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ABSTRACT. The stability of thiol bonding on the surface of star-shaped gold nanoparticles was
studied as a function of temperature in water and in a set of biologically relevant conditions. This
was obtained by monitoring the release of a model fluorescent dye, Bodipy-thiol (BDP-SH), from
gold nanostars (GNS) co-coated with poly(ethylene glycol) thiol (PEG-SH). The increase of the
BDP-SH fluorescence emission, quenched when bound to the GNS was exploited to this purpose. A
maximum 15% dye release in aqueous solution was found when the bulk temperature of gold
nanostars solutions was increased to T = 42 °C, the maximum physiological temperature. This
fraction reduces to 3-5% for temperatures lower than 40 °C. Similar results were found when the
temperature increase was obtained by laser irradiation on the Near Infrared (NIR) localized surface
plasmon resonance (LSPR) of the GNS, that is photothermally responsive. Beside the direct impact
of temperature, an increased BDP-SH release was observed changing the chemical composition of
the solvent from pure water to phosphate saline buffer (PBS) and culture media solutions.

Moreover, also a significant fraction of PEG-SH is released from the GNS surface due to the

increase of temperature, We observed it with a different approach, i.e. by using a coating of a-



mercapto-m-amino PEG labeled with Tetramethylrhodamine isothiocyanate (TRITC) on the amino
group, that after heating is separated from GNS by ultracentrifugation and the released PEG
determined by spectrofluorimetric techniques on the supernatant solution. These results suggest
some specific limitations in the use of the gold-thiolate bond for decoration of nanomaterials with
organic compounds, related to temperature and duration of the thermal treatment and of the solvent

composition that could be exploited in biological media to modulate the in vivo release of drugs.

1. INTRODUCTION

Gold nanoparticles (GNP) are widely used in chemistry, physics, biology' and medicine” due to a
number of unique properties.* These include the light scattering and absorption from localized
surface plasmon resonances (LSPR), whose wavelength depends mainly on the nanoparticles
shape and to a lesser extent on the local dielectric constant.®” The latter is in turn tuned by the
solvent and by the GNP surface coating. Besides LSPR, coating also affects GNP stability and their
interaction with the environment,®'? allowing and enriching GNP use in vitro and in vivo for bio-
sensing and therapy.>'''? The direct interaction of the gold surface with thiols (-SH) and disulfides
(-S-S-), forming self-assembled monolayers, is the most widely employed method for grafting a
coating on GNP. This may be either a small molecule or a polymer or a combination of both.*'* The
formed “Au-S” bond is indeed a thiolate-Au" coordinative interaction, with a homolytic strength of
~ 40 kcal/mol."*"> The thermal and environmental stability of such bond has been investigated first
on bulk, flat Au surfaces. Ultrahigh vacuum studies show that thiols desorb significantly from flat
Au at room temperature, in a 7 days time lap.'® Desorption of linear alkane thiols from flat Au is
significant also when surfaces are dipped in hexadecane at 83 °C, with faster desorption for shorter
chain thiols, while at room temperature immersion in 1 M NaOH or HCI does not affect monolayers
of octadecanethiol over 24 h periods.'” On the other hand, immersion of gold monolayers of

alkanethiols, hydroxyalkanethiols and tetraethyleneglycolalkanethiols in serum-free or 10% FBS



(fetal bovine serum) supplemented culture media at 37 °C for short time (30 min) do not evidence
desorption.'® Under similar conditions (TRIS-buffered saline solution at 37 °C for up to 7 days),
hydroxoalkanethiol monolayers are also stable.'” Stepping to thiol coatings on colloidal solutions of
GNP, literature evidences that competing thiols can displace grafted thiols on coated spherical GNP

2021 a]though, depending on the nature of the grafted thiols,

even in water and at room temperature,
. . 22 . . .
poor or nihil displacement may even take place.”” Besides thiol exchange, temperature increase over

room temperature has been reported to result into thiol desorption from spherical®** and rod-like

gold nanoparticles."’

The biocompatible polyethylene glycols (PEGs), equipped with terminal —SH groups, are very
frequently used as coatings for GNP, due to their many advantages in bio-medical applications.
PEG-coated GNP display improved pharmacokinetic properties,”> PEG enhances in vitro stability of
GNP in saline buffers or culture media® and it allows the coated nanoparticles to evade
macrophage-mediated uptake and removal from systemic circulation in vivo."' PEG coating is also
employed for nanoparticle specific functionalization, as many commercial PEGs in addition to a
thiol function suitable for grafting on gold feature also a remote function (e.g. -OH, -COOH, -NH,)
that may be used for further chemical modification.***’ Gold nanoparticles modified with

28,29

fluorescent dyes are also proposed for biomedical applications as image-enhancing agents and

3031 Wwith the dyes typically grafted to the gold surface through a remote thiol moiety.

as biosensors,
It must also be added that GNP have relevant applications in hyperthermal treatments,” as when
irradiated on their LSPR they thermally relax, with a highly localized temperature increase. This is
particularly interesting when non-spherical nanoparticles are considered, such as gold nanorods
(GNR)32 and gold nanostars (GNS).33’34 In the latter cases one or two LSPRs are placed in the near-
IR range (750-1100 nm) where tissues and blood are semi-transparent, so that non-invasive through

tissues localized hyperthermal therapies may be envisaged. Recently, photothermally responsive

