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Abstract This review covers applications of pristine and
functionalized single-wall carbon nanotubes (SWCNTs) in
nano-medicine, cultural heritage, and biosensors. The phys-
icochemical properties of these engineered nanoparticles are
similar to those of ultrafine components of airborne pollu-
tion (UF) and might have similar adverse effects. UF may
impair cardiovascular autonomic control (inducing a high-
risk condition for adverse cardiovascular effects), cause
mammalian embryo toxicity, and increase geno-cytotoxic
risk. SWCNTs coated with a biopolymer, for example poly-
ethylenimine (PEI), become extremely biocompatible,
hence are useful for in-vivo and in-vitro drug delivery and
gene transfection. It is also possible to successfully immo-
bilize a human enteric virus on PEI/SWCNT composites,
suggesting application as a carrier in non-permissive media.
The effectiveness of carbon nanostructured materials in the
cleaning, restoration, and consolidation of deteriorated his-
torical surfaces has been widely shown by the use of carbon
nanomicelles to remove black dendritic crust from stone
surfaces. The nanomicelles, here, have the twofold role of
delivery and controlled release of the cleaning agents. The
high biocompatibility of functionalized SWCNTs with
enzymes and proteins is a fundamental feature used in the
assembly of electrochemical biosensors. In particular, a
third-generation protoporphyrin IX-based biosensor has

been assembled for amperometric detection of nitrite, an
environmental pollutant involved in the biodeterioration
and black encrustation of historical surfaces.
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Introduction

In the past few years, carbon nanomaterials, for example
nanotubes (CNTs), nanofibers [1, 2], and, recently, graphene
oxide nanoribbons (GO) have attracted much interest for a
wide variety of applications, from industry to biomedicine
[3–6] and it can be forecast that many people will soon
come in contact with such materials both in workplaces
and in the environment. Although possible consequences
of CNTs and GO exposure on human health are largely
unknown, harmful effects cannot be excluded. In fact, some
characteristics of engineered nanomaterials (ENMs), for
example their high surface-to-volume ratio, make them po-
tentially more toxic than their micrometric counterparts [5].
In comparison with other ENMs, intrinsic properties of
CNTs might increase their toxicity; the fiber-like shape
and low solubility might indeed account for their high bio-
persistence [7], possibly having long-term adverse effects
even after sporadic exposure. Furthermore, differences in
the presence of contaminants retained during CNTs synthe-
sis [8, 9] compared with other “metal free” carbon nano-
material, the deliberate introduction of oxygenated chemical
groups (functionalization) [10], the length [11, 12], or the
presence of structural defects [13–15] may also affect their
toxicity [16]. Although several in-vivo and in-vitro studies
of the toxicity of ENMs have been performed in the past few
years [17, 18], comprehensive knowledge of their effects is
not yet available. Modulation of nanoparticle surfaces can
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affect particle uptake, biological response, and biodistri-
bution [19, 20]. For instance, the biopersistence of car-
bon nanotubes can be dras t ica l ly reduced by
functionalizing them. Functionalized water-soluble car-
bon nanotubes are not retained in any of the mononu-
clear phagocyte system organs and are rapidly cleared
from the systemic circulation by renal excretion [21].
After every modification performed on nanoparticles,
the biocompatibility of the particles must be assessed.
Surface functionalization can be used to increase circu-
lation time in blood or reduce non-specific distribution,
or for specific targeting of tissues or cells by use of a
targeting ligand [22]. Recently, Dai and colleagues [23]
demonstrated that GO functionalized with poly(ethylene
glycol) (PEG) delivers aromatic, water insoluble anti-
cancer drugs into cells. Their intrinsic optical properties
have also been used for cell imaging [24, 25]. Chen et
al. [25] showed that doxorubicin hydrochloride (DXR)
could be efficiently loaded on to GO by a simple non-
covalent method. The loading ratio of GO could reach
200 %, much higher than that of other nanocarriers
[26]. There are already several promising applications
of nanomaterials in biomedicine: targeted drug delivery
is one of the most intensively investigated areas of
research, and use of nanomaterials for diagnostic pur-
poses has already been used in biomedicine [25]. This
review focuses on the nano-toxicity (in vitro and in
vivo) of pristine and oxidized SWCNTs and their bio-
compatibility, after functionalization with biopolymers,
for example polyethylenimine (PEI). Compatibility with
several biological materials suggests interesting opportu-
nities for gene transfection, new strategies for cleaning
historical stone surfaces, and biosensor assembly.

In particular, we report here six case studies we con-
ducted on several aspects and applications of SWCNTs
and nano-fibers:

1. cardiac autonomic regulation after lung exposure;
2. low doses of pristine and oxidized single-wall carbon

nanotubes in mammalian embryonic development;
3. study of the effects of single-wall carbon nanotubes on

human cells in the oral cavity, including geno-cytotoxic
risk;

4. investigation of the interaction between single-wall car-
bon nanotubes and a human enteric virus;

5. new strategies for cleaning deteriorated stone surfaces
based on the use of carbon nanomicelles as carriers of
cleaning agents; and

6. assembly of amperometric biosensors modified by use
of carbon nanomaterial–hemin nanocomposite for direct
electrochemical detection of environmental pollutants,
for example nitrite and H2O2 (the latter for glucose
biosensor development).

Each case study is subdivided into three sections: the
material used, the results obtained, and discussion of the
most important results.

Cardiac autonomic regulation after lung exposure
to carbon nanotubes

Materials and procedures

An in-vivo study was performed on 13 adult Wystar–
Kyoto (WKY) rats of both sexes (350 g body wt).
Experimental procedures were in accordance with the
Association for Assessment and Accreditation of Labo-
ratory Care International and approved by the animal
care facility (Stazione per la Tecnologia Animale) of the
University “Tor Vergata” and by the Italian Health Min-
ister [27]. SWCNT or PBS were given to SWCNT-
instilled rats (n08) and a control group (n05), respec-
tively, at time 0 and time 1, immediately after arterial
pressure recording. Suspensions of carbon nanotubes
were prepared by sonication in phosphate-buffered sa-
line (0.1 molL−1 PBS, pH 7.4) and ultrasonicated for at
least 10 min before each instillation experiment. Dis-
persed SWCNTs were instilled intratracheally within 1 min
after sonication, to ensure stability of the homogeneous
SWCNT dispersion. The amount of SWCNT given during
each session was 1 μgkg−1 body weight [27].

Results

The effects of the SWCNT instillation was determined
by the monitoring the arterial baroreflex control of the
sinus node as index of cardiovascular autonomic con-
trol, because it has been widely implicated as an im-
portant negative prognostic index in predicting mortality
from ischemic heart disease and myocardial infarction
[27].

