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a  b  s  t  r  a  c  t

We  studied  the photothermal  release  of  carboxyfluorescein  (CF)  linked  to  the gold  surface  of gold
nanorods  (GNRs)  by two  Diels–Alder  adducts  of  different  lengths  (n  = 4  and  n  = 9).  The  functionalized
GNRs  were  irradiated  with infrared  light  to produce  photothermal  release  of  CF  by  a  retro-Diels–Alder
reaction.  The  adducts  were  chemisorbed  on  the  GNRs  and the functionalized  nanoparticles  were  charac-
terized  by  UV–vis,  DLS,  zeta  potential  and  Raman  and  surface-enhanced  Raman  spectroscopy  (SERS). On
the basis  of  the  degree  of nanoparticle  functionalization  and  the  SERS  results,  we  inferred  the  orientation
of  CF  on  the  surface  of  the  gold  nanoparticle.  Moreover,  we  determined  the  photothermal  release  pro-
files  of CF  from  the gold  surface  by  laser  irradiation.  The  release  was  faster  for  the  longer  linker  (n  =  9).
luorescence
patial temporal release

SERS  revealed  that, for  the  shorter  linker  (n = 4),  molecules  are  oriented  perpendicularly  with  respect
to  the  gold  surface,  thereby  maintaining  the  CF  far from  the  surface.  In contrast,  the  longer  linker  was
observed  to be tilted,  thus  maintaining  CF  close  to  the  gold  surface  and  therefore  potentially  favoring  the
photothermal  transfer  of  energy.  These  results  are  relevant  for the future  development  of  the  spatial  and
temporal  controlled  release  of drugs  by  means  of  gold  nanoparticles.

©  2018  Elsevier  B.V.  All  rights  reserved.
. Introduction

Spatial and temporal controlled release systems that respond
o external stimuli have multiple medical applications, such as for

rug delivery [1–17]. Nanoparticles formed by noble metals can
bsorb photons, thus dissipating the energy absorbed and produc-
ng local heat as a result of the surface plasmon resonant effect

∗ Corresponding authors at: Departamento de Química Farmacológica y Tox-
cológica, Facultad de Ciencias Químicas y Farmacéuticas, Universidad de Chile,
antos Dumont 964, Independencia, Santiago, Chile and Departamento de Ciencias
uimicas, Facultad de Ciencias Exactas, Universidad Andres Bello, Av. Republica 275,
antiago, Chile.

E-mail addresses: mkogan@ciq.uchile.cl (M.J. Kogan), eyleen.araya@unab.cl
E. Araya).

ttps://doi.org/10.1016/j.colsurfb.2018.03.021
927-7765/© 2018 Elsevier B.V. All rights reserved.
(SPR) [18]. This effect occurs in gold nanorods [GNRs] with an
aspect ratio (length/width) at wavelengths in the near infrared
region from 700 to 1300 nm.  This nanomaterial is especially suited
for biomedical applications because tissues and cells have low
absorption coefficients in this region [19]. One interesting appli-
cation of GNRs is traditional hyperthermia for the treatment of
cancer, where the region of the body containing the tumor is heated
to ∼40–45 ◦C—several degrees above physiological temperature
(37 ◦C) [20]. In the case of GNRs, the heat is generated externally
using a laser. The photothermal traits may  render some cancer cells
more sensitive to heat [21]. However, here we  sought to use the

laser to achieve the photothermal release of a molecule.

Bakhtiari et al. [22] developed an efficient method based on a
photothermal effect to release 5[6]-carboxyfluorescein (CF) from
spherical gold nanoparticles and silica-gold core-shells. Gold sur-

https://doi.org/10.1016/j.colsurfb.2018.03.021
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2018.03.021&domain=pdf
mailto:mkogan@ciq.uchile.cl
mailto:eyleen.araya@unab.cl
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Fig. 1. Scheme of the photothermal release of (3) from GNRs-4 and GNRs-5 produced
by  a retro-Diels–Alder reaction after irradiation with a laser. The cleavage sites are
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Fig. 2. Scheme of the synthesis of (4) with 6-maleimido hexanoic acid and (5) with
hown by red arrows. (For interpretation of the references to colour in this figure
egend, the reader is referred to the web version of this article.)

