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a b s t r a c t

Quantum dots (QDs), namely semiconductor nanocrystals, due to their particular optical and electronic
properties, have growing applications in device technology, biotechnology and biomedical fields.
Nevertheless, the possible threat to human health and the environment have attracted increasing at-
tention as the production and applications of QDs increases rapidly while standard evaluation of safety
lags.

In the present study we performed proteomic analyses, by means of 2D gel electrophoresis and
Surface Enhanced Laser Desorption Ionization-Time of Flight-Mass Spectrometry (SELDI-TOF-MS). We
aimed to identify potential biomarkers of exposure to CdSe/ZnS quantum dots. The marine diatom
Phaeodactylum tricornutum exposed to 2.5 nM QDs was used as a model system. Both 2DE and SELDI
showed the presence of differentially expressed proteins. By Principal Component Analysis (PCA) we
were able to show that the differentially expressed proteins can discriminate between exposed and not
exposed cells. Furthermore, a protein profile specific for exposed cells was obtained by SELDI analysis. To
our knowledge, this is the first example of the application of SELDI technology to the analysis of mi-
croorganisms used as biological sentinel model of marine environmental pollution.

& 2015 Elsevier Inc. All rights reserved.
1. Introduction

In the last two decades, colloidal semiconductor quantum dots
have received extraordinary attention for their unique optical and
electronic properties. Accordingly, they are increasingly used for
applications in manufacturing magnetic storage media, solar en-
ergy transformation and electronics (Dow and Huang, 1996;
Smyder and Krauss, 2011), as probes in biological imaging and as
therapeutic tools for drug/gene delivery (Kim et al., 2010). On the
other hand, as a consequence of the strong demand for nano-
particles, a substantial amount of them could be released into the
environment, from soil to aquatic systems. Therefore adequate
studies of their environmental fate and ecological impact should
be performed, and their effects on biota need to be addressed.

Environmental monitoring consist in the evaluation of en-
vironmental quality by measuring a set of selected parameters on
as first author.
a regular basis. Traditionally this is based entirely on the evalua-
tion of various physical and chemical variables in water and se-
diment, occasionally including the assessment of contaminant le-
vels in biota. However, the environmental level of pollutants will
not generally give any information about actual effects on the
biological systems (Lam and Gray, 2003). Approaches based on
monitoring the biological effects rather than detecting and quan-
tifying pollutants are needed. Several studies have tried to focus
on the possible adverse effects in terms of cytotoxicity and geno-
toxicity of nanoparticles in living organisms, both animals (Aye
et al., 2013; Peng et al., 2013; Tang et al., 2013) and plants (Ban-
dyopadhyay et al., 2015; Moon et al., 2014; Rico et al., 2015) in-
cluding, recently, marine organisms (Blickley et al., 2014; Książyk
et al., 2015; Mackevica et al., 2015; Tang et al., 2014). Indeed, an
increasing input of nanoparticles in the aquatic environment is
expected, especially in riverine and coastal areas (Corsi et al.,
2014). Cellular and molecular mechanisms taking place in model
marine organisms are useful tools to assess environmental risk
related to nanoparticles exposure (Matranga and Corsi, 2012).
Unicellular phytoplanktonic algae represent suitable organisms for
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investigating the potential ecotoxicological risk, because they are
in direct contact with the external medium. In addition, micro-
algae are at the base of the marine food web and could play a
fundamental role in the accumulation and toxicity of nano-
particles, through their potential transfer along the food chain.

Over many years, a significant effort has been made to find up-
to-date methods to assess how pollutants affect ecosystems in-
cluding living organisms. The use of biological markers has been
proposed as a sensitive “early warning” tool for biological effect
measurement in environment quality assessment (Cajaraville
et al., 2000). New biomarker assays are continually being devel-
oped, but frequently they measure changes in the expression level
of single proteins/enzymes or mRNAs. However it has proved that
single biomarkers might not be sufficient to indicate the impact of
environmental pollutants (Galloway et al., 2004) because they do
not provide unambiguous answers regarding possible effect on
biota. As in clinical medicine, it is clear that most pollutant effects
depend on a variety of responses, rather than a single one.

Genomic and proteomic technologies have the advantage of
simultaneously evaluating the expression of many genes, tran-
scripts or proteins in a single step, finding differentially expressed
genes which could be putative biomarkers. They are high
throughput assays allowing large-scale analysis of the possible
molecular responses.

