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Abstract

In this work, we report that gold nanorods coated with hydrophobically-modified mesoporous 

silica shells not only enhance photoacoustic (PA) signal over unmodified mesoporous silica coated 

gold nanorods, but that the relationship between PA amplitude and input laser fluence is strongly 

nonlinear. Mesoporous silica shells of ~14 nm thickness and with ~3 nm pores were grown 

on gold nanorods showing near infrared absorption. The silica was rendered hydrophobic with 

addition of dodecyltrichlorosilane, then re-suspended in aqueous media with a lipid monolayer. 

Analysis of the PA signal revealed not only an enhancement of PA signal compared to mesoporous 

silica coated gold nanorods at lower laser fluences, but also a nonlinear relationship between 

PA signal and laser fluence. We attribute each effect to the entrapment of solvent vapor in the 

mesopores: the vapor has both a larger expansion coefficient and thermal resistance than silica that 

enhances conversion to acoustic energy, and the hydrophobic porous surface is able to promote 

phase transition at the surface, leading to a nonlinear PA response even at fluences as low as 5 

mJ cm−2. At 21 mJ cm−2, the highest laser fluence tested, the PA enhancement was >12-fold over 

mesoporous silica coated gold nanorods.
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Photoacoustic (PA) imaging has garnered widespread interest in recent years due to its 

ability to image structural and functional properties of biological tissues and organs at 
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depth inside of scattering media. Unlike purely optical techniques such as optical coherence 

tomography, PA imaging does not rely on ballistic light to create an image and rather 

exploits diffuse photons to excite acoustic waves that travel back to the specimen surface 

with minimal scattering.1–8 Advantages in imaging are derived from the ability of optical 

waves to capture wavelength-dependent optical information and transfer this information 

to a detector using acoustic waves. In general, a PA response occurs when a molecule or 

object absorbs directly incident light (typically of a pulsed laser with a few nanoseconds 

pulse width or modulated continuous wave laser) and converts this energy to acoustic waves 

through transient thermal expansion.9 In biomedical imaging applications, these acoustic 

waves are detected outside the body and processed to produce an image of the subsurface 

absorption profile, or used in sensing applications.1,2,5

While naturally-present biomolecules, like hemoglobin in blood, show endogenous 

PA contrast,1–3,5 there has been a significant amount of recent work on developing 

exogeneous contrast agents to increase imaging depth and sensitivity. Such agents can 

be engineered to enhance the PA response through improved photoacoustic conversion 

efficiency and increased absorption of excitation light at wavelengths with greater tissue 

penetration.10–16 Numerous types of exogenous contrast agents have been developed for PA 

imaging, including organic dyes, organic nanoparticles, graphene, carbon nanotubes, silver 

nanoparticles, gold nanoparticles and others.10,11,13,16–19 Of these, gold nanostructures are 

particularly popular because they are biocompatible, possess large absorption coefficients, 

and have plasmon absorption wavelengths that can be tuned into the near infrared based on 

the geometry of the nanostructure.10–16,20–22 Gold nanostructure contrast agents have shown 

great potential for biomedical imaging and have also been used as guide-star targets for 

optical imaging in scattering tissues through wavefront shaping.23–26

There have been a number of attempts to increase the PA response from gold nanostructures, 

including doping the shell with iodide and wrapping the gold with graphene oxide and 

porphyrins.17–19,27,28 Most relevant to this work, Emelianov and coworkers enhanced the PA 

response from gold nanorods (AuNRs) by adding a silica layer that both decreased thermal 

resistance at the particle surface and stabilized particle shape retention,22 with reports of 

three-fold PA enhancement as compared to uncoated AuNRs.12,29–31 The mechanism of 

acoustic emission was reported as being caused by the thermal expansion of the silica-coated 

nanorod and surrounding liquid, and the enhancement was associated with an increase in 

thermal conductance at the Au-silica and silica-water interfaces.

In addition to thermal expansion, cavitation, or the formation and collapse of bubbles 

on the nanostructure surface, can increase the PA signal significantly at elevated laser 

fluence and thereby impart a nonlinear characteristic to the signal.32 Cavitation has been 

demonstrated on AuNRs through the superheating of adjacent water but at laser fluences 

that are quite high with respect to the maximum permissible exposure for tissue.33–37 In 

order to reduce the cavitation threshold, Wilson et al. added AuNRs to a low boiling point 

perfluorocarbon droplet so that localized heating from the AuNRs would cause vaporization 

of the nanodroplet, leading to a much stronger photoacoustic response than AuNRs alone.38 

In another example, Dixon et al. showed nonlinear PA enhancement from microbubbles 

coated with AuNRs through vaporization of the liquid around the AuNRs.39 Reports by 
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O’Donnell and Pozzo also showed nonlinear enhancement by the combination of gold 

and microbubbles.40 However, obtaining similar modes of enhancement from sub-100 nm 

nanoparticles has been challenging.

