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Abstract

Plasmonic gold nanostructures are a prevalent tool in modern hypersensitive analytical techniques 

such as photoablation, bioimaging, and biosensing. Recent studies have shown that gold 

nanostructures generate transient nanobubbles through localized heating and have been found 

in various biomedical applications. However, the current method of plasmonic nanoparticle 

cavitation events has several disadvantages, specifically including small metal nanostructures 

(≤10 nm) which lack size control, tuneability, and tissue localization by use of ultra-short pulses 

(ns, ps) and high-energy lasers which can result in tissue and cellular damage. This research 

investigates a method to immobilize sub-10 nm AuNPs (3.5 and 5 nm) onto a chemically modified 

thiol-rich surface of Qβ virus-like particles (VLPs). The findings demonstrated that the multivalent 

display of sub-10 nm gold nanoparticles causes a profound and disproportionate increase in 

photo-cavitation by upwards of five-to-seven-fold and significantly lowered the laser fluency by 
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four-fold when compared to individual sub-10 nm gold nanoparticles. Furthermore, computational 

modeling showed that the cooling time of QβAuNP scaffolds is significantly extended than that 

of individual AuNPs, proving greater control of laser fluency and nanobubble generation as seen 

in the experimental data. Ultimately, these findings showed how QβAuNP composites are more 

effective at nanobubble generation than current methods of plasmonic nanoparticle cavitation.
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Introduction:

Plasmonic gold nanostructures are among the most well-known and oldest nanotechnologies 

and can be found in applications from modern hypersensitive analytical techniques to 

ancient art1. The contemporary utility of gold nanostructures is owed to their straightforward 

synthesis and tunable intense color, which arises from a photo-induced oscillation of surface 

electrons creating the plasmon.2–5 These plasmonic nanostructures can be designed to 

efficiently convert incident laser energy into heat, known as the photothermal effect, and 

have found wide applications in photothermal therapies and point-of-care diagnostics.6–8 

One of the potential responses to the photothermal effect is nanobubble generation. By 

tuning the topology of the nanostructure and the heating duration, transient nanobubble 

cavitation and collapse can be observed, which creates significant shear forces capable of 

temporarily or permanently altering vasculature.9–11

These sheer forces, which arise from the rapid cavitation of the nanobubble, are powerful 

enough to remodel tissue. This has given them utility in nano-surgical applications; for 

instance, recent work has found that plasmonically induced cavitation events can create 

temporary openings in the blood-brain barrier.12, 13 With state-of-the-art methodologies 

using small metal nanostructures (< 10 nm), effective methods of plasmonic nanostructure 

cavitation lack size control, tuneability, and tissue localization.14–19 An articulated drawback 

to utilizing these metal nanostructures is that they require ultra-short pulsed lasers and 

high laser energy, which can induce unwanted tissue damage.20–27 Thus, finding new 

architectures and composites of gold that can reduce the laser flux can help spare healthy 

tissue and reduce the amount of gold needed for a therapeutic effect. This cavitation 

effect has been enhanced upon aggregation of gold nanoparticles, albeit with larger 

nanoparticles. For instance, intracellular clustering of AuNPs has been shown to induce 

greater vapor nanobubble generation, enabling mechanical disruptions of the cell membrane 

via direct AuNP therapies.28 Other studies also combined chemotherapy with plasmonic 

nanobubbles to achieve efficient thermal destruction of cancer cells by taking advantage of 

the formation of NP clusters, showing promise for in-vivo nanoparticle-based photothermal 

therapies.22, 24, 29

Herein, we show the colocalization of many sub-10-nm AuNPs via immobilization onto a 

virus-like-particle (VLP) as a superior alternative to individual sub-10 nm AuNPs (Scheme 

