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Abstract

An ingenious combination of plasmonic nanomaterials and one of the most relevant biological systems, deoxyri-
bonucleic acid (DNA) is achieved by bioconjugating gold nanorods (GNRs) with DNA via electrostatic interaction
between positively charged GNRs and negatively charged short DNA. The obtained system is investigated as a func-
tion of DNA concentration by means of gel electrophoresis, zeta-potential, DNA melting and morphological analysis.
It turns out that the obtained bioconjugated systems present both effective electric charge and aggregate size that
are particularly amenable for gene therapy and nanomedicine applications. Finally, the effect of the localized (photo-

very high sensitivity.

thermal heating) and delocalized temperature variation on the DNA melting by performing both light induced
bio-transparent optical heating experiments and a thermographic analysis is investigated, demonstrating that the
developed system can be exploited for monitoring nanoscale temperature variation under optical illumination with
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Background

Gene therapy (GT) has the potential to treat serious
human diseases by providing patients with functioning
replacements for defective genes or with oligonucleotides
that deactivate destructive gene products [1]. GT holds
promise for treating a wide range of diseases including
cancer, cystic fibrosis, heart disease, diabetes, hemophilia
and AIDS. The future use of this type of therapy for clini-
cal applications deals with the manufacturing of appro-
priate gene delivery vehicles (vectors) with the following
capabilities: (1) selective transport of appropriate genes
(oligonucleotides) to the diseased tissues; (2) protection
of oligonucleotides from physiological degradation (e.g.,
pH change) while en route; presence of an external trig-
ger mechanisms for gene release after the target site is
reached. To date the most effective means of GT is based
on viral vectors; a tool commonly used by molecular biol-
ogists to deliver genetic material into cells [2]. However,
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viral vectors exhibit some intrinsic drawbacks such as: (1)
they can carry only a limited amount of genetic material;
(2) they can cause immune responses in patients; (3) the
immune system may block the virus from delivering the
gene to the patient’s cells. Biocompatible gold nanoparti-
cles (GNPs) have gained considerable attention in recent
years for potential applications in medicine due to their
size dependent electronic, optical and chemical prop-
erties [3]. GNPs possess the capability to localize light
down to the nanoscale: visible electromagnetic radiation
induces an oscillation of the free electrons localized at the
metal (NPs)/dielectric (surrounding medium) interface.
This phenomenon, called localized plasmon resonance
(LPR), can be controlled in frequency by varying both the
size and the shape of the nanoparticles and the dielectric
constant of the surrounding medium [4]. Plasmonic NPs
have also the extraordinary capability to convert external
light to heat, as the strong electric field generated around
the NPs due to the LPR effect is transformed resulting
in nanosized sources of heat [5]. The ability of GNPs to
interact with and enter cells has encouraged research-
ers to attach them various compounds and biological
macromolecules [6-8] to gold in an effort to combine
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functionality with transport. In particular, GNPs possess
a relevant potential as vehicles for gene delivery due to
their low cytotoxicity when prepared in suitable size and
coated with appropriate ligands. Several strategies have
been proposed to bind biological molecules to GNPs [9].
Among the various approaches, use of electrostatic inter-
actions between GNPs and biological molecules offers
one of the most viable functionalization route to obtain
stable GNP bioconjugates. The convenient assembly of
GNPs with suitable biosystems requires that the NP opti-
cal activity falls in the first (700-900 nm) or the second
(1000-1400 nm) optical window of the NIR region of the
electromagnetic spectrum, where the light attenuation
by the absorption and scattering from the main tissue
constituents (water, lipid, haemoglobin, melanin) is sig-
nificantly reduced, thus allowing to penetrate biological
systems very deeply, down to millimetres and even cen-
timetres scale [10]. Gold nanorods (GNRs) represent an
attractive class of GNPs as due to their plasmon absorp-
tion sensitivity to the refractive index of the surround-
ing material, allow for an extremely accurate sensing and
make them excellent candidates for biological sensing
applications [11]. In addition, GNRs present two distinct
LPR, namely transversal and longitudinal ones, which
can be tuned up to near-infrared (NIR), thus ensuring
their activity in the biological window. Such NIR absorp-
tion peaks can be excited by a laser at specific absorption
wavelength to induce a local heating, potentially able to
selective destroy, via an hyperthermal process, cancer-
ous tissues [12, 13]. Remarkably, the photoinduced ther-
mal effect can be extremely effective in GT procedures,
enabling the controlled release of therapeutic oligonu-
cleotides from GNPs [14]. In this paper, a comprehen-
sive study of the electrostatic interaction between an
aqueous solution of positively charged GNRs dispersed
in a negatively charged short chain DNA solution is
reported. A detailed investigation of the characteristics
of the obtained bioconjugated has been performed as a
function of GNRs concentration based on zeta-potential,
gel electrophoresis, dynamic light scattering and mor-
phological analysis. Remarkably, the effect of the local-
ized photo-thermal heating and delocalized temperature
variation on the DNA melting in the prepared bioconju-
gated has been demonstrated. Compared to previously
employed techniques [15-17], the proposed non-invasive
methodology enables to continuously monitoring pho-
toinduced temperature variations around GNRs with
high sensitivity.