aces were functionalized with a bifunctional linker that had CF
ound to a Diels–Alder adduct at one and a sulfur at the other end,
hich allowed chemisorption to the gold surface. After irradiation

f the functionalized gold nanoparticles, the Diels–Alder adduct is
egraded by means of a retro-Diels–Alder reaction, thus releasing
F [22] by the photothermal effect. Furthermore, Yamashita et al.
23] reported the controlled release of polyethylene glycol (PEG)

olecules from GNRs by a retro-Diels–Alder reaction produced
y the photothermal effect. Recently, Asadirad et al. [24] demon-
trated the photothermal release of dithienylethene chromophores
rom the surface of nanoparticles.

In view of the increased potential applications of gold nanopar-
icles for the spatial and temporal controlled release of drugs,
t is important to explore a range of nanomaterials and linkers
f distinct length in order to determine their influence on the
hotothermal release of the drug. A highly relevant aspect is to
etermine the degree of functionalization and the orientation of
he molecules on the surface of the gold nanoparticle, as func-
ionalization influences the effectivity of the photothermal process
25]. Thus, it is critical to evaluate the effectiveness of drug release
rom the surface of gold nanoparticles are bound to the linker and
rradiated.

Here we functionalized GNRs with two bifunctional linkers
n = 4 and n = 9) of different length that contain a sulfur molecule
t one end to allow chemisorption to the gold surface and a CF
iels–Alder adduct at the other, obtaining the GNRs-4 and GNRs-
, respectively (Fig. 1). We  examined the effect of linker length on
he photothermal release of the molecule by applying near infrared
rradiation with a laser that favors the retro-Diels–Alder reaction.

Two linkers [n = 4 and n = 9] were synthesized by Diels–Alder
ycloaddition reaction with (3) (see Fig. 2), and GNRs were
unctionalized with the linkers, thus obtaining GNRs-4 and GNRs-
, respectively (Fig. 1). The functionalized nanoparticles were
hen characterized by UV–vis-NIR, Scanning Transmission Electron
icroscopy (STEM), Dynamic Light Scattering (DLS) and zeta poten-
ial. In order to obtain information about the orientation of the
F molecules on the gold surface, we registered surface-enhanced
11-maleimido undecanoic acid.

Raman spectra (SERS). The release of (3) was evaluated by irradia-
tion with an 808 nm continuous laser (Fig. 1).

2. Experimental

2.1. Synthesis of the dienophyles N,N-di-6-maleimide-hexanoyl
cystamine (1) and N,N-di-11-maleimide-undecanoyl cystamine
(2)

In a round-bottomed flask, 556 mg  of 6-maleimidehexanoic
acid (Sigma, ≥90% purity) and 273 mg  of 98% cystamine
chlorohydrate (Sigma, ≥98.0% purity) in 3 mL  of anhydrous N,N-
dimethylformamide (DMF) were dissolved. The mixture was cooled
to 4 ◦C and maintained under magnetic stirring. Next, 917 mg
of N-[(1H −benzotriazol-1-yl)-(dimethylamino)methylene]-N
−methylmethanaminium hexafluorophosphate N-oxide (HBTU,
Merck, ≥ 99.0% purity) and 0.5 mL  of N,N-Diisopropylethylamine
(DIEA) (Merck, ≥98.0% purity) were added to the samples. The
reaction was  kept at room temperature for 72 h under magnetic
stirring. The reaction was stopped by the addition of cold water,
obtaining a solid, which was  filtered. The solid was then suspended
in K2CO3, and compound (1) (Fig. 2) was extracted in CH2Cl2. The
organic phase was  dried with anhydrous MgSO4. The solvent was
removed under vacuum. The product (95% purity) was charac-
terized by EI-MS (LC MS  2020 Liquid Chromatograph Shimadzu)
and by 1H and 13C NMR  (Bruker AVANCE III HD de 400 MHz,
smartProbe of 36 shims 5 mm H1/BB). (Supporting information,
S1)