1). Virus-like particles (VLPs) are non-infectious engineered biodegradable nanostructures 
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derived from viral proteins. The structure of most VLPs is known to atomistic detail, 

and their exposed surfaces can be functionalized using high-yielding bioconjugation 

chemistry. In particular, VLP Qβ—the crystal structure displayed in Figure 1A—has been 

used extensively as a proteinaceous nanocarrier, as its well-understood surface chemistry, 

minimal toxicity, and low reactogenicity have made it an ideal biodegradable delivery 

platform.30 Qβ is an icosahedral VLP comprised of 180 coat proteins connected through 

disulfide bonds (Figure 1A yellow residues) with four solvent-exposed primary amine 

residues from lysine (Figure 1A green residues), which have been chemically modified for 

use in multiple biomedical applications, including contrast agents, photothermal scaffolds, 

and drug carriers.31–48

In this work, we detail a method to immobilize either 3.5 or 5 nm AuNPs onto a chemically 

modified thiol-rich surface of Qβ. We found that the multivalent display of approximately 46 

sub-10 nm gold nanoparticles (AuNPs) induces a significant increase in the photo-cavitation 

efficiency by five-fold compared to traditional sub-10 nm gold nanoparticles. Computational 

modeling shows that the absorption cross-section (Cabs) for the QβAuNP conjugation is 

higher than that of the single AuNP heating due to the plasmonic coupling. Notably, the 

heating overlap leads to a significantly higher maximum temperature rise in water and 

longer cooling time versus single AuNP heating, which may account for the increased 

nanobubble signal.49 The plasmonic and heat coupling contributes to the significant increase 

in photo-cavitation efficiency.

Results and Discussion:

The synthesis of the polyvalent VLP-gold nanosystem began with the functionalization 

of the solvent-exposed amine residues of Qβ with 3-mercaptopropionic acid (MPA). 

MPA was conjugated in a single set via EDC/sulfo-NHS coupling under mildly acidic 

conditions to yield the thiolated VLP QβSH (Figure 1B). The successful thiolation of 

Qβ was determined by electrophoretic mobility assays, and the retention of the spherical 

morphology was confirmed through Dynamic Light Scattering (DLS) and Transmission 

Electron Microscopy (TEM). As depicted in Figure 1C, DLS showed almost no change 

in hydrodynamic radius between Qβ (Z-average: 31.09 ± 1.00 d. nm) and the thiolated 

Qβ (QβSH) (Z average: 31.49 ± 0.27 d. nm). As expected, TEM micrographs confirmed 

no changes to the size or morphology between Qβ (Figure 1D) and QβSH (Figure 1E). 

Conjugation was confirmed by electrophoretic mobility through 1% agarose gel (Figure 

1F), which showed a significant shift for QβSH toward the positive electrode. This shift 

is anticipated as a result of converting the positively charged lysines into thiol-terminated 

amides. The colorimetric thiol-selective Ellman’s assay was used to quantify free thiols and 

revealed that approximately 189 ± 0.0106 thiols were conjugated onto the surface of Qβ. 

Lastly, SDS-PAGE (Figure 1G) shows monomer (14.5 kDa) and dimer coat proteins running 

approximately the same distance, which is anticipated based on the very low M.W. (106 

Da) of the MPA. From these results, we conclude that QβSH remains intact and possesses 

approximately one free thiol per coat protein.

Following successful bioconjugation to create a thiol-rich Qβ, we turned to immobilize 

AuNPs onto the viral surface.
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We chose to use 3.5 and 5 nm AuNPs, to study differences in their ability to attach to the 

surface of QβSH and assess the photothermal responses of two variably-sized plasmonic 

AuNPs. Attachment of AuNPs to Qβ was done in MilliQ Ultrapure water at a pH of 7 

at room temperature (rt) for 12–15 h Figure 2A. As shown in Figure 2B, dynamic light 

scattering (DLS) shows an expected increase in hydrodynamic radius. Both composites 3.5 

nm (Z-average 40.03 ± 0.17 d. nm) and 5 nm (Z average: 67.48 ± 4.69 d. nm) exhibit 

an increase in size, with the larger 5 nm gold creating a larger composite nanoparticle. 

These size distributions of the QβAuNP composites were assessed by scanning transmission 

electron microscopy (STEM High-Angle Annular Dark Field imaging (HAADF), and the 

results are shown in Figure 2C.

To further understand how much gold was attached to each virus, we investigated the 

number of AuNP immobilized onto Qβ. A histogram was produced from visual analysis 

of STEM micrographs, and individual AuNPs were counted on QβSH VLPs. Each scaffold 

showed an average of 46 individual AuNPs per surface-functionalized QβSH (Figure 2D) 

(n=32). The apparent difference in distribution is likely a result of experimental variation. 

