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Abstract 13 

We report on the use of organosilica shells to couple gold nanorods to functional peptides and 14 

modulate their physiochemical and biological profiles. In particular, we focus on the case of 15 

cell penetrating peptides, which are used to load tumor-tropic macrophages and implement an 16 

innovative drug delivery system for photothermal and photoacoustic applications. The 17 

thickness of organosilica exerts subtle effects on multiple parameters of the particles, 18 

including their size, shape, electrokinetic potential, photostability, kinetics of endocytic 19 

uptake and cytotoxicity, which are investigated by the interplay of colorimetric methods and 20 

digital holographic microscopy. As a rule of thumb, as the width of organosilica increases 21 

from none to ∼ 30 nm, we find an improvement of the photophysical performances at the 22 

expense of a deterioration of the biological parameters. In principle, our synthetic protocols 23 

allow one to engineer this thickness with unique accuracy, which is a powerful asset to 24 

optimize or compromise on the parameters of interest for specific needs. 25 
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 32 

Introduction 33 

In recent years, plasmonic particles as gold nanorods (GNRs), nanoshells, nanocages and a 34 

number of other shapes and clusters have come under examination as contrast agents for 35 

applications at the crossroads of nanomedicine and biomedical optics, including various 36 

photothermal and photoacoustic treatments to image and destroy cancer [1-8]. Gold 37 

nanoparticles combine good tolerability in vivo and, with respect to any organic dye, much 38 

better efficiency of optical absorbance. In particular, GNRs stand out from more standard gold 39 

nanospheres on account of the versatility of their plasmonic fingerprints, which are tunable 40 

across the whole near infrared (NIR) window and so allow one to reach solid tumors in depth. 41 

To date, the systemic delivery of GNRs to tumors remains an outstanding issue. Upon 42 

intravenous injection, the mobility of gold nanoparticles is conditioned by a multitude of 43 

biological barriers [9]. Even after bio-labeling, these particles tend to spread among vital 44 

organs and accumulate into the liver and the spleen [6, 10, 11], with questionable effects in 45 

the long term. A radical alternative to this approach is to recruit tumor-tropic cells [12], such 46 

as macrophages, T cells, mesenchymal stem cells or neural stem cells, that may undertake the 47 

delivery of functional particles. In particular, macrophages seem to be an ideal option to take 48 

up gold nanoparticles [13-21], as their principal hallmark is to capture foreign bodies by 49 

endocytic pathways. Though lacking specificity for malignant cells, macrophages exhibit an 50 

innate tropism to trace gradients of signals released by necrotic and inflammatory tissue and 51 

are able to penetrate deep into the hypoxic core of solid tumors [22, 23]. 52 

The most standard approach to synthesize GNRs is to use cetrimonium bromide (CTAB) as a 53 

shape-directing agent and colloidal stabilizer [24-26]. However, CTAB-capped GNRs are 54 

cytotoxic and their aggregation into endocytic vesicles poses a threat to their optical 55 
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properties [11, 19, 27, 28], by the adverse effect of plasmonic coupling [29, 30]. The 56 

deposition of a rigid coating on CTAB-capped GNRs is one solution to overcome this 57 

problem. In particular, silanized GNRs prove to enjoy more optical stability upon aggregation 58 

and more photostability upon photothermal and photoacoustic conversion [19, 27, 29-35]. 59 

Indeed silica exerts much more protection than any soft coating may do, such as e.g. 60 

polystyrene sulfonate, polydiallyl dimethyl ammonium chloride or polyethylene glycol (PEG) 61 

[19, 27, 36-38]. In turn, these soft alternatives are unique to prevent flocculation in biological 62 

fluids or culture media and to provide stealth profile against the reticuloendothelial system. 63 

An additional advantage of functional PEG strands is their ease of modification with targeting 64 

units [33, 39-42]. Overall, the ideal is to combine the assets of a rigid coating, such as silica, 65 

with those of a soft one, such as PEG. 66 

In fact, this architecture has already been demonstrated by other authors [27, 33, 41, 43]. 67 