In particular, the occurrence of baroreflex sequences
revealed an evident and significant trend to decreased
response to SWCNT exposure whereas the number of
baroreflex sequences did not change significantly in
response to PBS instillations (Fig. 1). More important,
this result was achieved with a relatively small amount
of SWCNT. It was estimated that exposure of mice
lungs to 0.5 μg SWCNT kg−1 body weight is equivalent
to the exposure of workers handling SWCNT for 200
workdays, [27]. Correspondingly, the amount of
SWCNT used in this study is approximately equivalent
to workers’ exposure during approximately 400 work-
days, i.e. less than two years.

Evaluation of cardiovascular autonomic regulation
and of the baroreflex control of the sinus node was
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performed in a physiological setting without any exter-
nal perturbations on the cardiovascular system. This is
important, because external factors, for example drugs
injection, anxiety because of restriction, and anesthetics
can have a large effect.

Discussion

These results show that the ultrafine component (UF) of
airborne pollution may impair cardiovascular autonomic
control, a high-risk condition for adverse cardiovascular
events. Because the physicochemical properties of engi-
neered nanoparticles, for example single-wall carbon
nanotubes (SWCNT), are similar to those of UF, they
might have similar adverse effects. A significant de-
crease in the number of baroreflex sequences (from
502 at baseline to 194 at the post-four-week recording)
was observed in SWCNT-instilled rats, whereas no sig-
nificant change was detected in controls.

These data suggest that SWCNT may alter the BRF, thus
affecting autonomic cardiovascular control regulation.

Low doses of pristine and oxidized single-wall carbon
nanotubes in mammalian embryonic development

Materials and procedures

Six to eight-week-old females of CD1 outbred strain
(Charles River, Calco, Italy) were used as a general multi-
purpose model for in-vivo studies. All procedures were
approved by the Institutional Animal Care and Use Com-
mittee and complied with European rules (116/92.) All
animals were housed and mated under standard laboratory
conditions and their weight was between 30 and 35 g.
Females at day 5.5 of gestation were injected in the retro-
bulbar plexus with nanosized carbon black (n-CB), and with
pristine (p), oxidized (o), and ultra oxidized (uo) SWCNTs.
Stock solutions contained 1 mgmL−1 nanoparticles in con-
trolled medium, i.e. 10 mg bovine serum albumin (BSA)
and 1 mL Dulbecco’s modified Eagle medium (DMEM)
[28]. For in-vitro cell-culture experiments, mouse ES (em-
bryonic stem) cell line D3 and NIH3T3 cells were purchased
from ATCC (America Type Tissue Collection, Manassas,
VA, USA). Both cell lines were maintained in culture by
following standard procedures. For the mES cells the con-
centrations tested were 0.1, 1, 2, 6, and 10 μgmL−1; for
NIH3T3 cells 10 times higher concentrations were used. For
mES cell differentiation into embryoid bodies the “hanging
drops” procedure was followed, in accordance with the EST
(embryonic stem cell test) guidelines [28]. Evaluation of
oxidative stress on the basis of measurement of production
of reactive oxygen species (ROS) was performed on tissue
homogenates by conversion of nonfluorescent 20,70-
dichlorofluorescein diacetate to the highly fluorescent
20,70-dichlorofluorescein [28].

Results

At 30 μg/mouse dose, all types of SWCNT, but not n-CB,
were able to induce gross fetal morphological abnormalities
(Table 1) [28]. A substantial percentage of SWCNT-exposed
mice (ranging from 19 % to 31 %) had swollen uteri with no
developed embryos (Table 1), a finding never observed in
control females and which we interpreted as evidence of
early miscarriages. With the objective of identifying the
concentration of SWCNTs with no teratogenic or abortive
effects, decreasing doses of the materials were used in
subsequent experiments. Interestingly, at 3 μg/mouse the
percentage of females with early miscarriages decreased
substantially, but percentages of mothers with malformed
fetuses increased (Table 1). At even lower dosages (0.3 and
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Fig. 1 Number of baroreflex sequences during instillation of PBS
(controls, upper panel) and single-wall carbon nanotubes (SWCNT,
bottom panel) at different times (see “Methods” section). Data are
shown as mean±SEM. *P<0.05 vs baseline; †P<0.05 control vs
SWCNT group baseline values
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0.1 μg/mouse), no miscarriages were observed, but moth-
ers carrying fetuses with gross malformations were still
present, although numbers were much lower (Table 1).
Finally, at a concentration of 0.01 μg/mouse no miscar-
riages or fetal malformations were observed (Table 1).
At all dosages, n-CB or vehicle did not have any
teratogenic or abortive effect [28]. A wide variety of
malformations was found (Figs. 2a–h), but no differ-
ences in their type and severity were observed among
the three groups of CNTs and among different concen-
trations within each group. In some cases the fetuses
appeared morphologically normal, but significantly
growth retarded (Fig. 2e); more often, fetuses with
abdominal wall or head deformities or limb hypoplasia
(Figs. 2b–d and f) were observed. In more abnormal
fetuses, severe retardation in the development of several
organs and tissues was associated with abnormal torsion
of the trunk (Fig. 2g), or the body plan was profoundly
affected and the outline of the fetus could be barely
identified (Fig. 2h). In a small set of experiments,
females were treated with low doses of SWCNTs (0.3
and 0.1 μg/mouse) at the peri-implantation stage (be-
tween days 4.5 and 5 of gestation). Interestingly, in p
and uo-SWCNT-treated females, besides the presence of
malformations, a few fetuses were found to share the
same placenta (Figs. 2i and l). For 80 % of twins we
observed intertwin discordance encompassing fetal size,
feto-placental hemodynamics, and structural defects.
Such features resemble vascular pathology that can
complicate monochorial twin pregnancies in humans,
for example the “twin to twin transfusion syndrome”
and the “twin reversed arterial perfusion sequence”
(Figs. 2i and l). In both complications one of the twins
is developmentally retarded because of blood transfusion
via placental vascular anastomosis between the two cir-
culations [28]. Analysis of the gonads revealed that
fetuses attached to the same placenta were always of
the same sex, a further indication of monozygotic twin-
ning. Monozygotic twinning is extremely rare in mice,

and in mammals it is widely accepted that its occur-
rence is a consequence of teratogenic stimuli [28], thus
indicating that the observed twins might be a result of
the teratogenic effect of SWCNTs. No monozygotic
twinning was ever observed in n-CB and vehicle-
treated females.

