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Abstract Near infrared (NIR) absorbing Au-Au2S nano-

particles were modified with surfactants of different

hydrocarbon chain lengths to allow loading of anticancer

drug, cisplatin. The interfacial interactions and surfactant

chain length effects on drug loading, optical properties and

cytotoxicity were discussed in this work. Short-chain sur-

factants were oriented closer to the surface normal and

were adsorbed at higher densities. Surface modification

also changed the optical properties of the particles. Nota-

bly, particles modified with short-chain surfactants exhib-

ited a red shift, whereas particles modified with long-chain

surfactants showed a blue shift. The in vitro cytotoxicity of

drug-loaded surface-modified particles was dependent on

the surfactants’ chain length. Significant cytotoxicity was

observed for 1 mg/ml of drug-loaded particles using sur-

factants with the shortest chain length. After NIR triggered

drug release, the released Pt compounds were observed to

be cytotoxic, while remaining nanoparticles did not exhibit

any cytotoxicity. Also, the released Pt compounds upon

NIR irradiation of drug-loaded particles were observed to

be more toxic and had a different molecular structure from

cisplatin.

1 Introduction

The deep tissue penetrating property of near infrared (NIR)

and the reduced autofluorescence of tissues in the NIR

region [1, 2] have driven the interest in NIR-absorbing

nanoparticles for biomedical applications [3–8]. Our recent

work [9, 10] had incorporated NIR light [1, 2] and NIR-

absorbing nanoparticles [11–14] to develop a NIR-acti-

vated drug delivery system. Besides its tissue penetrating

properties, NIR light makes a suitable choice as a drug

release trigger since it does not have any cytotoxic effect

on cells [15–17]. Non-toxic drug-loaded NIR-absorbing

nanoparticles could be introduced systemically, where

toxic drugs would be released only upon NIR exposure at

the desired site. After drug release, the remaining NIR-

absorbing nanoparticles should remain non-toxic. Thus, the

NIR-activated drug release system would potentially

reduce the adverse side effects of cancer chemotherapy,

and allow for minimally invasive treatment of surgically

inoperable tumors. The NIR-absorbing nanoparticles were

composites of crystalline Au and amorphous AuxS (where

x * 2) that exhibited absorption bands at *530 nm and

650–1100 nm in the NIR region [13, 14].
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Surface characteristics of nanoparticles were tailored with

surfactants to reduce the agglomeration tendency and

enhance stability [18–20]. In addition, functionalization of

NIR-absorbing nanoparticles with surfactants facilitated

binding of the anticancer drug, cisplatin (Fig. 1) [9, 10]. The

surfactants possessed thiol (–SH) and carboxyl (–COO)

groups, which are reactive to NIR-absorbing nanoparticles

and cisplatin, respectively [18, 21]. With labile Cl groups,

cisplatin is hydroxylated in aqueous solutions (Fig. 2).

Surface chemistry of particles governed the binding and

orientation of surfactants [21, 22]. While surfactant binding

and orientation on films were addressed [18, 23, 24], the

curvature effects of nanoparticles have remained unclear.

Considering the higher curvatures of nanoparticles com-

pared to films, surface energy of particles would be higher

than that of films. Thus, surfactants would probably tilt

closer towards particles’ surfaces to reduce its surface

energy. Furthermore, the tendency for surface segregation

in multicomponent nanoparticles would change the surface

composition and chemistry [25, 26].

In this work, mercaptoacetic acid (MAA), mercapto-

propionic acid (MPA) and mercaptoundecanoic acid

(MUA) were used to modify the NIR-absorbing nanopar-

ticles. MAA, MPA and MUA have the same number of

functional groups, and differed only by the hydrocarbon

chain lengths. The difference in surfactant wetting prop-

erties with varying chain lengths modified surfactant ori-

entation on particle surfaces [22]. Surfactants that tilt

closer to the particle surface would impede the accessibility

of binding sites, leading to reduced surfactant packing

density. Thus, surfactants with different chain lengths were

used to regulate drug loading. In addition, nanoparticle-

surfactant interfacial interactions were used to manipulate

the optical properties of NIR-absorbing particles.

With the increasing dominance of size and surface effects

at the nanoscale, toxicity assessments of conventional bulk

materials [27] and microparticles [28] may not be applicable

to nanoparticles. Considering that in vivo clearance of non-

biodegradable inorganic nanoparticles remained unclear,

their significant accumulation within the systemic circula-

tion was highly possible [29]. Recent studies on the in vitro

carcinogenic effects and in vivo biodistribution of drug-

loaded MUA-modified Au-Au2S were reported elsewhere

[30, 31]. In this paper, the in vitro cytotoxicity of the Au-

Au2S NIR-activated drug delivery system modified with

different surfactants, on a commonly used breast cancer cell

line, MCF-7 was assessed as a preliminary safety criterion.