Proteins are the functional molecules of the cell (Gygi et al.,
1999) and define metabolic pathways. Therefore, relevant in-
formation about the cell response to any environmental toxicant
may be obtained by monitoring changes in protein expression.
Traditionally this is done by two-dimensional gel electrophoresis
(2DE). In spite of being a powerful technique, 2DE has drawbacks
such as a not excellent resolution of low molecular weights pro-
teins and low throughput capacity (Beranova-Giorgianni, 2003).
High throughput proteomic technologies are now available, among
which the gel-free SELDI-TOF-MS. This approach utilizes chemi-
cally derivatized arrays which chromatographically bind a subset
of proteins from a biological matrix of interest, thus enriching the
specific proteins and increasing the sensitivity for low abundance
species. TOF-MS allows the bound peptides/proteins to be profiled
in a semi-quantitative manner (Tang et al., 2004). ProteinChip
surfaces with various chromatographic properties are available,
and subsets of proteins with common properties can therefore be
easily selected and analyzed. The approach is rapid, and requires
small sample volumes without special sample pre-treatment
(Poon, 2007).

SELDI has been used as a proteomic profiling method in clinical
and pre-clinical studies in which large number of samples are
analyzed and in which more standard proteomic approaches are
not suitable due to their low throughput capacity (Collins et al.,
2010). Compared to 2DE, only a few studies applying SELDI in the
field of environmental toxicology have been published to date
(Bjørnstad et al., 2006; Gomiero et al., 2006; Larsen et al., 2006;
Lee et al., 2013; Mo et al., 2013; Monsinjon et al., 2006) and only
one evaluated the toxic effect of nanoparticles on Cucumis sativus
seeds (Moon et al., 2014).

Recently, the toxicity of CdSe/ZnS quantum dots (QDs) on the
marine diatom Phaeodactylum tricornutum has been investigated
(Morelli et al., 2012, 2013). Exposure of P. tricornutum to QDs in-
duces growth inhibition, oxidative stress, and lipid peroxidation in
a dose-dependent manner. The observed toxicity can be ascribed
to the nanoparticles themselves rather than to the dissolved ions
released from nanoparticles, since the uptake of Cd ions by P. tri-
cornutum cells occurs only during late stationary phase, as showed
elsewhere (Morelli et al., 2015). In the present study we defined
the protein expression pattern in extracts of P. tricornutum cells
exposed to CdSe/ZnS quantum dots, using both 2DE and SELDI-TOF
MS technology. SELDI analysis detected a specific protein signature
induced by QD exposure.
2. Materials and methods

All reagents, unless specified, were purchased from Sigma
(Sigma-Aldrich, St. Louis, MO, USA).

2.1. Quantum dots

CdSe/ZnS core/shell quantum dots (QDs), emitting at 590 nm,
are stabilized by a hexadecylamine layer, used as a ligand coating
surface, and shipped in 5 mg mL�1 toluene dispersion. To allow
the transfer of QDs in water, the organic layer was encapsulated in
a functional bilayer film composed of an amphiphilic polymer poly
(styrene-co-maleic anhydride) terminated with cumene (PSMA)
and ethanolamine, following the procedure reported by Lees et al.
(2009) with some modifications (Morelli et al., 2012). QD con-
centration was measured spectrophotometrically (ε569¼1.6�
105 M�1 cm�1, provided by the manufacturer). Total Cd was
measured by Atomic Absorption Spectrometry (Perkin Elmer, Ue-
berlingen, Germany), after acidification with HNO3 (0.3% v/v). QD
and total Cd concentrations in the stock suspension were 1.3 μM
and 620 μM, respectively. The size of the bilayer encapsulated QDs
was 1773 nm, as stated by fluorescence correlation spectroscopy
measurements (Morelli et al., 2013). Stable suspensions of water-
soluble QDs were stored in the dark at þ4 °C for a maximum of
3 months and used for the experiments with algae. Water was
purified by a Milli-Q system from Millipore (Vimodrone, Italy).

