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In the version of this supplementary file originally posted online, the figure legend for Supplementary Fig. 5d was incorrect. It should have read 
as follows: 
“Scans of GNP-treated animal: PNB signal amplitudes for primary tumor (solid green), surgical margins after tumor resection (solid red) and 
primary tumor in intact animal that was not treated with GNPs (solid black), standard photoacoustic small animal imaging system (Vevo LAZR, 
Visual Sonics) signals for the same animals with untreated (black dashed line) and GNP-treated primary tumors (red dashed line).” 
The error has been corrected in this file as of 17 November 2014. 
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Supplementary Figure 1. The confocal images of HN31 cells treated with GNP-C225 conjugates and 

Calcein-Green loaded liposomes conjugated with 2C5 antibody and exposed by a single laser pulse (70 

ps, 532 nm, 40 mJ cm-2). Top: merged bright field and fluorescence images of the cells at different 

distances. Bottom: the fluorescence images of the same cells. The images were selected from the Z-

stack obtained by using a LSM710 laser confocal microscope. Calcein Green excitation/emission/ 

bandpass wavelength: 488/530/25 nm. 

 

Comments to Supplementary Figure 1. The cancer HN31 cells were incubated with GNP-C225 

conjugates (2.4x1010 GNPs ml-1) and Calcein Green – loaded liposomes conjugated with 2C5 antibody1 

for 24 hours at 37°C. The unbound GNPs and liposomes were washed off prior to laser treatment (70 

ps, 532 nm, 40 mJ cm-2). Thus the cells were exposed only to the internalized GNP and liposomes 
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during the follow-up generation of plasmonic nanobubbles (PNBs). A LSM 710 laser confocal 

microscope was used in fluorescence and scattering (under excitation with a 633 nm continuous laser) 

modes for detection and analysis of GNPs and liposome-specific green fluorescence in individual 

living cells before and from 10 minutes to 5 hours after the exposure to a laser pulse (Fig. 2a). The 

pixel image amplitudes were measured locally in each individual cell for at least 150-180 cells per 

sample (three samples were studied) and were then analyzed as the population-averaged metrics of 

GNP cluster formation (Supplementary Fig. 4) and dye release (green fluorescence) (Fig. 2e). 

Three-dimensional confocal imaging of living cells was performed to evaluate the location and co-

localization of liposome-associated dye release and GNP clusters in cells immediately after the 

exposure to the laser pulse. To do this, the LSM 710 laser confocal microscope was used in a Z-stack 

mode with 0.69 µm layer thickness (Supplementary Fig. 1). The obtained images confirm the 

intracellular dye release via the mechanical disruption of the dye-loaded liposomes and cellular 

endosomes during PNB expansion and the ejection of the dye into the cytoplasm of cells where PNBs 

were generated. 
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Supplementary Figure 2. PNB generation threshold fluence of the excitation laser pulse as a 

function of GNP cluster size (measured through scattering pixel amplitude of GNP cluster image in 

individual cells) [134]. 
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Supplementary Figure 3. The complex viability of cells:  (a): treatment with liposomal Doxil, (b): 

treatment with micellar paclitaxel. Cancer (HN31, solid red) and normal (NOM9, solid green) cells 

measured 72 h after applying specific treatments. Blue bars show the PNB lifetime in cancer (blue 

solid) and normal (blue hollow) cells. The treatment modes: I: intact cells; GNP: cells treated by gold 

60 nm spheres conjugated with C225; GNP+Dox: cells treated with GNP and soluble encapsulated 

drug doxorubicin (Doxil), 5 µg ml-1, conjugated with C225;  PNB: single laser pulse applied to GNP-

C225-treated cells; Dox+PNB: single laser pulse was applied to GNP-C225- and Doxil-C225-treated 

cells. GNP+Ptx: GNP and encapsulated poorly soluble drug paclitaxel (Ptx), 0.065 µg ml-1, conjugated 
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with C225; Ptx+PNB: single laser pulse was applied to GNP-C225- and Ptx-C225-treated cells. Laser 

treatment was a single pulse, 70 ps, 532 nm, 40 mJ cm-2. * P < 0.05, ** P > 0.05. (c): PNB: single laser 

pulse applied to GNP-C225-treated cells; Dox: cells treated with plain doxorubicin-loaded liposomes; 