GNS have been demonstrated to be very efficient in vitro against tumours® and bacterial biofilms.*®



In this context the photothermally-triggered release of molecular species adhering to gold
nanoparticles may be considered a powerful tool for biomedical applications®’ as it might offer a
synergetic therapeutic effect through the localized drug release in addition to direct local

hyperthermal treatments.
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SCHEME 1. Formula of HS-PEG (MW=2000), BDP-SH and HS-PEG-NHTRITC. Picture A is a
TEM image of the used GNS, pictures B and C are pictorial sketches of the GNS-PEG-BDP and
GNS-PEGNHTRITC constructs

On the other hand the stability of thiol-grafted PEG coatings is typically neglected and taken as
assured under all conditions, although under NIR irradiation or even at the temperature typical for
in-vivo use (36-42°C) the reviewed literature (refs 15-24) indicates that the S-Au bond is labile and
thiols may undergo detachment and displacement by competing species.

Based on this background, the study of the lability of thiolate-grafted coatings of photothermally

responsive GNS in aqueous solutions as a function of the temperature and of the nature of



codissolved solutes is particularly relevant. To this purpose we exploited the gold-induced
fluorescence quenching of organic dyes that is observed when these are grafted to gold at a short
distance.®*° The current study was carried out using a model compound, BDP-SH (see Scheme 1),
containing the Bodipy fluorophore moiety and a remote thiol group, grafted on GNS with PEG-SH
as the co-coater, see Scheme 1B. Bodipy dyes are stable in aqueous solutions and have high
fluorescence quantum yields*' with absorption at 500530 nm,** a range only partially
superimposed to the LSPR of GNS.** In the present paper GNS were obtained by the well-

634 These GNS are mainly pentatwinned

established lauryl sulfobetaine (LSB) assisted synthesis.
branched nanostars (70-80%), see Scheme 1A, with LSPR tunable in the 750-1100 nm range®**°
and centered at ~ 730-750 nm in the synthetic conditions chosen for this paper. Moreover, it was
previously demonstrated that they are photothermally active in aqueous solutions, with specific
absorption rate (SAR) as high as 80kW/g,** and with a local increase in temperature at 10 nm from
the gold nanostar surface as high as 12°C.* Bodipy fluorescence is strongly quenched by energy

#3-46 while it is revived when Bodipy is detached and released in

transfer to gold nanoparticles,
solution. We used the recovery of the BDP-SH fluorescence signal as an indicator of the fraction of
released dye from GNS co-coated with BDP-SH and PEG-SH, as sketched in Scheme 2A.
Temperature variations were studied both by heating GNS solutions with a thermostat and by
irradiation of GNS on their NIR LSPR. Environmental conditions other than temperature were also
investigated, such as biological buffers (PBS and RPMI-1640 cell culture broth) and acidic pH
values as those found in endosomes, where nano-objects may experience pH values significantly
lower than neutral values.*”* In parallel, the detachment of PEG-SH under the same conditions was

also studied, coating GNS with an a-thiol-w-amino PEG, targeted on the terminal -NH, group with

the fluorescent tetramethylrhodamine isothiocyanate dye, see Scheme 1C .
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SCHEME 2. Pictorial sketch of the approach used to determine the released BDP-SH (A) and HS-
PEGNHTRITC (B) from GNS. In case A, BDP-SH fluorescence is quenched when it is grafted to
GNS and desorption from GNS due to T increase is measured by fluorescence revival. In case B,
the TRITC moiety is fluorescent also when HS-PEGNHTRITC is grafted to GNS. T increase results
in HS-PEGNHTRITC desorption from GNS and after separation from GNS by UCF its
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fluorescence intensity is measured on the supernatant solution.

In this case the fluorescent moiety is too distant from the gold surface to observe emission
quenching when grafted to GNS, so we adopted a different approach based on supernatant analysis
after separation by ultracentrifugation (UCF) see Scheme 2B. By this we obtained a wide picture on

the photothermally induced release of surface-bound thiolated drugs and on the stability of thiol

coatings in conditions similar to in Vivo ones.




2. EXPERIMENTAL

2.1 Chemicals and GNS synthesis. Chemicals were purchased from Sigma-Aldrich or Euroclone
Cytogenetics and used as received. Additional details can be found in the Supporting Information
(S1.1 Chemicals). BDP-SH was synthesized as reported previously.*> GNS solutions were obtained
by seed growth synthesis with the zwitterionic surfactant LSB as already described.®** The growth
parameters were chosen in order to obtain the LSPR of the prevalent product (pentatwinned
branched GNS) in the 730-750 nm range.®>* Full details are described in the SI (S1.2 GNS
Synthesis). After the growth process, GNS solutions were ultracentrifuged, the supernatant
discarded, the GNS pellet was redissolved in the starting volume of bidistilled water and used for
further coating.

2.2 Co-coating of GNS with PEG-SH and BDP-SH. This was carried out by simultaneously
adding 100 ul of 10” M ethanol solution of BDP-SH and 100 ul of al0” M of aqueous solution of
PEG-SH to 10 ml of a GNS solution prepared as described in 2.1 (both thiols are thus 1x10°M).
The obtained solution was allowed to equilibrate for 3 hours at room temperature while gently
shaken on a reciprocating shaker. Excess of PEG-SH and BDP-SH was removed by
ultracentrifugation (25°, 13000 rpm), supernatant discarding, pellet redissolution in 10mL of
bidistilled water. The cycle was repeated two more times to assure complete elimination of unbound
PEG-SH and BDP-SH. These were our stock solutions, that were stored in the dark at 4 °C. The
stock solutions (bound dye concentration is 5.6 + 0.5 uM) were diluted with bidistilled water or
other media in 1:10 ratio for further measurements.