General protocol for seed-mediated synthesis

of GNRs and their characterization
Cetyltrimethylammonium bromide (CTAB) capped,
water dispersible GNRs were synthesized by slight
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modifying the “seed-mediated growth method” [18].
All glassware used in the following procedures were
cleaned in a bath of freshly prepared 3:1 HCI/HNO; and
rinsed thoroughly in H,O prior to use. The synthesis was
based on a two steps procedure. Firstly, 10 mL of “seed”
solution was prepared by mixing CTAB (1 mmol) and
HAuCl,-3H,0 (2.5 x 107® mmol) at room temperature.
Then, 0.6 mL of ice—cold aqueous solution of NaBH,
(0.01 M) were added under vigorous stirring. Upon solu-
tion colour turned from greenish-yellow to brown, the
mixture was further vigorously stirred for 2 h before
utilizing it. In second step, 500 mL of water dispersed
CTAB-stabilized GNRs (5.6 x 107'° M) were grown
by dissolving AgNO,, 18.22 g of CTAB and 100 mg of
HAuCl,-3H,O. Such mixture was kept at room tem-
perature under continuous stirring. After 3 min, aque-
ous solution of ascorbic acid (AA) was drop-wise added
to the above described mixture in [AA]/[Au] = 2 molar
ratio. The resulting solution was kept under stirring until
it became colourless [indicative for reduction of Au(III)
to Au(I)] [19, 20]. At this point, 0.8 mL of seed solution
were added to the growth solution and the resulting
mixture was stirred. A brown colour developed in about
30 min. After preparation, GNRs solution was purified
from uncoordinated CTAB by means of repeated centrif-
ugation cycles.

Normalized UV-Vis absorption spectrum of GNRs is
reported in Fig. 1a. The GNRs dispersion exhibits two
typical LPRs: a transverse one at 520 nm and a longitu-
dinal one at 800 nm. The position of longitudinal LPR
can be tuned in the VIS-NIR spectral range by carefully
tuning the numerous experimental parameters involved
in the GNRs preparation, such as purity and concentra-
tion of reactants, temperature and specific additives
[21]. On the other hand, it is worth mentioning that fun-
damental for the formation of GNRs is the presence of
Ag salt in the reaction mixture [22]. As a matter of fact,
a defined amount of Ag' ions is crucial for the growth
of GNRs up to desired aspect ratio (AR) value. In the
investigated case, the molar ratio of [Au]/[Ag] = 5 was
used and resulted in GNRs with an AR of about 3.2, as
confirmed by TEM (by Jeol JEM-1011 microscope, oper-
ating at 100 kV) analysis performed by depositing one
droplet of the aqueous GNRs dispersion (Fig. 1b) onto a
carbon-coated copper grid, and then allowing the aque-
ous solvent to evaporate. For a statistical determination
of the average GNR size, shape and aspect ratio (AR),
at least 200 objects were counted for each sample. The
TEM image of Fig. 1c indicates that the particle popula-
tion consists mainly of GNRs with a 3.2 + 0.5 AR. Sig-
nificantly, general protocols for GNRs synthesis typically
lead to a yield of 80—-90 % in GNRs and a limited con-
tribution of NPs with different shape. In the investigated
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Fig. 1 Normalized UV-Vis absorption spectrum (a) for water dispersions of GNRs along with the photo of the vial containing it (b). Transmission
electron microscopy (TEM) image of the GNRs dispersion (€) and schematic representation of a CTAB capped GNR (d)

case, the presence of residual particles with a shape other
than rod-like, mainly cubes as pointed out by TEM anal-
ysis (Fig. 1c), leads to the appearance of a shoulder (at
540 nm) in the spectrum (Fig. 1a) [23].