In detail, obvious alterations in size and vascular organi-
zation of the labyrinth layer were observed for abnormal
placentas (supplementary material Figs. S1 a–c), which
were characterized by disruption of the radial distribution
and arborization of the placental vascular bed. Immuno-
histochemical analysis using antibodies against the pan-
endothelial marker CD31 (supplementary material
Figs. S1d and e) and Azan–Mallory staining (supplementary
material Figs. S1f and g) revealed strongly reduced vessel
density and branching and areas of fibrin deposition, reflect-
ing the presence of thrombotic vessels. The presence of
extensive vascular alterations and of thrombi in our model
system (supplementary material Fig. S1d–g) led us to hy-
pothesize that placental damage might be a consequence of
oxidative stress, induced by reactive oxygen species (ROS)
[28].

In-vitro models for screening of nanomaterial embryo-
toxicity were also tested, because they are less expensive
than the in-vivo counterparts and fewer ethical issues are
involved. For this purpose, the reliability of the EST, a
validated test for predicting embryotoxicity of chemical
compounds [28], was performed in parallel with the in-
vivo studies.

In the EST two stable cell lines are used—NIH3T3
fibroblasts, representing differentiated tissue, and mouse
embryonic stem (mES) cells. In this experiment, the effect
of SWCNTs on cell proliferation was studied by growing
the cells in medium containing the same carbon compounds
used in the in-vivo experiments [28]. After 10 days of
culture, cell viability was measured by use of a colorimetric
assay (WST-1) and half maximum inhibitory concentration
(IC50) values were calculated for each carbon compound for
each cell line (supplementary material Fig. S2a and b). The

Table 1 Summary of the percentage of females whose pregnancy was affected by exposure to different concentrations of three samples of
SWCNTs

30 μg/mouse 3 μg/mouse 0.3 μg/mouse 0.1 μg/mouse 0.01 μg/mouse

♀ A B A+B ♀ A B A+B ♀ A B A+B ♀ A B A+B ♀ A B A+B

CTRL 20 0 0 0 21 0 0 0 21 0 0 0 21 0 0 0 20 0 0 0

n-CB 23 0 2 0 18 0 0 0 18 0 0 0 20 0 0 0 20 0 0 0

p-SWCNTs 21 19 4.7 23.7 22 4.5 27.3 31.8 19 0 5.3 5.3 20 0 5 5 18 0 0 0

o-SWCNTs 20 20 20 40 21 4.8 9.5 14.3 20 0 5 5 18 0 5.5 5.5 18 0 0 0

uo-SWCNTs 16 31 25 56 20 0 45 45 16 0 18.7 18.7 23 0 8.7 8.7 20 0 0 0

♀, number of females analyzed in each group; A, percentage of♀with swollen uteri and no fetuses; B, percentage of♀with at least one malformed fetus
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EST algorithm classified all three types of SWCNT as
“strongly embryotoxic” [28].

Discussion

Several in-vitro and in-vivo studies suggest local and sys-
temic effects after exposure to carbon nanotubes. No data
are available, however, on their possible embryotoxicity in
mammals. In this study, we tested the effect of pristine and

oxidized single-wall carbon nanotubes (SWCNTs) on the
development of the mouse embryo. A high percentage of
early miscarriages and fetal malformations was observed for
females exposed to oxidized SWCNTs; the percentage was
lower for animals exposed to the pristine material. The
lowest effective dose was 100 ng/mouse. Extensive vascular
lesions and increased production of reactive oxygen species
(ROS) were detected in the placentas of malformed fetuses
but not of normally developed fetuses. Increased ROS levels

Fig. 2 Representative images of 15.5 dpc malformed fetuses from
SWCNT-treated mothers. Images are of fetuses from mothers exposed
to 0.3 μg/mouse, but similar phenotypes were observed for all other
effective doses tested. a Normal fetus. b–dMalformed fetuses from (b)
p, c o, and d uo-SWCNT-treated mothers. SWCNT-exposed fetuses
appeared developmentally hindered compared with controls. Arrows
indicate limbs that appear severely retarded in their development. e–
h Irrespective of the type and dosage of SWCNT injected, fetuses with
malformations of different severity were recovered. e Some fetuses,
although smaller, appeared only slightly affected by the treatment, with

an overall body plan comparable with that of normal fetuses. f Fetuses
with more severely retarded development of the limbs and snout were
observed. g In some cases fetuses were missing the crown–rump
organization and appeared folded, with swollen abdomen. h Small
abnormal placentas with very early developmentally arrested embryo
were also recovered. i, l Two cases of monozygotic, diamniotic twin
fetuses. i Twins appear morphologically normal but the fetus on the left
side is significantly smaller. l The twin on the right side appears
severely developmentally retarded. All photographs are at the same
magnification

Carbon nanostructured materials for applications in nano-medicine 455



were, likewise, detected in malformed fetuses. No in-
creased ROS production or evident morphological alter-
ations were observed in maternal tissues. No fetal and
placental abnormalities were ever observed in control
animals. In parallel, SWCNT embryotoxicity was evalu-
ated by use of the embryonic stem cell test (EST), a
validated in-vitro assay developed for predicting the
embryotoxicity of soluble chemical compounds, but
never applied in full to nanoparticles. The EST pre-
dicted the in vivo data, identifying oxidized SWCNTs
as the more toxic compounds.

Study of the effects of single-wall carbon nanotubes
in human cells of the oral cavity: geno-cytotoxic risk

Materials

Oxidized single-wall carbon nanotubes, (o-SWCNTs) were
dispersed (5 μgmL−1) by direct ultrasonication, for 2 h, in
culture medium containing 1 % FBS (fetal bovine serum) as
the dispersion vehicle [29]. Immediately after preparation
the o-SWCNT suspension was applied to human gingival
fibroblasts. All treatments were performed on semiconfluent
cultures exposed to 50, 75, 100, 125, or 150 μgmL−1 o-
SWCNTs for 24 h; control cells were treated with the same
volume as that used to dissolve the compounds. After ex-
posure to the different doses of o-SWCNTs, cells were
treated for 6 h with 100 μmolL−1 heat-shock factor (HSF)
inhibitor N-formyl-3,4-methylenedioxybenzylidene butyro-
lactam (KNK437, Calbiochem) in DMSO [29]. The
cytokinesis-block micronucleus (CBMN) test, comet assay,
cytotoxicity assay, detection of cell death, and the ROS
detection were performed in accordance with the procedures
described in Ref. [29].

Results

The purpose of this study was investigation of the in-
vitro effects of o-SWCNTs on cells of the oral cavity.
For this purpose, human gingival fibroblasts were ex-
posed to 50, 75, 100, 125, or 150 μgmL−1 SWCNTs for
24 h and several tests were performed. Genotoxicity,
cytotoxicity, oxidative stress, and stress response were
investigated by use of the Comet assay, micronucleus
test, by ROS generation (Fig. 3), and by heat-shock
protein 70 (Hsp70) expression [29]. It was found that
o-SWCNTs induced genotoxic effects at all doses, and
at the two highest doses induced apoptosis also (sup-
plementary material Fig. S3). Finally, by inhibition of
Hsp70 expression, it was demonstrated that this heat-
shock protein conferred protection against SWCNT
geno-cytotoxicity, [29].