The cytotoxicity would probably be governed by the surface

characteristics of particles, which would change nanoparti-

cle-cellular interactions [32–35]. In addition, the adsorption

of cisplatin onto surface-modified NIR-absorbing nanopar-

ticles or the NIR irradiation might alter the structure of cis-

platin or create new Pt complexes. Thus, upon NIR

irradiation, the released Pt complexes could have different

cytotoxic effects compared with native cisplatin.

2 Methods

2.1 Synthesis of NIR-absorbing nanoparticles

NIR-absorbing nanoparticles were synthesized by the

reduction of aqueous HAuCl4 (Sigma Aldrich) using

aqueous Na2S (Sigma Aldrich) in a one-step mixing pro-

cess [9, 10, 13, 14]. 1 mM of Na2S aged for 24 h was

mixed with 2 mM of HAuCl4 at S:Au precursor molar

ratios of 0.6–0.8. Aging of Na2S was necessary due to the

limited solubility of metal sulfides in water [36]. In this

work, stirrer speed and reaction volume were fixed to

achieve a consistent degree of mixing and diffusion rates. It

was found that the as-synthesized NIR-absorbing nano-

particles were composites of amorphous AuxS (where

x * 2) mixed with Au crystallites [13, 14].

2.2 Surface modification and drug loading

Mercaptoacetic acid (MAA, HSCH2COOH), mercapto-

propionic acid (MPA, HS(CH2)2COOH) and mercaptoun-

decanoic acid (MUA, HS(CH2)10COOH) were purchased

Fig. 1 Schematic of NIR-

activated Au-Au2S drug

delivery system
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from Sigma Aldrich. Upon completing the synthesis of

NIR-absorbing particles, water-soluble MAA and MPA

were added directly into the reaction mixture at 100 mM.

The insolubility of MUA in water required the chemi-

sorption of MUA to be completed in absolute ethanol. NIR-

absorbing particles were separated from the aqueous

reaction mixture by centrifugation, and dispersed in

100 mM of MUA in absolute ethanol. The particles were

dispersed in these surfactant-containing solutions for

3 days to allow surfactant chemisorption to reach equilib-

rium. Excess surfactants were removed by centrifugation.

After C3 washes, the surfactant-coated nanoparticles were

dispersed in 1 mg/ml of aqueous cisplatin (Sigma Aldrich).

The adsorption of cisplatin took place over 2 days to

ensure drug loading reached saturation. Excess cisplatin

was removed by centrifugation, and drug-loaded colloids

were washed at least three times with water before being

redispersed in water.

2.3 NIR-activated drug release

Samples were irradiated at k = 1064 nm using a Contin-

uum� MiniliteTM II Nd:YAG pulse laser operating with

50 mJ of pulse energy and 7 ns of pulse duration at 15 Hz.

The focused beam size was *3 mm in diameter from burn

paper measurements. A polarizing cube beamsplitter and a

quarter waveplate were combined for use as an isolater to

reject possible back reflections. The beam was directed

using mirrors, and introduced from the liquid surface to

minimize lensing effects that could arise from the sides of

the vials.

2.4 Characterization

The UV–Visible spectra of NIR-absorbing nanoparticles

were obtained with a resolution of 0.5 nm, using the Shi-

madzu UV1601 spectrophotometer equipped with a 2-nm

band pass filter. Transmission electron microscopy (TEM)

images of samples on 400-mesh carbon-coated copper

grids were taken using the JEOL 3010 transmission elec-

tron microscope equipped with a LaB6 gun operating at an

accelerating voltage of 300 kV.

2.4.1 Qualitative chemical analysis of surface-modified

particles

Photoacoustic Fourier-transform infrared (PA-FTIR)

spectra of freeze–dried samples purged with He was col-

lected using the MTEC-200 photoacoustic cell and Biorad

FTS-60A/896 spectrometer. The spectra were obtained at a

speed of 5 kHz for with a resolution of 4 cm-1.

2.4.2 Thermal analysis

Thermal analysis of surface-modified particles was per-

formed to estimate the amount of adsorbed surfactants and

decomposition temperature. Thermal gravimetric analysis

(TGA) was conducted in He using a Perkin–Elmer series 7

Thermal Analysis system with a ramp rate of 4�C/min.

Freeze–dried samples were purged in He at room temper-

ature for 30 min at the start to remove any free surface

moisture. Weight gain from buoyancy effects were cor-

rected by using the base line created from a repeated run of

remaining samples upon completion of surfactant

decomposition.