The dienophyle (2) (Fig. 2) was synthesized following the same

procedure and using 11-maleimide undecanoic acid (Supporting
information, S1).
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.2. Synthesis of the diene (3)

5[6]-Carboxyfluorescein (0.376 g) (Merck, ≥96.0% purity), HBTU
0.379 g) and DIEA (335 �L) were stirred in 3 mL  of DMF  for 15 min
t 0 ◦C. 2-aminomethylfurane (90 �L) (Merck ≥ 99.0% purity) was
hen added to the mixture, which was stirred at room tem-
erature for 12 h. Finally, the solvent was evaporated, and the
esidue was purified by chromatography through silica-gel using
H2Cl2/CH3OH [10:1]. The final product (98% purity) was  charac-
erized by EI-MS (Supporting information, S2).

.3. Synthesis of the Diels–Alder adduct (4)

A mixture of 100 mg  of (3) with 59.3 mg  of (1) was dissolved in
00 �L of DMF  in a dark flask, and 3 mL  of water was  then added.
he reaction was incubated at room temperature under magnetic
tirring for 48 h. The solid formed was filtered and lyophilized. The
nal product (97% purity) was characterized by EI-MS (Supporting

nformation, S3).

.4. Synthesis of the Diels–Alder adduct (5)

In a tube, 12.6 mg  of (3) was dissolved in 3 mL  of CH2Cl2/CH3OH
2:1], and then 6.3 mg  of (2) was added. The reaction was incu-
ated at 25 ◦C overnight with magnetic stirring. The solvent was
vaporated under vacuum. The final product (97% purity) was  char-
cterized by EI-MS (Supporting information, S3).

.5. Synthesis of GNRs

In the first step, a seed solution of gold nanoparticles was
repared. In a flask, cold-prepared sodium borohydride (600 �L,
.01 M)  was added to 250 �L of HAuCl4 in 9.75 mL  of 0.1 M
etyltrimethylammonium bromide (CTAB) under vigorous mag-
etic stirring. The seeds solution was kept at 27 ◦C for 2 h before
se. Next, 55 �L of 0.1 M ascorbic acid [Sigma Chemical Co., St.
ouis, MO,  USA] was added to a growth solution containing 75 �L
f 0.01 M AgNO3 [Sigma Chemical Co., St. Louis, MO,  USA], 9.5 mL
f 0.1 M CTAB and 500 �L of 0.01 M HAuCl4. Then, 250 �L of 0.1 M
Cl and 12 �L of the previously prepared seed solution were added.
he solution was incubated for 10 min  at 27 ◦C before centrifuga-
ion at 7,030xg for 15 min. After centrifugation, the supernatant
as removed, and the pellet was resuspended in Milli-Q water.

.6. Obtention of GNRs-4 and GNRs-5

4 mL  of GNRs-CTAB were centrifuged at 7,030xg for 60 min.
he supernatant was discarded, and the pellet was resuspended
n 4 mL  of Milli-Q water. Next, a solution of (4) or (5) (1 mg/mL, in
MF) was added to the resuspended GNRs, and the mixture was

tirred magnetically overnight. The functionalized gold nanorods
ere centrifuged at 7,030xg for 60 min. The supernatant was then

emoved, and the pellet was resuspended in 5 mL of Milli-Q water.

.7. Characterization of GNRs

The nanoparticles were characterized by UV–vis-NIR, DLS, Zeta
otential and STEM.

UV–vis-NIR absorption spectra were recorded at 25 ◦C using a
erkin Elmer Lambda 25 spectrophotometer.

DLS analyses were performed at 25 ◦C by using a Malvern Zeta-

izer Nano ZS (Malvern Instruments) operating at a light source
avelength of 532 nm and with a fixed scattering angle of 90◦. Mea-

urements were made by placing 1 mL  of the colloidal sample in a
ell with an optical path of 1 cm.  To determine the size distribu-
: Biointerfaces 166 (2018) 323–329 325

tion of the samples, the results were analyzed from the intensity
distribution values using the cumulant method.