STEM imaging allows us to visualize the boundaries of overlapping gold nanostructures, 

which helps make it clear that the AuNPs are evenly distributed on the surface of the 

VLP and have not aggregated nor changed diameter. Widefield imaging (Figure S2H) 

with TEM shows little to no unconjugated gold nanoparticles in solution, agreeing with 

our electrophoretic mobility assay. Interestingly, UV-Vis spectroscopic analysis shows a 

significant redshift of the free AuNPs when bound to Qβ (Figure 2E). Since the gold 

nanoparticle diameters are unchanged per STEM imaging, we suspect this shift results from 

the plasmonic coupling between close AuNPs. When attached to the virus, the smaller gold 

nanostructures have a slightly larger bathochromic shift (9 nm vs. 7 nm). Electrophoretic 

analysis on 1% agarose shows no free Qβ or QβSH, which suggests that all the QβSH has 

been functionalized with AuNPs (Figure 2F).

Nanobubble generation and detection

Next, we investigated the photothermal effects of conjugated QβAuNP complex versus free 

AuNPs, by activating and detecting the plasmonic nanobubble (PNB). PNBs are formed 

when the pulsed pump laser beam activates the AuNP-based samples flowing through 

the microscale detection zone. The confined heating within this zone causes localized 

evaporation of the media surrounding the AuNPs, creating the PNBs. The resulting PNBs 

optically scatter light and can be synchronically detected by a continuous probe laser (Figure 

3A). Since the PNBs are transient events with sub-microsecond lifetimes, we set the pump 

laser with a repetition rate of 50 Hz and sample flow speed of 10 µL/min, avoiding repeated 

heating and detection of the same PNB event. Inside a microcapillary (Figure 3B), two 

colocalized laser beams — a probe laser beam (Figure 3C) and a pump laser beam (Figure 

3D) — are aligned together (Figure 3E) to create a virtual detection zone. We first tested 

individual AuNPs and QβAuNPs of different sizes at a high laser fluence (29.3 mJ/cm2) to 

observe PNB signals for all samples. In particular, we tested 3.5 nm AuNPs (Au3.5), Qβ 
with 3.5 nm AuNPs attached to the surface (QβAu3.5), 5 nm AuNPs (Au5), and Qβ with 5 

nm AuNPs attached to the surface (QβAu5). All samples were prepared at the same optical 

densities (O.D. = 0.4), ensuring equivalent optical absorption for PNB testing. Among those 
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tested samples (Figure 3F), both QβAu3.5 and QβAu5 conjugates result in increased signals 

corresponding to the larger PNBs generated as compared to free particles— Au3.5 and Au5, 

respectively. On the other hand, when we slightly alter the size of AuNPs on Qβ (i.e., 
from 3.5 to 5 nm), QβAu5 further enhances PNB signals dramatically. To fully investigate 

their thermal responses, we examined the PNB generation for each case under various laser 

fluences. Figure 3G depicts representative PNB signal traces (10 pulses) collected for Au3.5, 

QβAu3.5, Au5, and QβAu5, respectively, and shows laser energy-dependent PNB signals.50 

At no laser or low laser fluence condition, no PNB signal was detected, whereas higher 

laser fluence leads to larger PNB signals. Compared with small Au3.5 and Au5, large Au 

aggregates (i.e., QβAu3.5 and QβAu5) tend to produce PNBs much easier. To understand 

this phenomenon, we analyzed the PNB signals by their unique amplitudes (Figure 3H), 

lifetimes (Figure 3I), and generation threshold (Figure 3J). We found linear correlations 

between the amplitude and lifetime of PNB signals versus the laser fluence for all the 

tested samples. We compared the slopes of the amplitude and lifetime plots for Au3.5, Au5, 

QβAu3.5, and QβAu5. Notably, QβAu3.5 and QβAu5 conjugates have slopes of amplitudes 

that are 7.7- and 5.7- times higher than the Au3.5 and Au5, respectively. Similar trends 

are exhibited in the lifetime plot, where QβAu3.5 and QβAu5 conjugates have slopes that 

are 4.8- and 4.4- times higher than the Au3.5 and Au5, respectively. QβAu5 impressively 

doubled the slope of QβAu3.5, indicating its long bubble-breaking time because of the 

larger bubble size. Lastly, we explored the PNB generation threshold for each sample 