However, it remains difficult to construct the interfaces between gold and silica and between 68 

silica and PEG step by step, because the affinity of these materials is rather poor. In an 69 

attempt to confine the deposition of silica around gold nanoparticles from tetraethyl 70 

orthosilicate, the use of CTAB [1, 32, 35, 41, 43-48] or PEG [19, 27, 31-33, 49] as templating 71 

agents has become a popular solution. Thereafter, the PEGylation of silanized particles has 72 

been conditioned to the deposition of a primer from another organosilane precursor in an 73 

intermediate step [27, 33, 41, 43]. Finally, PEGylated particles may be modified with 74 

targeting moieties [33, 41], such as bio or small ligands [10, 39, 40, 46, 50, 51]. In particular, 75 

peptides are attractive, owing to their small size, specificity, versatility, cost-effectiveness, 76 

scalability and biocompatibility. 77 

Here, we introduce a novel approach to modify GNRs with organosilica, PEG and 78 

oligoarginine cell penetrating peptides (CPPs) [42], which serve, as an example, to promote 79 

the internalization of these particles into tumor-tropic cells. With respect to other methods to 80 

silanize GNRs, we believe that our protocol is more simple, robust and prone to additional 81 
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decoration, thus ensuring more reproducibility, yield and control over the deposition of silica. 82 

We exploit this advantage to prepare plasmonic particles with different thickness of the 83 

organosilica shells, which are left to interact with murine macrophages in order to realize 84 

tumor-tropic bio-vehicles. Here, we report on a critical comparison of the functional features 85 

of these systems, including their photostability, efficiency of endocytic uptake and 86 

cytotoxicity, in view of their delivery to solid tumors. 87 

 88 

Materials and Methods 89 

Materials: cetyltrimethylammonium bromide (CTAB), tetrachloroauric acid trihydrate 90 

(HAuCl4∙3H2O), sodium borohydride (NaBH4), silver nitrate (AgNO3), ascorbic acid, (3-91 

mercaptopropyl) trimethoxysilane (MPS), sodium chloride (NaCl), 1-ethyl 3-(3-92 

dimethylaminopropyl) carbodiimide (EDC), n-hydroxysuccinimide (NHS), 2-(n-93 

morpholino)ethanesulfonic acid (MES), chitosan and WST-8 cell counting kit-8 were 94 

provided by Sigma-Aldrich and used without any other purification. Alpha-maleimido-95 

omega-carboxy poly(ethylene glycol) (mal-PEG-COOH, MW ∼ 5000) and alpha-mercapto-96 

omega-carboxy poly(ethylene glycol) (HS-PEG-COOH, MW ∼ 5000) were purchased from 97 

Iris Biothech (Germany). Dulbecco’s Modified Eagle Medium (DMEM), fetal bovine serum, 98 

1% L-glutamine and 1% penicillin-streptomycin solution were provided by BioWhittaker®, 99 

Lonza (Switzerland). 100 

Synhesis of CPPs: Amino-modified CPPs were synthesized according to the sequence in ref. 101 

[42] and modified with an amino terminus. 102 

Synthesis of GNRs: CTAB-capped GNRs were synthesized by the autocatalytic reduction of 103 

HAuCl4 with ascorbic acid, according to the method proposed by Nikoobakht et al. [24] and 104 

modified by Ratto et al. [25], with the intent to consume the full aliquot of HAuCl4 and gain 105 

more control over the total amount of gold in suspension. 106 
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Coating of GNRs with organosilica: Organosilica-coated GNRs (GNRs@sil) were prepared 107 

by a modification of the original procedure reported in ref [45]. After purification by two 108 

cycles of centrifugation and decantation, GNRs were transferred at a concentration of 800 µM 109 

Au in 200 µM aqueous CTAB at pH 10.5. Then, three aliquots of 1% or 5% MPS in 110 

isopropanol were added to these suspensions of GNRs, while stirring at a rate of 200 rpm, at 111 

intervals of 30 min, and left to react for 24 hrs at 37°C. The amount of MPS was varied within 112 

a molar ratio of Au / MPS between 0.08 and 2.7, in order to modulate the thickness of the 113 

deposition. 114 

Bio-conjugation of organosilica-coated GNRs with CPPs: After coating with organosilica, 115 

these particles were washed to remove unreacted silanes by centrifugation and decantation. 116 