In this paper, we report a unique contrast agent that is designed to induce cavitation on the 

surface at low laser fluence and thus impart a nonlinear PA response, while also maintaining 

a very strong photoacoustic response in the linear regime. Previously, we showed that 

hydrophobically modified mesoporous silica nanoparticles facilitate acoustic cavitation by 

stabilizing the formation of gas pockets on the surface.41–45 Here, gold nanorods with 

plasmon resonance in the NIR were coated first with silica, then covalently modified with 

hydrophobic alkyl chains. To impart dispersibility in aqueous solvents, the nanoparticles 

were resuspended with a monolayer of phospholipids (Figure 1). These hydrophobically-

functionalized AuNRs showed greatly enhanced PA signal as compared to bare gold or gold 

coated with unfunctionalized silica, and the response transitioned from linear to non-linear at 

only 5 mJ cm−2. The presence of vapor bubbles trapped in the pores first increased the PA 

enhancement at laser fluences below the linear to nonlinear transition, then acted as surfaces 

to facilitate the liquid-vapor transition of surrounding water.45 The nonlinear PA response 

can be derived from vaporization and/or bubble oscillation.46,47 The particles showed good 

stability in biological media, and they exhibited a linear PA response with concentration. 

Ultimately, we envision the potential applications of these nanoparticles could include 

absolute measurements of nanoparticle concentration through illuminating the nanoparticles 

at different fluences in the nonlinear regime, and as guide-stars in photoacoustic guided 

wavefront shaping where the nonlinear response could lead to improvements in focusing 

through scattering media.

Results and Discussion

Because previous research showed that rough, hydrophobic surfaces were optimal for 

stabilizing nascent bubbles, the synthesis of the nanostructures began by coating nanorods 

with mesoporous silica.12,22,29,30,45,48 First, bare gold AuNRs were synthesized from gold 

(III) trihydride, sodium oleate, and cetrimonium bromide (CTAB) by a seed-mediated 

process developed by Ye et al (Figure 2a).21 The aspect ratio of the rods was controlled 

using the pH of the growth solution. The concentration was measured by using the localized 

surface plasmonic resonance (LSPR) of ~765 nm and the extinction coefficient was 

determined from the peak wavelength (Figure 2d).49 Next, a modified Stöber method was 

used to coat the AuNRs with mesoporous silica to create MSiO2-AuNRs.48,50 After diluting 

the AuNRs to 1 nM, the colloidal solution was basified to pH~11 and tetraethylorthosilicate 

(TEOS) was added to produce a silica coating of ~14 nm (Figure 2b). The UV-Vis spectra 

(Figure 2d) showed that coating the AuNRs with mesoporous silica resulted in a red shift 

of ~15 nm. At the same time, dynamic light scattering (DLS) measurements showed an 

increase in particle diameter from 34±15 nm to 75±30 nm, though the AuNR value is 

likely underestimated due to the presence of excess CTAB micelles (Table S1).51,52 The 

zeta potential showed a large change from +24±1.7 mV to −41±1.6 mV, consistent with 

replacement of the CTAB stabilizing ligand with a silica shell.53
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Next, a hydrophobic coating was deposited on the MSiO2-AuNRs to promote bubble 

stability during the cavitation process.45 The remaining bound CTAB was first removed 

with an acid wash, followed by resuspending the cleaned MSiO2-AuNR across a biphasic 

mixture of acidified methanol and hexane with dodecyltrichlorosilane (DDTS). Successful 

hydrophobic modification of the silica coating by DDTS was initially evidenced by a 

colorimetric phase transfer of the MSiO2-AuNRs from methanol to hexane (Figure 2c). UV-

Vis analysis of the hydrophobically modified MSiO2-AuNRs (HMSiO2-AuNRs) showed a 

shift in the LSPR of about ~15 nm relative to the MSiO2-AuNR before surfactant extraction 

(Figure 2d), though this spectrum was obtained in chloroform due to insolubility in water. 

Beyond solubility profile, evidence for successful hydrophobic modification was found by 

depositing a film of the functionalized AuNRs on a glass surface and measuring the water 

contact angle (Figure 2e ii and iii). After addition of dodecyl groups to the nanoparticles, 

the static contact angle of the particles changed from 32.0° ± 0.3° for the MSiO2-AuNR 

to 94.3° ± 0.3° for the HMSiO2-AuNRs (HMSiO2-AuNR) (Figure 2). In addition, FTIR 

spectroscopy was performed to verify the hydrophobic modification. As shown in Figure S1, 

peaks were observed for C-H stretching at 2915 cm−1 and 2854 cm−1 and C-H bending at 

1376 cm−1. Finally, an increase in average particle size was found by DLS measurements, 

which showed an increase from 75±30 nm to 137±61 nm, which indicates some possible 

agglomeration by the particles (Table S1). The zeta potential decreased slightly from 

−41±1.6 mV to −34±0.8 mV, which is consistent with changing a partially anionic silica 

layer to the net negatively charged DPPC/DPPC-PEG layer.

Finally, in order to disperse the HMSiO2-AuNR in aqueous media prior to photoacoustic 

analysis, the hydrophobic particles were coated in a lipid monolayer consisting of 

1,2-dipalmitoylphosphatidylcholine (DPPC) and DPPC-polyethylene glycol (DPPC-PEG). 