The zeta potential (Zeta sizer 3000, Malvern Instruments, U.K.)
measurements of nanoparticles consisted of five repeats of each
GNR solution. Since the zeta potential measurements were per-
formed in an aqueous solution, the Smolochowski approximation
was used to calculate them from the electrophoretic mobility mea-
sured. The electrophoretic determinations of zeta potential are
most commonly performed in aqueous media and a moderate elec-
trolyte concentration.

GNRs were observed using a scanning electron microscope with
electronic transmission module [STEM] FEI Inspect F50 (STEM con-
ditions: HV: 30000KV, Mag: 500000, HFW: 597 nm, WD:  4.3 mm,
Spot:3.0). The specimens for electron microscopy observation were
prepared by dropping GNRs onto Formvar carbon-coated copper
microgrids [Ted Pella, Inc. Redding, CA, USA] and allowing them to
dry.

2.8. Determination of the number of molecules of (4) and (5) per
gold nanorod

Gold was quantified by inductively coupled plasma optical emis-
sion spectrometry (ICP-OES). Briefly, a 50-�L sample was  digested
with 1 mL of 60% HNO3, 500 �L of 37% HCl and 500 �L of 30% H2O2
at 90 ◦C for 24 h. The digested samples were made up to a volume of
50 mL  with 200-ppm thiourea in 1% HCl before analysis by ICP-OES
(Perkin Elmer Optima 3200 RL instrument). The gold content was
determined from plotting the calibration curve of the standard.

On the basis of the gold concentration (CAu) data and knowledge
of the length and width averages of the GNRs (both determined by
STEM), the concentration (nanomolar) of GNRs was  determined as
follows:

ConcentrationofGNRs = 4 × CAu/�Au × � × W × 2L

where �Au is the density of gold atoms in the bulk [59 atoms/nm3],
CAu is the gold concentration determined by gold neutron activa-
tion, and L and W are the length and width of GNRs, respectively,
determined by STEM.

The number of molecules of (4) or (5) per GNR was  estimated
by measuring fluorescence after the centrifugation of the GNRs
at 16,560×g for 30 min. Under these conditions, the GNRs-4 and
GNRs-5 sedimented out and the excess of unbound molecules of (4)
and (5) present in the supernatant was determined by fluorescence
in triplicate in three separate analyses.

2.8.1. Stability of GNRs-4 and GNRs-5
The stability of GNRs-4 and GNRs-5 was evaluated by means

of UV–vis-NIR, DLS after storage of the samples for 7 days at room
temperature.

2.8.2. Raman and surface enhanced Raman scattering
measurements

The Raman and SERS measurements were performed using a
Renishaw micro-Raman RM 1000 spectrometer, equipped with
laser lines of 514, 633 and 785 nm.  The spectrometer was coupled
to a Leica microscope DMLM and an electrically cooled CCD camera.
The Raman signal was  calibrated to the 520 cm−1 line of silicon and
lens of 50x objetive. The samples were deposited on a thin sheet of
gold to remove their intrinsic fluorescence. We  used various laser
lines to obtain the Raman signals of the molecular systems of inter-
est. The best results were obtained at 785 nm and under particular

spectral scanning conditions. That is, the power on the sample was
carefully considered and consequently used (0.2 mW), being less
than 1% of the total power. Acquisition time was  set between 10
and 20 s per accumulation; the average number of accumulations
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as 5 with spectral resolution of 4 cm−1. The spectra were recorded
etween 100 and 1800 cm−1. The Raman spectra were registered
or the 4 and 5 samples in the solid state. The SERS spectra of the
NRs-4 and GNRs-5 solids were obtained after evaporating the
olvent.

