Materials Science and Engineering C 77 (2017) 583-593

Contents lists available at ScienceDirect MATERIALS

SCIENCE &
ENGINEERING

Materials Science and Engineering C

¢
g

journal homepage: www.elsevier.com/locate/msec

Photothermal conversion efficiency and cytotoxic effect of gold nanorods
stabilized with chitosan, alginate and poly(vinyl alcohol)

@ CrossMark

M. Almada ?, B.H. Leal-Martinez ?, N. Hassan ®, MJ. Kogan “, M.G. Burboa ¢, A. Topete |, M.A. Valdez ?, J. Judrez ®*

2 Departamento de Fisica, Universidad de Sonora, Hermosillo, Sonora 83000, Mexico

b programa Institucional de Fomento a la Investigacion, Desarrollo e Innovacién, Universidad Tecnolégica Metropolitana (UTEM), Chile

¢ Laboratorio de Nanobiotecnologia, Facultad de Ciencias Quimicas y Farmacéuticas, Universidad de Chile, Chile

4 Advanced Center for Chronic Diseases (ACCDiS), Chile

€ Departamento de Investigaciones Cientificas y Tecnoldgicas, Universidad de Sonora, Rosales y Transversal, 83000 Hermosillo, Sonora, Mexico

f Departamento de Fisiologia, Centro Universitario de Ciencias de la Salud, Universidad de Guadalajara, Sierra Mojada 950, 44340 Guadalajara, Jalisco, Mexico.

ARTICLE INFO ABSTRACT

Article history:

Received 15 November 2016

Received in revised form 2 February 2017
Accepted 23 March 2017

Available online 30 March 2017

Gold nanorods (GNR) use has been proposed in medical applications because of their intrinsic photothermal
properties. However, the presence of CTAB molecules adsorbed onto the surface of GNRs results in a highly
cytotoxic GNR system. In this work we replace the CTAB molecules with a thiolated chitosan. Once chitosan
coated GNRs (Chi-SH-GNR) were attained, a film of alginate (Alg-Chi-SH-GNR) or polyvinyl alcohol (PVA-Chi-
SH-GNR) was deposited onto the surface of Chi-GNR by a layer-by-layer process. The photothermal conversion
efficiency for the GNR systems was determined irradiating the GNRs suspended in aqua media with a CW
808 nm diode laser (CNI, China). The cytotoxicity effect and the photothermal cellular damage of GNR systems
were evaluated on a breast cancer cell line. Results show that polymer coats did not affect the transduction
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Chitosan photothermal efficiency. Values around 50% were obtained for the different coated gold nanorods. The cytotox-
Alginate icity of coated gold nanorods diminished significantly compared with those GNR stabilized with CTAB. The laser
Cytotoxicity irradiation of cells treated with gold nanorods showed a decrease in their viability compared with the cells

treated but no irradiated.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

In the last decades, gold nanoparticles (GNP) have been extensively
studied due to their unique optical properties that arise from the surface
plasmon resonance phenomena (the collective oscillation of the elec-
tron gas due the interaction with the electromagnetic field) [1,2].
When electromagnetic energy is absorbed by GNPs, commonly, a
nonradiative mechanism is carried out to dissipate the absorbed energy,
inducing a rise in the temperature of the local environment, called
photothermic effect. Photothermic properties of GNP systems can be
used to promote the death of cancer cells or stimulate the destruction
of aberrant functional protein by hyperthermia; this has been called
photothermal therapy [3-5].

In particular, gold nanorods (GNRs) are one of most studied
nanoparticle systems because of the ease of theirs synthesis in aqueous
media [6-9]. Moreover, the experimental protocols used in the
synthesis of GNRs allow tuning their surface plasmon resonance
into the biological window of the electromagnetic spectrum.
Generally, GNRs are synthesized by seed-mediated growth assisted by
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cetyltrimethylammonium bromide (CTAB), however, it has been dem-
onstrated that the presence of CTAB adsorbed onto the surface of
GNRs is related with a high cytotoxicity, limiting the potential use of
this nanoparticles in biological applications [10-14]. The excess of
CTAB can be eliminated by several steps of centrifugation; although, it
is advisable to keep the remaining CTAB absorbed onto the surface of
nanorods to avoid the uncontrollable aggregation of gold nanorods
[15]. Thus, it is recommendable replace the CTAB by a biocompatible
stabilizer to maintain stable the GNR suspension. At this regard, many
efforts have been carried out to replace the CTAB from the surface of
gold nanorods with different biocompatible and biodegradable
polymeric materials in order to enhance the biocompatibility of nano-
systems, allowing the use of GNRs in medical fields [16-23]. Polymers,
synthetic or natural, such as polyethylene glycol (PEG), polyvinyl
alcohol (PVA), chitosan, among others, have been used to stabilize and
replace the CTAB from the GNR, the chemical and physical properties
of this kind of polymers have been widely used on the preparation
of polymeric nanodevices and to overcoat the surface of inorganic
nanoparticles [18,21,23-25].