Macro and micro-electrophoresis experiments

Calf thymus DNA was purchased from Sigma—
Aldrich (Alabaster, USA), dissolved in ultrapure water
(Cpna = 1 mg/mL) and sonicated for 5 min by ultra-
tip-sonication to produce DNA fragments between
500 and 1000 base pairs. For our experiments, GNRs
(C = 2.5 107° M) were incubated with DNA at differ-
ent GNRs/DNA molar ratios (W = GNRs/DNA base
pairs = mol/mol). The range of W (displayed in Fig. 2)
has been selected in order to study the complexation of
DNA with GNRs in different experimental conditions
such as positive, neutral and negative effective electric
charge of the system. A preliminary investigation of the
interaction between GNRs and DNA was carried out by

performing a gel electrophoresis analysis, [24] a tech-
nique useful for separation and, sometimes, purification
purposed of macromolecules—especially proteins and
nucleic acids—that differ in size, charge or conforma-
tion. When charged molecules are in an electric field,
they migrate toward either the positive or negative pole
according to their charge through an agarose matrix.
The DNA molecules, being negatively charged along
their length, migrate toward the positive electrode, thus
resulting separated according to their length during their
electrophoretic run, since pores in the agarose matrix
allow short DNA molecules to sneak through more easily
than the long ones. The different GNRs/DNA mixtures
have been doped with a small amount (1 % in weight) of
a positively charged blue dye (ethidium bromide, EtBr),
which is the most commonly used dye for DNA and
RNA detection in gels [25]. EtBr is a DNA intercala-
tor, inserting itself between the base pairs in the double
helix. EtBr has UV absorbance maxima at 360 nm and
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an emission maximum at 590 nm, with its orange fluo-
rescence increasing of about 20 times upon binding to
DNA. Later on, the obtained solutions were pipetted in
the agarose matrix molded with wells (Fig. 2a), contain-
ing also DNA filaments of known size distribution (in the
first well on the left of Fig. 2a), which were used as mark-
ers. The agarose matrix was then placed on a UV lamp
and covered with a UV glass filter. After the power supply
was turned on, the DC voltage (120 V, 0.78 mA) induced
a migration of the pure DNA (Fig. 2a, first well on the
right) towards the positive electrode. The presence of a
broad fluorescent band indicated that DNA molecules
had fragments between 500 and 1000 base pairs, as antic-
ipated earlier.

Figure 2a (second well on the right) shows that the
GNRs dispersion was not affected by the electrophoretic
run since GNRs are positively charged due to the pres-
ence of the CTAB bilayer. Indeed, GNRs do not exhibit
any visible fluorescence band in the well, even in pres-
ence of the fluorescent tag (EtBr). The intense fluores-
cence of EtBr after binding with DNA is probably due to
the hydrophobic environment found between the base
pairs. By moving into such a hydrophobic environment
and away from the solvent (water in our case), the eth-
idium cation is forced to shed any water molecules that
was associated with it. As water is a highly efficient fluo-
rescent quencher, only the removal of water molecules
allows the ethidium to fluoresce. On the contrary, no
binding event can be thought to occur between GNRs
and EtBr and therefore the water based GNRs dispersion
represent an effective hydrophobic environment able to
induce a strong quenching of the ethidium fluorescence.
By increasing the DNA concentration (W, < W < W,)
the solution shows a remarkable fluorescence very
close to the well, pointing out an inhibited migration
toward the positive electrode. Such an evidence can
be accounted for by the presence of the CTAB bilayer,
which makes GNRs positively charged, and thus able to
electrostatically interact with the DNA molecules, with-
out affecting their average length, however changing the
effective charge of the whole system. A further increasing
in the DNA concentration (W; < W < W) results in flu-
orescent bands broader. This evidence can be reasonably
explained by thinking that, under these conditions, elec-
trostatic interaction between GNRs and DNA exhibits
a saturation and therefore all the non-conjugated DNA
molecules or even the over conjugated DNA/GNRs com-
plexes (means complexes with an effective negative elec-
tric charge) are free to run towards the positive electrode.
Therefore the detected broad are likely due to at the pres-
ence of GNRs/DNA complexes with different size and
charge (ranging from non-conjugated DNA to over con-
jugated GNRs/DNA complexes). It is worth mentioning
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that we have focused our study on the electrostatic inter-
action between GNRs and DNA (ranging from 500 to
1000 bp). As a matter of fact, it has been reported that
the physical-chemical properties of cationic surfactant/
DNA complexes are slightly affected by DNA size, while
their ability to deliver DNA does [26, 27]. Recent results
[28] have demonstrated that delivered DNA facilitated by
cationic nanocarriers aggregates to a large extent within
the cell, and aggregation is influenced by a number of
factors including the location, the environmental condi-
tions, and the DNA size itself. In particular, the smaller
DNA sizes exhibited greater aggregation than the larger.
Thus, we suggest that DNA size could have a minor
effect, if any, on the physical-chemical characterization
herein reported, while it could affect intracellular DNA
photothermal release and aggregation. This is a key issue
that will be addressed in future investigations.