2.4.3 Stability of surface-modified nanoparticles

Zeta potential was calculated using the Helmholtz–

Smoluchowski equation [22]. Zeta potential measurements

of particles dispersed in 0.1 M of sodium phosphate

(NaPO4) buffers were obtained using Malvern Instruments

Zetasizer 2000. The pH was adjusted using 0.1 M of HCl

and 0.1 M of NaOH to keep the ionic strength of different

solutions constant. The zeta potential data presented rep-

resented the average taken from 5 measurements.

Dynamic light scattering (DLS) measurements of par-

ticles dispersed in 0.1 M of NaPO4 buffers were taken

using Brookhaven Instruments ZetaPlus systems. The dif-

fusion coefficients were converted to hydrodynamic

diameters using the Stokes-Einstein equation, and inten-

sity-averaged size distributions were converted to number-

averaged size distributions for further analysis. The

hydrodynamic diameter data presented here represented the

average of 5 measurements.

2.4.4 Adsorption and release of cisplatin

Cisplatin loading on particles was estimated by chemical

microanalysis on 200-mesh carbon-coated copper grids with

the VG HB603 scanning transmission electron microscope

(STEM) operating at 250 kV, equipped with a field emission

gun and wide-angle X-ray detector. The characteristic Pt

and Au peak areas were normalized with respect to the Cu

peak area to estimate the Pt and Au concentrations at the

surfaces and cores of five different particles.

Cisplatin adsorption was further verified by measuring

the cisplatin concentration in the supernatant after drug

loading. The cisplatin concentration in aqueous solutions

was measured at 210 nm using the Waters high-perfor-

mance liquid chromatography (HPLC) Alliance system

equipped with a UV–visible detector, and Betasil-C18

column (250 mm 9 4.6 mm I.D.) packed with 5-lm par-

ticles. Isocratic conditions were used with 90:10 v/v of

acetonitrile:water and a flow rate of 1 ml/min.
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2.4.5 Molecular structure of released compounds

in supernatant fraction

Mass spectrometry (MS) analysis was performed using

Applied Biosystems API 2000 LC/MS/MS system with

atmospheric pressure chemical ionization, operating in the

flow injection analysis mode. Water with 0.1% formic acid

was used as the carrier solvent with a flow rate of 0.2

ml/min.
1H nuclear magnetic resonance (NMR) spectra of the

released compounds were obtained in 5 v/v% D2O over

*12 h using a Bruker Avance II spectrometer equipped with

a 400 MHz Ultrashield magnet. Chemical shifts were recor-

ded as parts per million (ppm) relative to tetramethylsilane.

2.4.6 In vitro cytotoxicity assay

Adherent human breast adenocarcinoma cells, MCF-7

(American Type Culture Collection (ATCC)) were cultured

in a 75-cm2 tissue culture flask using Eagle’s Minimum

Essential Medium (EMEM) supplemented with 10 v/v%

fetal bovine serum (FBS) and 0.01 mg/ml of insulin, and

incubated at 37�C in a humidified atmosphere with 5 v/v%

CO2. Upon reaching 80% confluence, MCF-7 cells were

harvested for in vitro cytotoxicity tests, using the 3-[4,5-

dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide (MTT)

toxicology assay. Mitochondrial dehydrogenases from

metabolically active cells reduced MTT to yield water-

insoluble purple formazan crystals that were soluble in

acidified isopropanol. Cell viability and proliferation rates

obtained using spectrophotometric quantification of for-

mazan crystals would be indicative of the degree of cyto-

toxicity induced by test materials.

Each test sample was repeated at least 12–18 times to

yield statistically representative data. In addition, each test

included a similar number of blanks containing only

serum-free media to form the basis for normalizing the data

collected. Approximately 20 9 103 to 40 9 103 cells sus-

pended in culture media were seeded in each well. After

*12 h of incubation to allow adhesion of cells to the base

of wells, the culture medium was removed and discarded.

The cells were rinsed once with phosphate buffer saline

(PBS) solution. Subsequently, 100 ll of nanoparticles at

different concentrations dispersed in serum-free EMEM

were introduced, and incubated with the cells for 24 h. The

nanoparticles were then removed and discarded. Cells were

rinsed with PBS before 100 ll of serum-free EMEM media

were added to each well, followed by 10 ll of MTT in PBS

(5 mg/ml). They were incubated for another *3 h for the

precipitation of MTT formazan crystals. MTT formazan

crystals were dissolved, and the cell viability was deter-

mined from solution absorbance at 570 nm measured using

the Biorad Model 680 microplate reader.

3 Results and discussions

3.1 Surface modification and stability of NIR-

absorbing nanoparticles

3.1.1 Adsorption of surfactants from FTIR spectra

The FTIR spectra in Fig. 3 for MAA-, MPA- and MUA-

modified particles displayed the characteristic chemical

groups of the respective surfactants (see Supporting

Information (SI)) [37]. The variations in peak positions for

similar chemical groups between MAA- and MPA-modi-

fied particles and MUA-modified particles indicated

differences in surfactant orientation and interfacial inter-

actions that depended on the surfactant chain length. The

broad band for MAA-modified particles at *3420 cm-1

were assigned to the OH stretching mode of water [38].