Polysaccharides are ideal candidates to replace the CTAB from gold
nanorods surface due to their biocompatibility, low costs and easiness
to be modified [26,27]. Furthermore, polysaccharides with poly-
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electrolytic behavior are suitable to perform a layer-by-layer approach
to passivate gold nanorods [22]. In particular, chitosan has been exten-
sively used to replace the CTAB with promising results. For instance,
Wang et al. [23] synthesized chitosan-coated gold nanorods. Firstly,
mercapto acetic acid (MAA) were covalently attached to amine groups
present into the backbone of chitosan via the formation of amide link-
age between the amino groups of chitosan and the carboxylate groups
of MAA. Thiolated chitosan was incubated for 2 days with CTAB-
coated GNRs. The excess of chitosan and CTAB was removed by four cy-
cles of centrifugation-resuspension. Charan et al. [24] replaced the CTAB
with 11-mercaptoundecanoic acid (MUA) on the gold nanorod surface,
using polyethylene glycol (PEG) as a partial stabilizer. After that, chito-
san was attached to the MUA-coated GNRs via carbodiimide reaction.
Recently, Yang et al. [25] developed chitosan-GNRs using a layer-by-
layer assembled approach, firstly, a layer of the polystyrene sulfonate
(PSS) was adsorbed onto the surfaces of CTAB-GNRs obtaining negative-
ly charged particles, in a second step, they used chitosan to overcoat the
charged negatively surface of GNRs, inverting the surface charge of
nanoparticles to positive.

However, the potential use of chitosan coated GNRs on medicine
area is limited by the chitosan behavior in aqueous solutions. Since at
physiological pH (7.4) chitosan amino groups (pK ~ 6.3) are predomi-
nantly found deprotonated and, therefore, the surface charge of the
nanosystem approaches to zero, affecting the colloidal stability of
GNRs [28-30]. Therefore, it arises out of the necessity to coat the chito-
san gold nanorod surface with another hydrophilic molecules or poly-
mers to stabilize the GNR system [30]. In this work we used two
biocompatible and hydrophilic polymers to stabilize a chitosan coated
GNRs (Chi-GNR) to enhance their potential use in the medicine area
as photothermic agent. Sodium alginate (anionic polymer) or PVA
(hydrophilic non-ionic polymer) were used to overcoat the chitosan
layer of GNRs, allowing to get a stable Chi-GNRs suspension at physio-
logical pH. It is worth mentioning that alginate and PVA supply of bio-
compatible properties to GNRs systems, as was demonstrated by the
in vitro cellular assays. The polymer coating process was performed in
two sequential steps, first, thiolated chitosan was adsorbed onto the
surface of GNR and, in a second step, chitosan-coated GNRs were over-
coat with alginate or PVA. Interestingly, the chitosan, alginate or PVA

HO
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coated, did not affect the photothermal conversion efficiency (1) of
GNR systems (Chi-GNR, Alg-Chi-GNR and PVA-Chi-GNR). The 7) values
resulted similar and comparable to the CTAB-coated GNRs. Finally, we
evaluated their cytotoxicity on a breast cancer cell line with and without
laser irradiation (CW 808 nm diode laser (CNI, China)). These results
support the potential use of these GNR systems as photothermic agent
due to the increment of the cellular damage observed when cell samples
were irradiated in presence of the polymer-coated GNRs.

2. Materials and methods
2.1. Materials

Chitosan oligosaccharide lactate (Mn 5000), Alginic acid sodium salt
from brown algae (low viscosity), Poly (vinyl alcohol) (Mw ~31,000,
86.7-88.7 mol% hydrolysis), N-(3-Dimethylaminopropyl)-N’-
ethylcarbodiimide (EDC), N-Hydroxysuccinimide (NHS), N,N-Dimethy
Iformamide (DMF), 3-Mercaptopropionic acid, Hexadecyltrimethy
lammonium bromide (CTAB), Hydrogen tetrachloroaurate(III)
(HAuCly), Silver Nitrate (AgNOs), Ascorbic acid and Sodium
tetrahydridoborate (NaBH,4) were obtained from Sigma Aldrich and
they were used as received.

2.2. Gold nanorods synthesis

Gold nanorods were synthesized by the well-known seed-mediated
method [7] at low pH [31,32]. All glassware was cleaned by aqua regia
before using it to remove any contamination. The gold seeds were pre-
pared by adding 0.5 ml of NaBH,4 solution (10 mM), previously dissolved
in ice-cold water, to 5 ml of an aqueous solution composed of CTAB
(0.1 M) and HAuCl, (0.48 mM). This solution was stirred vigorously
for 2 min and then was kept undisturbed at 33 °C for 30 min. The growth
solution was prepared separately by mixing CTAB, HCI, HAuCl,, AgNO3
and Ascorbic acid with concentrations in the final mixture (100 ml) of
0.1 M, 0.08 M, 0.5 mM, 0.085 mM and 1 mMM, respectively. The colorless
growth solution was kept at 33 °C and after 30 min 100 pl of seed
solution was added [32].

Alginate or
PVA addition

Alginate or PVA

,‘\) Chitosan-SH

Scheme 1. Synthesis process of polymers-coated gold nanorods.
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Fig. 1. GNRs after dialysis: a) CTAB-GNRs, b) PEG-SH-GNRs and c) Chi-SH-GNRs.

