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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 disadvan-
tages, specifically including small metal nanostructures (<10
nm) which lack size control, tuneability, and tissue localization
by use of ultrashort 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 § nm) onto a chemically modified thiol-rich surface of Qf

Multiple sub-10nm AuNPs

generating superior nanobubbles! | make nanobubble. *pew pew*

virus-like particles. These findings demonstrate that the multivalent display of sub-10 nm gold nanoparticles (AuNPs) caused a
profound and disproportionate increase in photocavitation by upward of 5—7-fold and significantly lowered the laser fluency
by 4-fold when compared to individual sub-10 nm AuNPs. Furthermore, computational modeling showed that the cooling
time of QBAuNP 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 QBAuNP 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 art.' The contemporary utility of gold nanostruc-
tures is owed to their straightforward synthesis and tunable
intense color, which arises from a photoinduced oscillation of
surface electrons creating the plasmon.”™> 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.”~* 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,
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which creates significant shear forces capable of temporarily or
permanently altering vasculature.”” "

These shear forces, which arise from the rapid cavitation of
the nanobubble, are powerful enough to remodel tissue. This
has given them utility in nanosurgical applications; for
instance, recent work has found that plasmonically induced
cavitation events can create temporary openings in the blood—

12,13

brain barrier. With state-of-the-art methodologies using
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small metal nanostructures (<10 nm), effective methods of
plasmonic nanostructure cavitation lack size control, tune-
ability, and tissue localization."*™"” An articulated drawback to
utilizing these metal nanostructures is that they require
ultrashort pulsed lasers and high laser energy, which can
induce unwanted tissue damage.’*””’ 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
(AuNPs), 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.*®
Other studies also combined chemotherapy with plasmonic
nanobubbles (PNBs) 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.””***’

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). VLPs are non-infectious engineered biodegradable

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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nanostructures derived from viral proteins. The structure of
most VLPs is known to atomistic detail, and their exposed
surfaces can be functionalized using high-yielding bioconjuga-
tion chemistry. In particular, VLP Qf—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.’® Qf 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.”' ~**

In this work, we detail a method to immobilize either 3.5 or
S nm AuNPs onto a chemically modified thiol-rich surface of
Qp. We found that the multivalent display of approximately 46
sub-10 nm AuNPs induces a significant increase in the
photocavitation efliciency by S-fold compared to traditional
sub-10 nm AuNPs. Computational modeling shows that the
absorption cross-section (C,,) for the QJAUNP 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
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Figure 1. (A) Qf, an icosahedral 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 Qf
surface functionalization of MPA through EDC/sulfo-NHS
coupling. (C) DLS of Qf (purple) and QSSH (yellow-dashed).
(D) TEM of Qf (purple) and (E) QBSH (yellow-dashed). (F)
Coomassie-stained 1% agarose gel of Qf (left) and QSSH (right)
and (G) 10% SDS-PAGE gel of Qf (left) and QfSH (right).

account for the increased nanobubble signal.*’ The plasmonic
and heat coupling contributes to the significant increase in
photocavitation efficiency.
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Figure 2. (A) A scheme illustrating 3.5 and 5 nm AuNPs immobilization onto the surface of QSSH. (B) DLS of Qf and QSAuNPs. (C)
STEM micrographs of immobilized AuNPs onto the surface of QSSH. Scale bar: 5 nm. (D) Distribution frequency of immobilized AuNPs to
functionalized Qf thiol: Au3.5 (left) and Au$ (Right) (n = 32 per size). (E) UV-vis spectra show a redshift of Au3.5 (black) and Au$ (blue)
to immobilized QBAuNPs (QfAu3.5 (red) and QBAuS (green)). (F) Coomassie-stained 1% agarose gel of Qf, QSSH, AuNPs, and

QSAuNPs.

RESULTS AND DISCUSSION

QpBAuUNP Synthesis and Conjugation. The synthesis of
the polyvalent VLP-gold nanosystem began with the
functionalization of the solvent-exposed amine residues of
Qpf 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
QpSH (Figure 1B). The successful thiolation of Qf 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 Qf (Z-
average: 31.09 + 1.00 d. nm) and the thiolated Qf (QSSH)
(Z-average: 31.49 + 0.27 d. nm). As expected, TEM
micrographs confirmed no changes to the size or morphology
between Qf (Figure 1D) and QfASH (Figure 1E). Conjugation
was confirmed by electrophoretic mobility through 1% agarose
gel (Figure 1F), which showed a significant shift for QSSH
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 Qf. Lastly, 10% SDS-PAGE (Figure 1G) shows
monomer (14.25 kDa) and dimer coat proteins running
approximately the same distance, which is anticipated based on
the very low MW (106 Da) of the MPA. From these results,
we conclude that QBSH remains intact and possesses
approximately one free thiol per coat protein.