.9. Determination of the photothermal release of (3) from
NRs-4 and GNRs-5

Aliquots of 500 �L of GNRs-4 and GNRs-5 in a glass tube
6 × 50 mm,  Kimax

®
, Cat- 45048-650) were irradiated for 25, 50

00, 150 and 180 min  with a continuous diode laser (808 nm,
50 mW,  spot 1 mm,  power technology

®
laser model IQ1A350)

ocated 10 cm from the tube. The whole procedure was performed
n a dark room in order to protect the system from light. The samples

ere centrifuged at 16,000xg for 15 min. Fluorescence intensity at
18 nm (excitation 495 nm)  was measured in the supernatants in

 Synergy MX apparatus. EI-MS spectra for (3) released after the
hotothermal treatment were collected.

. Results and discussion

.1. Obtention of the bifunctional linkers (n = 4 and n = 9) bound
o CF

Diels–Alder adducts between CF and with two linkers of differ-
nt lengths were synthesized following the scheme described in
ig. 2. The corresponding maleimides (n = 4 or 9, Fig. 2) were incu-
ated with cystamine to form the corresponding dienophiles (1)
nd (2) (Fig. 2).

The dienophiles (1) and (2)  were purified by column
PLC and characterized by EI-MS, thus detecting [M + H]+ = 539,

M + 2H/2]+1 = 270; 2[M + H]+1 = 1078 and (M + H)+ = 679; and
M + 2H/2)+1 = 340 and 2(M + H)+1 = 1358, respectively. Compounds
1) and (2)  were also characterized by 1H NMR  (Supporting infor-

ation, S1).
Therefore, to obtain the diene (3), CF was incubated with 2-

urfurylamine to obtain (3),  which was analyzed by HPLC and
haracterized by EI-MS (Supporting information, S2), detecting the
M + H]+1 = 456.

For the cycloaddition, (1) and (2) were mixed with (3)
o form the bifunctional linkers containing the Diels–Alder
dducts (4) and (5) (Fig. 2), which were purified and charac-
erized by HPLC–MS (See Supporting information, S3), detect-
ng [M + H]+1 = 1450; [M + 2H/2]+1 = 725, [M + 2H/2]+1 = 484 and
M + 2H/2]+1 = 795, [M + 3H/3]+1 = 531, respectively.

.2. Functionalization of gold nanorods with the linkers (4) and
5)

GNRs-CTAB were obtained by the seed-mediated method [24].
he aspect ratio (length/width) of the GNRs was found to be
entered at 4 (40 × 10 nm,  length and width, respectively), as deter-
ined by STEM (Fig. 3). The GNRs-CTAB were then mixed with

4) or (5) and incubated in order to obtain GNRs-4 and GNRs-5,
espectively. The chemisorption of the disulfides on the gold surface
llowed the formation of Au-S bonds [26,27] to form the function-
lized GNRs (GNRs-4 and GNRs-5). The UV–vis-NIR spectra of the
onjugates were obtained (Fig. 3), showing the characteristic bands
hat correspond to the transverse and longitudinal plasmon res-
nance bands centered at 530 and 800 nm,  respectively [26,27].

ypically, the surface modification of GNRs is reflected in a plas-
on  band shift to longer wavelengths due to the change that occurs

n the refractive index and dielectric constant of the medium. The
haracteristic shift of the surface plasmon resonance band (longi-
: Biointerfaces 166 (2018) 323–329

tudinal plasmonic band) from 800 to about 850 nm was observed
in GNRs-4 and GNRs-5 (Fig. 3). Moreover, a broadening of the lon-
gitudinal band (app. 530 nm) attributable to the absorbance of CF
was detected. The change occurred within a few minutes, thereby
indicating rapid conjugation. In addition, no significant broadening
of plasmon resonance was seen after conjugation. The conjugates
were also characterized by DLS and zeta potential (Table 1).

The hydrodynamic diameter and the zeta potential of the
functionalized GNRs were also determined (Table 1). The func-
tionalization of GNRs-CTAB with (4) and (5) led to an increase in
the hydrodynamic diameter. In the case of GNRs-4, the increase in
this parameter was more evident, which could be explained by an
aggregation process. The neutral molecules (4) and (5) allowed the
reduction of the zeta potential caused by the replacement of CTAB
(positively charged).