2.3. Thiol-Chitosan (Chi-SH) synthesis

Thiol-Chitosan (Chi-SH) was obtained according to the protocol de-
scribed by Zhu et al. [33]. Covalent attachment of 3-Mercaptopropionic
acid (MPA) to chitosan backbone was achieved by the formation of
amide bonds between amino groups of chitosan and the carboxylic
groups of the MPA. Firstly, the carboxylate groups of 3-
Mercaptopropionic acid were activated by mixing 21 mg of MPA,
13 mg of EDC and 15 mg of NHS in 2 ml of Dimethylformamide
(DMF), and then this solution was added to 40 ml of 2.5% chitosan
solution in HCl 0.1 M (pH 5.5). This solution was stirred for 5 h and
then washed 3-times with ethanol; finally, the product was lyophilized
and stored at room temperature. FTIR spectrum of thiolated chitosan
obtained is shown in Fig. S1.

ey

CTAB bilayer
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)

CTAB desorption

Z\/™— cChitosan

24. Chi-SH-coated gold nanorods synthesis

Gold nanorods were washed by centrifugation twice to eliminate the
CTBA excess and were suspended in 10 ml (10% of the initial volume) of
water. Then, 10 mL of Chi-SH solution (1 mg/ml in HCl 0.1 M) was
added to gold nanorods suspensions and the final mixture was stirred
by 3 h. Finally, the chitosan-coated gold nanorod suspension was
dialyzed by two days against HCl 0.01 M.

2.5. PEG-SH-coated gold nanorods synthesis

We used a traditional method for PEG-SH coating of GNRs: 10 ml of
pre-synthesized gold nanorods were centrifuged twice to eliminate the
CTAB excess. Then GNRs were re-dispersed in a 10 mM CTAB solution
(10 ml) and sodium carbonate (1 ml, 2 mM) and PEG-SH (100-500
UL, 2 uM, 5000 Da) was sequentially added to the GNR solution. Finally,
the solution was magnetically stirred at room temperature for 24 h [19,
20].

2.6. PVA and alginate coated chitosan-gold nanorods

A layer by layer approach was used to overcoat the Chi-SH-coated
gold nanorods (Chi-GNR). Briefly, 0.5 ml of GNRs suspension obtained
after dialysis was added by dropwise under magnetic stirring into
0.5 ml of PVA or alginate solutions at 1% and 0.5 mg/ml, respectively.
After 10 min, the suspension was centrifuged at 6000 rpm for 30 min
and the pellet was re-suspended in water (the entire process is depicted
in Scheme 1).

2.7. Infrared spectroscopy

Polymer coated GNRs and CTAB-GNRs were centrifuged and
suspended in water twice to eliminate the excess of polymer or surfac-
tant, samples were lyophilized and the spectrums were obtained in ATR
mode using a Perkin ElImer Spectrum Two instrument.

2.8. Zeta potential

Zeta potential of NPs was measured by using a Nano ZS (Nanoseries,
Malvern Instruments, UK). Gold nanorods were suspended in water (pH
~ 5) or phosphate buffer 10 mM (pH = 7.4) and fed into a folded
capillary, clear, disposable zeta cell. Zeta potential is reported as the
mean =+ standard deviation (SD) of three independent measurements.

2.9. Transmission electron microscopy images

Gold nanorods suspension (10 pl) was deposited onto a copper
grid and was dried overnight. TEM images were acquired using Phillips
CM-12 Instrument.

@ Thiolgroups

Fig. 2. Schematic representation of GNRs chitosan coating process.
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2.10. Atomic force microscopy images

A JEOL instrument (JSPM 4210, Japan) was used for imaging. 10 pl of
diluted gold nanorods suspensions were deposited on freshly cleaved
mica and left drying, the images were obtained in the noncontact
mode using silicon nitride cantilevers (NSC15) from MicroMash (USA).

2.11. Photothermic experiments

Photothermal properties of GNRs coated with CTAB, chitosan-SH, al-
ginate and PVA were assessed adding 3 ml of GNRs solution into a spec-
troscopic quartz cuvette. GNRs solutions were prepared at different
optical densities (2, 1, 0.50 and 0.25) and the samples were irradiated
with a CW 808 nm diode laser (CNI, China). The temperature of the
sample was followed with a k type thermocouple connected to a digital
thermometer (AMPROBE TMD-51). The sensor temperature probe was
inserted into the bulk solution and the cuvette was sealed to avoid evap-
oration. The sample was illuminated using different powers 2 W, 1.5 W

and 1 W over a period of 40 min, recording the temperature every 30 s.