Pellets were re-dispersed in a non-saline 10 mM MES buffer at pH 6.5 and PEGylated by the 117 

addition of mal-PEG-COOH for 2 hrs at 37°C, until a molar ratio of mal-PEG-COOH / MPS 118 

of 10%. Alternatively, GNRs without organosilica were washed for three times by 119 

centrifugation, decantation and re-suspension in 500 µM aqueous CTAB, transferred into a 120 

saline (120 mM NaCl) 10 mM MES buffer at pH 6.5 and PEGylated by the addition of HS-121 

PEG-COOH for 2 hrs at 37°C, as it is described in ref [36]. PEGylated organosilica-coated 122 

GNRs (GNRs@sil@PEG) and PEGylated GNRs without organosilica (GNRs@PEG) were 123 

purified by 5 cycles of centrifugation and decantation to remove unreacted PEG strands and 124 

residual CTAB used as a template for the deposition of organosilica. 125 

GNRs@sil@PEG or GNRs@PEG at a concentration of 1.6 mM Au in a saline 10 mM MES 126 

buffer at pH 5.5 were activated by the addition of an equal volume of the same MES buffer 127 

containing 12 mM NHS and 48 mM EDC for 15 min at 37°C. Finally, a double volume of the 128 

same MES buffer containing 20 ppm of amino-terminated CPPs was added, in order to 129 

achieve their conjugation by amidation. Bio-conjugated organosilica-coated GNRs 130 

(GNRs@sil@PEG@CPP) and bio-conjugated GNRs without organosilica 131 

(GNRs@PEG@CPP) were purified by three cycles of centrifugation with a dead volume ratio 132 
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of ∼ 1/200, transferred at a nominal concentration of 4.0 mM Au into sterile PBS and stored at 133 

4°C for no more than one week. 134 

In this study, we compare GNRs coated with 5 or 30 nm of organosilica, PEGylated and bio-135 

conjugated with CPPs (samples S5 or S30, respectively, the thickness of organosilica being 136 

expressed in terms of hydrodynamic size) and GNRs without organosilica, PEGylated and bio 137 

conjugated with CPPs (sample S0). 138 

Through all steps from CTAB-coated GNRs to GNRs@sil@PEG@CPP or 139 

GNRs@PEG@CPP, suspensions were characterized by UV-NIR spectrophotometry, 140 

transmission electron microscopy and dynamic light scattering. Spectra of optical extinction 141 

were acquired with a V-560 spectrophotometer from Jasco, Japan, by using quartz cuvettes 142 

with optical pathlength of 1 cm. Morphological details were retrieved with a CM12 143 

transmission electron microscope (TEM) from Philips, the Netherlands, with a voltage of 100 144 

kV and operating in standard conditions. Samples were prepared for TEM inspection by 145 

dripping on carbon-holey or carbon-copper films. Hydrodynamic sizes and electrokinetic 146 

potentials were measured with a Zetasizer Nano-ZS90 from Malvern Instruments, UK, at 25 147 

°C and by averaging over three sets of 15 runs each, at a scattering angle of 90°. 148 

Photoacoustic measurements: the photostability was measured by the photoacoustic (PA) 149 

method that is described in detail in ref [52, 53]. In brief, hybrid films of chitosan containing 150 

homogeneous distributions of the various particles were directed to a home-made PA 151 

microscope featuring an optical parametric oscillator pumped with the third harmonic of a 152 

Nd:YAG Q-switched laser. Each film was irradiated in different points with 20 light pulses at 153 

different optical fluences (F). Average PA signals over 200 light pulses at an optical fluence 154 

of 1 mJ/cm2, which is well below the onset of photoinstability, were compared in each point 155 

before and after irradiation at F, in order to detect alterations in the efficiency of PA 156 

conversion. 157 
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Cell line and culture conditions: J774A.1 murine macrophages were seeded on plastic Petri 158 

dishes in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine 159 

serum, 1% L-glutamine and 1% penicillin-streptomycin solution. Cells were kept and left to 160 

grow under standard conditions (37°C, 5% CO2, 100% relative humidity). 161 

Cytotoxicity assay: 8 × 103 macrophages were cultured in 96-well plates and incubated with 162 

the various particles at concentrations in the range of 50 to 400 μM Au, for incubation times 163 

of 4, 24 and 48 hrs. Each sample was prepared in triplicate. Cellular viability was evaluated 164 

by WST-8 assay, which exploits the reduction of the highly water-soluble tetrazolium salt 165 