Dox+PNB: single laser pulse applied to GNP-C225- and plain doxorubicin-loaded liposomes-treated 

cells; Dox-C225: cells treated with conjugated doxorubicin-loaded liposomes; Dox-C225+PNB: single 

laser pulse applied to GNP-C225-  and Dox-C225-treated cells. (d) Ptx: plain paclitaxel-loaded 

micelles-treated cells; Ptx+PNB: single laser pulse applied to GNP-C225- and plain paclitaxel-loaded 

micelles-treated cells; Ptx-mAb: cells treated with conjugated paclitaxel-loaded micelles; Ptx-

mAb+PNB: single laser pulse applied to GNP-C225- and conjugated (C225) paclitaxel-loaded 

micelles-treated cells. The effect of dual targeting with Ptx-2C5 and GNP-C225 (black, the above 

conjugates are shown as Ptx-mAb) (* P < 0.05, ** P > 0.05). (e) Effect of a single X-ray dose (10 Gy) 

applied within 30 min after treatment to cancer cells (red – without X-rays, drug dose reduced to 0.05 

µg ml-1; purple – with X-rays). (f) The effect of a single X-ray dose (10 Gy) on cancer (purple) and 

normal (green) cells pre-treated as in (Supplementary Fig. 3b) under the reduced concentration of Ptx 

(0.05 µg ml-1). Blue bars show the PNB lifetime in cancer (solid) and normal (hollow) cells.  Laser 

treatment was a single pulse, 70 ps, 532 nm, 40 mJ cm-2. * P <0.05, ** P > 0.05 

 

Comments to Supplementary Figure 3a,b. We used EGFR-positive HN31 (cancer) cells and EGFR-

negative NOM9 (normal) cells. Drug carriers and GNP-C225 conjugates (2.4x1010 GNPs ml-1) were 

separately administered to cells (for 24 hours with Doxil-C225 (Dox, 5 µg ml-1) and for 4 hours with 

micellar Paclitaxel-C225 (Ptx, 0.065 µg ml-1)) and were then washed off prior to laser treatment (70 ps, 

780 nm, of 45 mJ cm-2). After incubation, GNPs and drug carriers were washed off. Thus the cells were 

exposed only to the internalized drug during the follow-up generation of PNBs. PNB lifetime was 

obtained for individual cells. The short-term viability was evaluated 72 hours after the treatment of 

samples as a complex viability parameter RRV that included the viability level Vl (measured in % with 

Trypan Blue exclusion test) and the cell concentration C: RRV=C/C0*Vl, * 100% , where C0 is the cell 

concentration in the intact sample.  

The effect of PNBs alone (without any drug) after a single laser pulse was found to be almost 

non-invasive: PNBs with 50-60 ns lifetimes that were observed mainly in target cells (shown in blue in 
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Supplementary Fig. 3a,b) did not significantly reduce their viability (Supplementary Fig. 3a,b). 

However, in target cells treated with nanocarriers and PNBs, there was a tremendous reduction in their 

viability: it dropped from 88% (PNBs alone) to 3% in the Dox treated target cells (Supplementary Fig. 

3a) and from 86% (PNBs alone) to 8% in Ptx treated non-target cells (Supplementary Fig. 3b). In 

contrast to target cells, the identically treated non-target cells demonstrated a much better survival rate: 

83% for Dox treated cells and 62% for Ptx treated cells (Supplementary Fig. 3a,b). In these 

experiments the PNB lifetime correlated well to the decrease in cell viability in cells treated both with 

therapeutic nanocarriers and PNBs (Supplementary Fig. 3a,b). Achieving similar death levels among 

target cells without PNB treatment required an 18-fold higher concentration of Doxorubicin (85 µg ml-

1) and a 15-fold higher concentration of Paclitaxel (1 µg ml-1). Therefore, the PNB mechanism 

overcame the drug resistance of the employed target cells and spared other cells, thus demonstrating 

both high therapeutic efficacy and selectivity and, in addition, allowing a significant reduction in drug 

dose. It should be noted that the PNB mechanism was universally efficient at releasing two principally 

different drugs, Doxorubicin and Paclitaxel from two principally different nanocarriers, liposomes and 

micelles.   