To estimate the number of molecules of (4) and (5) grafted on the
nanoparticles after conjugation, the solutions of nanoparticles were
centrifuged, and fluorescence was  determined in the supernatant.
On the basis of the difference between the original concentration
obtained by fluorescence quantification (solution before conju-
gation) and the concentration obtained in the supernatant after
the conjugation, and the concentration of GNRs determined by
ICP-Mass spectrometry, it is possible to estimate the number of
grafted molecules per nanoparticle [28]. In both cases, approxi-
mately 20,000 molecules were detected per GNR. Assuming that
the gold nanorod has a cylindrical shape and a mean size of
40 × 10 nm (length and width, respectively) and a corresponding
area of 12,560 nm2, we  estimated the capping of approximately 1.6
molecules (expressed as CF) per nm2. This value is lower than that
found for alkanethiols forming a self-assembled monolayer (SAM)
[3.6 molecules per nm2]. [29]. The lower degree of functionalization
of GNRs for (4) and (5) with respect to that obtained for alkenethiols
that form a SAM can be explained by the steric hindrance produced
by CF, which prevents self-assembly, thus reducing the density of
molecules per nm2.

3.3. Exploring the orientation of (4) and (5) in GNRs-4 and
GNRs-5 by Raman spectroscopy

A vibrational analysis using Raman spectroscopy and surface-
enhanced Raman scattering (SERS) techniques was performed in
order to infer the orientation and organization of (4) and (5) on
the gold surface. SERS allows access to information for fluores-
cent molecular systems due to the quenching produced by metallic
nanoparticles, particularly when working with metallic colloidal
solutions [30]. Also, SERS can provide information about the activ-
ity of analytes present at very low concentrations, achieving the
limits of the single molecule detection [31,32].

The Raman spectra of (4) and (5) are shown in red in Fig. 4A
and B, respectively. The profiles are nearly identical; some of
the relative intensity modifications observed are due to confor-
mational changes. In fact, Raman signals in the 950–1150 cm−1

spectral region, corresponding to vibrational modes belonging to
the aliphatic chains [stretching CC modes, �CC], are mostly modi-
fied [33,34]. On the other hand, the relative intensity of the band at
about 1650 cm−1, attributed to the carbonyl group, also changed,
which is interpreted as conformational modifications in this frag-
ment. This vibration can provide information on the fragment on
the aliphatic chain as the inter ring moiety of the fluorophore. The
band at about 1770 cm−1 in both spectra was  assigned to a �CO
vibration of the fluorophore [35].

The SERS spectra of functionalized GNRs-4 and GNRs-5 are

shown in black in Fig. 4A and B, respectively. In general, spectral
modifications of the bands are expected due to the interaction of
the molecules with the metal surface. Frequency shifts and relative
intensity modifications can be associated with chemical interac-
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Fig. 3. A] STEM micrograph of GNRs-CTAB (the bar represent 100 nm)  B] Histogram aspect ratio considered for 100 particles of GNRs-CTAB. C] UV–vis-NIR spectra of
GNRs-CTAB, GNRs-4 and GNRs-5.

Table 1
Characterization of GNRs-CTAB, GNRs-4 and GNRs-5.

Gold Nanoparticle Average Hydrodynamic Diameter [nm] Polydispersity Index Zeta Potential [mV]
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GNRs-CTAB 3/70 

GNRs-4 17/175 

GNRs-5  2/76 

ions and with the proximity and/or preferential orientation of the
nalyte on the metal surface. Any molecular fragment located far
rom the surface has no SERS signal. In the present case, the spec-
ral profiles differed; frequency shifting, intensity modifications
nd the appearance or disappearance of bands were observed. As

 hypothesis, if the fluorophore is far from the surface, the SERS
ands should be absent or weak and the analyte-gold surface inter-
ction should occur through the sulfur atom. Some particular bands
ere intense, thereby indicating a preferential orientation of the
olecules on the surface. In the case of GNRs-4, the carboxyl band

f the fluorophore at 1779 cm−1 shifted to 1781 cm−1 as a result of
he metal surface effect, thereby decreasing its relative intensity.
he corresponding molecular moiety was far from the surface or
he vibrating mode was tilted to the surface.