In order to study the effective electric charge of the
system, electrophoretic mobility experiments were car-
ried out by means of a laser Doppler electrophoresis
technique (Malvern-NanoZetaSizer) [29]. The mobil-
ity u was converted into the zeta-potential using the
Smoluchowski relation: zeta-potential = un/e, where
e is the permittivity of the solvent phase while 1 is the
solvent viscosity. Zeta-potential measurements were
performed in triplicate and results are reported as aver-
age value £ standard deviation in Fig. 2b. This experi-
ment, realized by measuring the effective electric
charge of the system (zeta potential) without adding
the EtBr, shows that by increasing the DNA concentra-
tion (decreasing W, Fig. 2b) the zeta potential decreases.
In particular for W = 2 x 107" GNRs/DNA complexes
also undergo through a charge inversion effect differ-
entiating negatively and positively charged aggregates.
Indeed, this behavior, very similar to the one reported in
Fig. 2a (electrophoresis analysis), highlights that the low
concentration of EtBr does not affect the overall elec-
tric charge of the GNRs/DNA mixtures. As described
in details in the Additional file 1 and confirmed by the
environmental scanning electron microscope (ESEM)
analysis reported in the inset of Fig. 2b for W < 107°
the GNRs/DNA complexes are quasi-spherical clusters
(region I), while for W > 107 their shape is elliptical
like (region II). As a result, the GNRs/DNA complexes
in region II are simultaneously positively charged and
small in size (see Additional file 1). These relevant fea-
tures make the system a good candidate for drug deliv-
ery and GT applications. To this end, it is important to
say that the electrostatic interactions are modified in a
physiological environment, where ionic strength acts to
modify the complex overcharging. Physiological saline
solutions have a destabilizing effect on the structure of
GNRs/DNA complexes, either when they are prepared
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in these solutions or added to them after being prepared
in low ionic strength solutions [30, 31]. The presence of
salt during complex formation induces a smaller compl-
exation efficiency for each given charge ratio. High salt
concentration weakens the association between GNRs
and DNA in preformed complexes, with the occurrence
of some dissociation.

UV spectroscopy characterization

The effect of the GNRs/DNA conjugation on the overall
DNA stability was investigated by performing a thorough
spectral characterization of the system and by monitor-
ing the absorption spectrum of the DNA solution, GNRs
dispersion and GNRs/DNA complexes as a function
of temperature. Absorbance versus temperature pro-
files were obtained (by means of a computer-interfaced
Jasco V-630 spectrophotometer equipped with a ther-
moelectrically controlled cell holder) by monitoring (at
\ = 260 nm) the intensity of the absorption while heating
up (3 °C/min) the samples (DNA solution, GNRs disper-
sion and GNRs/DNA complexes). The melting tempera-
ture (7,,) for each transition was obtained from the
optical melting curves by using a previously described
procedure [32]. One of the most commonly used and
simplest techniques for the DNA melting point determi-
nation is spectroscopic analysis by UV absorption. The
absorption spectrum is recorded against the depend-
ence of the temperature where the turning point of the
graph describes the exact temperature (7,) at which half
of helix structure is lost. In the actual case, the inten-
sity absorption was monitored at X = 260 nm since the
DNA solution exhibits a well-known sharp maximum at
260 nm due to the absorption of the subunits of nucleic
acids (purines and pyrimidines) [33] while the GNRs dis-
persion does not show any absorbance peak at 260 nm
and moreover their overall absorbance does not change
with temperature (data not reported). Indeed, high tem-
perature causes DNA to melt due to breaking of hydro-
gen bonds connecting the bases and, consequently, the
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absorbance at 260 nm rises (this effect being known as a
hyperchromic effect).