2.3 GNS coating with HS-PEG-NH; and conjugation with TRITC. This was carried out in two
steps. The first was coating with HS-PEG-NHo. It followed a procedure analogous to that described
in the previous section, apart from the addition of the sole bifunctional PEG (200 pl of a HS-PEG-
NH, 10~ M aqueous solution). Purification from unreacted HS-PEG-NH, was obtained by two
ultracentrifugation / redissolution cycles. In the second step, the TRITC dye was conjugated with

the grafted bifunctional HS-PEG-NH; via reaction of the terminal amino group of PEG with the



isothiocyanate group of TRITC leading to formation of thiourea linkage. 200 ul of 10 M of TRITC
solution (same molar quantity of the HS-PEG-NH; added in the previous step) in anhydrous DMF
was added to a 10.0 mL solution of GNS coated with SH-PEG-NH, and the obtained solution was
kept overnight under gentle stirring on a reciprocating shaker at room temperature. Removal of
possible unreacted TRITC was obtained by two ultracentrifugation/ redissolution cycles. Further
details in the SI (section 2.3).

2.4 Spectroscopy measurements. Absorbance spectra were recorded using a UV/VIS/NIR
spectrophotometer V-570 (Jasco). The emission spectra were recorded using an Eclipse
spectrofluorimeter (Varian, AU). The detector gain (800 V) and the slits size (exc. slit 5 nm; em. slit
10 nm) were kept constant over all the measurements. BDP-SH was excited at 525 nm and its
maximum emission intensity was observed at 539-541 nm. TRITC dye was excited at 555 nm. The
maximum emission intensity was observed at 578-580 nm.

2.5 Dynamic light scattering (DLS). DLS was performed using a homemade setup described
elsewhere.” DLS measurements were taken on the solutions before and after the temperature
treatments. We investigated the average size and the size distribution for T =20 °C, 42 °C and 50°C
(see Sl, S9. DLS of the decorated GNS solutions). The size distributions were computed by applying

maximum entropy methods*"!

to the modulus of the electric field correlation function according to
the integral equation described in SI (S9. DLS of the decorated GNS solutions).

2.6 Bulk temperature control. For fluorescence studies of BDP-SH and HS-PEGNHTRTITC
release as a function of the bulk temperature, a 2 ml volume solution of GNS co-coated with BDP-
SH and PEG-SH was prepared by diluting 0.2 ml of the stock solution with 1.8 ml of MilliQ water.
The temperature control was obtained with a Cary Temperature Controller connected to the Varian
spectrofluorimeter.

2.7 Near Infrared Irradiation. The release of BDP-SH from GNS was triggered also by irradiating

the nanoparticle suspension at A = 800 nm (Tsunami, Spectra Physics, CA, pulse repetition rate 80

MHz, pulse width 200 fs). The laser was focused on a small volume (30 pL) at the bottom of an



Eppendorf cuvette of which approximately 22 pL. were irradiated with average intensity in the
range 0.14 W/ecm?<<I>< 2.9 W/cm’, assuming a beam diameter ~ 3 mm. The temperature changes
were monitored by means of a Thermovision camera (FLIR, USA) with supporting software.

2.8 Quantitative determination of the boron bound on GNS by inductively coupled plasma
optical emission spectroscopy (ICP-OES). A 5mL sample of GNS solution after the described co-
coating procedure was diluted to 10 mL, ultracentrifuged (13000 rpm, 20 minutes), the supernatant
discarded and GNS pellet on the bottom was redissolved in bidistilled water. The procedure was
repeated two more times. After the final ultracentrifugation the supernatant was discarded and the
pellet treated with 1.0 ml bidistilled water plus 2.0 ml of freshly prepared aqua regia. The blue color
of GNS immediately disappeared and after 24 hours the solution was analyzed with ICP-OES, using

an Optima 3300 DW, Perkin Elmer instrument.

3. RESULTS AND DISCUSSION.

3.1 GNS co-coated with BDP-SH/PEG-SH. The GNS used in this paper are prepared according to
literature,®* and are prevalently pentatwinned branched nanoparticles (TEM image in SI, FigureS4)
with LSPR maximum at 730-750 nm. Previous characterization studies®* showed that these have
average branch length of 30 nm with negative zeta potential, {-potential = —15 mV. Coating is
carried out on GNS by adding a mixture with 1:1 molar ratio BDP-SH:PEG-SH. Coating makes the
LSPR to red-shift of ~ 30 nm (SI, Figure S3.1.1), as typical of these GNS®** when the local
refractive index increases due to the surface grafting of molecules less hydrophilic than water, like
BDP-SH. The coated GNS (species B in Scheme 1) are stable to repeated ultracentrifugation cycles
and are not affected by high NaCl concentration (no spectral changes are observed over 4 hours in
0.01-1 M NaCI’%). Their Z potential is -9 mV in pure water and -1 mV in 0.IM NaCl Using a 1:1
molar ratio in the coating process, however, does not mean that the two thiols are equimolar also on
the GNS surface. It has been shown that the tendency of two competing thiols to graft on an Au