2.12. Photothermal conversion efficiency

The photothermal conversion efficiency (1)) was determined using a
model described previously [34]. The temperature increase of the
solution can be determined by the balance between the heat rate
input from the laser via the nanorods, (Q;), to the quartz cuvette-
water system, (Qg), and the heat dissipation rate to the external
environment by convection, (Qex), that can be expressed by:

Zi m;C; %:QIJFQO_Qext 1)

where m; and G; are the mass and specific heat capacity of component i,
respectively. Tis the temperature, and t is time. The term Q; corresponds
to the heat dissipated by electron-phonon relaxation process of surface
plasmons of GNRs induced by laser irradiation at a resonant wavelength
N\ to the solution and it can be expressed by:

Q = 1(1 —10*’“)77 2)

where [ is the incident laser power, 1 represents the efficiency of
transducing incident resonant light to thermal energy (it means the
portion of light that is absorbed by particles), and A\ is the absorbance
of nanorods at a certain wavelength (in this case the absorbance at
808 nm). The term Qg corresponds to the heat produced by the laser
over the cuvette and water and it can be determined illuminating the
system without nanorods. Heat dissipated to the external environment
(Qext) is given by:

Qext = hA(T_Tumb) (3)

where h is the heat transfer efficiency, A is the surface area of the inter-
face between the nanorods solution and external environment. Then we
can re-write the Eq. (1) as:

dr -
32 miCi g =1(1=107 )11+ Qo—hA(T—~Tamy) (4)

1

For simplicity Roper et al. [34] defined a characteristic rate constant
or sample system time constant (7s) as:

2 mC;
T = 'T (5)
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Fig. 3. GNRs UV-Vis spectrums. CTAB-GNRs (black line), Chi-SH-GNRs (red line), Alg-Chi-
SH-GNRs (blue line), PVA-Chi-SH-GNR (Magenta line).

Taking into account the Eqs. (4) and (5) and considering AT =
(T — Tamp), we can resolve the differential equation to obtain:

1(1—10*M>n+ Qo

AT(t) =Ty SC
1~1
i

(1—e"/%) 6)

This equation is used to obtain 75 and 7}, simply, by fitting the heating
experimental data, in order to calculate Qq value the fitting must be
done on the curve of heating without nanorods, in this case Q; = 0
and the equation is simplified to:

AT(t) =7 Q"C (1= /%) (7)
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Fig. 4. Infrared spectrums of GNRs. a) CTAB-GNRs, b) Chi-SH-GNRs, ¢) PVA-Chi-SH-GNR,
d) Alg-Chi-SH-GNRs.
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2.13. Cytotoxic assays

Breast cancer cells line MDA-MB-231 was used as a cellular model in
order to assess the cytotoxic effect of gold nanorods. Cell line was cul-
tured in Dulbecco's modified Eagle medium (DMEM) with fetal bovine
serum (15%), 100 U/ml penicillin and 100 g/ml streptomycin; Cultures
were incubated at 37C, 5% CO, and 90% humidity.

The cytotoxic activity of gold nanorods, PVA and alginate with and
without irradiation was evaluated by the MTT reduction method. The
cells were seeded in 96-well plates at a density of 5 x 10> cells/well.
After 24 h incubation, cells were treated with gold nanorods at concen-
trations of 4.8 x 10'°,3.6 x 10'°, 2.4 x 10'° and 1.2 x 10'° particles/ml
(these concentrations of GNR were calculated using an extinction coef-
ficient of 5 x 1079 M~ ! cm! for a GNR with an aspect ratio of around 3.8
[35-38]. The optical densities of GNR suspensions were adjusted to 0.4,
0.3,0.2 y 0.1, respectively), or polymers at concentrations of 1.0, 0.50,
0.25 and 0.125 mg/ml. In the case of irradiation assays the same gold
nanorods concentrations were used and the cell cultures were illumi-
nated by 5 min with 808 nm laser. The cytotoxicity was measured
after 48 h adding 10 pl of MTT at each well and incubating for 4 h. 100
ul of acidic isopropanol was added to solubilize the formazan salts
formed and the optical density was measured at 570 nm. Relative cell
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Fig. 6. AFM images and representative longitudinal and transverse profiles of GNRs; a) Chi-SH-GNRs, b) Alg-Chi-SH-GNRs, ¢) PVA-Chi-SH-GNRs, d), e) and f) representative longitudinal
profile, g), h) and i) representative transversal profile (each profile corresponds to the top AFM image).


Image of Fig. 6
Image of Fig. 5

588

viability was determined by the amount of MTT converted into
formazan and calculated as a percentage compared to the control group.

3. Results and discussion
3.1. Chitosan-SH-coated gold nanorods synthesis

In this work we used a very easy and reproducible method to elim-
inate the CTAB using thiolated chitosan as stabilizer of GNRs. We
employed a method based in dialysis for the CTAB elimination and, at
the same time, as preliminary proof to determine if the polymer coating
had been attained adequately. Fig. 1 shows the CTAB-GNR and thiol-
polyethylene glycol-GNR (PEG-SH-GNR) solutions after 3 h of dialysis,
and the Chitosan-GNR (Chi-GNR) solution after 48 h of dialysis. We
can observe the usefulness of thiolated chitosan to remove the CTAB
from the GNR surface stabilizing the chitosan-GNR solution even after
48 h of dialysis. In contrast, the CTAB-GNR and PEG-SH-GNR suspension
become unstable and form aggregates over a period of 3 h. The instabil-
ity observed in the CTAB-GNRs is a consequence of the CTAB diffusion
from the GNRs surface to outside of the dialysis bag. In the case of
PEG-SH coated process, we expected to obtain a stable GNR suspension
due to the adsorption of thiolated PEG onto the surface of GNR, howev-
er, GNR form aggregates during the dialysis process, as in the case of
CTBA-GNRs. We suggest that CTAB molecules adsorbed on the lateral
facet of GNRs allow the covalent attachment of small amount of PEG-
SH molecules. This behavior agrees with previous reports where it has
been demonstrated that thiolated molecules preferentially interact