Discussion

Several studies have been performed to investigate the
effects of carbon nanotubes on many human cell types, but
to the best of our knowledge there are no reports of the
action of SWCNT on human gingival fibroblasts (HGFs),
even though they are of experimental interest because of
their possible contact with the environment. It is a matter of
fact that nanomaterials are able to cross the epithelial tissue,
and so can, presumably, cross the gingival epithelium also,
interacting with gingival fibroblasts [29]. In this work we
examined the response of HGFs to carboxylated SWCNT
treatment by analyzing the induction of DNA damage and
cytotoxicity. We further investigated the ability of these
nanomaterials to act as inducers of oxidative stress and
stress response, by testing ROS production and Hsp70 ex-
pression. We therefore exposed HGFs to different doses of
SWCNTs for 24 h. Our data on genotoxicity, obtained by
use of the CBMN test and the alkaline Comet assay, clearly
demonstrated that carbon nanotubes induced DNA damage.
In the micronucleus test, an increase in chromosome dam-
age was discovered up to 100 μgmL−1 SWCNTs. Collapse
of the number of micronuclei was observed at the two
highest doses, significant relative to basal value. Levels of
DNA damage assessed by the Comet assay were higher for
all doses. These results are in accordance with those
reported by Migliore et al., cited in Ref. [29], which found
carbon nanotubes (1–100 μgmL−1) increased DNA damage
in murine macrophage cells tested by the CBMN test and
Comet assay. Similar results have been reported for Chinese
hamster lung fibroblasts, human mesothelial cells, and hu-
man bronchial epithelial cells (Ref. [29] and references cited
therein). Cell proliferation and survival data were indicative
of substantial decreases in cell growth and viability at the
two highest concentrations, supporting the hypothesis that
the MN collapse was because of severe DNA damage, as
clearly demonstrated by the Comet assay. More specifically,
analysis of the cell distribution by type of DNA damage
showed a high percentage of cells were highly damaged at
125 and 150 μgmL−1 and the presence of cells with maxi-
mum damage at the highest dose. It is well known that the
DNA injury response is a critical moment in cell life, caus-
ing slowing of the cell cycle to enable DNA damage repair
and apoptotic events if the damage is irreparable (Ref. [29]
and references cited therein). In the HGF line, the crucial
moment for cell survival seemed to be exposure to 100 μg
mL−1 nanotubes, as shown by the geno-cytotoxic data. Also
the balance between oxidized and reduced compounds is
important for cell life and a shift of this balance, oxidative
stress, is usually associated with production of ROS. Our
data on oxidative stress induction revealed that the
SWCNTs caused an increase in the amount of ROS at all
doses tested compared with the control value, confirming
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previous reports (Ref. [29] and references cited therein). The
stress response was tested as Hsp70 expression. It is well
known that heat-shock proteins, expressed at low levels
under physiological conditions, can be induced by a wide
variety of stressful stimuli, including many environmental
stresses and ROS (Ref. [29] and references cited therein).
We found that exposure to SWCNTs significantly induced
Hsp70 expression, which reached the maximum level at
100 μgmL−1 and persisted unchanged at the two highest
doses. This finding suggested that high doses of SWCNT
might affect Hsp70 induction. Analysis of the relationship
between Hsp70 levels and DNA damage induced by various
stressors is of interest for evaluation of possible involvement
of HSPs in genotoxicity modulation. On this subject, there
have been reports of a protective role of Hsp70 against DNA
damage (Ref. [29] and references cited therein) and its
involvement in the DNA repair system (Ref. [29] and refer-
ences cited therein). In analysis of our data, comparison
between Hsp70 expression and DNA damage induction
measured by the Comet assay (which enabled detection of
the damage at all doses) showed that Hsp70 levels increased
in parallel to the tail moment values in a defined range of
SWCNT exposure (50–100 μgmL−1). At the two highest
doses no further increment in Hsp70 expression was

observed, whereas more DNA damage was found. Interest-
ingly, at the same doses cytotoxicity, also, increased sub-
stantially, as demonstrated by results for cell vitality and cell
death. There is plenty of evidence of the involvement of
Hsp70 in regulation of apoptosis under stressful conditions
(Ref. [29] and references cited therein) and Didelot et al.
found that the Hsp70 expression levels are important in
determining the fate of cells in response to stressful stimuli
(reported in Ref. [29]). Because of these considerations and
taking into account our data on cytotoxicity and Hsp70
expression, we supposed that the levels of Hsp70 observed
for the highest doses of SWCNT (when levels of Hsp70 no
longer increased) could not effectively counteract the dam-
age, as shown by pronounced cell vitality decrease and
apoptosis induction at these concentrations. This could
mean that in the 50–100 μgmL−1 range of exposure, where
Hsp70 expression significantly increased, protein levels still
had a protective effect, attenuating the injuries. Given this
assumption, it is reasonable to expect this protective action
against DNA damage also, at least in a defined range. If
Hsp70 is, indeed, involved in protection against the effects
of SWCNT, inhibition of its synthesis should result in a
more extensive damage. Because the key event in heat
shock response consists in activation of the HSF1

Fig. 3 Induction of ROS
generation by SWCNTs in
HGFs. Cells were treated with
different concentrations (50, 75,
100, 125, and 150 μgmL−1) for
24 h and ROS production was
measured by analysis of DCF
fluorescence compared with
untreated cultures. Results are
expressed as percentage of
control and reported as mean±
SE from four separate
experiments for each
experimental point. § Refers to
comparison of treated and
untreated cultures; * refers to
comparison a dose and the
previous dose
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transcription factor, its inhibition leads to no expression of
HSPs. KNK437, an inhibitor of HSF1, was chosen to dem-
onstrate the actual protective role of Hsp70 against geno-
cytotoxicity. These results showed that abrogation of Hsp70
induction increased the sensitivity of human gingival fibro-
blasts to the injuries caused by SWCNTs. The lack of Hsp70
expression led to a significant increase of DNA damage, as
indicated by tail moment values at all doses of nanotubes
and the appearance of the maximum damage class at 75 and
100 μgmL−1. This finding provided strong evidence that the
protein is involved in attenuation of the genotoxicity and it
is consistent with the knowledge that Hsp70 function occurs
at the DNA repair level. Furthermore, inhibition of Hsp70
expression also resulted in an increase of cytotoxicity, both
as a decrease of cell viability and as apoptosis, confirming
the well known evidence of the protective effect of Hsp70
on cell survival. However, the effect of the Hsp70 inhibitor
was not evident when the cells were treated with 150 μg
mL−1 SWCNTs. We supposed that at this high dose of
exposure, the extensive induced damage would have
exceeded the protective capacity of Hsp70, so that inhibition
of its synthesis would not have been critical for cell survival.