55-59

surface from the same solution is inversely proportional to their affinity to the solvent. In this



case, being BDP-SH poorly soluble and PEG-SH fairly soluble in water, we should expect an
higher surface fraction of the former. We have obtained sharp analysis of the coating composition
of this GNS type by Differential Scanning Calorimetry (DSC) on dry GNS samples.**
Unfortunately in this case GNS co-coated with BDP-SH and PEG-SH are not stable under the
drying and heating procedures (spurious peaks are observed when DSC is carried out). However,
we are able to calculate both the concentration and the number or BDP-SH molecules per GNS in
our stock solutions: from ICP-OES on GNS oxidized with acqua regia we obtain boron and gold
concentrations. B, contained in BDP (see Scheme 1) gives directly the BDP-SH concentration,
5.36x10°M. Au is 2.36x10™*M. The average number of BDP-SH molecules per single GNS in the
samples, ~3400, is obtained using the average GNS mass, that we have calculated in a previous
paper (5x10™7g/GNS, see ref 53). The co-coated GNS are resistant to 3 or more ultracentrifugation /
redissolution cycles, indicating that a consistent quantity of PEG is grafted on their surface. As a
further point to support this we carried out preparations with the same total added thiol (BDP-SH +
PEG-SH = 2x10"°M) but also with 0.1 to 1.0 BDP-SH:PEG-SH molar fraction in the coating
solution. Coated GNS are stable to 3 or more ultracentrifugation cycles only for BDP-SH molar
fractions 0.1-0.7. Higher molar fractions in the coating solutions give less stable coated GNS, due to
the small quantity of grafted PEG-SH. The number of BDP-SH per GNS varies from 2900 to 3600
along the 0.1-0.7 molar fraction series with a linear increase with the BDP-SH molar fraction in the
coating mixture (see SI, Table S2.2.1 and Figure S2.2.1).

GNS are non-spherical and one may hypothesize that they have zones in which the coating is more
exposed to water (e.g. tips) with respect to other less hydrated zones (e.g. cavities between
branches). One may thus also wonder if a preferential disposition of PEG-SH (on tips) and BDP-SH
(in cavities) holds, with a “isles” morphology of the two coaters instead of a random distribution.
Vicinal fluorophores, typical of an isles-like preferential distribution, may give self-quenching, as it
is found e.g. on spherical GNP.>* It should be expected that the effect is more intense with

increasing surface concentration of BDP-SH. However we examined the fluorescence intensity of
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the series of GNS with different BDP-SH molar fractions in the coating solution, and found a linear
increase with the latter, with no changes in the shape of the emission spectra (SI, Figures S3.2.1 and
S3.2.2)

Finally, the concentration of BDP-SH bound to the coated GNS used in this work (i.e. prepared
with 1:1 BDP-SH/PEG-SH and used as stock solutions) was calculated also optically. This was
done by absorption spectrophotometry, using the BDP-SH extinction coefficient at 525 nm
calculated in ethanol (gsp5 = 4.48 + 0.2-10* M'lcm'l) and correcting the absorbance at 525 nm of the
coated GNS by subtracting the contribution of the uncoated GNS (details in the SI, section 3.1). The
obtained value is 5.6 £ 0.5 x10° M, in full agreement with the ICP-OES data. This is the
concentration of the stock solution used in this paper.

3.2 Estimate of released BDP-SH as a function of bulk temperature. The fluorescence yield
(ratio of the fluorescence emission to the dye concentration) of the grafted BDP-SH as a function of
the temperature cannot be measured directly, since the dye is released from the GNS surface as the
temperature increases. . Moreover, the fluorescence yield of free BDP-SH decreases with increasing
temperature (see SI, section S6). Therefore a temperature cycling procedure has been adopted in
order to follow the dye release through the changes of its fluorescence signal, thus circumventing
the variations due to the fluorescence yield variation with T. The temperature cycle, shown in
Scheme 3, started from the solution at temperature Ty = 20 °C whose fluorescence is Iy, then a rapid
(<30 sec) increase of the suspension temperature to T"™> T, was obtained where the fluorescence
intensity I(t) was measured for a time stretch ™. The temperature was then rapidly (<30 sec)
decreased back to Ty, where the fluorescence Io(n)(t) was followed in time for a time stretch, AW,
The cycles where repeated N times (n=1,2,...N). In this protocol we assumed that all BDP-SH was
bound to GNS before starting the temperature treatment, this allowing to calculate the fluorescence
yield for the bound fluorophore at 20 °C, 75(20) = 71.246 (a.u.). We also assumed that the kinetics

of dye re-grafting to GNS occurred on a scale much longer than the cooling time (< 30 sec): the last
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assumption was verified experimentally a posteriori. The fluorescence yield of the free fluorophore
at 20 °C can be measured on pure BDP-SH, 7:(20) = 2180.8+4 (a.u.)
We use a simple relation between the fluorescence emission of samples measured at T=T)

(independent of the heating history of the sample) and the concentration of the BDP-SH released in
the suspension (C{"):
I =1, (20)C{" +1,(20)C{" =

=[n,(20)-7,(20) |c\" +7,(20)C,,, 1)
= Anbe)(cn) +I0

\

with Cp™ = concentration of the bound BDP-SH and Ciot = Co™ + C{™. Cyot is the the concentration

of the stock solution diluted 1:10 for the fluorescence experiments, i.e. 0.56x10°M.