(Figure S3). Here the PNB generation threshold (Fthresh) was defined at the laser fluence 

with 50% PNB probability, which describes the minimal amount of laser fluence required 

to expand the vapor bubble around AuNPs. In the probability plot, Au3.5 and Au5 require 

high laser fluence to create the PNBs (Fthresh = 34.7 and 8.5 mJ/cm2). QβAu3.5, considered 

a cluster of Au3.5, dramatically lowered the PNBs threshold to 4.5 mJ/cm2. Furthermore, 

increasing the size of AuNP conjugated onto Qβ lowers the PNB generation threshold, 

thus tuning the thermal responses. For example, QβAu5 possesses a mild PNB generation 

threshold of 0.45 mJ/cm2, which opens possibilities for non-invasive in-vivo studies using 

laser treatment while maintaining tissue integrity.51, 52 Together, QβAu5 exhibits superior 

thermal responses over all tested samples owing to its highest PNB amplitude, lifetime, and 

lowest PNB generation threshold.

Nano thermal transport of conjugated QβAuNPs

Lastly, we investigated the plasmonic and heat coupling of QβAuNPs by numerical 

simulations. We first determined the plasmonic and heating response for the QβAuNPs 

composites with a 3D-FEM simulation model (Figure 4A). Figure 4B–E shows the near 

filed enhancement ((E/E0)2) profile with λ = 532 nm and temperature rise (ΔT) profiles (t 

= 26 ps, 35 ps) for QβAuNP conjugation and free AuNP, respectively. As illustrated in the 

(E/E0)2 profiles, for both QβAu5 and QβAu3.5, the plasmonic coupling is minimal and can 

only lead to a slight increase in the absorption cross-section (Cabs) compared with that of 

the single AuNP (Figure 4F and Table S1). In contrast, as shown in Figure 4B–E, despite 

limited heating overlap at the end of the laser pulse (t1 = 26 ps), further heat dissipation after 

the laser pulse (t2 = 35 ps) leads to significant heating overlap, leading to collective heating 

between the AuNPs. We further analyzed this heating process with the temporal evolution 

of ΔT at representative locations. Figure S4 shows that, under laser radiation (34.8 mJ/cm2), 
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the temperature rise in AuNP (ΔT1) increases rapidly to 1375 K for QβAu5 and 794 K for 

QβAu3.5. After the laser pulse, the AuNP cools gradually while the heat dissipates into the 

water domain and leads to heating overlap between AuNPs,53 which is evidenced by an 

increasing temperature rise at the mid-point among AuNPs (ΔT2). After the ΔT2 reaches its 

peak value, it starts to cool down with further dissipation. Next, we compared the maximum 

of ΔT1 and ΔT2 for QβAuNPs and AuNP, respectively (Figure 4G–H). The maximum ΔT1 

for QβAuNP conjugation and free AuNP are similar, whereas the maximum for ΔT2 for 

QβAuNP conjugation is significantly higher than that of free AuNP. Moreover, smaller 

AuNPs have a higher surface-volume ratio that can enhance heat dissipation and cooling. 

Importantly, for the same-sized AuNP, ΔT2 for QβAuNPs conjugation is significantly higher 

than that of the single AuNP. This could be via the heating overlap between AuNPs in 

the conjugation, leading to a longer cooling time (Figure 4G). It should be noted that the 

mechanism of the nanobubble generation under the nanoscale is still unclear. Considering 

all these factors, the difference in the geometries of QβAuNPs and single AuNP, the size 

dependence of heating, the heating overlap at the mid-points between AuNPs, and a longer 

cooling time may all facilitate the nanobubble generation and lowered energy threshold for 

nanobubble detection with QβAuNP5 (Figure 3J).

Conclusion:

In summary, immobilizing multiple size-controlled sub-10nm AuNPs onto chemically 

modified thiol-rich virus-like particles provides a superior alternative to current state-of-the-

art methodologies for plasmonically induced cavitation events. In this work, we exposed 

our scaffolds to high laser fluencies to elucidate the generation of plasmonic nanobubbles 

(PNBs) and compared their photothermal properties to individual AuNPs. Our results 

demonstrated enhanced photothermal properties through the dramatic increase in PNB 

generation, lifetime, and probability at significantly lower laser fluencies than individual 

AuNPs, which required 7 times the laser energy to generate PNBs. Furthermore, we 

computationally studied the thermal transport of QβAuNP scaffolds and compared them 

with the individual AuNPs and found that these scaffolds induce delocalized heating among 

AuNPs, leading to more rapid heating and more gradual heat dissipation compared to 

individual AuNPs, correlating well with superior PNB formation at lower laser fluences. 