Figure 3a shows a typical melting curve of the DNA
solution; it exhibits a melting temperature T, of about
85.0 °C, temperature value in good agreement with pre-
vious works [34]. The conjugation of GNRs/DNA acts as
a destabilizer for the DNA melting inducing a broader
melting transition with a lower T, values as is evident in
Fig. 3b—c. Results are in good agreement with recent find-
ings showing that interaction between DNA and cationic
surfactants can result in an increase of UV absorption,
and decrease of melting temperature of calf thymus DNA
[35]. The melting properties of the GNRs/DNA conju-
gates were studied in the whole range W, < W < W,
however, here, only the results for two particular val-
ues of W (W, and W) are reported. Indeed, these two
values are representative of the explored working range
since they are opposite in charge (namely W, positive
and W, negative) and they belong to two distinct regions
(W,, region II; W, region I). It is worth noting that, for
the two investigated values of W (W,, positively charged
complexes and W, negatively charged complexes) the T,
values are almost the same. The reason can be ascribed to
the small difference in the GNRs concentration between
W, and W.. As a matter of fact, we did not investigate
the behavior of T,, outside the selected working range
(W, < W < Wy) since it is meaningless for the goal of
our applications.

Plasmonic photo-thermal heating

The influence on the DNA melting of local heating
induced by a bio-transparent optical radiation, through
the GNRs resonance was investigated by means of a set
of all-optical experiments performed by using the all-
optical setup reported in Fig. 4. This setup profits of a
collimated white source (240 nm < \ < 850 nm) for moni-
toring the spectral properties of the GNRs/DNA solu-
tion and a CW NIR pump laser emitting at A = 800 nm
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Fig. 4 All-optical setup for sample characterization. F is the transmis-
sion optical fiber

(longitudinal band) of the GNRs. The sample is placed on
a hot plate for control experiments based on delocalized/
uniform heat.

The photo-heating experiments was carried out on
both W, and W, GNRs/DNA solutions but, due to the
low concentration of GNRs, no significant result was
detected in the W, solution and therefore all the experi-
ments reported here were performed on the W, solution.
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Figure 5a (red curve) shows the absorption spectrum of
the sample. Remarkably three distinctive markers of GNR
absorption, namely transverse and longitudinal LPRs,
at 520 and 800 nm respectively, and the DNA absorp-
tion peak at N = 260 nm, can be identified. By optically
pumping the same probed sample area, the photoexci-
tation of GNRs induces an electric-driven Joule heating
with a consequent energy exchange with the surrounding
medium (DNA in our case) [36].

This local-heating induces a gradually DNA melt-
ing (Fig. 5a, from blue to black curve) with a conse-
quent enhancement of the absorption peak at 260 nm
according with the mechanism previously described. It
turns out that plot of the intensity of the DNA absorp-
tion peak versus the illumination time exhibits a linear
behavior (Fig. 5b). Moreover, the refractive index change
of the DNA under optical illumination induces a small
blue shift of the longitudinal plasmon GNRs at 800 nm
(5—-6 nm) blue shift while no shift can be detected for
the transverse band at 520 nm. This behaviour can be
explained by considering that the sensitivity of the LPR
wavelength () pr) with respect to the refractive index of
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Fig. 5 Absorption spectra of the sample for different values of illumination time (a) and linear fit of the intensity of the DNA absorption peak (at
A\ = 260 nm) versus the illumination time (b). Thermographic analysis of the sample for different illumination times (c—f)




De Sio et al. Micro and Nano Syst Lett (2015) 3:8

the surrounding medium (n,) can be expressed as [37,
38]:

< ApAR (1)
N

where L is the bulk plasma wavelength of gold and AR
is the aspect ratio of nanorods. Equation 1 clearly shows
that the sensitivity of the LPR wavelength is linearly
proportional to AR and ;. In the actual case, since AR
is 3.2 for the longitudinal band while is 1 (spherical like
case) for the transverse band it is easy to understand why
there is a low sensitivity of the transverse band to varia-
tion of the refractive index of the surrounding medium,
while a concomitant high sensitivity is observed for the
longitudinal plasmon band. Figure 5c—f shows the ther-
mographic analysis of the sample for different illumina-
tion times. The experiments were realized by keeping the
hand fingers close to the sample (in our case the GNRs/
DNA solution is inside a 2 x 10 mm UV-Vis quartz
cuvette) in order to have a bio-setpoint (T =~ 37 °C).
The thermographic analysis shows that the surface of
the illuminated area is photo-heated with a temperature
variation ranging from 25 °C up to 90 °C meanwhile the
bio-setpoint is kept at the same temperature (T ~ 37 °C).
It is worth saying that the thermo-camera can measure
the temperature with high accuracy (0.5 °C) only at the
focal plane and for this reason, with this technique, it is
possible to measure the temperature of the GNRs/DNA
solution only on the front face of the cuvette.