WST-8 by cellular dehydrogenases into the yellow dye formazan. The optical absorbance of 166 

formazan at 460 nm is proportional to the number of living cells and was measured with a 167 

plate reader. Data were expressed as the percentage of optical absorbance at 460 nm with 168 

respect to relevant controls.  169 

Cellular uptake: The accumulation in macrophages was quantified by an optical analysis. 5 170 

× 105 macrophages were plated in Petri dishes and treated with the various particles at 171 

concentrations of 100 and 400 μM Au, for incubation times of 4, 8, 16, 24, 32 and 48 hrs. 172 

Macrophages were harvested, washed with PBS and fixed with a solution of 3.6% 173 

paraformaldehyde in PBS for 10 min at room temperature. Then, samples were washed, re-174 

suspended in 120 μL of PBS in a quartz microcuvette and directed to a UV-NIR 175 

spectrophotometer (V-560, Jasco, Japan). The spectra of optical extinction were modeled as 176 

the sum of an empirical background from a population of macrophages plus a numerical 177 

approximation of the plasmonic band from a colloid of GNRs. The latter was described as an 178 

integral over Gans lineshapes [26], by using the dielectric function of gold by Etchegoin et al. 179 

[54]. Details of this method are provided elsewhere [39, 55]. 180 

Digital holographic microscopy (DHM): an inverted microscope (iMIC from Till Photonics, 181 

Graefelfing, Germany) equipped with a DHM module was applied for bright field imaging 182 

and quantitative phase contrast imaging. Macrophages were seeded in Petri dishes, incubated 183 
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with the various particles, washed and fixed with a solution of 3.6% paraformaldehyde in PBS 184 

for 10 minutes at room temperature. The DHM analysis was performed under PBS at room 185 

temperature [56]. 186 

In brief, the source of coherent light was a frequency-doubled Nd:YAG laser (Coherent 187 

Compass 315M, Coherent, Luebeck, Germany, λ = 532 nm). Digital off-axis holograms of 188 

macrophages were recorded at random locations with a 20× objective lens (Zeiss LD 189 

Achroplan 20×/0.4 Korr, NA = 0.4, Carl Zeiss, Goettingen, Germany), by using a custom-190 

built C++ software. The numerical reconstruction of digitally captured holograms was 191 

performed by spatial phase shifting in combination with optional holographic autofocusing 192 

[56-59]. From quantitative DHM phase-contrast images, the average area covered by single 193 

cells, the cell number and the cell-induced average phase contrast were determined by image 194 

segmentation with a freeware cell profiler [60]. Moreover, from these parameters, the average 195 

dry mass per cell was calculated, as it is described in ref [61]. 196 

 197 

Results and Discussion  198 

Physiochemical parameters of the particles: Figure 1b displays the zeta potential of 199 

CTAB-capped GNRs and their subsequent modifications with organosilica, PEG and CPPs. 200 

Initially, GNRs display a cationic profile, due to the presence of CTAB. A net positive charge 201 

is maintained even after CTAB-templated silanization and is inverted only after PEGylation 202 

with mal-PEG-COOH. This inversion is ascribed to the combination of a loss of CTAB from 203 

the mesopores of organosilica upon centrifugation purification [45] and the addition of the 204 

carboxylic functions from mal-PEG-COOH. When CPPs are added, the zeta potential 205 

increases by several mV, which is consistent with the presence of these polycationic species 206 

[42]. All these trends were also more qualitatively confirmed by the use of electrophoresis 207 

(data not shown). 208 

 209 
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 210 

Figure 1. (a) Hydrodynamic diameter and (b) electrokinetic potential though the various steps of the preparation 211 

of samples S5 (crossed fill) and S30 (white fill). (c) Representative TEM micrograph of sample S30. 212 