-
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with the end-tip surface of GNRs, while CTAB molecules remain at-
tached onto the lateral facets of GNRs [39-43]. Thus, when the concen-
tration of CTAB decreases during the dialysis process, the PEG-SH
attached onto the GNRs surface is not enough to stabilize the colloidal
system.

When Chi-SH is used to stabilize the GNRs in aqueous solution no
agglomeration was observed even after long periods of dialysis. We sug-
gested that thiol groups attached along the polymer chain play a pivotal
role in the successful replacement of CTAB linked onto the GNR surface.
Similar to the PEG-SH coating process previously reported, during the
coated process of GNRs, Chi-SH molecules bind onto the end-tip surface
of GNRs through the thiol groups localized around the media section of
the chitosan chain, leaving free two lateral arms of the Chi-SH (Fig. 2).
We must take into account that at this step there still exist CTAB mole-
cules adsorbed onto the lateral surface facets of GNRs that avoid the at-
tachment of remaining arms of Chi-SH. During the dialysis process,
CTAB molecules left the GNR surface leaving the lateral surface sides
of GNRs available for the adsorption of Chi-SH arms and additional
Chi-SH molecules are binding. We suggest that desorption process of
CTAB occurs progressively and slowly, allowing the attachment of
thiolated chitosan arms, as well as additional thiolated chitosan mole-
cules, until CTAB molecules are completely replaced by Chi-SH. Proton-
ated chitosan amino groups promote the electrostatic stabilization of
GNRs suspension (pH = 4) for a large period time.

Fig. 3 shows the UV-Vis spectra of CTAB-GNR and Chi-SH-GNR. We
can observe a slight red shift of 9 nm of the longitudinal surface plasmon
resonance (from 798 nm to 807 nm) when thiolated chitosan was
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Fig.7.TEM and SEM images of GNRs; a) and d) Chi-SH-GNRs, b) and e) Alg-Chi-SH-GNRs, c) and f) PVA-Chi-SH-GNRs and transversal and longitudinal size of GNRs, g) frequency histogram
of transversal size, h) frequency histogram of longitudinal size. (Scale bar in SEM images 100 nm.)
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attached onto the GNR surface. This behavior has been previously re-
ported (using different polymers) and it has been suggested that this
phenomenon can be attributed to the local refractive index change
due to the presence of the organic polyelectrolyte [44-47].

3.2. PVA and alginate coated gold nanorods

Layer by layer approach has been used previously to passivate, tune,
and/or invert the surface charge of GNRs synthetized in presence of
CTAB. For instance, polyelectrolytes as polystyrene sulfonate (PSS) and
poly(diallyldimethylammonium chloride) (PDADMAC) have been de-
posited in serial sequence steps. Firstly, a layer of the anionic polymer
(PSS) was deposited over the CTAB layer, changing the zeta potential
to negative. After that, the PDADMAC, cationic polymer, was adsorbed
onto the negative surface charge of the PSS coated GNR. This process
can be repeated to obtain a polymeric multilayer nanosystem [46,47].
On the base of these previous reports, we replaced the CTAB with
thiolated chitosan and, after this step, an alginate (anionic polymer) or
PVA (nonionic polymer) layer was deposited onto the Chi-SH-GNR sur-
face. Fig. 3 shows the UV-Vis spectra of Chi-SH-GNRs before and after
modifying their surface with alginate or PVA using a layer-by-layer pro-
cess. We observed an additional red-shift, around 9 nm, for either PVA
or Alg was adsorbed onto the surface of Chi-SH-GNR. Similar results
were observed in previous research works, in which polymeric multi-
layers were deposited onto the surface of gold nanoparticles [46,47];
UV-Vis spectra showed a red-shift of the surface plasmon band for
each polymeric layer deposited in a sequential process. The red-shift ob-
served after polymeric layers deposition onto the nanoparticle surface
has been attributed to the local environment changes around the gold
nanoparticle surface, modifying the plasmon resonance response upon
incident electromagnetic radiation. UV-Vis spectra of coated GNRs in
PBS, DMEM and DMEM media supplemented with 10% of fetal bovine
serum are shown in Supplementary information (S2-S4), absorption

15
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spectra demonstrated that Chi-SH-GNR suspensions are unstable in
the three supplemented media. Since after few minutes, we observed
the aggregate formation of GNRs at the bottom of glass vial. This behav-
ior is due to deprotonation of amino groups of chitosan at physiological
pH (7.4), diminishing the electrostatic repulsion between Chi-SH-GNR.
In contrast Alg-Chi-SH-GNRs and PVA-Chi-SH-GNRs spectra show that
these GNR systems are stable in the three media, due to the high electro-
static repulsion of deprotonated carboxylic groups of alginate and to the
steric stabilization of PVA, respectively. These results show that Alg-Chi-
SH-GNRs and PVA-Chi-SH-GNRs have a potential use in the medicine
areas.