Briefly, the HMSiO2-AuNRs were combined with DPPC and DPPC-PEG lipids in 

chloroform, dried, and rehydrated at 75°C in water. Addition of the lipid monolayer 

to the surface of the hydrophobically modified mesoporous silica coated gold nanorods 

(LHMSiO2-AuNR) significantly reduced the static contact angle from 94.3° ± 0.3° down 

to 63.2° ± 0.1° for the LHMSiO2-AuNR, which is consistent with the addition of an 

amphiphilic lipid to a hydrophobically modified surface. In addition, FTIR spectroscopy 

showed the presence of a lipid monolayer added to the surface of the HMSiO2-AuNR. As 

shown in Figure S1, FTIR peaks for DPPC and DPPC-PEG were observed at 1467 cm−1, 

1737 cm−1, 2854 cm−1, and 2916 cm−1, corresponding to both C-H and C=O ester peaks.

The photoacoustic signals generated from irradiation of AuNRs, MSiO2-AuNRs, and 

LHMSiO2-AuNRs were next measured in a standard PA setup (Figure S2). Particles 

dispersed in water at a concentration of 0.45 nM were flowed at a rate of 80 μL min−1 

through a polyethylene tube of 200 μm inner diameter and homogenously irradiated with a 

nanosecond pulsed laser beam of radius 1.6 mm. Single shots were recorded and averaged 

500-1000 times to obtain mean PA signals; examples at 19 mJ cm−2 are shown in Figure S3. 

Mean peak-to-peak PA signals (Vpp) as a function of laser fluence were obtained for AuNR 

(green), MSiO2-AuNR (red), and LHMSiO2-AuNR (black) samples, as well as for the PE 

tube (magenta) filled with water solvent as a negative control (Figure 3). As expected, both 

AuNR and MSiO2-AuNR showed linear trends of PA amplitude vs. fluence up through 21 

mJ cm−2, the largest fluence tested (Figure 3b). In contrast, the trend for LHMSiO2-AuNR 
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particles was distinctly non-linear, fit by 3rd order polynomial (Figure 3b). Without any gold 

component, no PA response was observed over the tested laser fluence range (Figure S4).

Two trends were immediately apparent: the LHMSiO2-AuNR displayed linear behavior at 

about 5 mJ cm−2, and at higher laser fluences the signal increased in a nonlinear manner 

(Figure 3c). Within the linear portion, the LHMSiO2-AuNR possessed a stronger response 

to the laser fluence than either MSiO2-AuNR or AuNR, by 2-fold and 3-fold respectively, 

which was confirmed by comparing the slopes of the PA vs. fluence curve within the linear 

regime. We hypothesize that the enhancement at lower fluences is caused by the presence 

of solvent vapor contained within the hydrophobically-modified mesoporous silica pores. 

At room temperature, air has a thermal expansion coefficient β of ~3 x10−3 K−1, whereas 

silica’s would be closer to ~3 x10−5 K−1. Thus, increasing the nanorod temperature by laser 

induced heating may be expected to produce adjacent expansion of encapsulated water vapor 

that would push against the surrounding medium more strongly, leading to a larger acoustic 

response. Alternatively, water vapor has a lower thermal conductivity (~0.3 W m−1 K−1) 

than silica (1.3 W m−1 K−1), which could contribute to the increased PA response.

When fitted to the form of Ax + Bxd, where the Ax comprises the linear component and Bxd 

comprises the nonlinear component, the PA signal contained a power term, d = 3.17±0.16, 

with an adjusted R2 = 0.999 (Figure S5, Table S2). Additionally, a residual sum of the 

squares (RSS) analysis was performed to compare linear, quadratic, and cubic fits; in doing 

so, the RSS was reduced from 3571 to 172 to 21, respectively (Table S2). Thus, a cubic fit 

was most effective at accounting for the relationship between PA response and input laser 

fluence. The power term is also consistent with that found by Dixon et al,39 in which liquid 

vaporization was facilitated by the presence of microbubbles. The response of LHMSiO2-

AuNRs in the nonlinear range resulted in a much stronger photoacoustic response when 

compared to bare or silica-coated nanorods, which both gave a linear PA response with laser 

fluence over the whole fluence range (Figure S6). The enhancement increased with laser 

fluence in the nonlinear regime to a final value of ~13-15 fold at 21 mJ cm−2. Similarly, the 

signal-to-noise ratio also increased significantly for LHMSiO2-AuNR, with a value of 64 dB 

at 21 mJ cm−2 as compared to 46 dB for both AuNR and MSiO2-AuNR (Figure 3d). In both 

the linear and nonlinear regimes, the signal enhancement is significant and would translate 

to improved imaging sensitivity and reduced measurement time.