Interactions with water were more favorable for surfactants

with short hydrocarbon chains (e.g. MAA), compared to

long-chain surfactants (i.e. MUA).

3.1.2 Thermal stability of surfactants on NIR-absorbing

nanoparticles

From thermal desorption mass spectroscopy of surfactants

from film substrates, thermal stability of surfactants was

reported to increase with increased hydrocarbon chain

length with a dependence on surface coverage [39]. Using

an identical approach, thermal stability of surface-modified

NIR-absorbing nanoparticles was evaluated.

More short-chain surfactants were adsorbed on the

particles (Table 1). This suggested that short-chain sur-

factants had its C–C axis oriented away from particle

surface (see Fig. 4); this would expose more binding sites

leading to increased surfactant adsorption. Thus, short-

chain surfactants were packed at a higher density on the

3600 3200 2800 2400 2000 1600 1200 800

10
7512

5014
56

10
30

12
12

13
74

17
07

28
5429

21

(c)

(b)

P
ho

to
ac

ou
st

ic
 in

te
ns

ity
 (

A
.U

.)

Wavenumber (cm-1)

(a) 34
20

29
18

17
35

Fig. 3 FTIR spectra of (a) MAA-modified, (b) MPA-modified and

(c) MUA-modified NIR-absorbing nanoparticles

2094 J Mater Sci: Mater Med (2009) 20:2091–2103

123



particle surface. Considering that long-chain surfactants

were oriented closer to the surface, surface energy of

particles was further reduced to enhanced particle stability.

Particles modified with short-chain surfactants, MAA

and MPA, had a lower decomposition temperature than

those modified with long-chain surfactant, MUA. The

higher decomposition temperature for MUA-modified

particles suggested increased entanglement between MUA

chains and increased interactions between MUA and par-

ticle surface. Since the amount of adsorbed long-chain

surfactant MUA was less than short-chain surfactants

MAA and MPA, the increased interactions between MUA

and particles further showed that MUA was oriented closer

to the surface than MAA and MPA. The higher decom-

position temperature and interfacial interactions of MUA

indicated that MUA-modified particles were more stable

with a lower surface energy than MAA- and MPA-modi-

fied particles.

3.1.3 Thickness of surfactant layer estimated

from TEM micrographs

Considering the particle surface area (4pr2) and projected

area occupied by a S atom (pr2), the estimated maximum

possible amount of adsorbed surfactants was *156 9

104 atoms/particle for a monolayer. From the measured

adsorbed surfactants amount (Table 1), the estimated

number of adsorbed surfactants was *113 9 103 atoms/

particle for MAA- and MPA-modified particles, and

*75 9 103 atoms/particle for MUA-modified particles.

Since the measured estimates of adsorbed surfactants were

significantly less than the estimated maximum possible in a

monolayer, this indicated that no more than a single layer

of surfactants was coated on the nanoparticles.

Figure 5 shows a *5-nm coating of MUA surfactants

around a typical nanoparticle. TEM observations of MAA-

and MPA-modified particles were hindered by rapid abla-

tion of surfactants by the incident electron beam due to

their lower decomposition temperature (Table 1). How-

ever, estimates made during TEM operation suggested that

the thickness of MAA and MPA coating was �1 nm.

Coating thickness for surfactant-modified particles was

also deduced from the DLS hydrodynamic diameter (see

SI). Coating thickness for short-chain surfactants MAA and

MPA was *1–2 nm, while coating thickness of long-chain

surfactant MUA was *5–6 nm. The latter was consistent

with that determined from TEM observations.

3.1.4 Stability of surface-modified NIR-absorbing

nanoparticles in NaPO4 buffer

Zeta potential for MUA-modified particles from Fig. 6

showed little difference in isoelectric point between the

modified and the uncoated colloids. This was due to the

minor difference between the isoelectric point of uncoated

particles (pH * 5) and the calculated pKa estimate of

MUA (*4.78 ± 0.20) [40]. However, MUA-modified
Table 1 Thermal analysis of surface-modified NIR-absorbing

nanoparticles

Average adsorbed

(lmol/mg)

Decomposition

temperature (�C)

MAA-modified 0.14 ± 0.01 *150

MPA-modified 0.16 ± 0.01 *150

MUA-modified 0.10 ± 0.03 *200

surface 
normal

C-C
axis

(a)  

particle surface 

binding sites 

Functional groups:
 –COOH,  -SH 

surface 
normal 

C-C
axis

(b)  

Fig. 4 Schematic representation of interfacial interactions between

particle surfaces and a short-chain and b long-chain surfactants

MUA 
surfactant

NIR-absorbing
nanoparticle 

Fig. 5 TEM micrograph of MUA-modified nanoparticles
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particles had a higher surface charge (*20 mV) than

uncoated particles (*7 mV) for pH 6–10. The higher

negative surface charge was attributed to the deprotonation

of carboxylic acid groups (COOH ? COO-) on the

surfactants.