Following successful bioconjugation to create a thiol-rich
Qp, we turned to immobilize AuNPs onto the viral surface.

We chose to use 3.5 and 5 nm AuNPs, to study differences
in their ability to attach to the surface of Q#SH and assess the
photothermal responses of two variably sized plasmonic
AuNPs. Attachment of AuNPs to Qf was done in Milli-Q
Ultrapure water at a pH of 7 at room temperature (rt) for 12—
1S h Figure 2A. As shown in Figure 2B, DLS shows an
expected increase in hydrodynamic radius. Both composites
3.5 nm (Z-average 40.03 + 0.17 d. nm) and S nm (Z-average:

67.48 + 4.69 d. nm) exhibit an increase in size, with the larger
S nm gold creating a larger composite nanoparticle. These size
distributions of the QBAuNP composites were assessed by
scanning transmission electron microscopy (STEM) high-
angle annular dark-field imaging, 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
Qp. A histogram was produced from visual analysis of STEM
micrographs, and individual AuNPs were counted on QfSH
VLPs. Each scaffold showed an average of 46 individual AuNPs
per surface-functionalized QSSH (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. Wide-field imaging (Figure S2H) with TEM shows
little to no unconjugated AuNPs in solution, agreeing with our
electrophoretic mobility assay. Interestingly, UV-vis spectro-
scopic analysis shows a significant redshift of the free AuNPs
when bound to Qf (Figure 2E). Since the AuNP 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). Electro-
phoretic analysis on 1% agarose shows no free Qf or QfSH,
which suggests that all the QfSH has been functionalized with
AuNPs (Figure 2F).

Nanobubble Generation and Detection. Next, we
investigated the photothermal affects of conjugated QSAuUNP
complex versus individual AuNPs, by activating and detecting
the 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 submicrosecond lifetimes, we set the
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Figure 3. PNB detection for individual AuNPs and conjugated
QpAuNPs. A) Schematic illustration of PNB detection. (B) Bright-
field images of 400 pm 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, QfAu3.5, AuS, and
QpAuS with the same optical density (O.D. = 0.4) at the laser
fluence = 29.3 mJ/cm? (G) Representative PNB signal traces (10
pulses) collected for samples from Au3.5, QfAu3.5, AuS, and
QpAuS, respectively. PNB signals analysis by (H) amplitude, (I)
lifetime, and (J) energy threshold was plotted for small AuNPs and
conjugated QSAuNPs upon different laser fluence heating.

pump laser with a repetition rate of S0 Hz and sample flow
speed of 10 uL/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 QBAuNPs of different sizes at a high
laser fluence (29.3 mJ/cm?) to observe PNB signals for all
samples. In particular, we tested 3.5 nm AuNPs (Au3.5), QS
with 3.5 nm AuNPs attached to the surface (QBAu3.5), S nm
AuNPs (AuS), and Qf with S nm AuNPs attached to the
surface (QBAuS). All samples were prepared at the same
optical densities (O.D. = 0.4), ensuring equivalent optical
absorption for PNB testing. Among those tested samples
(Figure 3F), both QBAu3.5S and QPAuS conjugates result in
increased signals corresponding to the larger PNBs generated

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, QBAu3.S, AuS, and QpAuS, respectively, and shows
laser energy-dependent PNB signals.”® At no laser or low laser
fluence conditions, no PNB signal was detected, whereas
higher laser fluence leads to larger PNB signals. Compared
with small Au3.5 and AuS, large Au aggregates (i.e., QFAu3.5
and QPAuS) 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, AuS, QFAu3.5, and QpPAuS. Notably, QBAu3.5 and
QpAuS conjugates have slopes of amplitudes that are 7.7- and
5.7-times higher than the Au3.5 and AuS, respectively. Similar
trends are exhibited in the lifetime plot, where QfAu3.5 and
QpPAuS conjugates have slopes that are 4.8- and 4.4-times
higher than the Au3.5 and AuS, respectively. QfAuS
impressively doubled the slope of QBAu3.S, 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
(Fipesn) 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 AuS require high laser fluence
to create the PNBs (Fyeq, = 34.7 and 8.5 mJ/cm?). QBAu3.5,
considered a cluster of Au3.5, dramatically lowered the PNBs
threshold to 4.5 mJ/cm? Furthermore, increasing the size of
AuNP conjugated onto Qp lowers the PNB generation
threshold, thus tuning the thermal responses. For example,
QpAuS possesses a mild PNB generation threshold of 0.45 m]J/
cm?, which works for non-invasive in vivo studies using laser
treatment while maintaining tissue integrity.sL52 Together,
QpPAuS exhibits superior thermal responses over all tested
samples owing to its highest PNB amplitude, lifetime, and
lowest PNB generation threshold.