As observed in the plots in Figure 3, the nonlinear transition in the PA response for the 

LHMSiO2-AuNR particles was estimated to occur at approximately 5 mJ cm−2, which is 

associated with the onset of a liquid-gas phase transformation in the liquid surrounding the 

nanoparticle. In these studies, AuNR and MSiO2-AuNR particles did not show evidence 

of cavitation through a non-linear PA response, indicating that the threshold for cavitation 

was higher than the fluence range considered in these studies. Both Dixon’s and our work 

observed a transition away from linearity at a similar fluence range, which they attributed 

to solvent vapor nanobubble formation.39 Here, the presence of rough, hydrophobic surfaces 

and the corresponding presence of pre-existing gas nuclei reduce the nucleation energy 

barrier and allow heterogeneous nucleation of solvent vapor. The phase transition of vapor, 

rather than expansion of air, was shown in a comparison study between LHMSiO2-AuNR 

in air-saturated and degassed water, which showed little difference in terms of PA response 
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(Figure S7). Once phase transformation takes place, a gas bubble can grow rapidly (and 

potentially collapse) to produce a strong photoacoustic response. The nucleation and growth 

of a bubble is stochastic and its probability depends on the thermodynamic conditions of a 

system, such as temperature, gas concentration, and properties of the nucleating surface.54,55 

Murray32 and others56,57 have shown that without an existing gas cavity, laser induced 

bubble formation begins when the superheated liquid around the nanoparticle approaches the 

spinodal temperature of water around 550 K. Our results indicate that the local nanoparticle 

surface conditions can promote heterogeneous nucleation at lower temperatures (decreased 

laser fluence), which have a dramatic effect on the PA response. When a single volume of 

LHMSiO2-AuNRs was irradiated as above and the PA response was monitored at the single 

shot level, there was an initial decrease in signal followed by a stochastic PA response to 

the laser (Figure S8). We interpret this result that the pre-existing gas bubbles are initially 

exhausted, but at later shots, vaporization and then nucleation of new bubbles can take place.

The concentration dependence of the photoacoustic response of the nanoparticles was also 

explored. Three concentrations of LHMSiO2-AuNRs were prepared: 0.11 nM (1X), 0.21 

nM (2X), and 0.32 nM (3X). Not surprisingly, the PA response increased with nanostructure 

concentration, as more particles were irradiated in a given unit volume (Figure 4). At most 

laser fluences tested, the enhancement followed the ratio of particle concentrations closely; 

for example, 3X/2X produced an enhancement of ~1.5. Thus, dependence of PA signal on 

concentration was found to be roughly linear. This result provides evidence that the observed 

PA enhancement is likely not due to particle-particle interactions such as overlapping 

thermal fields or the presence of larger gas pockets stabilized by multiple nanoparticles, 

as we would expect both effects to be enhanced at higher concentrations. Because PA 

response appears linear in concentration but nonlinear in fluence, these nanoparticles may 

potentially be used to track absolute nanoparticle concentration within the body by, for 

example, measuring the PA response at two different fluences.58,59

To see how the particles might respond in an environment more akin to the human 

body, the PA responses of LHMSiO2-AuNR were tested in phosphate buffer saline (PBS), 

human plasma (HPL), DI water, and bovine serum albumin (BSA) solution. The sample 

of LHMSiO2-AuNR dispersed in PBS had a PA response that was similar to that obtained 

in water (Figure 5). However, when LHMSiO2-AuNRs were dispersed in HPL or BSA 

solution, a PA response was recorded that showed greater nonlinearity, ultimately reaching 

a two-fold greater PA response than samples in water. This enhancement effect appears 

to be medium-dependent: AuNRs and MSiO2-AuNRs tested in HPL showed a similar 

two-fold enhancement in PA (Figure S9), which we hypothesize occurs because proteins 

adhering to the nanoparticle surface increase the thermal resistance in the nanorods. 

Enhancement against AuNR and MSiO2-AuNR was similar, ultimately reaching 17- and 

11-fold enhancement respectively at 21 mJ cm−2. The LHMSiO2-AuNRs also possess low 

cytotoxicity: after incubation for 48 h and performing an MTT assay, MDA-MB-468 breast 

cancer cells showed 81±1.2%, 87.3±0.44%, and 94.2±0.5% cell viability at 0.45, 0.045, and 

0.0045 nM LHMSiO2-AuNR, respectively (Figure S10).

Based on these studies, the likeliest source of heterogeneous nucleation is the 

entrapment of vapor bubbles inside the hydrophobically-modified pores, which was 
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demonstrated by Goodwin and co-workers for hydrophobically-modified mesoporous 

silica nanoparticles.26–30 If encapsulated vapor were primarily responsible for nonlinear 

enhancement, rather than the addition of surfactants capable of stabilizing nascent bubbles, 

then the addition of lipids without covalent hydrophobic particle modification would not 

impart significant nonlinearity to the particles. To test this theory, we compared the PA 

response of LHMSiO2-AuNR with that of MSiO2-AuNR stabilized with a lipid bilayer 

(LBMSiO2-AuNR), which is known to form around silica nanoparticles to improve their 

stability and biocompatibility.60 To determine if hydrophobic modification was necessary for 

non-linear PA response, a lipid bilayer was added to the MSiO2-AuNR in method similar to 

that reported in Liu, et al.60 Briefly, MSiO2-AuNRs were mixed with rehydrated liposomes 

of DPPC and DPPC-PEG in 0.5X PBS. Static contact angle measurements were performed 

to characterize the surface of lipid bilayer MSiO2-AuNR, which showed a decrease in 

contact angle from 23.0° ±1.0° to 17.1° ±0.2° for the surfactant extracted MSiO2-AuNR 

and LBMSiO2-AuNR, respectively. The decrease was likely caused by the zwitterionic 

phosphocholine producing a more hydrophilic surface. Additionally, the negative charge 

on nanorods became stronger, with zeta potential changing from −26.1 mV to −31.1 mV. 