For MAA- and MPA-modified particles, there was no

distinct isoelectric point (Fig. 6), and the measured zeta

potential fluctuated about zero for pH 6–10. This was due

to the formation of flocs induced by interactions between

COO- on surfactants and Na? ions within the NaPO4

buffer. The change in effective hydrodynamic diameters

indicated flocculation for MAA- and MPA-modified par-

ticles (Fig. 7). In contrast, uncoated and MUA-modified

particles had relatively constant diameters and showed no

signs of flocculation. It should be noted that data were

taken *30 min after dispersion of colloids in buffer since

flocculation was a reversible and dynamic process.

The difference in particle stability using surfactants of

different chain lengths was attributed to the difference in

particle separation distances. In the absence of electrostatic

stabilization, stability of MAA- and MPA-modified parti-

cles was governed by steric stabilization only. With their

shorter interparticle separation distance (i.e. coating

thickness *1–2 nm), steric stabilization of short-chain

surfactant modified particles was insufficient to prevent

flocculation. In contrast, the increased entanglement of

MUA chains would have probably prevented neutralization

of COO- from Na?. With both electrostatic and steric

stabilization, flocculation of MUA-modified particles was

prevented. The enhanced stability of MUA-modified par-

ticles verified the earlier deduction of MUA-modified

particles having a lower surface energy.

3.2 Effect of surfactant chain length on optical

properties

MAA- and MPA-modified nanoparticles showed a red shift

and broadening of absorption bands (see SI). In contrast,

MUA-modified nanoparticles showed a blue shift and a

similar broadening of absorption bands (see SI). Upon

coating the particles with surfactants, electron scattering

increased as absolute surface area increased. This led to

increased damping of plasma oscillations and resulted in

the broadening of absorption bands [41]. It was reported

that adsorption of small amounts of SH- caused a blue shift

in the absorption band of Ag, while adsorption of SH- at

larger amounts led to a red shift [42]. The effects of dif-

ferent adsorbate concentrations on Ag absorption band

positions were not established in the reported work [42].

However, consistent with these reported effects, adsorption

of short-chain surfactants MAA and MPA in larger

amounts had resulted in a red shift, while adsorption of

long-chain surfactants MUA in smaller amounts had

resulted in a blue shift (Fig. 8).

Inhomogeneous surface polarization of large Au nano-

particles ([25 nm) with increasing size led to higher order

of plasma oscillations that resonated at lower frequencies

[41, 43]. This resulted in the red shift of plasmon absorp-

tion band with increasing particle size. Considering that

absorption band of larger MUA-modified particles

(58 ± 9 nm) showed a blue shift in contrast to the red shift

shown by smaller MAA- and MPA-modified particles

(50 ± 4 nm), size effects would not account for the

observed shift. The shift in absorption band was thus

attributed to difference in the surface characteristics of
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particles. The surface modification of particles had altered

the surface polarizability to result in shift in plasmon res-

onance frequencies.

If one considers that each surfactant had one free elec-

tron upon deprotonation of its carboxyl group, the elec-

tronic charge available for each surfactant would be

*1.602 9 10-19 C/molecule. Surface charge density for

surface-modified particles was thus deduced from the

electronic charge per surfactant and the adsorbed surfactant

amount in Table 1. MAA- and MPA-modified particles

were estimated to have a higher surface charge density than

MUA-modified particles. The absorption band was found

to blue-shift at low surface charge density and red-shift at

higher surface charge densities (see Fig. 8). The difference

in surface charge density (*25 times) altered the surface

polarizability of particles to modify plasmon resonating

frequencies. Subsequently, absorption bands were shifted

in different directions. However, the exact relationship of

surface effects and surface charge density to plasmon res-

onating frequencies remained unclear.

Cisplatin adsorption on the surface-modified particles

resulted only in red shifts (SI). Cisplatin adsorption on

MUA-modified particles resulted in less red shift than that

on MAA- and MPA-modified particles (Fig. 9). The exact

number of free electrons contributed by adsorbed cisplatin

remained unknown. However, considering a monolayer of

drug adsorption where cisplatin contributed N0 electrons,

the surface charge density for drug-loaded particles would

decrease with increasing surfactant chain lengths. The

subsequent change in surface polarizability of particles

modified the plasmon resonating frequencies. The trend of

decreasing red shift with decreasing charge density in

Fig. 9 was consistent with that in Fig. 8. In addition, as the

surface area increased further upon cisplatin adsorption,

increased electron scattering resulted in additional broad-

ening of absorption bands [41].