 213 

The average size of CTAB-capped GNRs, as measured by TEM and in agreement with DLS 214 

is 47 nm × 12 nm (length × diameter), with an average aspect ratio around 4. Upon coating 215 

with organosilica, their hydrodynamic size increases up to 57 nm and 100 nm, respectively for 216 

samples S5 and S30 (see Fig. 1a). In both samples, as well as in sample S0 (data not shown), 217 

another ∼ 20 nm and ∼ 5 nm are added after PEGylation and bio-conjugation with CPPs, 218 

respectively. The TEM micrograph in Fig. 1c demonstrates the effectiveness of this method to 219 

coat CTAB-capped GNRs with a uniform shell of organosilica. 220 

CTAB-capped GNRs prepared by seed-mediated methods were used for encapsulation with 221 

porous silica by different authors [1, 32, 35, 41, 43-48]. The development of simple and 222 
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robust protocols to coat plasmonic particles has received great interest, as a means to enhance 223 

their optical stability against aggregation [19, 27, 29, 30], their photostability against optical 224 

excitation [31-35, 62], their capability to load drugs [41, 46, 47, 49] or to gain hydrophobicity 225 

[63]. Most of previous work rested on a direct implementation of Stöber method to coat 226 

CTAB-capped GNRs with porous silica. This method consists of the hydrolysis and 227 

condensation of a tetravalent precursor of silica, usually in the pool of alkoxy-silanes, in an 228 

alkaline environment and in the presence of an excess of CTAB. The latter serves to ensure a 229 

dense bilayer around the gold cores, foster the confinement of silica and maintain a net 230 

positive charge throughout the reaction. However, too much free or micellar CTAB in 231 

solution may initiate extra nuclei at the detriment of the confinement of silica and so the 232 

dosage of CTAB is stringent [46, 47] and causes irreproducibility. Conversely, our approach 233 

requires lesser CTAB, as it is the chemical affinity between mercapto-silanes and gold that 234 

governs the confinement of silica at the stage of nucleation, thus improving the yield and 235 

control over the reaction. However, its total elimination is unfeasible, because CTAB does not 236 

only serve as a templating agent, but also as a colloidal stabilizer that maintains the cationic 237 

profile throughout the reaction . 238 

To the best of our knowledge, the use of functional organosilanes alone, such as MPS, to 239 

produce thick shells of organosilica around CTAB-capped GNRs has never been reported 240 

before. Mercaptans [64-67] or amines [68] have been proposed as primers, but the deposition 241 

of thicker shells of silica is mostly committed to the addition of tetraethyl orthosilicate or 242 

other tetravalent precursors. Our protocol provides for fine control over the thickness of 243 

organosilica as well as a high density of functional groups for subsequent modification. 244 

Indeed, another key advantage of MPS is its ease of bio-conjugation with thiol-reactive 245 

moieties in one step, such as maleimide esters. Here, we exploited this feature to add mal-246 

PEG-COOH. PEGylation provides for biomimicry and unique colloidal stability in saline 247 
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buffers for cell biology, which enables a safe removal of CTAB and so improves the 248 

biocompatibility of the final product [27, 36-38]. 249 

After silanization, PEGylation and bio-conjugation, all particles maintained their optical 250 

properties (see Fig. S1 in SI) and, while the transverse band around 512 nm remained almost 251 

there, the longitudinal band underwent a significant red-shift. This is a typical outcome of an 252 

increase in the refractive index of the dielectric medium surrounding the plasmonic core, as it 253 

is due to the formation of silica. The effect proceeds as the shell becomes thicker, in 254 

agreement with refs. [26, 29, 35, 43, 63, 67, 69]. For instance, for samples S5 and S30, we 255 

found a red-shift of the longitudinal band by about 5 and 40 nm, respectively. 256 

A decisive merit of silanization is its ability to enhance the photostability of GNRs in a regime 257 

of interest for PA imaging [31-34]. Here, we assessed this parameter for samples with different 258 

thickness of organosilica, by the use of the method in ref [52, 53]. The decrease of the 259 

efficiency of PA conversion at the probe fluence of 1 mJ/cm2 after irradiation with a certain 260 

excitation fluence (F) provides direct evidence for irreversible changes in the optical 261 

absorbance of the samples, which is ascribed to a reshaping of the GNRs toward rounder 262 

particles [52, 55]. This decrease is quantified by measuring the ratio R between the PA signals 263 

at the probe fluence after and before irradiation at F. In practice, a threshold for the onset of 264 

photoinstability is defined as the smallest value of F that corresponds to a value of R below 265 

unity. Figure 2 shows the trend of R as a function of F. A clear pattern to the thickness of 266 

organosilica is observed (see Table S1 in SI). The thicker the shells the higher the thresholds, 267 

with an increase from 2.5 mJ/cm2 for sample S0 to 6.5 mJ/cm2 for sample S30. An 268 

enhancement of the photostability and thermal stability of gold nanorods after silanization has 269 

been observed by different authors, both in a continuous regime of thermal treatment [35, 44, 270 