2.2. P. tricornutum growth and exposure conditions

The unicellular marine diatom P. tricornutum (Bohlin) used in
this study was obtained from the Culture Collection of Algae and
Protozoa (Dunstaffnage Marine Laboratory, UK). Stock cultures
were grown in axenic conditions at 2171 °C and fluorescent
daylight (100 mmol photons m�2 s�1) in a 16:8 light-dark cycle.
Culture medium was natural seawater enriched with f/2 medium
(Guillard, 1975) modified to obtain a f/10 medium as far as trace
metal concentration is concerned. Seawater was collected in an
uncontaminated area, filtered through 0.2 μm membrane filters
(Millipore) and stored in the dark at þ4 ° C. Exponential growth
was maintained by inoculating cells weekly into fresh sterilized
medium. Cell density was measured by recording the optical
density of chlorophyll at 680 nm (OD680) by UV/Vis spectro-
photometer (JASCO V-550, Lecco, Italy). A standard curve of OD680

vs cell number was generated to convert the optical density of
chlorophyll to cell number, measured by haemocytometer.

The effects of QDs were evaluated by exposing P. tricornutum
cultures to 2.5 nM QDs in two successive exposure cycles. For the
first exposure cycle, algae from a stock culture were inoculated in
fresh medium (volume¼400 mL) at an initial cell density of
5�104 cells mL�1 and spiked with QDs. OD680 values of the algal
cultures were measured daily until they reached OD680E0.25,
corresponding to 2�106 cells mL�1 (late exponential phase, 7–8
days). An aliquot of this culture (calculated to contain 4–6�108

cells) was filtered (1.2 mm, Millipore) and the harvested algae
stored at �80 °C until use for proteomic analysis (algae-QD1). For
the second exposure cycle, suitable aliquots of the first culture
were inoculated in fresh medium with 2.5 nM QDs to obtain an
initial cell density of 5�104 cells mL�1 (usually 10 mL in 400 mL),
and the growth was monitored for 4 days. At this time, algae were
harvested as described above, stored at �80 °C and used for
proteomic analysis (algae-QD2). Control cultures (no QDs added)
were always used in parallel. Three biological replicates of ex-
posure to QDs were carried out. The specific growth rate, μ, was
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estimated using the following growth equation (Guillard and
Sieracki, 2005): μ¼ ln(N1/N0)/(t1�t0), where N0 and N1 are the cell
densities (cells mL�1) at time zero (t0) and 96 h (t1) after the ad-
dition of 2.5 nM QDs, respectively. The growth inhibition, I, was
determined using the specific growth rate of control, mc, and that
of exposed cultures, mexp, according to this formula: I¼100x
(mc�mexp)/mc. One-way Anova-test and a post-hoc analysis of var-
iance (Tukey test) were conducted using the OriginPro 7.5 SR0
software (Origin Lab Corporation, MA, USA).

2.3. Protein extraction

Proteins were extracted from frozen algae using TRIzol
s

Re-
agent (Invitrogen, Life Technologies, CA, USA), following the
manufacturer's instructions. Frozen cells (2–6�108) were sus-
pended in 1 mL of Trizol and disrupted by sonication (Sonopuls
Ultrasonic Homogenizer, Bandelin) for 3 min with a repeating duty
cycle of 0.3 s on ice. After sonication, samples were treated with
0.2 mL of chloroform, mixed vigorously by hand, incubated at
room temperature for 15 min and centrifuged for 20 min at
12,000xg, at 4 °C. After RNA and DNA removal, isopropanol was
added to the phenol-ethanol phase to precipitate proteins. Suc-
cessively the protein pellet was washed three times with 0.3 M
guanidine hydrochloride in 95% ethanol, once with 100% ethanol
and finally suspended in 9.5 M urea and 2% CHAPS. Proteins were
solubilized by gentle shaking at room temperature for about
1hour. Insoluble material was removed by centrifugation
(10,000xg for 15 min at 4 °C). Protein concentration was de-
termined by Bradford method (Bradford, 1976), using bovine ser-
um albumin as standard.