['n*e] @ouadsalon|4

Scheme 3. Sketch of the typical bulk temperature cyclic experiment on the Bodipy decorated GNS
solutions. The lower panel reports the temperature kinetics. The transitions between the lower (Ty)

and the upper (T™) temperatures are much shorter than the typical incubation time and are sketched
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as abrupt changes. The upper panel reports a sketch of the fluorescence emission kinetics both in
heating up and in re-cooling.

An explicit expression for the concentration of the released dye is then obtained as:

n (n)
I((J ) _Ctoﬂ?b(zo) _ [IO _I0:|
A77fb A77fb

(n) _
Cf o (2)

leading to an expression for the fraction of released dye pgp as:

Pé’la’ = C}n) / (Ctot) 3)

The above algorithm does not imply any assumption on the temperature dependence of the
fluorescence yield of the bound species.

3.3 Thermal stability of the thiol bonding in aqueous media: single temperature jump. The
fraction of released BDP-SH from the coated GNS due to a single exposure at T""> T=20 °C for a
time lapse in the range 10 min < t"" < 40 min (see Scheme 3), p'"sp, was investigated by
monitoring the BDP-SH emission and the results are shown in Figure 1A. We always found that
after bringing the suspension temperature back to Ty = 20 °C the BDP-SH fluorescence was higher

than the pre-heating value, I0(1)> lo.
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Figure 1. Temperature treatments of GNS-PEG-BDP in water solutions. Panel A: Single cycle
experiments reporting the % fraction of released BDP-SH from coated GNS as a function of

temperature. The symbols refer to incubation times 1) = A" =

5 min (full black squares), 10 min
(full red circles), 20 min (full green up triangles) and 40 min (full blue down triangles). The inset
shows a blow up of the region 37 °C < T < 50 °C. Panel B (lines are added to guide the eye):
Repeated (N=3) temperature cycling experiments showing the influence of temperature (T™ is the
higher temperature of the cycle) and incubation time, T, on BDP-SH release for 1) = 5 min
(empty black squares), 20 min (empty red circles), 40 min (empty green triangles) and 60 min

(empty blue stars). A™ = ™. The inset reports the released dye fraction (N=3, T™) =40 °C) as a

function of T, Uncertainties on the data are between + 0.25 % and + 0.35 %.

This suggests that a fraction of BDP-SH was released at high temperature and was not resorbed on
the GNS surface when the suspension was rapidly (within 30 sec) brought back at T=T,. By

applying Equations (2,3), we obtain a fraction of released dye p{3 > 3% only for temperatures above

45°C, which is however outside the physiological range 37-42 °C. To be noted that a value of 3% is
~ 8 times our experimental uncertainty (Figure 1A).

For values of T"" close to the room temperature and in any case for T") < 37°C, the thiol bonding in
aqueous solutions appears quite stable even for prolonged exposures ( pi) < 4% for T""<40 °C and
) <40, Figure 1A).

3.4 Thermal stability of the thiol bonding under temperature cycling. As shown in section 3.3,
below T = 50 °C the effect of the incubation time on piy appears only for long heating times.
Nevertheless, understanding the release trend at temperatures below 50 °C is essential for
biomedical application, in which prolonged and repeated photothermal treatments could be carried
out with the same GNS batch. Accordingly, we tried to increase the released dye fraction in the

range 40 °C < T™< 50 °C by performing repeated (N=3) cycles (20 °C -»T®™— 20°C),;_ x with
14



different incubation times t™ and A™ = t™ (Figure 1B). The fraction of released dye was computed
according to (3) from the fluorescence intensity, 1"’ (see Scheme 3), measured after the

suspension was recooled to room temperature, Ty after the last heating cycle.

As it can be seen from Figure 1B, incubation times from t" = 5 min to t" = 20 min did not
significantly impact on the release of BDP-SH in the range 40-45°C (ppp< 2.5%). However, For 1"
= 40 min or above, the fraction of released dye rose to 9 — 11 % at T® = 40 °C — 42 °C (Figure 1B,
stars). The released dye fraction increased non linearly with the incubation time (Figure 1B inset).
Moreover, it was found that the reduction of the relaxation time at 20°C to A™~ 4-5 min <t™ while
performing these cycles led to an increase in the fractions of released BDP-SH. At T™ = 40°C the
BDP-SH released fraction of ~ 10% (A™ = 5 min, ™ = 40 min) was reached and this value raised
to~ 15% for cycling at T™ =50 °C.

3.5 Full BDP-SH release from GNS at T™ = 80 °C. In the previous analysis we relied on the
assumption that BDP-SH was initially completely bound to gold nanostars in our GNS-PEG-BDP
solutions. The degree of approximation of this assumption was verified by performing repeated (N
= 15) cycles T">T™—T" at a very high temperature, T™~ 80 °C, for intermediate values of

M=10 min and A™ = 10 min. We reasoned that in this way we should be able to

incubation times t
completely release the BDP-SH bound to the gold nanostars. The concentration of the dye obtained
by equation (3) was compared with the values obtained from the absorption spectrum of the GNS-
PEG-BDP construct under the assumption that the dye extinction coefficient was not significantly

affected by the vicinity of the gold nanoparticles surface. The values of intensity, I(()"), measured at

the end of each of the A™ = 10 min incubation periods at T=20 °C are reported in Figure 2 (blue

squares) and display an overall exponential growth that can be fitted according to

t

|(§n)(t) =1_-Al " Froma single exponential fit (solid line) we obtain t,~ 60 min for T=T)
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Figure 2. Kinetics of the Bodipy fluorescence emission in water under repeated heating cycles
withn=1,2...15 and T™ = 80 °C. Panel A: Bodipy fluorescence at the end of each incubation

period at To =20 °C (1", blue squares). The solid line is the best fit to a single exponential growth

function. Inset: fluorescence kinetics after bringing the GNS-PEG-BDP suspension at T" = 80 °C
(red circles, single cycle experiment, 1" = 90 min). The solid lines are the best fit single

exponential growth function to the data. Panel B reports the diagram of the temperature in the

solution.