Comments to Supplementary Figure 3 c,d. We used EGFR-positive HN31 (cancer) cells to 

estimate the importance of such co-localization by comparing the effect of plain (non-conjugated) and 

C225-conjugated liposomes and micelles. Plain nanocarriers increased the cancer cell viability by 

several-fold both for Doxorubicin (Supplementary Fig. 3c) and for Paclitaxel (Supplementary Fig. 3d) 

compared with the conjugated carriers. The non-specific uptake of plain nanocarriers apparently 

prevented their efficient mixing with gold NPs through receptor-mediated endocytosis. The high 

sensitivity of the PNB release mechanism to the co-localization of nanocarriers and GNPs can be 

explained by the localized nature of the PNB impact. Next, we used two different molecular targets in 

cancer cells (instead of one, EGFR, in the previous experiments), and targeted gold GNP-C225 to 

EGFR and Paclitaxel to nucleosomes by conjugating them to a 2C5 antibody we previously 
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synthesized1. The effect of such dual” targeting was similar to that observed for a single target, EGFR 

(Supplementary Fig. 3d). Therefore, the intracellular co-localization of nanocarriers and gold NPs can 

also be achieved by using one or several different molecular targets and matching vectors.  

Comments to Supplementary Figure 3 e,f. After pre-treating both cancer and normal cells with several 

combinations (Supplementary Fig. 3e,f) including Ptx-C225 at a further reduced dose of Paclitaxel of 

0.05 µg ml-1, GNP-C225 and single laser pulses (532 nm, 70 ps, 40 mJ cm-2), we exposed the same 

cells to a single dose of X-rays (10 Gy). The radiation treatment was administered within 60 min after 

PNB generation, i.e. when the intracellular concentration of the released drug was close to the 

maximal. The concomitant application of GNP-C225, Ptx-C225 and X-rays further reduced the 

viability of cancer cells to 48±4% (Supplementary Fig. 3e, “GNP+Ptx” mode), thus confirming the 

well-known radio-sensitizing effect of the drug. However, in all the above cases, the gains in cancer 

cell destruction were rather incremental and much lower than that achieved previously with the PNB-

enhanced drug release without X-rays. In contrast, when the same X-ray dose was applied within 30 

minutes after PNB generation in cancer cells pre-treated with Ptx-C225 and GNP-C225 (i.e. when the 

local intracellular concentration of the released drug was expected to be the maximal), we observed 

reduction in the cancer cell viability down to 10±2 % (Supplementary Fig. 3e, “Ptx +PNB” mode), 

25% of the effect of the same drug and X-rays alone (Supplementary Fig. 3e, “Ptx” mode). The PNB 

lifetimes were 5560 ns in cancer cells and close to zero in normal cells (Supplementary Fig. 3f). Thus, 

the “PNB-drug-radiation” mode provided the maximal destruction of cancer cells. The viability of 

normal cells after identical treatment with GNPs, the encapsulated drug, single laser pulses and X-rays 

remained relatively high 71 ± 5% (Supplementary Fig. 3f), thus showing the high selectivity and low 

non-specific toxicity of this combination. Although this experiment did not aim to optimize the radio-

sensitivity of cancer cells and to measure long-term effects, it shows that plasmonic nanobubbles and 

nanoclusters can selectively enhance two standard therapeutics in cancer cells to overcome their 

resistance to therapies and to reduce non-specific toxicity.  
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Supplementary Figure 4. Transmission electron microscopy images of solid 60 nm GNP-C225 

conjugates in tumor (a) and adjacent muscle tissue (b) 24 h after systemic injection of GNP-C225 into 

the mouse; (c) average size of GNP clusters in tumor and adjacent tissue (according to TEM images). 

 

Comments to Supplementary Figure 4. The evaluation of GNP clustering in vivo was done using TEM 

microscopy (Hitachi H-7500 Electron Microscope) (Supplementary Fig. 4a-c). Twenty-four hours after 

the systemic injection of GNP-C225 conjugates (0.8µg g-1), the tumor and adjusted normal tissues were 

extracted and prepared using the standard technique for TEM imaging. The big GNP clusters were 

observed solely in the tumor and only small clusters or single GNPs were detected in normal tissue. 
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Supplementary Figure 5. Acoustic detection of PNBs in vivo. (a) Acoustic responses to a single laser 

pulse (780 nm, 45 mJ cm-2) from a primary tumor (red) and adjacent normal tissue (black) in a mouse 

systemically treated with GNP-C225 conjugates. (b) Amplitude of the PNB acoustic response as 

function of the laser pulse fluence in tumor (red) and normal tissue (black) in vivo in a mouse 

systemically treated with GNP-C225 conjugates [135]. (c) Spectra of acoustic responses of a tumor 