70] and upon optical excitation with ns-[31-34] as well as fs-[62] long pulses. However, to our 271 

knowledge, our approach provides for the first quantitative definition of a threshold fluence, 272 

which seems to roughly improve by as much as ∼10% per nm of shell thickness.  273 
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 274 

  275 

Figure 2. Relative efficiency of photoacoustic conversion after optical excitation at different fluences, expressed 276 

as ratio R of the intensities of the photoacoustic signals taken after and before irradiation at different fluences 277 

(see the main text for details). 278 

 279 

Cellular uptake of the particles: Cellular uptake was investigated in murine macrophages, 280 

which are taken as a representative model of tumor-tropic cells [13-20]. Samples S0, S5 and 281 

S30 were exposed to these cells at concentrations of 100 and 400 µM Au for incubation times 282 

between 4 and 48 hrs. Figures 3a, b and c display their experimental spectra of optical 283 

extinction, together with their numerical analysis, for the concentration of 400 µM Au. 284 

While macrophages treated with PEGylated GNRs without CPPs do not exhibit any detectible 285 

plasmonic band [36], owing to the stealth profile of PEG [27, 36-38], their bio-conjugation 286 

with CPPs triggers a dramatic enhancement of their cellular uptake. We note that the shape of 287 

the longitudinal band in sample S0 undergoes some deterioration for incubation times 288 

exceeding 24 hrs, which is attributed to the onset of plasmonic coupling in the absence of a 289 

rigid spacer [29, 30]. Instead, a shell of organosilica as thin as 5 nm is sufficient to remove 290 

this effect, as it is seen in sample S5, at all incubation times. Conversely, the shape of the 291 

plasmonic band is intact in sample S30, but its overall intensity undergoes a significant loss 292 

with respect to its counterparts with lesser or no silica. These findings are essentially 293 

consistent with those in refs [19, 27], where a shell of silica was used to protect the optical 294 
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features of GNRs upon aggregation in biological samples. Here, we note that sample S0 does 295 

clearly suffer from some plasmonic coupling, but its soft shell of PEG and CPPs is already 296 

quite sufficient to avoid catastrophic effects, such as those observed in anhydrous 297 

biopolymers [29, 30]. Similar findings were reported with different ligands [39] or different 298 

polymers, such as polystyrene sulfonate and polyallylamine hydrochloride [19]. 299 

 300 

 301 

Figure 3. Spectra of optical extinction from macrophages treated with samples S0 (a), S5 (b) and S30 (c) at 400 302 

µM Au for 4, 8, 16, 24, 32 and 48 hrs, from bottom to top. The experimental datapoints are overlapped with their 303 

numerical model, as it is mentioned in the main text. Results are displayed in panel (d) in terms of mass of Au 304 

per cell for samples S0 (black fill), S5 (crossed fill) and S30 (white fill). 305 

 306 

The overall level of cellular uptake depends on the thickness of organosilica, the concentration 307 

of gold in suspension and incubation time (Figure 3d). The mass of gold per cell increases 308 

with concentration and incubation time, until saturation after ∼ 32 hrs. Thereafter, we 309 

hypothesize that endocytic and exocytic processes may reach an equilibrium [71-73]. Instead, 310 
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the pattern to the thickness of organosilica is less obvious. Samples S0 and S5 are similar 311 

already after 4 hrs. In the presence of a thin shell of organosilica, the mass of gold per cell 312 

seems to be a little higher at shorter incubation times and to saturate a little earlier to a value in 313 

the order of 2 – 3 pg Au, already after about 12 hrs. In contrast, the mass of gold per cell in the 314 

case of sample S30 reaches a value that is about 3 times lower than those of cases S0 and S5, 315 

although this measurement suffers from more fluctuations over time. This observation is 316 

qualitatively confirmed by the DHM images in Fig. 4. Macrophages loaded with samples S0 317 

and S5 are similar and contain a greater amount of dark vesicles, as compared to sample S30. 318 