Interaction between single-wall carbon nanotubes
and a human enteric virus

Materials

SCWNTs functionalized with 25-kDa PEI or carboxyl
groups were dissolved in DMEM (Dulbecco’s modified
Eagle medium) containing 1 % FCS (fetal calf serum) [30,
31] at a final concentration of 1 mgmL−1 by sonication in an
ultrasonic bath for 2–3 h before each virus-based test. Dif-
ferent amounts of hepatitis A Virus (HAV), strain HM175
[30, 31], were added to this homogeneous and stable dis-
persion, and HAV was enabled to conjugate with the
SCWNT–PEI and SCWNT–COOH at room temperature.
The viral suspension at the indicated concentration in
DMEM 1 % FCS (100 μL) was mixed in ice with 100 μL
SCWNT–PEI or SCWNT–COOH at different concentra-
tions. Virus detection was performed by reverse transcrip-
tase polymerase chain reaction (RT-PCR), and virus titration
by real-time polymerase chain reaction (qRT-PCR) [30, 31].

Results

Functionalized single-wall carbon nanotubes have been
used for biomedical purposes as carriers for drugs, peptides,
proteins, and nucleic acids. A large volume of data indicates
their suitability to act as a carrier but only after coating with
a biopolymer, for example polyethylenimine (PEI). The
ability of two differently activated SWCNTs (with carboxyl

groups or with carboxyl groups and polyethylenimine (PEI))
to form a complex with the hepatitis A virus was evaluated
[30, 31]. Both types of activation enabled the formation of a
virus–SWCNT complex (Fig. 4 and supplementary material
Table S1). However, their patterns were different. The
carboxyl-activated nanotubes had a somewhat low adsorp-
tive capacity that was inversely related to the concentrations
of the SCWNTs and viruses. The χ2-test revealed there were
no significant differences among SWNT–PEI 2.5, 1, and
0.5. However, significant differences were observed be-
tween SWNT–PEI 0.5, SWNT–PEI 0.2, and SWNT–COOH
(P<0.05) [30, 31]. Addition of PEI improved the adsorp-
tion, probably because of the electropositive charge of the
molecule, which interacts with the negatively charged virus
of hepatitis A. Adsorption is optimum between 100 μg and
10 ng with an SCWNTs–PEI weight ratio of 1:0.2 up to an
inoculum of 105 genome equivalents of hepatitis A virus,
[30, 31]. Reducing or increasing this weight ratio reduced
the adsorptive capacity of the PEI. Furthermore, this adsorp-
tion activity is time and contact-dependent. Thus, SCWNTs
coated with PEI are able to complex with viruses, and may
be tested to transfect non-permissive cell lines.

Discussion

The development of a nontoxic and highly efficient non-
viral transfection system is one of the objectives of future

a

b

Fig. 4 HAV adsorption on SWNT–PEI and SWNT–COOH after dif-
ferent contact times
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medicine. Nimesh et al., in 2006, and Chen et al., in 2007
(both cited in Ref. [30, 31]) have shown efficient SWNT-
mediated transfection of genes, proteins, and nucleic acids
into mammalian cells. Nanotubes have great therapeutic
potential because of their physical and chemical features
and their ability to be activated for ad hoc uses. SWNTs
have been evaluated as possible vectors for in-vivo and in-
vitro delivery of genes, and proteins; however, to act as
vectors, activation is necessary (Ref. [30, 31] and references
cited therein). Two sets of activated SWNTs were analyzed:
SWNT–COOH and SWNT–PEI. The ability to complex
with whole viruses was demonstrated, leading to the possi-
bility of delivering entire virus particles into non-permissive
cells that lack a specific receptor for the virus on the cell
membrane. For carboxylated SWNTs adsorption was no
higher than 35.7 % of the inoculum for 1 ng SWNTs [30,
31]. Increasing the amount of SWNTs resulted in a progres-
sive decrease in adsorption. This finding may be because
enteric viruses, for example hepatitis A, have a superficial
negative charge at neutral pH of the suspension media.
Therefore, partial electrostatic repulsion between SWNT–
COOH and the HAV particles (both of which are negatively
charged) might occur. Increasing the amount of SWNTs
may increase the repulsion. When the contact time was
increased, the amount of adsorption did not increase [30,
31]. This electrostatic interaction is rapid and noticeable for
SWNT–PEI but not for SWNT–COOH. Adsorption is
higher for SWNT–PEI than for SWNT–COOH. PEI in
aqueous solution has a high positive charge density at neu-
tral pH, and this facilitates adsorption of negatively charged
viruses. In 1991, Gajardo et al. used PEI to change electro-
negative glass powder into electropositive glass powder,
thus increasing its virus-adsorbing properties (reported in
Ref. [30, 31]). In 2004 Bivas-Benita et al. clearly confirmed
that the zeta potential of PEI adsorbed at different ratios on
poly(d,l-lactide-co-glycolide)–PLGA polymers is strongly
positive (reported in Ref. [30, 31]). The Z potential, on
interaction between PEI and virus, was still positive, al-
though to a lesser extent (personal data, as reported in Ref.
[30, 31]). In a preliminary set of experiments, no particular
differences in adsorption were evident among different
SWNT–PEI weight ratios ranging from 1:2.5 to 1:0.5,
whereas significant differences were observed among
SWNT–PEI 0.5, SWNT–PEI 0.2, and SWNT–COOH.
Fischer et al., in 1999, and Nimesh et al., in 2006, both
showed that the cytotoxicity of SWNT–PEI depends on the
molecular weight and the amount of PEI (reported in Ref.
[30, 31]). To reduce cell cytotoxicity and steric hindrance
during the infection process, only the 1:0.2 ratio was inves-
tigated for future in vivo SWNT–PEI applications. To ex-
plain adsorption of the nucleic acid and the excess
electropositive charges, Gautam et al., in 2000, calculated
that at the 1:0.5 weight ratio using 25 kDa branched PEI,

there are more nitrogen groups present on PEI than phosphate
groups on DNA (reported in Ref. [30, 31]). In the experi-
ments, the number of nitrogen groups was not calculated but
the maximum adsorption was at 1:0.5 with 100 % adsorption
with up to 104 gen equiv. in the inoculum and 92.5% with 105

gen equiv. in the inoculum (personal data, as reported in Ref.
[30, 31]). Unlike SWNTs activated with carboxyl groups, PEI
has maximum adsorption at higher concentrations, from
100 μg to 10 ng for SWNT–PEI 0.2 and at 100 μg for
SWNT–PEI 0.5. The need for more SWNT–PEI than carbox-
ylate–SWNT may be because of the number of free nitrogen
groups on PEI after the interaction with the carboxyl groups.
At 1 pg, SWNT–COOH has adsorptive activity twice that of
SWNT–PEI [30, 31]. A smaller number of carboxyl groups
reduces electrostatic rejection of the virus. With regard to the
different concentrations, at each value, SWNT–PEI 0.2
resulted in significantly greater recovery than SWNT–PEI
0.5 or SWNT–COOH.