2.4. Two dimensional gel electrophoresis (2-DE) and gel image
analysis

For the first dimension, equal amounts of proteins (80 μg per
sample) were dissolved in rehydration buffer composed by 8 M
Urea, 2% CHAPS, 0.2% DTT, and 2% IPG buffer pH 4–7 (Amersham
Bioscience) to a final volume of 250 μL. Trace quantities of bro-
mophenol blue were also added, to obtain colored samples. Pro-
tein samples were loaded on ImmobilineDryStrip 11 cm pH 4–7 NL
(Amersham Bioscience). Following overnight passive rehydration,
isoelectric focusing was performed at 45 kVh and 15 °C for 16 h,
using the Multiphor II apparatus (Amersham Biosciences) equip-
ped with EPS 3500 XL power supply (Pharmacia). After isoelectric
focalization, focused strips were frozen at �80 ° C. Before the
second dimension separation, strips were equilibrated for 15 min
in 50 mM Tris–HCl buffer (pH 8.8), containing 30% glycerol, 6 M
urea, 4% SDS and 2% DTT, to reduce proteins. Subsequently, pro-
teins were alkylated for 15 min in 50 mM Tris–HCl pH 6.8, con-
taining 30% glycerol, 6 M urea, 4% SDS, and 3% iodoacetamide.
Strips were loaded on the top of 14% w/v polyacrylamide gel and
covered with 0.5% agarose. SDS-PAGE vertical electrophoresis was
performed with Hoefer SE 600 Ruby apparatus, equipped with
3000 Xi power supply (Bio-Rad Laboratories). Electrophoresis was
carried out at 9 °C in 50 mM Tris, 193 mM glycine, and 0.1% SDS, at
5 mA/gel for 30 min, followed by 30 mA/gel for about 4 h. At the
end of the run, gels were treated with fixing solution (40% me-
thanol, 10% acetic acid) and stained with Coomassie Brilliant Blue
G-250. Control and exposed sample pairs were always run to-
gether to minimize the effects of instrumental variations on pro-
tein migration along the gel. Gels were scanned and the 16 bit
images were aligned, filtered to remove speckling, background-
subtracted, and compared using SameSpots analysis software
(Totallab).
2.5. SELDI-TOF-MS

2.5.1. Protein profiling
The ProteinChip arrays were purchased from Bio-Rad (BioRad

Laboratories, Hercules, CA, USA). In a preliminary experiment P.
tricornutum extracts were applied to four different array types
with their appropriate binding buffers. We tested the weak cation
exchange (CM10) array with 100 mM sodium acetate buffer (pH 4),
the strong anion exchange (Q10) array with 100 mM Tris HCl
buffer (pH 8.0), the hydrophobic (H50) array with 10% ACN/0.1%
TFA buffer and finally the Immobilized Metal Affinity Capture
(IMAC30) array charged with copper sulfate, with the binding
buffer 100 mM sodium phosphate/500 mM sodium chloride (pH
7.0).

Each sample, corresponding to 10 μg of total proteins, was
loaded in triplicate on arrays. Samples were mixed with each
binding buffer to the final volume of 150 μl and loaded onto pre-
equilibrated spot surfaces. After 30 min incubation with horizontal
shaking at room temperature, the unbound proteins were washed
out in three steps with 200 μl of the corresponding buffer and
200 μl of HPLC-grade water was applied once to remove salts.
Finally, 1 μl of saturated sinapinic acid (SPA, BioRad Laboratories)
in 50% ACN (Aldrich, Sigma-Aldrich) and 0.5% TFA (Fluka, Sigma-
Aldrich) was added twice to each spot on the chip and allowed to
dry.

2.5.2. Data acquisition and analysis
The ProteinChips were analyzed using a linear TOF mass

spectrometer, PCS 4000 (Ciphergen, USA), with the following
protocols. Protocol 1: laser power 3250 nJ, matrix attenuation
2500, focus mass 10000, sample rate 800 and 25% spot surface
fired for ion profiling between the mass/charge (m/z) range of 0–
25000. Protocol 2: laser power 4000 nJ, matrix attenuation 2500,
focus mass 30000, sample rate 800 and 25% spot surface fired for
ion profiling between the mass/charge (m/z) range of 25000–
50000. Using ProteinChip Data Manager 3.5 software (BioRad La-
boratories), spectra were externally calibrated with ProteinChip
All-in 1 peptide standard (BioRad Laboratories), baseline sub-
tracted, mass aligned and normalized using the total ion current
within the m/z range 3000–30,000 for the low mass proteins and
25000–50000 for the high mass proteins. Qualified mass peaks
(signal/noise, S/N45) were auto-detected. Peak clusters were
completed using a second pass peak selection (S/N42, within
0.3% mass window) with minimum peak threshold 20% of all
spectra and estimated peaks added. We obtained a cluster list for
each sample in every ProteinChip. Relative peak intensities (from
three replicate determinations for each sample) were compared
between control and quantum dots groups using control as re-
ference group. Peaks variation in intensity was evaluated by
Mann–Whitney U test and a p-value less than 0.05 was accepted as
statistically significant.