Nanothermal Transport of Conjugated QBAuNPs.
Lastly, we investigated the plasmonic and heat coupling of
QPAuNPs by numerical simulations. We first determined the
plasmonic and heating response for the QSAuNPs composites
with a 3D-FEM simulation model (Figure 4A). Figure 4B—E
shows the near-field enhancement ((E/E,)?) profile with A =
532 nm and temperature rise (AT) profiles (t = 26 ps, 35 ps)
for QBAUNP conjugation and individual AuNP, respectively.
As illustrated in the (E/E;)* profiles, for both QfAuS and
QpPAu3.5, the plasmonic coupling is minimal and can only lead
to a slight increase in the absorption cross-section (C,p,)
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 (t; = 26 ps),
further heat dissipation after the laser pulse (¢, = 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 AT at representative locations.
Figure S4 shows that, under laser radiation (34.8 mJ/cm?), the
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Figure 4. Temperature rise (AT) during the transient heating of
individual AuNPs and conjugated QSAuNPs. (A) Schematic
illustration of the model. The AuNPs are distributed in a
Fibonacci lattice on the surface of the QB capsid, and the
QpAuNPs are submerged in water. (B—E) Near-field enhancement
((E/E,)?) profile and temperature rise (AT) profile for QBAus,
AuS, QBAu3.S, and Au3.S. The scale bar represents 10 nm. The
comparison of (F) C,,,, (G) maximum of AT;, (H) maximum of
AT,, (I) the width of half-maximum AT}, and (J) the width of half-
maximum AT, for QfAuS, AuS, QFAu3.5, and Au3.S. Laser
fluence for all cases is 34.8 mJ/ cm?.

temperature rise in AuNP (AT}) increases rapidly to 1375 K
for QBAuS and 794 K for QBAu3.S. After the laser pulse, the
AuNP cools gradually while the heat dissipates into the water
domain and leads to heating overlap between AuNPs,"” which
is evidenced by an increasing temperature rise at the midpoint
among AuNPs (AT,). After the AT, reaches its peak value, it

starts to cool down with further dissipation. Next, we
compared the maximum of AT; and AT, for Q#AuNPs and
AuNP, respectively (Figure 4G,H). The maximum AT, for
QPAuNP conjugation and individual AuNP are similar,
whereas the maximum AT, for QBAuNP conjugation is
significantly higher than that of individual AuNPs. Moreover,
smaller AuNPs have a higher surface-volume ratio that can
enhance heat dissipation and cooling. Importantly, for the
same-sized AuNP, AT, for QBAuNPs 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 QSAuNPs and single AuNP,
the size dependence of heating, the heating overlap at the
midpoints between AuNPs, and a longer cooling time may all
facilitate the nanobubble generation and lowered energy
threshold for nanobubble detection with QBAuNPS (Figure

3)).

CONCLUSION

In summary, immobilizing multiple size-controlled sub-10 nm
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 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 trans-
port of QPAuNP 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.

MATERIALS AND METHODS

Chemicals. The following chemicals were used: tryptone, yeast,
sodium chloride, magnesium sulfate-anhydrous, potassium chloride,
kanamycin, isopropyl -p-1-thiogalactopyranoside (IPTG), potassium
phosphate monobasic, potassium phosphate dibasic, ammonium
sulfate, chloroform, butanol, sodium citrate tribasic, tannic acid,
potassium carbonate, hydrogen tetrachloroaurate (HAuCl,-3H,0), 2-
(N-morpholino) ethanesulfonic acid (MES), 1-ethyl-3-(3-
(dimethylamino)propyl) carbodiimide (EDC), N-hydroxysulfosucci-
nimide (Sulfo-NHS), 3-mercaptopropionic acid (MPA), Dulbecco’s
phosphate buffered saline (DPBS), Ellman’s reagent, sodium
phosphate dibasic, ethylenediaminetetraacetic acid (EDTA), sodium
hydroxide, phosphoric acid, cysteine. Reagents were purchased from
Sigma Life Science (Albuquerque, NM, USA), Research Products
International (Mt Prospect, IL, USA), Thermo-Fisher Scientific
(Waltham, MA, USA), Chem Impex Int'l (Wood Dale, IL, USA), AG
Scientific (San Diego, CA, USA), BioWorld (Dublin, OH, USA),
Acros Organics (New Jersey, NJ, USA), Caisson Laboratories
(Smithfield, UT, USA), Aqua Solution (Deer Park, TX, USA), Alfa
Aesar (Haverhill, MA, USA), Sigma-Aldrich (Saint-Louis, MO, USA).
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Qp Production. 150 mL of a starter culture of E. coli BL21-DE3
cells with Qf plasmid were amplified in 6 L of SOB media (50 yg-mL-
1 Kanamycin) at 37 °C. Once an optimal O.D. between 0.4—0.7 was
reached, induction of Qf expression began with the addition of 1 mM
IPTG and incubated at 37 °C overnight. Cells were centrifuged at
19,510 Xg for 30 min at 4 °C. The pellet was resuspended in 20—30
mL 0.1 M potassium phosphate (KP) buffer, pH 7.4. The cells were
lysed using a Qsonica sonicator with 4 min cycles, 30 s on and off
pulses, and 75% amplitude. The lysate was centrifuged at 19,510Xg
for 20 min at 4 °C. The pellet was discarded, and the supernatant was
purified with ammonium sulfate (2 M final concentration) and
incubated at 4 °C overnight. The suspension was centrifuged at
19,510Xg for 20 min at 4 °C and resuspended in 20 mL 0.1 M KP
buffer, pH 7.4. A chloroform-butanol extraction was performed with a
1:1 ratio of chloroform-butanol to 0.1 M KP buffer with dissolved
protein and centrifuged at 19,510Xg for 30 min at 4 °C. The top
aqueous layer was extracted and layered onto sucrose gradients (10—
40%). The sucrose gradient was ultracentrifuged for 16 h at 99,404xg.
Qp was pipetted from the sucrose gradients as a light blue band
illuminated by a LED light and ultracentrifuged at 369,879Xg for 2.5 h
at 4 °C. A transparent pellet was found at the bottom of the tube. The
supernatant was discarded, and the pellet was resuspended in 1-3 mL
of 0.1 M KP buffer and characterized.