We also followed the change in Bodipy emission during a single long lasting incubation at high
temperature TV = 80 °C. The fluorescence intensity increase could be analyzed as a single

exponential growth with relaxation time t,; =48 + 4 min (Figure 2A, inset) smaller than that

16



measured under alternated heating t,; ~ 60 min (T=T) (Figure 2A, circles). This result can be
explained as a partial resorption of the dye to the gold surface in each low temperature interval.

The fraction of dye released in the solution, pY), obtained from the data reported in Figure 2

approached closely 100% (99% = 0.2, for ™= 10 min, N=15), and the value was independent of
the incubation time t™ from 10 min to 60 min (97 £0.5 %, for t™ = 60, N=1). These results
confirm the validity of the assumption for the derivation of Equation 1 stating that all (99%) the dye
was bound to the GNS surface before starting the thermal treatment and provide the value of bound
BDP-SH concentration = 5.6 = 0.5 pM in stock solutions.

3.6 PEG-SH release induced by temperature. Although the structure, bulkiness and
hydrophilicity of the appended groups are very different, PEG-SH and BDP-SH terminate both with
a -CH,-CH,-SH moiety, see Scheme 1. Accordingly, the nature and the energy of the S-Au bond is
expected to be similar between, and a fraction of the grafted PEG-SH could may be as well
desorbed on increasing temperature. Being PEG-SH colorless and non-fluorescent, the release of
the PEG thiol was studied with a different approach, illustrated by Scheme 2B. A bifunctional
HS-PEG-NH; was used, and its free primary amino groups were labeled with the TRITC dye (see
species C, Scheme 1), thanks to the isothiocyanate-amine coupling reaction, that leads to the
formation of the thiourea linkage shown in Scheme 1. TRITC conjugation was carried out with an
excess TRITC with respect to the HS-PEG-NH, grafted on the GNS, and this is expected to yield
the all-functionalized GNS-PEGNHTRITC constructs pictorially described by structure C in
Scheme 2. TRITC fluorescence has a maximum of emission (Aep) at 580 nm. Due to the long PEG
spacer TRITC dye is not kept near to the gold surface as the Bodipy moiety in BDP-SH and
therefore the fluorescence emission of TRITC is not quenched (cartoon on the left of Scheme 2B).
The release of TRITC labeled PEG chains was then studied by temperature cycles followed by UCF
to separate the released labelled PEG from the GNS suspension (remaining in the supernatant,

cartoon on the right of Scheme 2B). The concentration of starting and released PEG is then
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determined by fluorimetry. Details on this procedure are described in the SI (Section S10). The
results of this analysis show that, during the thermal treatment of the GNS solutions, a PEG-SH
chain is also released from the surface of GNS. The fraction of released PEG was ~ 16% at T = 37
°C and raised to ~ 20% for T" = 42 °C for incubation time t"" = 60 min. Similarly to the
experiments aimed at the BDP-SH release, repeated (N=3) thermal treatments at high temperature
T™ =80 °C, ™= 60’, led to the full release of PEG from the GNS. We must stress that for this
analysis GNS were fully coated with a single bifunctional, labelled PEG, a condition different from
the GNS-PEG-BDP constructs prepared with a BDP-SH:PEG-SH 1:1 mixed coating solution. Also
(see Scheme 1), it may be argued that the bifunctional PEG used in this section has a longer chain
than the PEG-SH used for co-coating with BDP-SH. However, focusing on the gold-PEG
interaction, the two PEG-thiols are identical up to a distance of 44 (CH,-CH,-O-) units from the Au
surface. It can thus considered as a reliable data that the fraction of released PEG found here is
larger than that of BPD-SH. Moreover this is not surprising, as it is in agreement with the common
observation that the competitive deposition of two different thiols, R’-SH and R’’-SH, on gold
surfaces depends mainly on the differences in the solvent affinity (solubility) of the R” and R*’
moieties.””™’ The lower fraction on the surface is found for the most soluble species in the chosen
solvent. In the case of GNS-PEG-BDP we deal with the reverse process — release of R’-SH and R”’-
SH from a mixed surface — but we may reasonably expect that the thiol with the highest affinity
towards water is more easily released. While BDP-SH is poorly water soluble, any PEG polymer is
highly soluble in aqueous solutions.