A validation of the effect of the GNRs induced local
heating on the DNA, was achieved by performing a con-
trol experiment by varying the sample temperature from
25 °C up to 95 °C and monitoring the absorption spec-
trum (Fig. 6a). The delocalized heating was found, once
more, to induce a gradual DNA melting with a conse-
quent enhancement of the absorption peak at 260 nm,
thus confirming that the photo-thermal nature of the
behavior reported in Fig. 5a. It is worth noting that the
two calibration functions reported in Figs. 5b and 6b,
within the experimental error, exhibit the same linear
behavior. Therefore, by using the linear function reported
in Fig. 6b, it is possible to calculate the average tempera-
ture of the sample by means of the following equation:

_ (AP—0.142)
T 0.0061

This result shows that it is possible to measure the aver-
age temperature around GNRs at a given illumination
time with a sensitivity of about 0.06 °C by simply moni-
toring the intensity of the absorption peak at 260 nm.
Remarkably the presented method offer an original tool
to monitor nanoscale temperature variation in a bio-
compatible environment by exploiting the DNA melting
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process. In order to visualize the difference between
localized (confined to the illuminated area) and delocal-
ized (uniform) temperature variation, the temperature
of the GNRs/DNA solution was measured by heating
up the quartz cuvette with a hot plate, the investigated
area is marked with a white circle in Fig. 6. As a result
(Fig. 6¢c—f), the heating transfer from the plate to the
cuvette results in a quite uniform temperature distribu-
tion along the surface of the cuvette, clearly pointing out
the difference between localized (generated by light) and
delocalized (generated by a hot plate) temperature varia-
tion. This “visual comparison” based on a thermographic
analysis is a proof-of-concept that in case of in vivo appli-
cations (e.g., GT or photo-thermal therapy) only the illu-
minated area is photo-heated (e.g., cancer cells) while
the surrounding medium is not affected (e.g., healthy
cells). Conversely, in case of heat generated through mag-
netic therapy (delocalized heat) the whole sample area is
affected by the treatment (e.g., both cancer and healthy
cells). Moreover, the localized heat can be used for pho-
tothermal release of DNA from GNRs for GT applica-
tions. It is worth mentioning that the reported method
has been investigated in a temperature range between
72 and 85 °C (or irradiation time between 19 and 30 s)
in order to study the photo-induced melting proper-
ties of the DNA solution. However, the same approach
can be extended to other, lower, temperature range (e.g.,
25-72 °C), by using a different calibration curve since the
full melting diagram of a DNA solution exhibits a sig-
moidal behavior, due to superimposition of two linear
calibration curves (see Fig. 3). Above 85 °C, since all the
double-stranded DNA unwinds and separates into single-
stranded DNA, the melting curve exhibits a saturation
region (see Fig. 3). For this reason, there is no physical
meaning for studying the photo-thermal properties of the
DNA/GNRs solution beyond 30s.

Conclusion

A detailed study has been reported on the electrostatic
interaction between a GNRs dispersion and a DNA
solution. Both effective electrostatic charge and average
size/shape can be easily controlled by carefully selecting
the suitable GNRs/DNA molar ratio. In particular, the
GNRs/DNA complexes also undergo through a charge
inversion effect, finally differentiating negatively and
positively charged conjugates. These distinctive features
make them promising candidates for drug delivery and
GT applications both in vitro and in vivo [39]. Photo-
heating experiments realized through a bio-transparent
optical radiation (A = 800 nm) demonstrated that the
system represent an accurate temperature sensor able
to monitor heating variation trough the DNA melting
(at » = 260 nm) with a sensitivity of about 0.06 °C. The
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Fig. 6 Absorption spectra of the sample for different values of temperature (a) and linear fit of the intensity of the DNA absorption peak (at
A = 260 nm) versus the temperature (b). Thermographic analysis of the sample for different temperatures (c—f)

overall results allow a deeper fundamental understand-
ing of the interaction between charged plasmonic and
biological materials [40] and, at the same time, open-
up the venue for realizing a new generation of tools for
nanomedicine.
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