3.3 Effect of surfactant chain length on drug loading

and release

Table 2 shows that more cisplatin was loaded onto MAA-

and MPA-modified particles than MUA-modified particles.

This was attributed to the higher number of short-chain

surfactants adsorbed on the particles (Table 1), which

provided more drug binding sites. The ratio of short chain

to long chain surfactants adsorbed on the particles was 1.5

(Table 1), which was quite consistent with the cisplatin

loading ratio of 2.0 on particles modified with short-chain

to long-chain surfactants (Table 2). This suggested that

approximately a monolayer of cisplatin was adsorbed on

the surface-modified particles.

Drug adsorption kinetics was evaluated by normalizing

the adsorbed cisplatin concentration with the saturated

adsorbed cisplatin concentration. The profiles in Fig. 10

were characteristic of Langmuir isotherms, which con-

firmed the monolayer adsorption of cisplatin. Long-chain

surfactant modified particles showed slightly slower

adsorption kinetics than short-chain surfactants modified

particles (Fig. 10). This suggested that while drug loading

was changed by using surfactants with different chain

lengths, the chain length had little effects on adsorption

kinetics. Further work on drug binding mechanisms would

be warranted, which is beyond the scope of this work.

Drug release was triggered by exposure of drug-loaded

particles to irradiation at k = 1064 nm using a Nd:YAG

pulse laser. It was estimated that *80–90% of adsorbed

cisplatin was released after *1 h. This suggested that most

drugs were chemisorbed onto the particles, and the leach-

ing of drugs from the particles was negligible. Drug release

profiles were evaluated after normalizing with the maxi-

mum amount released. Considering the rapid release

kinetics (Fig. 11), no conclusions could be made on the
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dependence of drug release and strength of surfactant-drug

interactions on surfactant chain length.

3.4 In vitro cytotoxicity of surface-modified particles

The in vitro cytotoxic effects induced by particles with

different surface characteristics and drug loadings were

evaluated. Considering that typical standard deviations

were *15%, cytotoxic effects were not statistically sig-

nificant for normalized cell viability of 0.7–1.3, using a

95% confidence interval.

Nanoparticles modified using surfactants of different

hydrocarbon chain lengths, and surfaces enriched with S

after NIR irradiation [14], showed no cytotoxic effects

(Fig. 12). No significant cytotoxic effects were observed

for drug-loaded MPA-modified nanoparticles and drug-

loaded MUA-modified nanoparticles before and after drug

release (Fig. 13). However, 1 mg/ml of drug-loaded MAA-

modified nanoparticles exhibited significant reduction in

cell viability (Fig. 13). Upon NIR-activated drug release,

the initial cytotoxic effects of drug-loaded MAA-modified

nanoparticles were no longer observed.

Table 2 STEM EDX elemental analysis of drug-loaded NIR-absorbing nanoparticles. At least five different particles were analyzed for each

sample

Element MAA-modified MPA-modified MUA-modified

Core Surface Core Surface Core Surface

Au peak area 86.6 72.9 119.9 84.9 190.9 155.1

Pt peak area – 24.0 4.1 23.3 – 21.3

Pt/Au surface conc. ratio 0.33 0.27 0.14
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Fig. 10 Drug absorption profiles on (m) MAA-modified, (j) MPA-

modified and (d) MUA-modified nanoparticles
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Fig. 11 Drug release profiles from (4) MAA-modified, (h) MPA-

modified and (�) MUA-modified nanoparticles using a pulse laser at

k = 1064 nm
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Fig. 12 Cytotoxicity of (m) unmodified nanoparticles before NIR

irradiation, and (s) unmodified, (d) MAA-modified, (j) MPA-

modified and ( ) MUA-modified nanoparticles after NIR irradiation
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Supernatant of drug-loaded particles incubated in

growth media for 24 h was collected to verify the effects of

drug leaching. Cytotoxic effects from drug leaching were

insignificant, since no change in cell viability was observed

(Fig. 14). The absence of drug leaching indicated that a

stable chemical bond was formed between the drug and

surfactants. Considering that both MAA-modified and

MPA-modified nanoparticles had similar drug-loading, this

indicated that cytotoxic effects of 1 mg/ml of drug-loaded

MAA-modified nanoparticles were not triggered by inter-

actions between surface-loaded drugs with cells only. The

main cause for cytotoxicity related to 1 mg/ml of drug-

loaded MAA-modified nanoparticles could not be estab-

lished here. However, this suggested that the entire

assembly, which included synergistic effects of nano-

particle-surfactant-drug interactions, would need to be

considered to evaluate possible causes of cell death.