This is the first study describing the use of SWNTs as
carriers of human viruses [30, 31].

New strategies for cleaning deteriorated stone surfaces
based on use of carbon nanomicelles as a carrier
for cleaning agents

Materials and procedures

Pentelic marbles from the Basilica Neptuni in Rome, Italy,
were treated with a homogeneous and stable dispersion of
pristine SWCNTs and functionalized carbon nano-fibers
(CNFs-COOH). The carbon nanomaterials were dispersed
in Tween 20 (3 %, w/w) and sonicated in an ultrasonic bath
for 10 min, to obtain an homogeneous and stable dispersion,
[32, 33]. The marble surface was treated with these disper-
sions by use of an immersion coating procedure. Enzymatic
treatment with glucose oxidase (GOD) and lipase were also
performed. In the former treatment 5 mL aqueous solution
containing GOD enzyme (0.5 mgmL−1) and 160 mmolL−1

glucose substrate were applied to the stone surface for
60 min contact time. During the catalytic reaction, the
H2O2 was measured and then the surface was copiously
washed with distilled water (to reach neutrality) to remove
residual enzyme and excess H2O2 produced. In the latter
treatment, the stone samples were coated by immersion in a
solution (5 mL) containing lipase enzyme (0.5 mgmL−1),
for a contact time of 7 min, at T038 °C [32, 33]. The
poultice solution was prepared by adding lipase to a carbon-
ate buffer solution (0.1 molL−1, pH 8.7) also containing
ammonium carbonate (0.1 molL−1).

After cleaning, the stone samples were sequentially
washed with distilled water and carbonate buffer solution,
to remove excess applied lipase enzyme [32, 33].
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Results and discussion

Pentelic marbles from the Basilica Neptuni (27–25 BC)
show signs of deterioration, which can be identified as black
crust and black and grey patina [32, 33]. Four cleaning
procedures were used on the marbles, based on nanomi-
celles containing functionalized nanofibers (CNF-COOH)
or pristine SWCNTs and dispersed in Tween 20, or on
enzymatic bio-cleaning with glucose oxidase (GOD) or
lipase. These were compared with conventional chemical
treatment, for example EDTA or Tween 20 aqueous solu-
tion, both suspended in a sepiolite micrometric clay.

Infra-red spectra and color measurements were used to
evaluate the efficacy of the treatments. The most desirable
outcome is the reappearance on the surface of the underlying
calcite grains embedded with inner gypsum inclusions.

The best cleaning performance of the four treatments, in
terms of removal of the black crust, was that of CNF-
COOH-based nanomicelles (Fig. 5a–f; supplementary ma-
terial Fig. S4 a–f). Pristine SWCNTs are also efficient at
removing the black crust, but to a lesser extent. Glucose
oxidase (GOD)-based biocleaning is efficient at removing
the grey and dark patina, but works slowly on the black
crust. The lipase-based cleaning approach is efficient also at
black patina removal, although at a working temperature of
38 °C.

The higher efficiency of nano fibers vs. the nanotubes at
removing the black crust may be related to the functionali-
zation of the former with carboxylic acid, which gives the
fibers hydrophilic character [32, 33]. The presence of COO−

groups at pH 6 on the CNF walls induces an electrostatic
barrier, resulting in Coulombic repulsion among the
entangled nanofibers, which, consequently, self-assemble
as an isolated and separated nano-carrier of the cleaning
agent, with a resulting larger surface area. In particular, the
higher surface-to-volume ratio implies higher loading ca-
pacity of these isolated nano-carriers for the Tween 20
micelles which act as the cleaning agent. The entangled
hydrophobic “as deposited” carbon nanotubes have a
smaller nominal surface area, with a consequent lower load-
ing capacity of Tween 20 micelles and, in turn, lower
cleaning capacity. Conventional chemical treatments, for
example Tween 20 aqueous solution and EDTA agent, both
suspended in a sepiolite micrometric clay, resulted in a
substantially unaltered black crust of thickness comparable
with that of the sample before treatment.

The efficacy of the cleaning treatments was assessed by
FT-IR studies, performed on the samples before and after the
different treatments (Fig. 6). The typical fingerprint of the
inner gypsum inclusions in the calcite grain is detected only
for the sample treated with CNF-COOH–Tween 20 (Fig. 6b)
and is completely absent from the spectra recorded for the
samples treated with the SWCNTs–Tween 20 dispersion

(Fig. 6a) or with conventional chemical treatments
(Fig. 6c). This means that the CNFs-COOH–Tween 20-
based poultice has a better cleaning performance and simul-
taneously maintains the inner tubular gypsum layer, so-
called “patina nobile” [32, 33]. In fact, in Fig. 6b the
adsorption bands centered at approximately 1100, 670,
595, and 475 cm−1 are related to the presence of the
“inner gypsum” layer, according to the literature
reported in Ref. [32, 33]. In addition, several other
adsorption bands are labeled in Fig. 6 and supplemen-
tary material Fig. S5) and they correspond to the fol-
lowing stretching and bending frequencies: O, calcium
oxalate (whewellite, and wedellite, 3400–3600, 1626,
1324, 947, 882, and 779 cm−1; typical frequencies of
the dihydrate weddellite are 1640, 1323, and 780 cm−1);
C, calcite (1432 and 875 cm−1); A, apatite (CO3–apa-
tite–dahllite, 1475–1419, 1050–1040, and 600 cm−1); S,
silicates (1100 and 475 cm−1), and, finally, H*, hemi-
hydrate anhydrite (3615–3465, 1629, 1158–1100, and
605–667 cm−1).