The FTIR spectra recorded from GNRs are shown in Fig. 4. Fig. 4a
shows the CTAB-GNRs spectrum, the intense peaks at 1480 cm™! and
2800-2900 cm ™! corresponded to bending and stretching of C—H
bonds and the peaks at 910, 964 and the doublet at 725 cm™~"' can be
assigned to the wagging of C—N bonds [48,49]. Fig. 4b corresponds to
the FTIR spectrum for Chi-SH-GNRs; we can observe that intense
peaks of the CTAB are replaced by the characteristic band of chitosan.
The broad band located around 3200 cm™! has been associated with
the stretching of —NH, and — OH groups, peaks located around 1517
and 1620 cm™ ! are attributed to N—H bending, and the C— O and
C— 0 —C stretching, of the secondary alcohols and glycoside bonds of
the polysaccharide structure, appeared between 950 and 1100 cm ™!
[50-52], respectively. The PVA-Chi-SH-GNR spectrum is shown in
Fig. 4c, a broadening in the band at 3300 cm™' is observed due to the
presence of —OH on the structure of PVA, the peak at 1730 can be
due the stretching to C=0 from acetate group remaining in PVA (we
used PVA with 86.7-88.7 mol% hydrolysis) [53]. Fig. 4d corresponds to
the FTIR spectrum recorded for Alg-Chi-SH-GNRs. Two important
peaks at 1600 and 1400 cm™! can be observed which can be assigned
to the antisymmetric and symmetric carboxylate stretch of the alginate,
respectively [54]. On the base of these results we can confirm that CTAB
molecules adsorbed on the GNR surface were successfully replaced by
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thiolate chitosan molecules and the deposition layer of alginate or PVA
was adsorbed on the surface of Chi-SH-GNRs.

On the other hand, the surfaces charge of polymer coated GNRs were
followed by zeta potential ({) measurement. It is important to note that
¢ measurements were done in aqueous media at pH = 5.0 to ensure that
amino groups exposed on the surface of Chi-SH-GNRs remained proton-
ated. Then, changes on surface charge values were used as a parameter
to confirm if the Chi-SH-GNRs had been covered by PVA or alginate. Re-
sults are summarized in Fig. 5. We can observe an inversion of the pos-
itively charged surface of Chi-SH-GNRs (¢ +35 mV), after the
deposition of alginate layer ({ — 17 mV). For the case of the PVA coating,
the zeta potential diminished to + 18 mV. This behavior can be ex-
plained on the basis of ionization characteristics of the polymer used
to overcoat the Chi-SH-GNR at pH 5.0; the pKa of carboxylic groups
linked along the chain of alginate is around pH =~ 3.5, therefore, these
carboxylic groups are ionized and the alginate molecules are negatively
charged [55]. Carboxylic groups of the anionic alginate allowed the elec-
trostatic association with the amino groups exposed on the chitosan
layer, leading to a reversal surface charge of the nanoparticle from pos-
itive values, for Chi-SH-GNRs, to negative values, for Alg-Chi-SH-GNRs.
PVA, characterized as polar and non-ionic polymer, has hydroxyl func-
tional groups that promoted the adsorption over the chitosan layer
adsorbed onto the surface of GNPs through of stablishing hydrogen
bonds between PVA and chitosan. Thus, chitosan electric charges
are screened by PVA molecules and a reduction of zeta potential is
observed, without reversal of surface charge.

At pH ~ 7.4 (10 mM phosphate buffer) Chi-GNRs, Alg-Chi-SH-GNRs
and PVA-Chi-SH-GNRs showed zeta potential values around +2 mV,
—24mV and —3 mV, respectively; Chi-SH-GNRs presents this behavior
due to the deprotonation of amino groups (pK = 6.3) that diminished
the surface charge of particles [28-30], and the precipitation of Chi-
SH-GNRs under these conditions is observed after a few minutes. For
the case of Alg-Chi-SH-GNRs, the more negative zeta potential observed
is probably due to deprotonation of carboxylic groups because of the pH
increment [56]; PVA-Chi-SH-GNRs shows a zeta potential slightly more
negative (—3 mV) when these particles are dispersed in the buffer, we
suggested that the diminishing of the surface charge is due to the ad-
sorption of phosphate ions onto the amino groups exposed outside to
PVA-Chi-SH layer forming the Stern layer around the PVA-Chi-SH-
GNRs. However, the GNRs suspension remains still stable due to steric
interaction provided by PVA.