A principal component analysis (PCA) was performed with log-
transformed data and correlation matrix. Protein Chip data man-
ager software used PCA to visualize spectra in three-dimensional
graphs that illustrated relationships between spectra based on
their expression profiles.
3. Results and discussion

3.1. Toxicity of QDs to P. tricornutum

Exposure of P. tricornutum to QDs (0.5–2.5 nM) induces a dose-
dependent inhibition of growth rate concomitant to reactive
oxygen species (ROS) production enhancement, activation of an-
tioxidant enzymes and lipid peroxidation (Morelli et al., 2013). In



Table 1
Specific growth rate (μ, day�1) at 96 h and relative growth inhibition in P. tri-
cornutum cultures exposed to QDs. Each result is the mean value7standard de-
viation (n¼9) of three experiments. Data were analyzed by one-way ANOVA.

Sample μ (day�1) % Inhibition

Control 0.9570.06 –

Algae-QD1 0.3370.11* 65
Algae-QD2 0.8670.04 10

* Indicates values significantly different from the control and algae-QD2
(po0.01; Tukey test).

Fig. 1. Representative 2DE gel of P. tricornutum algae exposed to 2.5 nM CdSe/ZnS
quantum dots. (A) Protein spots significantly changing in relative intensity (Z2-
fold, up or down; pr0.05) are indicated by the spot number assigned by the gel
analysis software. On the left, molecular weight markers are reported. Nonlinear
(NL) pH range is indicated along the top axis. (B) PCA plot showing the gel clusters;
blue circle, control; green circle, algae-QD1; red circle, algae-QD2. (C) Dendrogram
produced by correlation analysis showing branching among control (blue), algae-
QD1 (green) and algae-QD2 (red). (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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the present paper, we conducted experiments at 2.5 nM QDs for
two successive cycles of exposure to investigate the effects at the
molecular level on chronically exposed P. tricornutum cultures.
After 96 h, algae exposed to QDs in the first cycle (algae-QD1)
exhibited a significant decrease (65%) of the growth rate (Table 1),
highlighting an inhibition of cell division. The growth rate seen in
the second exposure cycle (algae-QD2) was similar to that of
control (Table 1) and significantly higher than that of the first cycle
(po0.01). To rule out that the decrease in sensitivity to QDs was
caused by cadmium possibly released from QDs, we checked that
pre-exposure to 1.2 mM CdCl2 (concentration equivalent to that
resulting from a complete degradation of 2.5 nM QDs) did not
affect the growth rate of QD exposed algae (SM Fig. 1, Supple-
mentary Materials). We verified that algae exposed to CdCl2 ex-
hibited a growth curve similar to that of the control, and that algae
pre-treated with Cd and exposed to 2.5 nM QDs behaved differ-
ently from algae-QD2, proving that dissolved Cd was not sufficient
to establish protection against QD exposure. Furthermore, our
previous results show that at the 4th day of growth the uptake of
free Cd was negligible, as confirmed also by the undetectable level
of phytochelatins, biomarkers for the presence of intracellular free
Cd (Morelli et al., 2015). The higher growth rate of algae in the
second exposure experiment, as compared to the first one, showed
that prolonged exposure rendered algae less sensitive to the toxic
effects of QDs. This finding suggested that exposed algae activate
defense mechanisms, which can be maintained in subsequent
generations. Previous experiments carried out with the marine
diatom Thalassiosira pseudonana show that the interaction of QDs
with algae increases the protein synthesis inducing an enrichment
of the protein fraction of extracellular polymeric substances (EPS),
which appears to mitigate QD toxicity (Zhang et al., 2013). For
these reasons, we hypothesized that changes in protein expression
might be involved in the activation and maintenance of defense
mechanisms in response to QD exposure. To verify this hypothesis,
we investigated the pattern of proteins synthetized by QD-ex-
posed algae using 2DE and SELDI-TOF-MS.