3.7 Temperature induced aggregation. As the previous sections show that a small but significant
fraction of both BPD-SH and PEG-SH are released even with small temperature increase, we
investigated the effect of temperature also on the aggregation of GNS. This was studied by DLS.
The initial (at T = Ty = 20 °C) distribution of the GNS size depends on the typical features of the
synthesis (see S| for details, section S9). We always found a major, narrow, component (at least
75% in amplitude) with dg = 110 + 28 nm (Figure S9.1, solid line). This average value was
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computed as the z-average over the major component of the distribution dy=2Ry as described in the
SI (S9. DLS of the coated GNS solutions). During the temperature cycles (T™= 42 °C) the size
distribution shifts to larger sizes and widens (see Figure S9.1 and Figure S9.2A). It must be
noticed that eventually, after N=3-5 cycles, we recover at T=T a single dominant component of
intermediate size 30 < dy < 200 nm with at most some tiny contributions for dy> 1 um (see also
Table S9.1). In all cases the fraction of non-aggregated GNS (S| and Figure S9.1, inset) is 75% +
15 % for A™ =5 min and lowers to small values (~10 %) only when the incubation time is longer
than ™ = 40 min. The BDP-SH and PEG-SH release from the Au surface could be responsible of
this minor nanoparticle aggregation after temperature treatments. This may also affect the kinetics
of resorption of the dye to the gold surface.

3.8 Effect of medium chemical composition and pH on BDP-SH release. For biomedical or
biotechnological application coated gold nanostars are diluted in biological fluids, containing salts
and proteins that may have effects on the stability of the thiol bonding. To investigate the role of the
medium composition, single temperature jumps and temperature cycles were carried out on GNS
co-coated with 1:1 PEG-SH and BDP-SH, dissolved in Phosphate Buffered Saline (PBS, stock and
1% solutions), RPMI media, and in acidic buffer. The used T™, A™ and t™ parameters were as
described in pure water (sections 3.3 and 3.4) . Although in-vivo the formation of “corona” due the
nanoparticles interaction with a range of biomolecules should be taken into account, the biological
fluids investigated here cover at least a wide range of properties. PBS, a buffer frequently used in
biological applications especially for preliminary researches in vitro, is an aqueous saline solution at
pH 7.4 based on sodium and potassium chloride and hydrogen phosphate (chloride concentration ca
0.15 M) without magnesium or calcium. RPMI-1640 cell media is widely applied for supporting the
growth of many types of cultured cells, and it contains amino acids and high concentrations of
vitamins and salts. The fraction of BDP-SH released in these media was computed from the
fluorescence emission of the solutions after they were recooled at Ty = 20 °C according to equations
(2)—(4). A significantly larger temperature-induced dye release was measured in PBS solutions
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(green circles, Figure 3A) with respect to what was observed in pure aqueous solutions (blue
triangles, Figure 3A). Repeated temperature cycles (N=3, t™ = 40 min; A™ = 5 min) were then
performed for T™ = 30, 34, 37, 40 and 42 °C in PBS and RPMI media and compared with pure
water. The results, shown in Figure 3B, indicated that the largest dye release was obtained in RPMI
(~ 40% dye release at T™=40 °C), although also PBS media enhances BDP-SH release (~ 20% dye

release at T™=40 °C), compared to the poor release of BDP-SH in pure aqueous medium.
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Figure 3. A: Release of Bodipy in aqueous (blue triangles) and in PBS solutions (green circles) in
the range 40 < T™< 80 °C for a single step cycle. B: fraction of released dye measured for a three
steps cycle (N=3) in the temperature range 30-42 °C for aqueous (red bars), PBS stock (black bars)

and for RPMI (green bars).

The media composition affects also the kinetics of the desorption and resorption of BDP-SH from
GNS, which is a valuable information for pharmacological treatments. After a complete dye release
reached by exposing the GNS solutions at T"") = 80 °C (N=1), we monitored by means of
fluorescence decay the spontaneous resorption of the dye occurring when re-cooling the suspension

to Top = 20 °C. The measured kinetics can be described by a single exponential component =
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exp[-t/twe1] ( see SI: S7. Kinetics of dye resorption after full release, Figure S7.1) with very long
relaxation times., For the aqueous and PBS solutions t,; ~ 120 hours.

Finally, since the intracellular environment is mainly acidic,*” we also monitored the BDP-SH
emission intensity in acidic media during temperature treatments. Mild cycles (Tp =20 °C; T™ = 42
°C; 1™ = 40 min, N=3) were performed in acidic buffer at pH 4.2 and we measured BDP-SH
release up to 40% (Table S6.6). Moreover, after the release of the dye in acidic media the emission
intensity of dye decreased dramatically due to degradation of the Bodipy moiety in these media.”®
This fact was additionally verified by performing the same cycles with solutions of free BDP-SH
(see Tables S6). For times longer than 40 no substantial increase in the BDP-SH release could be
detected (see Table S6.6).

3.9 Near infrared irradiation of GNS- PEG-BDP constructs. We have studied the release of
BDP-SH from the GNS-PEG-BDP constructs induced by the irradiation of the solutions with NIR
laser radiation tuned at A = 800 nm, i.e. within the LSPR of these GNS (Figure S3.1.1). We
assumed that the release was an indirect effect of the LSPR absorption by the GNS, that thermally

o - . 3459
relax resulting in a T increase of the solution.”™

First, we have investigated the effect of the laser
intensity and of the nanoparticle concentration on the suspension temperature, using 20-fold
concentrated GNS solutions with respect to stock solutions. This was found to increase versus time
with a double exponential trend up to a plateau value (Figure 4). The slower relaxation component
can be ascribed to the exchange of the solution with the laboratory environment, of the order of
150-500 s (see Supporting Information) and accounts for at least half of the overall temperature
increase (see Figure 4 and SI, Figure S12.1). The faster component can be ascribed to the heat
exchange within the irradiated suspension.” The overall increase of the suspension temperature has
a linear dependence on the irradiation intensity <I>. However we observed a reduced dependence of
the temperature increase on the GNS concentration (Figure 4B): the slope 0AT /0 < | > changes

from 5+0.2 [°C-cm*/W] for C=0.39 mg/mL to 15 + 2 [°C-cm?*/W] for C=0.78 mg/mL and does not

substantially increase raising the concentration to C=1.95 mg/mL (0AT /0 < | > =17+0.2