We further confirmed the layers deposition over the Chi-SH-GNRs
using AFM images. In Fig. 6 images of Chi-GNRs, Alg-Chi-SH-GNRs and
PVA-Chi-SH-GNRs are shown together with a representative profile.
The longitudinal and transversal size can be visualized; in accord to
AFM images, Chi-SH-GNRs have a longitudinal and transversal size
around 100 nm and 50 nm, respectively. In the case of Alg-Chi-SH-
GNRs and PVA-Chi-SH-GNRs we observed a size increment around
50 nm in comparison with Chi-SH-GNR over both longitudinal and
transversal size. However, polymer coated GNRs observed by TEM and
SEM images showed a longitudinal and transversal size around 57 nm
and 15 nm (aspect ratio 3.8, Fig. 7), respectively. We can explain this
great difference in size observed by AFM and electronic microscopy
(TEM and SEM) on the base of the basic function of these equipments.
Additionally, we must consider that polymer coated GNRs tend to
form aggregates as result of the dehydration of samples. Thus, AFM im-
ages show the surface relief sensed by a probe that scans the surface of
polymer coated GNR aggregates. While TEM and SEM images showed
the metallic core of polymer coated GNR aggregates, because the poly-
meric layers are transparent or semitransparent to the electron beam
used in both electronic microscopies.

3.3. Photothermal conversion efficiency (1)

Photothermal conversion properties for the four GNR systems were
determined under experimental conditions previously described in
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Fig. 9. Photothermal efficiency (1)) of GNRs covered with different polymers. (The average
and standard deviation was obtained considering all experimental data fitting; we assume
that 1) is independent from GNRs absorbance and laser power usEd.)

materials and methods section. Previously, Roper et al. [34] demonstrat-
ed that it is possible to predict the maximum equilibrium temperature
changes, which is proportional to the nanoparticle concentration,
using a heat-transfer model (Eq. (6)). We determined the photothermal
transduction efficiency (1) by fitting experimental data with Eq. (6). Itis
important to note that the characteristic rate constant, (7), depends on
the experimental array, while 7) can be considered as an intrinsic prop-
erty of gold nanoparticles and, therefore, photothermal transduction ef-
ficiency only depends on the shape and size of GNRs [37,57-59]. As the
absorbance of gold nanoparticles corresponds to the absorption light
and scattering light [37], we considered that the 1) values could be affect-
ed by the attachment of polymeric layers onto the surface of the GNRs,
diminishing the efficacy of the photothermal transduction by the en-
hancing of the scattered light. Under this consideration, we determined
the value for 75 and 1) for CTAB-GNR, Chi-SH-GNR, Alg-Chi-SH-GNR and
PVA-Chi-SH-GNR by fitting the experimental heating data with Eq. (6).
Fig. 8 shows the heating profiles observed for Alg-Chi-SH-GNR solution,
varying the amount of GNR into solution (absorbance) and laser power
irradiation. A Similar heating profile was observed for all GNR system
(Supporting information S5-S7). Heating data recorded adjusted
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adequately to the theoretical non-linear curve fit (solid line) Eq. (6). We
observed a high increment of the temperature at the first minutes of ir-
radiation until a saturation temperature (plateau) is attained and, after
that, the temperature increment is negligible (Fig. 8), in accordance
with previous reports [34,57,58,60]. The characteristic rate constant
(1s) and photothermal transduction efficiency were attained from
heating profiles and, they showed practically constant values, around
9.4-10.2 min for the 75 and 0.47-0.51 for 1. The average 7 values for
each type of GNRs used in this work is shown in Fig. 9, these results
are similar to those previously reported by Pattani et al. [8] and Cole
et al. [60]. They reported a 1) of 50% and 55% for nanorods with size of
7 x 26 nm (LSPR 770 nm), using an 808 nm laser and for gold nanorods
with size of 13 x 44 nm (LSPR 780 nm) using an 815 nm laser, respec-
tively. 1) can be understood as the absorption/extinction ratio and is
often used to describe the efficiency of the nanoparticles to convert
light into heat; in this sense, these results indicate that the 50% of the
light extinction by these GNRs is transformed into heat. It is worth to
mention that 7) values determined for the three GNR systems are negli-
gible, suggesting that polymer coat does not affect the GNRs capacity to
transform the electromagnetic radiation into heat, contrary to the
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Fig. 12. Cell viability of MDA-MB-231 cell line treated with GNRs and irradiation.

supposition postulated before to initiate the photothermal experiment.
We propose that the polymeric layers deposited onto the GNR surface is
transparent to the wavelength used in the irradiation experiment and,
moreover, the polymeric layer is thin enough to enhance the scattered
light contribution on the extinction of GNR and, therefore, the 1) ob-
served for the different GNR systems resulted similar. We considered
this fact as positive result because polymeric coated GNRs could be
used in the fabrication of a photothermal nanosystem with potential ap-
plication in medical area. With this purpose, we evaluated the
photothermic properties of Chi-SH-GNR, Alg-Chi-SH-GNR and Chi-SH-
GNR, and their capacity to produce cellular damage in vitro. Results
are described in the following section.

