt and anti-p53R175H) and the healthy human serum constitu-
ents was checked. The spectrum obtained by dropping the anti-
p53wt/4-ATP/NP probe on the bare healthy human serum-
functionalized substrate, is practically the same of that shown in
Fig. 10A, and it does not reveal any significant signal at 1328 cm�1

over the noise; with this being indicative that the probe was not
captured by the substrate. A similar spectrumwas also obtained by
dropping the anti-p53R175H/4-ATP/NP probe on the bare healthy
human serum-functionalized substrate (see Table 1).
4. Conclusions

The proposed method was able to detect both p53wt and the
oncogenic mutant p53R175H, down to attomolar range in buffer and
to femtomolar range in spiked human serum. Such an extremely
high sensitivity was reached by coupling the huge SERS enhance-
ment, arising from the peculiar Raman marker covalently linked to
gold NPs with the high specificity of the antigen-antibody bio-
recognition process. The observed linear trend between the SERS
intensity and the logarithm of the p53 concentration allowed us to
derive a calibration plot whose accuracy was assessed by an ELISA
kit. These properties, which are coupled with a high reproducibility
and a remarkable selectivity in discriminating between p53wt and
its p53R175H mutant, entitle our SERS-based immunosensing



Fig. 10. SERS spectra of: (A) substrate functionalized with bare healthy human serum after incubation with the anti-p53wt/4-ATP/NP probe; (B) substrate functionalized with human
serum spiked with p53wt (10�15M) after incubation with the anti-p53wt/4-ATP/NP probe; (C) substrate functionalized with human serum spiked with p53R175H (10�15M) after
incubation with the anti-p53R175H/4-ATP/NP probe; (D) substrate functionalized with human serum spiked with both p53wt (10�15M) and p53R175H (10�15M) after incubation with
the anti-p53wt/4-ATP/NP probe. The yellow band highlights the Raman marker at 1328 cm�1. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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method to be used for clinical purposes. Collectively, the method
deserves a high potentiality for easy, robust and reliable screening
in extracellular fluid for early diagnosis of tumors, and also for
prognosis and choice of a suitable therapy, targeting the specific
p53 pathway.

Themethod could be easily implemented in amultiplex assay, in
the perspective of designing lab-on-chip devices for applications in
clinical diagnostics. The overall displayed features make the
detection method highly versatile and easily exportable to the
detection of other markers (for example in food control and envi-
ronmental monitoring), upon linking to the gold NPs suitable an-
tibodies able to capture the antigens of interest, immobilized on the
substrate.
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