Finally, FTIR spectroscopy showed peaks that closely matched with the peaks that were 

seen in the LHMSiO2-AuNR sample: a C=O stretch at 1738 cm−1, C-H bending at 1467 

cm−1, and C-H stretches at 2854 cm−1 and 2915 cm−1 (Figure 6a). These results were 

distinguished from the LHMSiO2-AuNR by the lower intensity of the C-H stretches.

Once the lipid bilayers were in place, the sample was subjected to the same PA response 

studies. As seen in Figure 6b, while LHMSiO2-AuNR achieves a nonlinear value, the 

LBMSiO2-AuNR sample is still linear. Thus, the hydrophobic modification plays a 

dominant role in the nonlinear relationship between PA response and laser fluence. The 

hydrophobic modification also improved the stability of the irradiated rods. As shown 

in Figure S11, TEM images of LHMSiO2-AuNRs recovered from water one month 

after irradiation showed little degradation of either the gold (from melting) or silica 

(from hydrolysis). In contrast, AuNRs showed significant deformation, as expected from 

melting by laser heating. Similarly, while silica coatings on MSiO2-AuNR were completely 

dissolved within 5 days, the LHMSiO2-AuNR showed no degradation within one week 

(Figure S12).

In conclusion, the lipid-coated, hydrophobically-modified gold nanorods (LHMSiO22-

AuNR) presented here exhibit a nonlinear PA response with laser fluence at relatively 

low laser fluences. In functionalizing nanorods with hydrophobic, porous silica, vapor 

channels could be maintained in the pores that could facilitate the liquid-vapor transition 

of surrounding solvent and promote nonlinear enhancement. At low fluences, enhancement 

was observed due to either the increased thermal expansion coefficient or increased thermal 

resistance of the rods.29,61 At higher fluences, the data fit exponential curves that were 

consistent with data reported for microbubbles. The reported nanoparticles showed an 

approximately linear relationship between PA response and concentration, which allows 

the response to be distinguished in terms of either laser fluence or concentration. Finally, the 

LHMSiO2-AuNRs exhibited strong enhancement in human plasma, which shows promise 

for future in vivo imaging studies. Overall, this approach of hydrophobic functionalization 

of a mesoporous silica shell can be applied to many different types of nanostructures and 
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represents a potential platform technology for imparting nonlinearity to other photoacoustic 

contrast agents at laser fluences compatible with in vivo imaging.

Methods

Synthesis of gold nanorods (AuNRs).

Gold nanorods were produced with a method that required the production of separate 

growth and seed solutions.17 The growth solution was was started by combining 0.7 g of 

cetrimmonium bromide (CTAB) and 25 mL of ultrapure water and dissolved by heating. 

Next, 0.1234 g of sodium oleate (NaOL) was added and dissolved by heating the solution. 

The solution was then cooled to 30°C for 15 min. 2.4 mL of 4 mM silver nitrate was added 

and left undisturbed for 15 min. Finally, 25 mL of 1 mM gold (III) trihydride HAuCl4 was 

added to the solution, which was mixed at 200 rpm for 90 min at 30°C.

While the growth solution was mixing, the seed solution was made by adding 1 mL of 0.5 

mM HAuCl4 and 1 mL of 0.2 M CTAB to a 4 mL borosilicate vial. 200 μl of 0.0006 M 

NaBH4 in ice cold water is then added to the seed solution and stirred vigorously for 2 min. 

The seed solution was then aged for 30 min at RT. When the seed solution became clear, 

175 μL of 37% hydrochloric acid (HCl) was added and the solution was mixed for 15 min. 

125 μL of a 0.064 M ascorbic acid was added to the growth solution and the growth solution 

was stirred vigorously at room temperature for 30 s. Finally, 40 μL of the seed solution was 

added to the growth solution and left at 30°C for 12 h. After the reaction, the gold nanorods 

were centrifuge washed twice at 7500g for 20 min to remove excess CTAB.

Synthesis of mesoporous silica coated gold nanorods (MSiO2-AuNRs).

The AuNRs were diluted to 1 nM with water and 90 μl of 20 mM CTAB to create a 1 mL 

aqueous suspension of 1 nM AuNRs. The colloidal suspension was mixed for 12 h in a 4 mL 

borosilicate vial. 10 μl of 0.1 M sodium hydroxide (NaOH) was added, and the suspension 

was stirred vigorously for 30 min. 36 μl of a 5% volume solution of tetraethylorthosilicate 

(TEOS) dispersed in isopropoyl alocohol (IPA) was added to the suspension in four 9 μL 

doses over a 90 min period. The solution was then mixed overnight and centrifuged at 6708g 
for 15 min. To redisperse the nanoparticles, methanol was added, and the mixture was bath 

sonicated.

Extraction of CTAB from MSiO2-AuNRs.