 319 

 320 
  321 

Figure 4. (a) White light and (b) DHM quantitative images of macrophages treated with samples S0 (w/o sil), S5 322 

(5 nm sil) and S30 (30 nm sil) at 400 µM Au for 24 hrs. 323 

 324 
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Viability of the cellular vehicles: The cytotoxicity of samples S0, S5 and S30 was studied as 325 

a function of the concentration of gold in suspension and incubation time by a WST-8 assay. 326 

Sample S5 exhibits a good cellular viability, similar to its counterpart without silica [36], 327 

through the full range of incubation times, except for the data point at the concentration of 400 328 

µM Au at 48 hrs (Figures 5a and b). Also sample S30 exhibits fair atoxicity until 24 hours. 329 

However, for longer incubation times, these particles start to become more cytotoxic, even if 330 

their IC50 still remains above 400 µM Au. 331 

 332 

 333 
Figure 5. Cytotoxicity of samples S0 (black fill), S5 (crossed fill) and S30 (white fill) on macrophages, in the 334 

range of concentrations between 50 to 400 µM Au after 24 (a) and 48 (b) hrs. Data are expressed as percent of 335 

controls. All essays were made in triplicate. 336 

 337 

These data are confirmed by the use of bright field microscopy and DHM for samples S0, S5 338 

and S30 at the concentrations of 100 and 400 µM Au, upon incubation with macrophages for 339 

24 hrs (see Figure 6). The presence of organosilica, both in samples S5 and S30, does not 340 
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seem to alter much the morphology of these cells, as compared with the effect in the absence 341 

of silica [36] and blank controls. Figure 6a shows that the average dry mass of individual 342 

cells remains normal. Therefore, the intracellular content of proteins, DNA, RNA, etc. does 343 

not undergo detectible variations, which is a sensitive indication for atoxicity [61]. Instead, 344 

the surface area per cell in Fig. 6b highlights some stress, which increases with the thickness 345 

of organosilica and correlates with the evidence from the WST-8 assay. 346 

 347 

 348 
Figure 6. (a) Dry mass per cell and (b) average surface area covered by a single cell for macrophages treated 349 

with samples S0 (black fill), S5 (crossed fill) and S30 (white fill) at 100 and 400 µM Au for 24 hrs. All essays 350 

were made in triplicate. 351 

 352 

For the preparation of cellular vehicles, it is critical that the biological functions of tumor-353 

tropic cells remain intact [12]. We conjecture that the residual cytotoxicity for sample S30 354 

may be ascribed to a larger pore volume, which entails the adsorption of more CTAB. The 355 

release of free CTAB is considered to be the key party for the residual cytotoxicity of GNRs, 356 

by disintegrating bio-membranes and peptides even at micromolar concentrations [36, 74-77]. 357 
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In this study, CTAB was used in the synthesis of GNRs and their silanization, in order to 358 

maintain the colloidal stability throughout the reaction. Although as many as 8 cycles of 359 

centrifugation, decantation and re-dispersion in aqueous buffers were carried out to eliminate 360 

any CTAB and other reagents [45], we hypothesize that it is its residual adsorbate to affect the 361 

cellular viability for thicker shells and incubation times exceeding 24 hrs.  362 

Overall, we note that samples S0, S5 and S30 only differ by the thickness of organosilica, i.e. 363 

their hydrodynamic size and electrokinetic potential. The comparison of their photostability in 364 