3.2. Two dimensional gel electrophoresis protein profiling

Protein expression profiles obtained by 2DE of control, algae-
QD1 and algae-QD2 were compared. 2DE was performed on three
independent biological replicates for each group. Comparison of
spot intensities, normalized for total intensity of all valid spots on
the gel, detected approximately 1800 non matching spots in-
dicating that exposure to QDs extensively changed the pattern of
protein expression. The statistical analysis indicated 36 spots with
intensity change greater than 2-fold and p-valuer0.05, based on
Anova t test (Fig. 1A). PCA showed a clear separation between the
data obtained from the three groups (Fig. 1B). The dendrogram
produced by correlational analysis illustrated that the branching
between control and exposed algae precedes that observed be-
tween algae-QD1 and algae-QD2 (Fig. 1C), indicating a greater si-
milarity between the profiles of the two groups of exposed cells.
SM Table 1 (Supplementary Materials) reports a complete list of
the significantly different spots and statistical analysis details. As
compared to control, algae-QD1 showed 10 up-regulated and
6 down-regulated proteins, and algae-QD2 showed 24 up-regu-
lated and 5 down-regulated proteins. Among the significantly
different spots, 4 up-regulated and 5 down-regulated spots were
common to the two groups of exposed samples. If one compares



Table 2
Differentially expressed peaks in P. tricornutum culture exposed to quantum dots
compared to control, using the Q10 and CM10 Proteinchips. Intensities were
compared with non parametric Mann–Whitney U test and differences were sig-
nificant per po0.05.

m/z Q10 Intensities (mean7S.D.) Fold (QD/C)

Control Quantum dots

4374 4.04 (0.4) 12.24 (6.7) 3.03↑
4949 10.96 (1.1) 7.9 (2.2) 0.72↓
6458 26.26 (2.6) 20.03 (3.0) 0.76↓
6489 78.01 (13.5) 49.68 (10.6) 0.63↓
6530 50.80 (13.06) 32.74 (5.4) 0.64↓
6562 18.77 (1.8) 15.61 (1.6) 0.83↓
6894 13.12 (1.9) 7.62 (1.5) 0.58↓
6909* 32.81 (7.4) 20.83 (4.2) 0.63↓
6925 115.96 (27.0) 69.70 (14.5) 0.60↓
8774 2.55 (0.2) 4.62 (2.07) 1.81↑

30016 0.527 (0.08) 0.317 (0.132) 0.60↓
31086 0.552 (0.126) 0.802 (0.057) 1.45↑
31263 0.721 (0.124) 0.984 (0.148) 1.36↑

m/z CM10 Intensities (mean7S.D.) Fold (QD/C)

Control Quantum dots

6441 7.37 (2.4) 3.38 (1.9) 0.46↓
6877 6.44 (2.8) 3.01 (1.4) 0.46↓
6908* 10.88 (3.9) 5.55 (2.9) 0.51↓
8660 16.35 (0.6) 9.8 (1.4) 0.59↓
9291 2.49 (0.4) 4.12 (1.5) 1.65↑
11744 0.928 (0.5) 1.592 (0.16) 1.71↑
48188 0.112 (0.01) 0.235 (0.13) 2.09↑

* Peak which was found differentially regulated both by Q10 and CM10 Pro-

F. Scebba et al. / Ecotoxicology and Environmental Safety 123 (2016) 45–52 49
algae-QD1 and algae-QD2 spots versus control, it is possible to
notice that the former presented a lower number of changed spots
with an higher fold change. Overall, the algae exposed to QDs
presented a higher number of up-regulated proteins, mainly with
a high molecular weight, with respect to control cells. Some down-
regulated proteins appeared between 45 and 14 kDa, whereas just
few spots were detected in the molecular weight range below
14 kDa. The proteomic analysis indicated that the first exposure to
QDs changed expression of specific proteins and, as long as the
exposure went on, alterations involved a larger number of pro-
teins, presumably allowing algae to survive despite the presence of
the pollutant.

To efficiently resolve the molecular weight range below 14 kDa,
we attempted an in depth analysis by SELDI-TOF technique to
reveal differences in the protein profile and, eventually, use them
as specific biomarkers of exposure to QDs.

3.3. SELDI-TOF-MS protein profiling

As described in Section 3.2, 2DE showed for algae-QD2 a high
number of proteins differentially regulated, thus suggesting that
the mechanism of adaptation to nanoparticles exposure requires
increased protein synthesis. For this reason we compared control
and algae-QD2 using SELDI.