21



[°C-cm*/W]). This is likely due to the overall extinction (scattering and absorption) of the NIR

radiation by the nanoparticles with a reduction of the effective radiation that can be absorbed by the

GNS.
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Figure 4. Panel A: NIR induced temperature increase in GNS-PEG-BDP solutions. Symbols refer
to NIR intensities <I> = 0.7 (green circles), 1.4 (blue circles) and 1.8 (red circles) W/em?. Solid

lines are data best fits to the function T, — AT exp(— t/7 g )— ATgon exp(— t/ 7T g0 ) . The GNS

concentration was C = 0.78 mg/mL. Panel B: solution temperature increase for C = 0.39 mg/mL
(cyan squares), 0.78 mg/mL (grey down triangles), 1.95 mg/mL (purple up triangles). Lines are
linear best fits with slopes: 17 + 2 [°C-cm*/W] (C=1.95 mg/mL), 15 + 2 [°C-cm*/W] (C=0.78
mg/mL) and 5 £ 0.2 [°C-ecm*/W] (C=0.39 mg/mL). Panel C: fraction of released Bodipy as a

() = 40’ (cyan squares) and ©'" = 60 (cyan circles; C=0.39

function of <I> for treatment duration t
mg/mL). The lines are linear best fits with slopes: 2.4+ 0.1 [em?/W] (" =40") and 2.9 + 0.2

[em?/W] (" = 60°).
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Due to the high concentration of GNS in the concentrated samples it was also impossible to collect
the fluorescence emitted by the released dye. Therefore the sample was centrifuged (10 min, 13000
rpm) immediately after the NIR irradiation and the emission and excitation spectra of the
supernatant were recorded. As a control we measured the emission of the supernatant of a non-
irradiated GNS-PEG-BDP solution, finding negligible dye emission (Aem = 540nm). Since the
concentration of dye in these samples was too low to allow an accurate measurement of the
supernatant absorbance, we have exploited the much more sensitive fluorescence signal. In order to
quantify the released BDP-SH concentration we calibrated the emission and excitation spectra
intensity as a function of free BDP-SH concentration as described in the SI (Section S11). The
percentage of the released BDP-SH obtained in this way is summarized in Figure 4C. The released
fraction increases linearly with the irradiation <I> (Figure 4C) and correlates with irradiation time
(Figure 4C). This finding proves the origin of NIR activated release. The amount of released dye is

less than 13% even at <I> = 4.2 [W/cm’] and with long irradiation times (60 min). The 20%

increase of the slope, OPys /0 < | > from 2.4+ 0.1 [cm*/W] for irradiation time t'" = 40 min to 2.9

+ 0.2 [em*W] for t") = 60 min observed in Figure 4C, does not reflect the 50% increase of the
irradiation times due to the saturation time of the temperature increase which is of the order of 5-10
min (see Figure 4A and Table S12.1).

CONCLUSIONS

In this work the stability of thiol bonding on the surface of gold nanoparticles in aqueous solutions
and biologically relevant conditions was studied as a function of temperature and solution
composition. We used GNS co-coated with the fluorescent dye BDP-SH and PEG-SH, a construct
that is representative of nanotools that could be used simultaneously for photothermal treatments
and drug delivery. It must be stressed that most of the literature regards the use of thiol-coated
spherical GNP and we have used here star-shaped GNP, so some caution should be used on
generalizing these results. We have evidenced that a clear effect holds with temperature, decreasing

the stability of the thiol bonding even in the narrow physiological range 37°C — 42°C. Investigation
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of the kinetics of desorption and resorption of the BDP-SH to the GNS surface also evidenced that
repeated cycling between two temperatures leads to a larger release of the dye from the GNS
surface with respect to a single, prolonged, thermal treatment. Moreover, we have evidenced that
between the poorly hydrophilic BDP-SH and the strongly hydrophilic PEG-SH, the latter is released
in a larger fraction from the GNS surface, consistently with its higher affinity for the solvent. It is
even more relevant that the salt, amino acids and vitamins content of the suspending solution has an
important detrimental effect on the thiol bonding stability, larger than the pure thermal effect. All
these results indicate that the bond between the gold surface and commercial PEG polymers bearing
a single -SH function may be not as inert as it is commonly considered, suggesting the need of a
careful control of the stability of thiol protective coatings in biological environments, especially
when they are to be used in-vivo for prolonged times and for photothermal applications. Co-
polymers bearing PEG chains and featuring multiple thiol or disulphide functions may be the
obvious answer to these drawbacks,” as they offer all the useful properties of PEG and the
enormously increased grafting stability due to surface-polymer multipoint interactions. On the
other hand, especially in the case of hydrophyilic drugs bound with a single thiol to GNP, our work
indicates that a phothermally induced local increase of temperature may be an efficient tool to

obtain switchable drug release.
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