80 μL of 37% HCl was added to 10 mL of MSiO2-AuNRs dispersed in methanol in a 20 

mL borosilicate vial. The suspension was heated to and mixed at 65°C for 1 h. The sample 

was then centrifuged at 6708g for 15 min. The pellet was redispersed in methanol and the 

centrifuge washing was repeated twice to neutralize the sample for later storage.

Synthesis of hydrophobically modified mesoporous silica coated gold nanorods (HMSiO2-
AuNRs).

80 μL of 37% HCl was added to a suspension of MSiO2-AuNRs dispersed in methanol. 

8 mL of hexane was added to the solution. 500 μL dodecyltrichlorosilane was then added 

in five 100 μL portions to the mixture, which was capped and sealed with Parafilm and 
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mixed vigorously for 5 h. The sample was then centrifuge washed twice with hexane and 

twice with chloroform. The sample was re-dispersed in 8 mL of chloroform and stored as a 

suspension.

Preparation of lipid-coated hydrophobically modified mesoporous silica coated gold 
nanorods (LHMSiO2-AuNRs).

300μL DPPC (4 mg mL−1) and 200 μL DPPC-PEG2000 (2 mg mL−1), each of which was 

dispersed in chloroform, then added to a suspension of HMSiO2-AuNRs in chloroform. The 

sample was evaporated at 65°C, re-dispersed in 8 mL of water, then mixed for 45 min at 

65°C. The sample was collected as a pellet by centrifugation at 6700g and redispersed in 

water for PA measurement.

Preparation of lipid-bilayer mesoporous silica coated gold nanorods (LBMSiO2-AuNRs).

500 μL of 4 mg mL−1 DPPC in chloroform was added to 300 μL of 2 mg mL−1 DPPC 

and DPPC-PEG dispersed in chloroform. These samples were then dried under a stream of 

inert argon until the chloroform was evaporated. The liposomes were rehydrated in 1 mL 

0.5X PBS at ~60°C for 1 h. The liposomes were sonicated with a probe sonicator for 1 

min in a 10 second on and 10 second off cycle. 2 mL of CTAB-extracted MSiO2-AuNR 

suspension (see above) was centrifuged at 6708g for 15 min and redispersed in 0.5X PBS. 

The liposomes were then added to the CTAB-extracted MSiO2-AuNR and left at room 

temperature for 1 h. The lipid bilayer MSiO2-AuNR was then centrifuged at 6700g for 15 

min and centrifuge washed an additional two times with water.

Characterization of nanorods by UV-Vis spectroscopy.

The AuNR concentration was first determined utilizing the maximum absorbance peak to 

determine the extinction coefficient from Orendorff et. al.49 The concentrations of other 

AuNR derivatives were then determined assuming AuNR as the only absorber and scatterer 

in the NIR.

FTIR measurements.

The FTIR measurements were performed using a Nicolet 6700 ATR. The colloidal solution 

was deposited onto a clean microscope glass slide, and then dried in an oven at 85 °C 

overnight. The sample was then placed on an ATR crystal and analyzed.

Contact angle measurements.

The contact angle measurements were performed utilizing a Rame-Hart 210-U1 Goniometer. 

To form the surfaces for measurement, the colloidal solutions were deposited onto a clean 

glass microscope slide, and then dried at 85 °C overnight to remove excess solvent.

Transmission electron microscopy (TEM) images.

TEM images were taken with a Technai T12 Spirit.
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Measurements of dynamic light scattering (DLS) and zeta potential.

For DLS, 1 mL of AuNR, MSiO2-AuNR, or LHMSiO2-AuNR in ultrapure water was 

added to a disposable semi micro UV-cuvette. Using a Litesizer 500 with the particle size 

software, measurements were performed at 25°C. For zeta potential measurements, 300 μL 

suspension was added to an Omega cuvette Using a Litesizer 500 with the zeta potential 

analysis software, the zeta potential was measured at 25°C utilizing the Smoluchowski 

approximation..

Measurements of photoacoustic response.

Photoacoustic response of the synthesized particles was analyzed in a standard setup (Figure 

S2). An Optical Parametric Oscillator pumped by a Q-switched laser (model: SLI-20, 

Continuum Electro-Optics, Inc. 3150 Central Expressways, Santa Clara CA95051) with 

pulse repetition rate 20 Hz, tuned to operate at a chosen wavelength corresponding to the 

peak absorption of the sample (S) flowing through a transparent polyethylene tube (SCI Cat. 

# BB31695-PE/C 0.20mm x 0.36mm - inner x outer diameter) lie at the center of laser beam 

waist of radius 1.4 – 1.6 mm (at 1/e), at the focus of a lens (L3, focus = 25 cm). A mirror 

(M) was used to direct beam towards the sample and an engineered diffuser (D) was used to 

homogenize laser beam profile in order to avoid hotspots. Filter (F) blocks the fundamental 

(532 nm) wavelength from laser and allows to pass near infrared laser wavelengths. L1 and 

L2 (5 cm and 15 cm focal lengths, respectively) was used to expand the incoming beam 

to obtain a desired beam waist at the sample location. Wave plate (WP) along with the 

polarizing beam splitter cube (PBS) were used to control the laser energy hits in the sample. 