These results provide a promising outlook that can significantly contribute to applications in 

biomedicine, photothermal cancer therapies, and therapeutic drug delivery systems.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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QβAuNP Qβ gold nanoparticles

PNB plasmonic nanobubble

Cabs cross-section absorption
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Figure 1. 
A) Qβ, an icosahedral virus-like particle (VLP), is composed of 180 coat proteins connected 

through disulfide bonds (yellow). In addition, each coat protein has four solvent-exposed 

primary amine residues (green) available for bioconjugation. B) A scheme illustrating 

Qβ surface functionalization of 3-mercaptopropionic acid (MPA) through EDC/sulfo-NHS 

coupling. C) DLS of Qβ (purple) and QβSH (yellow-dashed). D) TEM of Qβ (purple) and 

E) QβSH (yellow-dashed). F) Coomassie-stained 1% agarose gel of Qβ (left) and QβSH 

(Right) and G) SDS-PAGE gel of Qβ (left) and QβSH (Right).

Parsamian et al. Page 11

ACS Nano. Author manuscript; available in PMC 2023 August 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
A) A scheme illustrating 3.5 and 5 nm AuNPs immobilization onto the surface of QβSH. 

B) DLS of Qβ and QβAuNPs. C) STEM micrographs of immobilized AuNPs onto the 

surface of QβSH. Scale bar: 5 nm D) Distribution frequency of immobilized AuNPs to 

functionalized Qβ thiol: Au3.5 (left) and Au5 (Right) (n=32 per size). E) UV-Vis spectra 

show a redshift of Au3.5 (black) and Au5 (blue) to immobilized QβAuNPs (QβAu3.5 (red) 

and QβAu5 (green)). F) Coomassie-stained 1% agarose gel of Qβ, QβSH, AuNPs, and 

QβAuNPs.

Parsamian et al. Page 12

ACS Nano. Author manuscript; available in PMC 2023 August 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Plasmonic Nanobubble detection for individual AuNPs and conjugated QβAuNPs.
A) Schematic illustration of PNB detection. B) Bright-field images of 400 µm borosilicate 

glass microcapillary, C) 633 nm probe laser beam, D) 532 nm pump laser beam, where 

the beam diameter is calculated based on the full width half maximum (FWHM) of the 

intensity profile of the Gaussian pump beam, and E) two aligned laser beams merged 

inside the microcapillary. F) Typical PNB signals generated by Au3.5, QβAu3.5, Au5, and 

QβAu5 with the same optical density (O.D.=0.4) at the laser fluence = 29.3 mJ/cm2. G) 
Representative PNB signal traces (10 pulses) collected for samples from Au3.5, QβAu3.5, 
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Au5, and QβAu5, respectively. PNB signals analysis by (H) amplitude, (I) lifetime, and 

(J) energy threshold was plotted for small AuNPs and conjugated QβAuNPs upon different 

laser fluence heating.
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Figure 4. Temperature rise (ΔT) during the transient heating of individual AuNPs and 
conjugated QβAuNPs.
A) Schematic illustration of the model. The AuNPs are distributed in a Fibonacci lattice on 

the surface of the Qβ capsid, and the QβAuNPs are submerged in water. B-E) Near field 

enhancement ((E/E0)2) profile and temperature rise (ΔT) profile for QβAu5, Au5, QβAu3.5, 

and Au3.5. The scale bar represents 10 nm. The comparison of F) Cabs, G) maximum 

of ΔT1, H) maximum of ΔT2, I) The width of half maximum ΔT1, J) The width of half 
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maximum ΔT2 for QβAu5, Au5, QβAu3.5, and Au3.5. Laser fluence for all cases is 34.8 

mJ/cm2.
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Scheme 1. 
A schematic illustration of plasmonic nanobubble signal generation comparing sub-10 nm 

AuNPs immobilized onto VLP scaffolds vs. individual sub-10 nm AuNPs.
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