3.5 In vitro cytotoxicity of compounds released

from particles

The in vitro cytotoxic effects from the supernatant fraction

that contained released Pt compounds, collected after NIR

irradiation of drug-loaded particles, were examined. The

concentration of Pt compounds released was determined

from the absorbance at 210 nm using HPLC. No changes in

the peak distribution with respect to residence time for

HPLC chromatographs of the released substances were

observed. The unchanged chromatographs indicated that Pt

compounds were released, since most Pt compounds

including cisplatin would show absorption at 210 nm.

The released Pt compounds were more cytotoxic to

MCF-7 than cisplatin (Fig. 15). This suggested that lower

drug concentration and consequently lower particle dosage

would be required to achieve similar toxicity. Increased

toxicity of the supernatant fraction could have been caused

by either synergistic effects of the released surfactants with

cisplatin or the formation of other Pt compounds brought

upon by structural changes on cisplatin. The toxicity

exhibited by cisplatin was strongly influenced by its

structure [44–46]. Pt compounds (e.g. carboplatin) formed

by the coordination of Pt with other molecules have been

noted to exhibit different toxic characteristics from cis-

platin [44–46].
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Fig. 13 Cytotoxicity of drug-loaded (m, D) MAA-modified, (j, h)

MPA-modified and ( , e) MUA-modified nanoparticles before (close
symbols) and after drug release (open symbols)
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nanoparticles
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Surfactants alone did not give rise to cytotoxic effects

(see SI). Cisplatin mixed with 0.15 lmol/ml of surfactants

did not show different cytotoxicity from cisplatin (see SI).

Therefore, there were no synergistic cytotoxic effects

between cisplatin and surfactants. In addition, Fig. 15

illustrates that NIR irradiation of cisplatin alone did not

change its cytotoxicity substantially. Thus, the increased

cytotoxicity of the released Pt compounds in Fig. 15

compared to cisplatin was most likely a result of structural

changes to cisplatin.

NMR and mass spectroscopies were used to elucidate

the molecular structure of Pt compounds released upon

NIR irradiation of the drug-loaded particles. 1H NMR

spectra of cisplatin and Pt compounds released from

modified particles were collected (see SI). The assignments

of the NMR peaks for cisplatin are summarized in Table 3

[47]. The broad peak for cisplatin at *3.9–4.2 ppm was

attributed to the averaging effects on electronic motion

from random molecular movements in aqueous cisplatin

solution [38]. The peaks at *1.15 ppm and 2.17 ppm

corresponded to species that were less electronegative than

Pt, such as NH4
? and NH4OH, respectively, which were

formed by NH3 dissociation from cisplatin.

NMR spectra collected for the compounds released from

surfactant-modified particles exhibited peaks at similar

positions. Thus, if surfactants were released upon NIR

irradiation of drug-loaded particles, the surfactants did not

alter the electronic environment of the released com-

pounds. The 1H NMR spectra of released compounds were

different from that of cisplatin, suggesting that the released

compounds had a different molecular structure from cis-

platin. The increased intensity of the *2.17 ppm peak for

released compounds when compared to cisplatin indicated

that NH3 dissociation increased after NIR irradiation. The

peak at *4.7 ppm corresponded to the H nuclei of water

[48], which was detected due to the low concentrations

(*lmol/ml) of released compounds in the NMR test

samples. The other peaks at *1.2, 1.5, 2.6 and 3.2 ppm

could not be assigned to a chemical group without the

separation of the different fragments or using a suitable

reference in similar physical and chemical environments.

The mass spectra of cisplatin and the supernatant col-

lected after NIR irradiation of drug-loaded particles are

presented in Figs. 16 and 17, respectively. The noise and

broad peaks observed, particularly at 240–320 a.m.u., was

attributed to different isotopes of elements in cisplatin, and

differing degrees of H substitution in NH3 and OH groups

of cisplatin. Peaks observed from the mass spectra of cis-

platin (Fig. 16) and released compounds (Fig. 17) were

assigned based on previous reports [44–46], or appropriate

combinations of elements (i.e. Pt, Cl, NH3, OH, Au, COO,

C, S) present in aqueous solutions (see SI).