N is a neutral density filter for reducing laser power to an energy meter (EM, Thorlabs 

PM100D console and ES111C energy sensor).

A syringe pump (Harvard Apparatus, PhD Ultra) was in place to infuse particles in solution 

through the 200 μm inner diameter polyethylene tube (Cat.# BB31695-PE/C; Dimensions: 

I.D. x O.D.: 0.20 mm x 0.36 mm; Scientific Commodities, 2800 Sweetwater Ave., A105, 

Lake Havasu City, AZ 86406) in a controlled flow rate of 80 μL min−1, which was 

calculated to avoid repeated exposure of a flowing particles to subsequent laser pulses. 

For the single-shot fatigue experiments, no flow was applied in the tubing (see Figure S8). 

For long-term stability studies, S was collected post-irradiation for later analysis.

An ultrasound transducer (T), with focal length 19 mm and 10 MHz central frequency 

(Panametrics, V327) was used to capture the PA signal emitted by S. A water bath was 

used to facilitate acoustic coupling between S and T. Acoustic signals corresponding to 

each laser shots converted into electric pulses by T was pre-amplified (FEMTO, high speed 

GHz amplifier HSA-Y), and finally detected and digitized using an oscilloscope (Telydyne 

Lecroy, Model HDO4032) and stored into a computer. The EM was used to monitor pulse 

to pulse laser energy and a photodetector (PD) exposed to the beam reflected through 

a 2 mm thick microscope slide glass plate (G) was used to trigger the oscilloscope. A 

home-made data acquisition software using LabVIEW (NI, 11500 N Mopac Expwy, Austin, 

TX 78759-3504) was used to automize the experiments.
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In order to ensure that the sample would behave as homogenous and randomly packed point 

absorbers, the particles were flowed through a transparent tube of inner diameter 200 μm 

and quasi-homogeneously irradiated by Gaussian profile laser pulses of 3 mm in diameter.62 

In order to obtain PA signals as a function of fluence, laser pulse energy was adjusted using 

a waveplate combined with a polarizing beam splitter. For each sample, irradiation fluence 

was varied from 1 to 25 mJ cm−2 to match clinically relevant fluence levels. PA response for 

up to 1000 single shots of laser irradiation was captured at the lowest fluences to enhance 

the signal to noise ratio (SNR). The number of averages were decreased as the fluence level 

increased so that for the highest fluence only 300 single shot responses were captured. The 

tube wall absorption was negligible as evidenced by signals measured in water alone (Figure 

S3).

Degassed water experiments.

Water was degassed by heating water until it boiled and then letting it cool back to RT. 

The water was then sealed with Parafilm with minimal headspace. A suspension LHMSiO2-

AuNR was then created as reported above, except the particles were washed 3x with 

degassed with water. The degassed water experiments were performed the same way as the 

main photoacoustic experiments.

Statistical analysis.

Utilizing Origin 2020b (OriginLab), a best fit was performed utilizing a nonlinear curve fit 

of Ax+Bx^d. In this statistical analysis, the goodness of fit was determined (R^2), as well as 

the residual sum of squares (RSS) for the nonlinear curve as well as to a linear, quadratic, 

and a cubic fit.

MDA-MB-468 Cell Viability Assay for LHMSiO2-AuNR Nanoparticles.

MDA-MB-468 breast carcinoma cells were procured from the American Type Culture 

Collection (ATCC) and grown to confluence in 75 cm2 culture flasks at 37°C under 5% 

CO2 in the presence of Dulbecco’s Modified Eagle Media (DMEM, with glucose and 

glutamine, phenol red but no sodium pyruvate, Gibco) supplemented with 10% fetal bovine 

serum (FBS, Gibco) and 1% penicillin-streptomycin (Thermo Fisher). The cells were then 

trypsinized with 0.025% Trypsin-EDTA (Gibco), seeded in 12 wells of a 96 well cell culture 

plate with 10000 cells/well seeding density, and grown for 48 h. Next, cells were washed 

with 100 μL PBS twice, and then 100 μL of 0.45, 0.045, or 0.0045 nM of LHMSiO2-

AuNR nanoparticle solution in DMEM media was added to the wells. Each nanoparticle 

concentration variant was studied in triplicate. As a control, fresh media was added instead 

of the nanorod suspension. After 48 h of incubation, cells were washed with 100 μL PBS 

thrice. 100 μL of 0.5 mg/ml MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide) was adding to the media in each of the wells. After incubating MTT solution 

to the cells for 4h, the formazan crystals were dissolved by adding isopropanol. Then UV 

absorbance of the wells was measured in a SynergyH1 microplate reader (BioTek, USA). 