(red) and intact tissue (black) after systemic delivery of GNP-C225 conjugates in a mouse. Acoustic 

responses were obtained 24 hours after the systemic GNP-C225 injection [135]. (d) Scans of GNP-

treated animal: PNB signal amplitudes for primary tumor (solid green), surgical margins after tumor 

resection (solid red) and primary tumor in intact animal that was not treated with GNPs (solid black), 

standard photoacoustic small animal imaging system (Vevo LAZR, Visual Sonics) signals for the same 

animals with untreated (black dashed line) and GNP-treated primary tumors (red dashed line). 

 

Comments to Supplementary Figure 5. The GNP cluster-threshold mechanism of PNB generation 
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provides the ultimate cancer cell specificity of PNBs (Supplementary Fig. 5) via the formation of the 

largest GNP clusters only in cancer cells, through receptor-mediated endocytosis of GNPs 

(Supplementary Fig. 4). The selectivity of PNBs generated in vivo was evaluated with a 70 ps laser 

pulse at different laser pulse fluences (Supplementary Fig. 5b) 24 hours after the systemic injection of 

GNP-C225 conjugates in mice. The diameter of the excitation laser beam was 470 µm in this study. 

The maximal diameter of the PNB was measured in vivo through the acoustical responses 

(Supplementary Fig. 5a)2. The PNB diameter was easily controlled via the laser pulse fluence 

(Supplementary Fig. 5b) with very high, 2  4 nm wide, spectral selectivity (Supplementary Fig. 5c).   
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Supplementary Figure 6. Three-step quadrapeutics protocol amplifies the therapeutic efficacy and 

cancer specificity of chemoradiation therapy. (a) Systemic administration of low doses of GNPs and 

drug-loaded nanocarriers results in the large mixed intracellular clusters of GNPs and drug nanocarriers 

which are self-assembled by cancer cells (top), but not by normal cells (bottom). (b) Local 

administration of a single laser pulse results in the cancer-cell specific generation of a plasmonic 

nanobubble (PNB) that delivers the localized intracellular mechanical impact and ejection of the 

encapsulated drug (green dots) into cytoplasm. In normal cells non-specific uptake of fewer GNPs is 

insufficient to generate PNBs and no drug release is triggered. (c) Local administration of low dose of 

X-rays results in their intracellular amplification by a GNP cluster. Intracellular co-localization of these 

three therapeutic mechanisms results in their synergy which amplifies the therapeutic efficacy of low 

entry therapeutic in cancer cells but not in normal cells. 
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Supplementary Methods 

Calcein Green dye-loaded liposomes. Liposomes were prepared by the lipid film hydration method. A 

chloroform solution of ePC and cholesterol (70:30 molar ratio) was evaporated by rotary evaporation 

followed by freeze-drying. The film was then hydrated in 1 ml 50mM Calcein Green solution. The 

resulting multilamellar liposome solution was then extruded 11 times through a 200 nm pore sized 

Nuclepore polycarbonate membrane (Whatman) using an Avanti hand extrusion device (Avanti Polar 

Lipids). After extrusion, the extraliposomal calcein buffer was removed by gel filtration on a BioGel 

1.5M. The size of the Calcein-loaded liposomes was 149.23± 23 nm respectively. The conjugation of 

the liposomes with antibody 2C5 to cancer-specific nucleosomes1, did not change the liposome size 

significantly. 

The fluorescence signals of both intact Calcein Green-loaded liposomes and those dissolved 

with alcohol, were tested by using a LSM710 laser confocal microscope (Carl Zeiss MicroImaging 

GmbH, Germany). The liposome suspension was mixed with alcohol (10:1 ratio) and the thin (3 µm) 

samples of intact and dissolved liposomes were prepared between two pieces of glass. The high 

concentration of the dye in the liposomes caused significant quenching that dimmed its fluorescence in 

the intact liposomes. In a suspension test, the liposomes that had been dissolved with alcohol caused an 

increase in the level of green fluorescence by 16-fold. Three samples were prepared and imaged for 

intact and test groups. 