3.4. Cytotoxic assays

GNRs have been proposed to be useful in diagnostic and treatment of
cancer [61], however, it has been demonstrated that these particles ex-
hibit high cytotoxicity which is independent of the GNRs itself but is due
to the CTAB molecules on their surface, this limits their use in medical
applications. This cytotoxicity can be significantly diminished trough
the passivating or elimination of these molecules from de GNRs surface
using diverse polymers [14]. This has been previously attained using
polyacrylic acid (PAA), polystyrene sulfonate (PSS), polyallylamine
(PAH) and chitosan; the cytotoxicity is diminished even if the surface
is negatively or positively charged [11,14,24].

In this work we use chitosan, alginate and PVA to coat the GNRs; the
three polymers are considered biocompatible [62-64]. In Fig. 10 the cy-
totoxicity of PVA and alginate on MDA-MB-231 cell line is shown, it is
clearly observed that the two polymers did not affect the cell viability
even at concentrations as high as 1 mg/ml GNRs cytotoxicity is shown
in Fig. 11, polymers coated GNRs cytotoxicity is significantly lower
than CTAB-GNRs, these results agree with literature, i.e., GNRs cytotox-
icity is due mainly the CTAB molecules presents in GNRs suspension and
not to an intrinsic effect of GNRs.

Fig. 12 shows the cytotoxic effect of GNRs after irradiation at differ-
ent laser powers; it can be observed at first instance that the laser power
of 2 W diminished significantly cell viability (viability around 82%)
while the irradiation with 1 W and 1.5 W did not affect the cell survival.
Negligible differences in cytotoxicity were observed between Alg-Chi-
SH-GNRs and PVA-Chi-SH-GNRs for the three laser powers used,
which agree with the results from Fig. 9 where no differences on the
photothermal efficiency transduction were noticed between them.
There were no differences between cells treated with GNRs and irradi-
ated with laser power of 1 W and 1.5 W and both were different from
those treated with 2 W, this behavior can be explained considering
that power of 2 W itself induce cellular death and along with
the GNRs presents in the medium there is possibly a synergic effect
that induce a higher decrease in cell viability.

4. Conclusions

Potential applications of polymeric material to construct functional
devices are based on the capacity to tailor their chemical and physical
properties. At this regard, we used three biocompatible and biodegrad-
able polymers: thiolated chitosan (Chi-SH), alginate (Alg) and polyvinyl
alcohol (PVA) to overcoat the surface of gold nanorods (GNR), following
a two sequential steps coating process. First, Chi-SH was used to over-
coat the surface of GNR and stabilized it, removing the CTAB from its
surface. The Chi-SH layer deposited onto the GNR surface allows to ob-
tain a non-cytotoxic GNR system potentially useful for medical purposes
as photothermal agent. The adsorption of Chi-SH onto the surface of
GNRs resulted in a versatile nanosystem with available reactive chemi-
cal functional groups (—NH and —OH) bound to the chitosan backbone
that allow tune the physicochemical properties of the Chi-SH-GNR
surface. Nevertheless, the application of Chi-SH-GNR in medical field
is limited by the pKa (pH = 6.3) of chitosan that drives the
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protonation-deprotonation of amine groups. Thus, at physiological pH
amine groups are deprotonated, changing the surface charge of Chi-
SH-GNR from + 34 mV near to zero which resulted in the aggregation
of Chi-SH-GNRs. To provide stability at the physiological pH, the surface
of Chi-SH-GNRs was overcoated with alginate or PVA, changing the sur-
face charge from positive to highly negative (Alg-Chi-SH-GNR) or
slightly negative (PVA-Chi-SH-GNR), respectively. In accord to cellular
assays both Alg-Chi-SH-GNR and PVA-Chi-SH-GNR did not affect signif-
icantly the cellular viability, in contrast to the high cytotoxic effect ob-
served for CTAB-GNR. In order to have knowledge about their
potential as photothermal agents, the photothermal conversion efficacy
(n) of these GNR systems was evaluated. Interestingly, the 1) values de-
termined for Chi-SH-GNR, Alg-Chi-SH-GNR and PVA-Chi-SH-GNR are at
around 50% and similar to the 7) value for CTAB-GNR obtained in the
present and previous reports. In addition, the cell viability was greatly
affected when cell cultures, in presence of polymeric coated GNRs,
were irradiated with CW laser (808 nm), as result of the photothermal
heating around GNRs. Based on the present results, polymeric GNR sys-
tems have a potential use in biomedical areas because of their chemical,
physical and photothermic properties. Specifically, we considered that
Alg-Chi-SH-GNR and PVA-Chi-SH-GNR to be the most adequate nano-
system for biomedical purposes, since they present high stability in
PBS buffer and cell media culture.

4.1. Outlooks

In addition to photothermal properties of Chi-SH-GNR, Alg-Chi-SH-
GNR and PVA-Chi-SH-GNR fabricated in the present research work, cur-
rently we are focused in the bioactive modulation of these polymer
coated systems by the addition of a chemotherapeutic agent, such as
cis-platinum. Additionally, we are attempting modify the surface of
Chi-SH-, Alg-Chi-SH- and PVA-Chi-SH-GNR by the covalent attachment
of specific molecular targeting (PEPTIDES) in order to improve the ad-
hesion and the internalization to specific cellular line. Finally, in vitro
and, possibly, in vivo tests will be developed to prove their potential
therapeutic properties.
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