Each of the absorbance values at 560 nm were background corrected by subtracting the 

reading at 650 nm from that of the 560 nm reading. Then, considering the UV absorbance of 

the control cells as 100% viable, the viability fraction of other variants was calculated.
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ABBREVIATIONS

AuNR gold nanorod

BSA bovine serum albumin

CTAB cetrimonium bromide

DDTS dodecyltrichlorosilane

DI deionized

DPPC 1,2-dipalmitoylphosphatidylcholine

FTIR Fourier Transform Infrared

HCl hydrochloric acid

HPL human plasma

HSiO2-AuNR hydrophobically modified silica coated gold nanorods

LBMSiO2-AuNR lipid bilayer stabilized mesoporous silica coated gold 

nanorod

LHMSiO2 lipid-coated, hydrophobically-modified mesoporous silica

LSPR localized surface plasmonic resonance

MSiO2 mesoporous silica

MSiO2-AuNR mesoporous silica coated gold nanorods

NaOL sodium oleate

PA photoacoustic

PBS phosphate buffered saline

PEG polyethylene glycol

TEM transmission electron microscopy

TEOS tetraethylorthosilicate

UV-Vis UV and visible

Mueller et al. Page 12

ACS Appl Nano Mater. Author manuscript; available in PMC 2023 November 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Vpp peak-to-peak voltage

WP waveplate
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Figure 1. 
(a) The photoacoustic response of gold nanorods at low laser fluence is produced by 

the heating of the nanorods and surrounding fluid. If the physical properties of the 

particle and fluid are not temperature dependent, then a linear relationship between fluence 

and photoacoustic response is expected. (b) In surface modified silica coated nanorods, 

vaporization of the liquid surrounding the nanorods leads to bubble formation and a highly 

nonlinear photoacoustic response. Schematics are not drawn to scale.
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Figure 2. 
(a) Scheme for synthesis of lipid-coated, hydrophobically-modified mesoporous silica shells 

on gold nanorods (LHMSiO2-AuNR). (b) TEM images of (i) gold nanorods (AuNR), 

(ii) silica coated gold nanorods (MSiO2-AuNR), (iii) hydrophobically modified silica 

coated gold nanorods (HSiO2-AuNR), and (iv) lipid-coated hydrophobically-modified silica 

coated gold nanorods (LHMSiO2-AuNR). (c) Photographs of biphasic reaction transfer 

of MSiO2-AuNR from the acidic methanol layer into the hexane layer through DDTS 

functionalization to HMSiO2-AuNR. (d) Normalized UV-Vis spectra of AuNR (black 

curve), MSiO2-AuNR (red curve), HSiO2-AuNR (blue curve), and LHMSiO2-AuNR (green 

curve). (e) Contact angle measurements of (i) AuNR, (ii) MSiO2-AuNR, (iii) HSiO2-AuNR, 

and (iv) LHMSiO2-AuNR.
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Figure 3. 
(a) Cartoon schematic of structures tested. (b) PA peak-to-peak amplitude (Vpp) as a 

function of laser fluence recorded for AuNR (green cross), MSiO2–AuNR (red triangles), 

and LHMSiO2–AuNR (black squares) particles in water. Signal from the control (PE tube 

filled with water) is displayed in magenta stars. All particle concentrations were 0.45 nM. 

Inset shows the results for a wider fluence range. Error bars show one standard deviation 

in both directions to the mean Vpp; all samples were run in triplicate. The connecting 

dashed lines show linear fits for AuNR in green, MSiO2–AuNR in red and for control in 

magenta. A third order polynomial fit for LHMSiO2–AuNR is displayed in black dashed 

line. Student’s t-test for significance showed p < 0.05 for LHMSiO2-AuNR vs. MSiO2-

AuNR at all fluences tested. (c) Enhancement in PA response of LHMSiO2-AuNR vs AuNR 

(green cross) and MSiO2-AuNR (red triangles) as a function of laser fluence obtained by 

dividing corresponding amplitudes in Vpp. (d) Signal-to-noise ratios (SNRs) of each sample 

tested vs. laser fluence. The error bars represent the propagated standard deviations of the 

signal and noise.
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Figure 4. 
(a) PA response (Vpp) of LHMSiO2-AuNR at varying concentrations: 1 X (0.11nM, blue 

circles), 2X (0.21nM, black squares) and 3X (0.32nM, red triangles). Inset shows the same 

results at a broader fluence range. Error bars show 1 standard deviation in both directions 

to the mean Vpp. (b) Enhancement of PA signals for 2X/1X (black), 3X/2X (red) and 

3X/1X(blue).
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Figure 5. 
PA response (Vpp) plotted as a function of laser fluence for LHMSiO2-AuNR sample 

dispersed in water showed in red filled squares; in Bovine Serum Albumin (BSA) displayed 

in magenta circles; in human plasma (HPL) displayed in black triangle; and in phosphate 

buffer solution (PBS) displayed in blue star. Dotted lines are from a 3rd order polynomial 

fit. The inset shows the same results for an extended range of fluences. Error bars show one 

standard deviation above and below the mean value.
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Figure 6. 
(a) FTIR spectra showing the presence of lipid bilayers on LBMSiO2-AuNR. (b) PA 

response as a function of fluence observed for LHMSiO2-AuNR particles coated with lipid 

bilayer (blue circles). PA response of LHMSiO2-AuNR (lipid monolayer) is also displayed 

for comparison. Water was used as the solvent in both cases. Error bars show one standard 

deviation above and below the mean value. Student’s t-test for significance showed p < 0.05 

for LHMSiO2-AuNR vs. LBMSiO2-AuNR at all fluences tested.
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