 
Synthesis and characterization of drug nanocarriers.  Paclitaxel was incorporated in mPEG2000–PE 

micelles by the lipid film hydration method. Briefly, 0.1 mg of paclitaxel (10 mg ml-1 in methanol) was 

mixed with a mPEG2000–PE solution in chloroform. The organic solvents were removed by rotary 

evaporation followed by freeze-drying. The film was hydrated with 10mM phosphate-buffered saline 

(PBS), pH 7.4 at room temperature and vortexed for 5 minutes to give a final lipid concentration of 

5mM. The unincorporated drug was removed by filtration of the micelle suspension through 0.2µm 
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membrane filters.  Synthesis of pNP-PEG3400-PE conjugate. In order to prepare antibody (mAb 2C5/ 

mAb C225)-modified micelles and liposomes, we first conjugated the antibody to the distal tips of PEG 

blocks via p-nitrophenylcarbonyl (pNP) groups (using a pNP-PEG3400-PE conjugate) to form antibody-

PEG3400-PE conjugate. Modification of drug–loaded mPEG2000–PE micelles or Calcein-loaded 

liposomes or Doxil with this conjugate was done using the post-insertion method3-5. The pNP-PEG3400-

PE was synthesized and purified according to a previously established method6. Briefly, the DOPE was 

mixed with a 5-fold molar excess of PEG-(pNP)2 in chloroform in the presence of triethylamine. 

Organic solvents were removed, the resultant pNP-PEG3400-PE micelles were separated from free PEG 

and pNP on a sepharose CL-4B column. The product pNP-PEG3400-PE obtained was freeze-dried and 

stored in chloroform at − 80 °C.   Preparation of antibody-PEG3400-PE conjugate and preparation of 

targeted-micelles and liposomes. The chloroform solution of reactive component, pNP-PEG3400-PE (32 

molar excess over antibody) was evaporated and freeze-dried to form a film in a small test tube. The 

dried film was hydrated with 5mM citrate buffered saline pH 5.5 containing 10mg ml-1 octyl glucoside 

followed by the addition of antibody solution in PBS pH 7.4 or water. The pH was adjusted to 8.0-8.5 

with 100 mM phosphate buffer pH 8.5. The reaction was continued overnight at 4°C.  The next day, the 

micelles were dialyzed against 1L of 10 mM PBS, pH 7.4 using cellulose ester membranes with a cut-

off size of 300 kDa. The amount of antibody in the antibody-PEG3400-PE conjugate was estimated by a 

bicinchoninicacid (BCA) protein assay with pure antibody as the standard.  The drug loaded PEG2000-

PE micelles (0.5ml) were incubated overnight with antibody-PEG3400-PE conjugate (equivalent to 

0.487 mg of antibody) to prepare targeted micelles. To prepare 2C5 or C225-targeted liposomes, 1ml of 

liposomes were incubated overnight with antibody-PEG3400-PE conjugate (equivalent to 0.150 mg of 

antibody). Characterization of micelles and liposomes. The micelle and liposome size (hydrodynamic 

diameter) was measured by dynamic light scattering (DLS) using a N4 Plus Submicron Particle System 

(Coulter Corporation, Miami, FL, USA). The micelle and liposome suspensions were diluted with 

deionized, distilled water until a concentration providing a light scattering intensity of 5 × 104 to 
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1 × 106 counts/sec was achieved. The particle size distribution of all samples was measured in 

triplicate.  The size of the Paclitaxel-loaded micelles was 14.5 ± 0.11 nm. Antibody modification did 

not change the micelle/liposome size significantly. 

The amount of Paclitaxel in the micelles was measured by reversed phase-HPLC. The micelles 

were diluted with the mobile phase prior to application to the HPLC column. The samples were 

analyzed by reversed phase-HPLC. A D-7000 HPLC system equipped with a diode array and 

fluorescence detector (Hitachi, Japan) and Symmetry C18 column, 4.6 mm × 250 mm (Waters, 

Milford, MA, USA) was used. The column was eluted with water /acetonitrile (30:70 % v/v) at 1.0 ml 

min-1. Paclitaxel was detected at 227 nm. The injection volume was 50 μL. All samples were analyzed 

in triplicate. The amount of Paclitaxel loaded in plain mPEG2000-PE and antibody-modified mPEG2000-

PE micelles was found to be 0.1mg ml-1 and 0.08mg ml-1 respectively. The amount of Doxorubicin in 

liposomes was determined after the treatment of the liposome sample with 1% Triton-100 using plate 

reader (Synergy HT multimode microplate reader, BioTek Instrument, Winooski, VT) with 485/590 

nm excitation/emission wavelengths7.  