The FT-IR spectra reported in supplementary material
Fig. S5 also show there is no etching damage to the marble
substrata after GOD biocleaning performed at 1 h and 12 h,
respectively. In addition, no significant evidence of gypsum
is detected for the A and B samples upon GOD treatment, as
is the case for CNFCOOH–Tween 200-based bio-cleaning
applied to the black crust. This is probably related to the
typical H2O2 oxidation mechanism, which is able to oxidize
the CuSO4.2H2O to peroxydisulfate compounds and proba-
bly also gypsum in the grey and dark patina, which is less
abundant than in the black crust anyway. The qualitative
differences observed after the GOD-based bio-cleaning and
the CNF-COOH nanotechnology treatment could be
explained considering that the marble samples have low
porosity (according to the BET values reported in Ref.
[32, 33]) and this could induce the GOD enzyme to catalyze
the production of H2O2 only on the stone surfaces (avoiding
diffusion into the bulk of the marble substrata). According
to this hypothesis, a thicker black crust could be not re-
moved, efficiently. Furthermore, the biocide properties of
the H2O2 could be particularly active toward the biopatina,
which is known to be only one aspect of the complex
physicochemical composition of the environmental black
crust.

Colorimetric measurements were performed with a spec-
trophotometer in accordance with the procedure described in
Ref. [32]; the results are reported in supplementary material
Table S2. The best recovery of the initial chromatic proper-
ties, which is associated with the smallest values of ΔE*
(the total color difference, as reported in supplementary
material Table S2) confirms that the carbon nanomicelles
assembled with the CNFs-COOH–Tween 20 together with
the GOD bio-cleaning are also the best cleaning agents in
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comparison with conventional chemical treatment. These
results, demonstrate that these new cleaning strategies based

on carbon nano-fibers can efficiently remove the black crust
from marble of cultural heritage interest.

Fig. 5 a, c: SEM micrographs detected by the secondary electrons
(SE) of polished marble (sample C) treated with CNFs-COOH–Tween
20 cleaning agent. b, d: comparison with the same area of the same
sample, before application of the treatment. e, f: micrographs (SE

image) evidence of the tubular crystals of gypsum (arrow 1). g, EDX
distribution maps of Ca and S of the same polished marble area
(sample C)
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Assembly of amperometric biosensors modified by carbon
nanomaterial–hemin nanocomposite for direct
electrochemical detection of an environmental pollutant,
nitrite

Materials

A carboxylated carbon nanofiber modified glassy carbon
electrode (CNF-COOH–GC) was assembled by using

functionalized CNFs previously dispersed in CH3CN. The
resulting suspension, containing 1.0 mgmL−1 CNFs, was
placed in a ultrasonic bath for 1 h at room temperature.
From this homogeneous CNF dispersion, 2 μL was cast on
the GC electrode surface and the solvent was left to evapo-
rate at room temperature. Hemin was immobilized on the
CNF-modified GC electrode by dipping it into a 3 mgmL−1

hemin solution (at pH 5.6 in 0.2 molL−1 acetate buffer)
overnight, [34]. The resulting modified electrode is denoted

Fig. 6 Comparison of FT-IR
spectra obtained from marble
sample C before and after the
nanotechnology treatment with:
a Pristine-SWCNTs–Tween 20
nanodispersion and b CNFs-
COOH–Tween 20 nanomi-
celles. c FT-IR spectra of the
same sample, C, treated with
EDTA and Tween 20 solution,
supported by micrometric sepi-
olite clay (conventional chemi-
cal treatment). FT-IR spectral
assignment: O, calcium oxalate
(whewellite, and wedellite,
3400–3600, 1626, 1324, 947,
882, and 779 cm−1; typical fre-
quencies of the weddellite
dihydrate are 1640, 1323, and
780 cm−1); C, calcite (1432 and
875 cm−1); A, apatite (CO3-ap-
atite-dahllite, 1475–1419,
1050–1040, and 600 cm−1); G,
gypsum (1100, 670, 595, and
475 cm−1); S, silicates (1100
and 475 cm−1), and, finally, H*,
hemihydrate anhydrite (3615–
3465, 1629, 1158–1100 and,
605–667 cm−1)
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“CNF/H/GC”-based biosensor. An SWCNT-OH–hemin-
modified GC electrode was assembled in the same way, by
use of a homogeneous suspension of SWCNT-OH (1 mg
mL−1, previously purified and functionalized with KOH
[34]) in CH3CN (after sonication for 1 h). The resulting
modified GC electrode is denoted “SWCNT/H/GC”-based
biosensor. Amperometric detection of NO2

− was performed
by using the method of successive additions with NO2

−

concentration ranging from 5 to 250 mmolL−1, working at
an applied potential of +0.3 V, vs. Ag/AgCl, Cl−. Measure-
ment of NO2

− implies a direct electron transfer-based mech-
anism which has been widely described in the literature for
several protein redox functions [34]. For the amperometric
calibration curve for H2O2, the same analytical approach as
described for NO2

−, is used, working at an applied potential
of 0.0 V, vs. Ag/AgCl (as reference electrode) with the H2O2

concentration ranging from 0.05 to 5 mmolL−1.

Results and discussion

Nitrite is one of the most important analytical compounds to
investigate because it is a dangerous environmental pollut-
ant. This is probably related to its growing use as fertilizer,
detergent, and stabilizing and aromatizing agent in food
technology. Hence, its monitoring in water samples and
food matrices is extremely important for detection of serious
pollution, some of which might be particularly dangerous to
human health and cause, for instance, the “blue baby syn-
drome” in children [34]. Electrochemical oxidation of nitrite
requires a high over potential, implying that this process is
not spontaneous on bare electrodes. Several strategies, using
several types of modified electrode, have been developed to
catalyze the nitrate/nitrite redox reaction. Carbon nanoma-
terials could be a valid alternative for electrode modifica-
tion. In this section, a study is presented on a carboxylated
carbon nanofibers (CNF-COOH)-modified glassy carbon
(GC) electrode. The calibration plot is shown in Fig. 7,
and all the analytical data are reported in supplementary
material Table S3. Compared with previous work [34] better
results were obtained with a CNF/H/GC third-generation
biosensor (based on a hemin direct electrochemistry mech-
anism) in terms of extended linearity, higher sensitivity,
good reproducibility, short response time, and lower detec-
tion limit. In addition, application of +0.30 V as working
potential, instead of +0.90 V (oxidizing potential at non-
modified conventional electrodes), for the amperometric
detection of nitrite [34] reduces potential oxidant interfer-
ences. Perm-selectivity tests were also performed on possi-
ble interference by residues of ascorbic acid (AA), uric acid
(UA), and acetaminophen (Ac), the most common interfer-
ences in biosensor characterization studies [34]. Value
obtained were 50 % for ascorbic acid (AA), 45 % for uric
acid (UA), and 38 % for acetaminophen (Ac). Such values

guarantee a non-compromised signal-to-noise ratio. The
calibration plot had a typical Michaelis–Menten profile for
NO2

− concentrations higher than 250 mmolL−1 [34]. The
apparent Michaelis–Menten constant (KM

app ) related to
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Fig. 7 a Hydrodynamic voltammograms obtained from 5 mmolL−1

H2O2 at CNF/H/GC, performed from −0.3 to +0.3. b. Calibration
curves at GC (squares), CNF/GC (triangles), and CNF/H/GC (circles)
for different concentrations of H2O2 from 0.05 to 5 mmolL−1, per-
formed by amperometry at 0.0 V as applied potential vs. Ag/AgCl as
reference electrode. c Inset plot: calibration plot for H2O2 in the linear
range (0.05–1 mmolL−1)
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protein–electrode affinity, can be evaluated from the elec-
trochemical Lineweaver–Burk equation [34], and is 0.44±
0.01 mmolL−1 for the CNF/H/GC biosensor. This value is
lower than those described in the literature for other NO2

−

biosensors [34], indicative of higher affinity of this sensor
for the substrate.