The mass spectra for the released compounds in Fig. 17

were similar for drug-loaded particles modified with dif-

ferent surfactants. However, mass spectra of these released

compounds were different from that of cisplatin. In partic-

ular, the peaks located at 223 a.m.u, 391 a.m.u and 413

a.m.u. were not exhibited by cisplatin. Additional com-

plexes of Pt(NH3)2(COO), PtAu or PtAuC2, in the released

compounds were observed in all the supernatants collected

after NIR irradiation of drug-loaded MAA-, MPA- and

MUA-modified particles (see Fig. 17). Pt(NH3)2(COO) was

most likely formed during the chemisorption of cisplatin

onto surfactants. The complexes of Pt and Au (PtAu or

PtAuC2) were most likely formed by interactions between

released cisplatin and melted Au from the particles during

NIR irradiation [37]. While certain Pt and Au complexes

were reported to exhibit toxic effects [44–46, 49, 50], tox-

icities of the proposed Pt(NH3)2(COO), PtAu or PtAuC2

complexes have not been reported. Since such complexes

were the main difference between the supernatant fraction

Table 3 Assigned 1H NMR peaks for cisplatin [47]

1H chemical shift, d (ppm) Assignment

3.59 Pt(NH3)2(OH)2

3.60 Pt(NH3)2(OH)Cl

3.98 Pt(NH3)2(OH)(H2O)

4.05 Pt(NH3)2(OH)Cl

4.06 Pt(NH3)2(Cl)2

4.25 [Pt(NH3)2(H2O)Cl]2

4.33 [Pt(NH3)2(H2O)Cl]2

4.51 [Pt(NH3)2(H2O)2]2
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Fig. 16 Mass spectrum of cisplatin
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and cisplatin, one or more of them would be the most likely

cause(s) for the increased cytotoxicity of the collected

supernatant (Fig. 15).

If complexes of Pt and Au were indeed the governing

factor for increased cytotoxicity, it could relate to the

cytotoxic effects for 1 mg/ml of drug-loaded MAA-modi-

fied particles, relative to that of drug-loaded MPA-modified

nanoparticles and drug-loaded MUA-modified nanoparti-

cles (Fig. 13). Since MAA separated cisplatin from Au

particles with only one hydrocarbon, the close proximity

between Au and Pt in this case was likely to have allowed

toxic effects that resulted from either PtAu or PtAuC2

complexes in becoming noticeable. This would be consis-

tent with the earlier claim that the cytotoxic effects of this

system were related to synergistic effects of drug-surfac-

tant-nanoparticle interactions. In contrast, MPA and MUA

separated cisplatin from Au particles with a greater dis-

tance (2 and 10 hydrocarbons, respectively), which would

diminish the synergistic effects of drug-surfactant-nano-

particle interactions, if any. Thus, no cytotoxic effects were

exhibited by drug-loaded MPA-modified and drug-loaded

MUA-modified particles.

4 Conclusions

NIR-absorbing Au-Au2S nanoparticles were modified with

surfactants of different chain lengths to allow surface

loading of anticancer drug, cisplatin. Further system

optimization (e.g. excitation source and particle absorption

wavelengths) for actual clinical application would be

required, which is beyond the scope of this work. In this

work, interfacial interactions were characterized and sur-

factant chain length effects on drug loading, optical prop-

erties and cytotoxicity were studied. The difference in

orientation due to surfactant hydrocarbon chain length

resulted in higher packing densities of short-chain surfac-

tants adsorbed on NIR-absorbing nanoparticles. Conse-

quently, higher surface drug loading was achieved by using

short-chain surfactant modified particles. In addition, sur-

face modification of particles with surfactants and cisplatin

resulted in the shifting of absorption bands along with con-

siderable band broadening. Notably, particles modified with

short-chain surfactants exhibited a red shift, whereas parti-

cles modified with long-chain surfactants showed a blue

shift. The change in optical properties was attributed to

altered surface polarizability from difference in surface

charge density from surfactants. However, the exact rela-

tionship between the surface effects and the surface charge

density to plasmon resonating frequencies remained unclear.

The in vitro cytotoxicity of NIR-activated drug delivery

system on breast cancer cells MCF-7 was also examined.

The results showed that the proposed NIR-absorbing drug

delivery system would be generally regarded as safe for

concentrations below 1 mg/ml. Both drug-loaded MPA-

modified and drug-loaded MUA-modified nanoparticles

exhibited no significant cytotoxic effects before and after

the NIR triggered drug release. However, at a high con-

centration of drug-loaded MAA-modified nanoparticles

(i.e. 1 mg/ml), a significant cytotoxicity was observed.

Upon NIR triggered drug release, the remaining nanopar-

ticles did not show any cytotoxic effects. Released Pt

compounds from nanoparticles were more toxic to breast

cancer cells than native cisplatin. Therefore, from the result

of these cytotoxicity studies, considering that the drug-

loaded particles were not toxic, side effects that would

have otherwise been induced during chemotherapy from

toxicity of cisplatin would be reduced. Upon NIR exposure

at the tumor site, drugs would be released from the parti-

cles. For the NIR triggered drug delivery system to be

effective, the released drugs should be toxic, while

remaining particles remaining non-toxic. This work had

shown that the released drugs were more toxic than cis-

platin. This suggests that a lower particle dosage would be

required to achieve similar lethality.
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