 
EGFR expression in cells. We used multi-drug resistant and fast-growing HN31 squamous carcinoma 

cells (associated with head and neck cancers) which are expressed by the epidermal growth factor 

receptor (EGFR), and slow-growing indolent HN30 HNSCC which have a 2.0 times lower level of 

EGFR expression than HN31 cells and immortalized normal human oral kerotinocyte NOM9 cells 

which have a 2.8 times lower level of EGFR expression than HN31 cells.  These cell lines were kindly 

provided by Drs. J. Myers and and J. Ensley. 

 

Animal models.  Healthy, male athymic nude mice, aged 8 to 12 weeks, were purchased from the 

National Cancer Institute-Frederick Cancer Research and Development Center (Frederick, MD) and 

used in accordance with Animal Care Use Guidelines under the protocols approved by IACUC of the 
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Texas MD Anderson Cancer Center and by IACUC of Rice University. Two different established 

models of HNSCC were used: 

1. Recurrent disease8-10. This model used a reduced number of HNSCC cells: 180,000 of the in 

vitro pre-treated HN31 cells were injected on the mice flanks for the modeling of local recurrent 

disease. Four groups of cells were used: (1) intact cells, (2) cells treated in vitro by Doxil (2 µg ml-1) 

and X-rays (4 Gy) and cells treated with PNBs (without drugs or X-rays), (3) cells treated with Doxil (2 

µg ml-1) and X-rays (4 Gy) and cells treated with quadrapeutics (Doxil: 2 µg ml-1, GNP: 2.4x1010 

particles ml-1, laser pulse: 45 mJ cm-2 in 24 hours after GNP administration, X-rays: 4 Gy, 6 hours after 

laser treatment). All animals were monitored on a daily basis. Tumor volume was estimated as half of 

the small diameter squared multiplied by the large diameter11. 

2. Primary xenograft HNSCC tumors were induced s.c. by injecting 0.5 mln of Luciferase-

encoded HN31 cells and was grown to 3-5 mm. Tumors were quantified weekly via their volume 

(measured with a caliper) and Luciferase-induced bioluminescence (measured via small animal imaging 

system IVIS Lumina). One group received no treatment (6 animals), other three groups received the 

following single primary treatments: Quadrapeutic group (11 animals) received GNP-C225s (0.8 μg g-1) 

and Doxil-C225 (1mg kg-1) via intra-venous concomitant injection. In 24 hours tumor areas (15 x 15 

mm) were scanned with broad near-infrared laser pulses (780 nm, 45 mJ cm-2) and then after 6 hours 

were exposed to X-rays (4 Gy). PNB group (4 animals) received identical doses of GNP and laser 

pulses. Generation of PNBs in tumors was monitored with ultrasound detector during the laser scan (Fig. 

6a). Chemoradiation group (11 animals) received identical doses of drug and X-rays as the quadrapeutic 

group. All animals were monitored for three weeks, the period that stably showed a moribund condition 

among untreated animals. 

Bioluminescent imaging was performed with a highly sensitive, cooled CCD camera mounted in a 

light-tight specimen box, using protocols similar to those described previously12,13. Imaging and 

quantification of signals were controlled by the acquisition and analysis software Living Image. For in 
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vivo imaging, animals were given the substrate D-luciferin by intraperitoneal injection at 150 mg kg-1 

in DPBS Dulbecco's Phosphate Buffered Saline (Invitrogen, Carlsbad, CA, USA), and anesthetized (1–

3% isoflurane). The mice were then placed onto the warmed stage inside the light-tight camera box 

with continuous exposure to 1–2% isoflurane. Imaging time was 10 s. Generally, two to three mice 

were imaged at a time.  