In a preliminary test experiment using four ProteinChips with
different array chemistries, we aimed at selecting the most ap-
propriate retention surface for the “signature” to nanoparticles
exposure. We used the CM10, Q10, H50 and IMAC30 surfaces, as
described in Section 2.5, and compared the protein profiles in the
molecular weight range 0–25 kDa. All the surfaces revealed
quantitative differences between treated and untreated algae (data
not shown). Nevertheless, with both anionic and cationic exchange
surfaces, we observed a larger number of differentially expressed
peaks, with both qualitative and quantitative differences, and a
better reproducibility compared to the other ProteinChip surfaces.
Moreover, this analysis revealed many peaks with considerable
level of intensity between 3 and 10 kDa, a range which is generally
not well resolved by 2DE. Below 14 kDa few spots were observed
by 2DE and almost no spot was visible under 6.5 kDa (Fig. 1A). We
therefore scaled the experiment up by using only Q10 and CM10
ProteinChips.

The peaks differentially expressed between control and algae-
QD2 groups, revealed both by Q10 and CM10, are listed in Table 2.
A heat map shows the expression levels of all significant peaks for
each sample, calculated as the mean of three replicate measure-
ments (Fig. 2). The best results were obtained by using the Q10
ProteinChip array, which exhibited a higher reproducibility and a
larger number of differentially expressed peaks. Nevertheless,
some of the results obtained with CM10 confirmed and reinforced
those achieved with Q10. Using Q10, the low molecular weight
range appeared to be the most interesting region in terms of re-
solution and number of peaks. In this range, among ten differen-
tially expressed peaks, eight were down-regulated and two up-
regulated in the algae-QD2 group (Fig. 2A and Table 2). In the
range 25–50 kDa (high molecular weight), one peak was down-
regulated and two peaks were up-regulated in exposed cells
(Fig. 2A and Table 2). The peak clusters at m/z 4374 and 8774 were
up-regulated in the exposed cells. In turn, we observed a wide
down-regulation in the regions around 6500 and 6900 Da, as
shown in Fig. 2A, with two main peaks at m/z 6504 and 6925, and
associated peaks around these two (Fig. 3A). The two main peaks
might represent two protein/peptides and the others, modified
forms. Also the peak at m/z 4949 resulted down-regulated in ex-
posed cells, as well as that at m/z 30016 in the high molecular
weight analysis, while peaks at m/z 31086 and 31263 turned out to
be up-regulated (Fig. 2A).
With CM10 ProteinChip, seven protein peaks were differentially
regulated, of which four were down-regulated and three up-
regulated in exposed cells (Table 2). It is noteworthy that a general
down-regulation in the regions around 6500 and 6900 Da was
observed also with this surface chemistry (Fig. 3B). The main peaks
at m/z 6504 and 6925 were also detected with this ProteinChip,
even though the differences in expression level were not sig-
nificant. Even more interesting is the fact that the peak with m/z
6908, revealed with both ProteinChips, was expressed at a sig-
nificantly higher level in control cells. The result seems to suggest
that the common peaks bound by different surfaces could re-
present the same proteins/peptides which, due to their physical/
chemical properties, could have affinity for both ProteinChips
(Fig. 3A and B), even if at different levels (higher intensity with
Q10 than with CM10). Another interesting peak which was clearly
down-regulated in exposed cells, is the one at m/z 8660 (Table 2
and Fig. 2B), whose intensity is almost halved in exposed cells. On
the other hand, peaks at m/z 9291, 11744, in the low molecular
weight analysis, and m/z 48188 in the higher molecular weight,
turned out to be more expressed in QD-treated cells (Table 2,
Fig. 2B).

In our work, one of the goals was to assess whether proteomic
analysis by SELDI could be used to reveal pollutant-specific re-
sponses on the base of different protein expression signatures. Is
the number of differentially expressed peaks found large enough
to clearly define a pattern that could distinguish different groups?
We observed that the differentially expressed peaks revealed by
Q10 and by CM10 ProteinChips were sufficient to discriminate
samples belonging to control or quantum dot groups. Indeed a
multivariate analysis by Principal Components (Fig. 4), showed
that it was possible to distinguish samples belonging to control
from samples belonging to QD-exposed cells. The peaks deriving
from Q10 ProteinChip analysis (Fig. 4A), as expected, discriminated
the two groups even better than those deriving from CM10

teinchips.



Fig. 2. Heat map of proteins of P. tricornutum algae showing significantly different
expression upon exposure of 2.5 nM CdS/ZnS quantum dots nanoparticles, assessed
by using Q10 (A) and CM10 (B) ProteinChips (po0.05).