Table S1 highlights the merit of a thicker shell. Instead, as it is seen in the spectra of optical 365 

extinction in Figs. 3a, b and c, a shell thicker than a few nm becomes redundant in terms of 366 

optical stability against aggregation and deleterious in terms of cellular uptake, probably due to 367 

its steric hindrance and contamination. Instead, a thin shell of silica, in the order of 5 nm, 368 

combines excellent optical stability and efficient cellular uptake. Figs. 5 and 6 show that the 369 

thicker the shell, the worse the cytotoxicity of these particles, although the effect is quite subtle 370 

and the cellular viability remains above 90% of control until a concentration of 400 µM Au 371 

and an incubation time of 24 hrs in all cases, which is long enough to saturate the capacity of 372 

these cellular vehicles, according to Fig. 3d. 373 

 374 

Conclusions 375 

We have reported on a hybrid architecture of plasmonic particles that are coated with 376 

organosilica, PEG and ligands, such as CPPs of interest for the preparation of cellular vehicles 377 

with a tumor-tropic profile. We have developed a convenient and robust procedure to coat 378 

single GNRs with organosilica and gain more control over its thickness and the prospect of 379 

click bio-conjugation, by the use of mercaptosilanes. We have capitalized on this versatility to 380 

compare the physiochemical and biological profiles of three samples with different thickness 381 

of organosilica, i.e. 0 nm (S0), 5 nm (S5) and 30 nm (S30). The use of CPPs with a 382 
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polycationic chain was taken as a case to foster the internalization of all samples into 383 

macrophages. 384 

The optical absorbance of all particles maintains the typical plasmonic features of GNRs, 385 

which red-shift more and more with the thickness of organosilica, say at a rate of 1 nm per nm 386 

of shell width for a longitudinal band around 800 nm. Moreover, we have confirmed that the 387 

shell enhances the photostability of these particles, roughly by 10% per nm of organosilica. 388 

With respect to sample S0, the optical thresholds to damage sample S30 are about 2.5 times 389 

higher. However, the cellular uptake of these particles becomes less efficient, supposedly due 390 

to their steric hindrance and residual contamination. The mass of Au per cell drops from about 391 

3 pg in samples S0 and S5 to several hundred fg for sample S30 after about 24 hrs in the 392 

presence of 400 µM Au. Besides, both samples S5 and S30 prevent the slight loss of optical 393 

stability that is observed in sample S0, upon segregation in endocytic vesicles. The cellular 394 

viability of macrophages that are incubated with these samples remains around 95 – 99% of 395 

controls in all cases up to 24 hrs and concentrations of 200 µM Au. For longer incubation 396 

times and higher concentrations, some cytotoxicity arises and correlates with the thickness of 397 

organosilica, probably due to a slow release of the residual adsorbate of CTAB. 398 

In conclusion, a shell of organosilica with a thickness of a few nm seems to be an excellent 399 

compromise in view of the incorporation of plasmonic particles into cellular vehicles. A 400 

thicker shell provides for more photostability at the expense of a lesser efficiency of cellular 401 

uptake and a more problematic detoxication. On the other hand, in the absence of a rigid shell, 402 

these particles lose photostability and optical stability against aggregation. In the future, we 403 

wish to refine our protocols to remove the residual adsorbate of CTAB from the mesopores of 404 

organosilica and extend our biological investigations by the assessment of additional 405 

parameters, such as the chemotactic behavior of the macrophages, and the translation to more 406 

kinds of functional cells for applications in cancer therapy and cell tracking. 407 
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Supporting Informations 643 
 644 

 645 

Figure S1. Spectra of optical extinction of gold nanorods (GNRs) before and after successive 646 

addition of 30 nm of organosilica, polyethylene glycol (PEG) and cell penetrating peptides 647 

(CPPs), from bottom to top. The typical plasmonic band in the far-red / near-infrared window 648 

is seen to undergo a significant redshift upon silanization. Some additional redshift and 649 

broadening is observed even after PEGylation and bio-conjugation, which may be ascribed to 650 

the interplay of the modification of the dielectric landscape and some loss of the particles in 651 

the steps of purification (eight cycles of centrifugation after silanization). 652 

 653 
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 654 
 655 
Figure S2. Evaluation of the cytotoxicity of samples S0 (a), S5 (b) and S30 (c) on J774A.1 656 

macrophages by a WST-8 assay, in the concentration range between 50 to 400 µM Au and for 657 

incubation times between 4 to 48 hrs. 658 

  659 
Samples Damage thresholds 

S0 2.5 mJ/cm2 

S5 3.7 mJ/cm2 

S30 6.5 mJ/cm2 

 660 
Table S1. Threshold fluence for the onset of photoinstability in a regime of optical excitation 661 

of interest for photoacoustic imaging for samples S0, S5 and S30. 662 
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