3. MRD model.14 The tumors were xenografted with the HN31 cells as previously described15. 

The tumors were induced on the mice flanks: the nude mice were anesthetized and 1x106 HN31 

encoded with GFP cells was injected using a 1-ml tuberculin syringe with a 30-gauge hypodermic 

needle. 14 to 17 days after the cell injection, when the tumors were already established (5-7 mm in 

diameter), the GNP-C225 (0.8μg g-1 of body weight) and/or Doxil-C225 (1 mg kg-1 of body weight) 

conjugates were injected into the anesthetized mice via the tail vein using an intravenous catheter and a 

1-ml-insulin-syringe. Twenty-four hours after GNP and drug injection, the tumors were fully resected 

and the surgical margins were exposed to a scanning laser beam (70 ps, 780 nm, 45 mJ cm-2, 470 µm 

diameter) to generate PNBs and to detect them via acoustic responses. Acoustic detection employed the 

generation of the pressure transients during the PNB expansion and collapse, complemented optical 

scattering detection, and, most importantly for the diagnostic application, provided the in vivo detection 

of PNBs in opaque tissue. The amplitude of the acoustic response was used as the PNB metric and was 

correlated to the optically measured lifetime of the PNB2. 

The local recurrence of HNSCC was monitored in the animals by visual observation on a daily 

basis. Also the small animal imaging of GFP fluorescence was performed with an IVIS Lumina 

Imaging System. The probability of tumor recurrence and GFP-fluorescence signals were analyzed. All 

animals were monitored for tumor growth on a daily basis.   
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Supplementary Table 1.  Side-by-side comparison of current approaches with quadrapeutics.  

Current Method                  Limitation      Quadrapeutics Solution  

Drug delivery  
with various nano-
particles16-57  
 

1. Low release efficacy due to slow 
diffuse release of the drug (> 10 min) 

Radically enhanced efficacy (> 3 fold) due 
to high speed of intracellular drug release    

2. No on-demand release 
On-demand release within nanoseconds 
due to explosive localized disruption of 
nanocarriers  

3. High dose of the drug 90-98% reduction in the drug dose  

4. 
High non-specific toxicity due to the 
uptake of nanoparticles by normal 
cells/tissues 

Low non-specific toxicity due to high 
cancer cell selectivity of PNBs  

5. Long treatment time Short single laser pulse treatment  
 

Drug delivery and 
therapy with: 
 External 

energy16,17,27-

34,44,45,58-90 
 GNPs27-34,44,45,74-

79,91-93  
 Theranostic 

nanoparticles16,17, 

33,34,44 

1. 

Low selectivity of the drug release 
due to uptake of nanoparticles by 
normal tissues and a de-localized 
release mechanism 

High selectivity of the drug release due to 
high cancer cell selectivity of PNBs   

2. Complex and unstable nanocarriers 

Simple, safe clinically-validated one-
component GNPs and drug nanocarriers 
self-assembled by cancer cells into mixed 
clusters  

3. High energy (> 1 J/cm2) Low energy (< 50 mJ/cm2)  
4. Prolonged exposure time (> 1 min)  Single laser pulse treatment (<1 second)  

5. High non-specific toxicity  Low non-specific toxicity  
 

 
Laser micro-
surgery and 
thermal therapy94-

98   

1. High energy due to the bulk 
photothermal mechanisms 

Low energy due to intracellular PNB 
mechanism  

2. Therapeutic selectivity depends upon 
laser beam pointing and size 

Single cancer cell selectivity does not 
depend on laser beam pointing accuracy or 
size  

3. May not prevent recurrence of HNSCC Will prevent recurrence of HNSCC 

GNP-mediated 
thermal therapy43-

45,99-126  

1. Low selectivity within a laser 
aperture due to thermal diffusion  

Single cancer cell selectivity does not 
depend upon laser beam size, no thermal 
impact  

2. High dose and exposure time  Low dose and single pulse exposure   
3. High non-specific toxicity  Low non-specific toxicity   

4. Limited efficacy  High efficacy of explosive, non-thermal 
mechanism   

GNP-enhanced 
radiotherapy127-133 

1. Low therapeutic gain  (<2-fold) High therapeutic gain (10-100-fold)  
2. High GNP dose Reduced to 0.01% GNP dose  

3. 
Low selectivity  of external X-rays 
and non-specific uptake of GNPs by 
normal cells and tissues 

High selectivity and gain in X-ray  
amplification due to cancer cell-specific 
large GNP clusters  
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