The strong band at 1340 cm−1 belonging to lactone and aromatic
sters of the fluorophore was weak in the SERS spectra, thereby sug-
esting that the fluorophore was far from the metal surface and had
o preferential orientation. The same situation and interpretation
an be put forward for the aromatic ring band at 1190 cm−1 (Fig. 4).

The most significant spectral change was for the strong band at
42 cm−1, which was absent in the SERS spectrum. This band was
scribed to a �C S mode; this vibration appears in alkyl sulfides as
ne or more bands. If the corresponding bond is in a plane parallel
o the surface, the SERS selection rules indicate that the vibrat-
ng mode should not be observed [36,37]. This bond may  also be
lectronically modified because of the eventual gold sulfur inter-
ction. This interaction is verified by the appearance of the band
t 280 cm−1 in the SERS spectrum. Another �CS band at 642 cm−1

howed an increase in relative intensity and a shift to 634 cm−1

aused by surface effect, thereby confirming that the interaction
nvolves the CS molecular fragment.

In the case of GNRs-5, the general Raman and SERS spectral
rofiles differed (Fig. 4). The CO fluorophore band at 1776 cm−1

ractically disappeared as a result of surface effect. The CO flu-
rophore bands at 1424 and 1338 cm−1 shifted to 1454 and

326 cm−1, respectively. In the former, a relative increase in inten-
ity was observed, caused by the metal surface effect. However, the
pposite was observed for the second band. These spectral changes
0.4 +43 ± 3
0.4 +6 ± 3
0.4 +30 ± 4

indicate a weak chemical interaction between the surface and the
fluorophore. The low decrease in the relative intensity of the fluo-
rophore ring band at 1190 cm−1 indicates that the corresponding
molecular fragment of the fluorophore is not far from the surface.

SERS bands between 950 and 1150 cm−1, attributable to the
aliphatic chain vibrations, were clearly observed, indicating that
these modes vibrated close to the surface. The �CS Raman bands at
742 and 639 cm−1 showed an apparent shift to 761 and 647 cm−1,
respectively. These bands showed a strong relative intensity in
SERS. This spectral behavior indicates that both vibrations are influ-
enced by the metal surface interaction. The SERS band at 761 cm−1

was associated with a vibration of the epoxy moiety of the flu-
orophore. The increase in its relative intensity was due to its
proximity to the surface. The �CS band at 647 cm−1 displaying
medium intensity was influenced by the surface interaction, and
the orientation of the corresponding CS bond was probably tilted
to the surface.

In conclusion, we propose that molecules (4) are oriented per-
pendicular to the surface of the GNRs and interact through the
sulfur atom (Fig. 5). Regarding (5), the results indicate that the
whole molecule was  tilted on the surface, and the interaction with
the surface probably occurs through the sulfur atom, In this case,
the fluorophore and the aliphatic moieties were structurally influ-
enced by the surface. The longer hydrocarbon chain in (5) conferred
flexibility to the system, thus allowing interaction between the
fluorophore and the surface.

3.4. Comparison of the photothermal release of (3) from GNRs-4
and GNRs-5

The release of (3) was  evaluated by fluorescence. The samples
were irradiated with a 808 nm laser (350 mW)  for 25, 50, 100,
150 and 180 min  (Fig. 6). To separate the molecules released, the
samples were centrifuged at 16,000xg. The intensity of fluores-

cence was  determined in the supernatants. The values obtained are
expressed as percentage of release with respect to the maximum
value obtained in the samples of GNRs heated at 90 ◦C for 30 min
[Supporting material, S4].
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Fig. 4. [A] Raman spectrum of (4) (red) and SERS spectrum of GNRs-4 (in black).
[B] Raman spectrum of (5) (red) and SERS spectrum of GNRs-5 (black), in the solid
state. (For interpretation of the references to colour in this figure legend, the reader
is  referred to the web version of this article.)
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Fig. 6. Release profile of (3) after irradiation of GNRs-4 and GNRs-5 with a laser
of  808 nm [350 mW].  The samples were centrifuged for 15 min at 16,000×g. Flu-
ig. 5. Hypothetical scheme for the orientation of (4) [perpendicular] and (5) [titled]
n  the GNR surface.