Finally, electrocatalytic activity in H2O2 reduction was
also demonstrated for both sensors but better results were
observed by use of the CNF/hemin/GC-modified electrode,
as reported in supplementary material Fig. S6 and Table S4
(for quantitative analytical data) [34]. The best working
potential for H2O2 amperometric measurements was 0.0 V
(selected by use of an hydrodynamic voltammetric study,
shown in supplementary material Fig. S6) because of a high
signal-to-noise ratio. One of the most important advantages
of detection of H2O2 at this low potential is minimization of
interference effects, as reported above. The possibility of
working at 0.0 V also minimizes oxygen electrochemical
reduction, which occurs at −0.3 and −0.1 V, also catalyzed
by the presence of hemin [34]. When the H2O2 concentra-
tion was higher than 1 mmolL−1, a typical Michaelis–
Menten kinetic profile was observed at CNF/H/GC and
SWCNT/H/GC-based biosensors (supplementary material
Fig. S6). The apparent Michaelis–Menten constant (KM

app ),
related to both enzymatic affinity and the ratio of microscopic
kinetic constants, can be evaluated (as described above),
resulting in a value of 2.6±0.1 mmolL−1 for the CNF/H/
GC-modified electrode, lower than that calculated for the
SWCNT/H/GC biosensor (4.3±0.2 mmolL−1). Compared
with other systems described in the literature [34] the KM

app

value obtained for the CNF/H/GC biosensor was lower, mean-
ing that a greater affinity for H2O2 was achieved (useful for
glucose electrochemical biosensor assembly).

Conclusions

This review describes how carbon nanostructured materials
are highly performing and useful for several analytical appli-
cations. The toxicity of nanomaterials has been demonstrated
but only by exposing healthy animals; however, epidemiolog-
ical studies clearly indicate that cardiac autonomic disturban-
ces linked to particulate exposure are much more likely in
people with pre-existing cardiovascular disorders. Concerning
this, it is important to evaluate arterial baroreflex control of
sinus node as index of cardiovascular autonomic control,
because it has been largely implicated as an important nega-
tive prognostic index in predicting mortality for ischemic
heart disease and myocardial infarction. Because of these
considerations it would be desirable to perform studies to
evaluate possible alteration of cardiovascular autonomic reg-
ulation and, in particular, of arterial baroreflex function, in
experimental models of ischemic heart disease.

When carbon nanotubes are coated (of their surfaces,
walls, and edges) with biopolymers, this chemical modifi-
cation makes them highly biocompatible and useful for
applications as carriers of genes, DNA, viruses, and drugs
for in-vitro and in-vivo studies. Successful binding of an
enteric virus (the hepatitis A virus) to activated nanotubes
has been demonstrated. The possibility of binding and in-
troducing a virus into a non-permissive cell line to aid viral
replication will lead to better understanding of the molecular
biology of the virus and a better way to evaluate the in-vivo
and/or in-vitro evolution of infection. Furthermore, it will
help to provide sufficient amounts of virus to produce pro-
tective vaccines against non-replicating viruses. Single-wall
carbon nanotubes can also be used to remove viruses from
various environmental matrices.

The surface physicochemical properties of nano-micelles
have resulted in an innovative method for cleaning, restora-
tion and consolidation of deteriorated historical surfaces in
cultural heritage. In particular, results show that nanotech-
nology and enzyme-based treatments enabled successful
removal of black crusts from the altered marble substrata,
for example the Basilica Neptuni in Rome, Italy (27–25
BC), especially a cleaning strategy based on functionalized
carbon nanofibers. However, feasibility and performance in
respect of cleaning efficiency should be quantitatively eval-
uated on a case-by-case basis. The number of applications
and overall treatment time must be evaluated considering
different factors, for example the chemical composition,
thickness, and uniformity of the black crust, which can vary
substantially depending on the material, location, climate,
and atmospheric pollution, as widely described in literature
by (C. S.-Jimenez 1993). In particular, the nanotechnology
proposed here seems to be suitable for deteriorated lime-
stone, and conveniently integrates traditional chemical
methods with GOD–lipase-based poultices by use two
approaches. First, after consistent removal of the superficial
thick black crust, chemical treatment can then follow for
more complete decontamination of inner decay products.
Second, nanotechnology could be used as the final cleaning
method. It would be able to offer the advantageous possi-
bility of removing resistant dark patinas, unaffected by
traditional reagents which would, otherwise, would require
excessive and unacceptable extreme chemical conditions.

Finally, the biocompatibility of nanostructured materials
is of great advantage for immobilizing enzymes, proteins,
and antibodies for assembly of biosensors and immunosen-
sors for use with amperometric and/or electrochemical de-
tection. A new functionalized carbon nanomaterial (i.e.
carbon nanofibers) has been used to immobilize hemin on
a GC electrode surface by use of a simple and reproducible
procedure (drop-coating). The best electroanalytical perfor-
mance obtained with a CNF/H/GC biosensor was compared
with that of a SWCNT/H/GC biosensor; this revealed that
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the open structure of CNFs combined with their higher
surface functional group density were responsible for a
beneficial effect on hemin catalytic activity, primarily relat-
ed to strong covalent protein immobilization (absorption).
Investigation of the effect of pH revealed that a quasi-
reversible electrochemical profile involving one proton and
one electron redox process occurred at the CNF/H/GC bio-
sensor. In addition, greater reversibility was recorded at this
modified electrode, as confirmed by electrochemical data
and the higher value of the heterogeneous electron-transfer
rate constant. Moreover, for the first time, as far as we are
aware, the H2O2 and NO2

− electrocatalytic effect observed
at a CNF/H/GC-based biosensor has been reported; good
analytical performance was obtained in terms of extended
linearity, lower detection limit, high sensitivity, significant
reproducibility, and short response time.
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