Fig. 3. Characteristic SELDI-TOF mass spectra in the region between m/z 6000 and
7000 Da for proteins of P. tricornutum exposed to CdSe/ZnS nanoparticles, obtained
with Q10 (A) and CM10 (B) ProteinChips. A general downregulation in QD-exposed
cultures was observed (squared areas). Peak at m/z 6908 was found differentially
expressed with both ProteinChips (po0.05).

Fig. 4. PCA plot of P. tricornutum algae exposed to 2.5 nM CdS/ZnS nanoparticles
(NPs), using the Q10 (A) and CM10 (B) ProteinChips in conjunction with SELDI-TOF
MS analysis. Blue circle, control; red circle, 2.5 nM QDs (algae-QD2).
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(Fig. 4B). As also reported in other papers in which the effects of
environmental pollutant on protein expression were evaluated by
SELDI-TOF-MS, it is possible to efficiently discriminate between
samples exposed to different environmental conditions on the
basis of a set of differentially expressed peaks (Moon et al., 2014;
Park et al., 2015).

In the present study, we showed that algae exposed to QDs for
several generations did not differ significantly in terms of growth
rate from control culture (Table 1). Despite this, these algae re-
vealed a different profile with SELDI, indicating that common
biological endpoints could not be distinctive enough to reveal the
effects induced by the exposure to nanoparticles.
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Traditional endpoints, such as growth curves (Moon et al.,
2014; Morelli et al., 2013, 2012) or other commonly used bio-
markers such as the antioxidant molecules (Lee et al., 2013, 2008;
Mukherjee et al., 2014) or metal chelating compounds (Gomes
et al., 2011), which are reported to be activated as a response to
stress induced by nanoparticles, can be useful parameters, but are
too unspecific for the kind of stress and quite time-consuming to
be measured. In recent papers (Moon et al., 2014; Park et al., 2015),
it was demonstrated the ability of SELDI-TOF-MS to discriminate,
by protein profiles, even slightly different forms of the same kind
of pollutant, thus confirming the superior capability of SELDI in
detecting biomarkers that can be used as an early alert for the
presence of toxic substances in the environment.

Another interesting goal could be the comparison between the
protein profiles below 50 kDa of algae-QD2 and algae-QD1 using
SELDI-TOF-MS. The preliminary data obtained with SELDI analysis
(data not shown) would induce us to believe that algae-QD1 are
more similar, based on protein profile, to algae-QD2 than to con-
trol. In agreement with these preliminary results, the clustering
analysis performed with 2DE data (Fig. 1C), showed a greater si-
milarity between samples from algae-QD1 and algae-QD2 than
from control samples. On the other hand, 2DE analysis showed
that algae-QD1 exhibited few differences of protein expression
compared to both control and algae-QD2. Therefore it can be
postulated that different mechanisms and proteins could be in-
volved in the response to the acute (algae-QD1) versus chronic
(algae-QD2) exposure. Additional and more detailed analyses are
necessary to confirm this hypothesis.
4. Conclusions

To our knowledge, this is the first report which uses SELDI-TOF-
MS to identify biomarkers in marine microalgae exposed to na-
noparticles. Specifically the aim of our work was to find an in-
novative method to characterize differences in the profile of low
molecular weight proteins (below 50 KDa) between exposed- and
non-exposed cells. Finding a protein pattern specific for exposure
to polluted environments, obtainable with fast and high
throughput analyses, could ensure a rapid and early monitoring,
predictive of pollution before the appearance of visible symptoms.
In our experiments algae-QD2 simulate the condition of organisms
that are chronically exposed to toxic environment and therefore
represent a good choice to evaluate the SELDI potentiality for the
analysis of chronic environmental pollution, even at sub-lethal
doses.

The “proteomic signature” of a sample is a useful information
for rapid classification purposes, even without characterizing the
proteins involved. Undoubtedly, protein identification can be
useful to understand the molecular bases of the response or for
planning intervention to counteract the problem. Nevertheless,
the screening of a large set of samples to evaluate environmental
quality can prescind from it.

In conclusion SELDI-TOF analyses can be used, coupled to the
measurement of traditional endpoints, to strengthen the in-
formation regarding environmental pollution obtained by con-
ventional analysis.
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