The release of (3) by heating the solution was faster than that
roduced by the photothermal effect. Notably, the release profiles
f GNRs-4 and GNRs-5 differed. After 3 h of irradiation, the maxi-
um  release of (3) from both types of GNR was achieved. However,

he release of (3) for GNRs-5 started after 30 min  of irradiation.
n contrast, in the case of GNRs-5, the release started at 90 min
f irradiation and complete release was achieved at 150 min. In
ontrast, the complete release of (3) from GNRs-4 was observed
t 180 min  of irradiation. Moreover, in order to detect (3) released
n the supernatant of the irradiated samples, EI-MS spectra were
xamined [supporting information, S5]. Additionally, in order to

etermine whether the (3) remains on the surface of the nanopar-
icles after irradiation, we  compared the SERS signals of the pellets
efore and after irradiation of the samples. We  observed a consid-
rable decrease in the signal intensities of (3). Notably, the typical
orescence at 518 nm was  determined [excitation at 495 nm]. The percentage of
fluorescence is expressed with respect to the release of the molecule after heating
at  90 ◦C [considered as 100%]. The experiments were performed in triplicate.

signal of the fluorophore ring band at 1190 cm−1 showed a decrease
in intensity after irradiation of GNRs-4 and GNRs-5, which is con-
sistent with its release from the surface after 3 h of irradiation
(Supporting information, S6).

Moreover, in order to determine whether irradiation affects the
colloidal stability of the samples, UV–vis-NIR spectra and DLS were
collected. Small changes in the plasmon bands [Supporting infor-
mation, S7] and no variation of the hydrodynamic diameters or
morphology of the nanoparticles (TEM) were observed (data not
shown).

Furthermore, the temperature of GNRs-4 and GNRs-5 was  deter-
mined after different periods of laser irradiation, thus observing an
average temperature of 46 ◦C and 48 ◦C, respectively. In order to
discard the release occurring by heating the bulk, we heated the
GNRs-4 and GNRs-5 solutions at 48 ◦C for 180 min  and no release
of (3) was  detected.

The orientation of Diels–Alder adducts with respect to the
surface is relevant for the transfer of energy produced by the pho-
tothermal effect. As discussed previously, the molecules (3) in
GNRs-5 were titled on the surface of the rods. This titled orientation
can favor the approach of the molecule to the surface and can con-
tribute to a better heat transfer from the irradiated GNR to produce
the retro-Diels–Alder reaction. Bhana et al. [38] demonstrated that
the length of linkers used for photothermal applications is relevant
in relation to the release of loaded antitumor drug and the killing of
cells through the photothermic effect. However, to the best of our
knowledge, no previous study has addressed the effect of linker
length on photothermal release and the photothermal cleavage of
linkers.

4. Conclusions

GNRs were functionalized with two  linkers of different lengths
that contain a Diels–Alder adduct to allow the photothermal release
of CF. Characterization of the functionalized nanoparticles by var-

ious techniques and by Raman spectroscopy and SERS was carried
out. These approaches contributed to determining that the orienta-
tion of the linker molecules depends on their length. The controlled
release of (3) after the application of a continuous laser of 808 nm
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as demonstrated. The time profile for the release of the fluo-
escent molecule was dependent on the linker length. Given that
he degree of functionalization is not dependent on the length
f the linkers used, this distinct behavior regarding photothermal
elease could be attributed to the orientation of the molecules on
he gold surface. Understanding the parameters that influence the
hotothermal release of biomolecules is highly relevant for future
pplications of these materials involving the spatial and temporal
ontrolled release of drugs.
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