Thiolation of Qp. The following solutions were prepared fresh in
a stock of 100 mL MES buffer (100 mM, pH 5.5): 2.0 mL of EDC
(1.0 M), 1.14 mL of MPA (50 mM) 250 uL of sulfo-NHS (1.0 M).
Five yL of MPA was added into 1.14 mL MES buffer in an Eppendorf
safe-lock-1.5 mL tube along with 28.5 uL EDC (1.0M) and 28.5 uL of
sulfo-NHS (1.0 M). The solution was then vortexed and incubated in
RT for 30 min. Then an additional 28.5 uL of EDC and sulfo-NHS
were added to the solution. This mixture was then vortexed and
incubated at rt for another 30 min. Once incubation was complete,
200 L of DPBS (pH 7.4) was added to the mixture, along with 1.0
mg of Qf (concentration was confirmed using Bradford Assay) and
incubated at RT for 4.5—6 h. Once incubated, the solution was
transferred into a 10—30 kDa cutoff Amicon-0.5 mL ultracentrifugal
filter unit and centrifuged at 16,900 Xg, 10 min, 4 °C. The solution
was then washed thoroughly with DPBS 4X (sufficient washing was
confirmed using a working solution of Ellman’s reagent and the
disappearance of the yellow color after every wash). Concentration
and conjugated free thiol were measured using Bradford assay and
Ellman’s Assay.

Ellman's Assay. The following procedure was used to perform an
Ellman’s Assay. An Ellman’s reaction buffer was made by dissolving
1.20 g of sodium phosphate dibasic (Na,HPO,) and 37.2 mg of
EDTA in 100 mL of Milli-Q water (0.1 M Na,HPO,, 1 mM EDTA).
The pH was adjusted to 7.5—8 with solutions of sodium hydroxide
(NaOH) or phosphoric acid (H;PO,). A cysteine working solution
was made by dissolving 5.27 mg of cysteine in a 15 mL of reaction
buffer (2 mM cysteine). The cysteine standards were made by serially
diluting the cysteine working solution in reaction buffer with final
concentrations of 2, 1, 0.5, 0.25, 0.125, 0.0625, and 0.03125 mM.
Ellman’s reagent is made by dissolving 4.0 mg Ellman’s reagent in 1
mL of reaction buffer and vortexed for homogeneity. Lastly, the
working solution was made by adding 125 xL of Ellman’s reagent to
6.25 mL of reagent buffer. 7.5 yL of QBSH sample and standards were
added to 96-well plates (n = 3) and 76.5 uL of Ellman’s working
reagent. They were mixed and incubated at rt for 15 min and analyzed
on a plate reader (BioTeK Synergy H4 Hybrid Reader)) at 412 nm
and calculated for the concentration of free thiols on Qg (Figure S1).
QUSH = 04113 mM.

Gold Nanoparticle Synthesis. The following fresh stock
solutions were prepared in Milli-Q water: 160 mL of sodium citrate
tribasic (2.2 mM), 2.0 mL of tannic acid (2.5 mM and 5 mM), 10 mL
of potassium carbonate (150 mM), and 10 mL of hydrogen
tetrachloroaurate (HAuCl,:3H,0) (25 mM). When measuring
hydrogen tetrachloroaurate, a plastic spoon is recommended for the
acidic nature of HAuCl,-3H,0. A stock of HAuCl,-3H,O is viable in a
15 mL falcon tube for three months covered in aluminum foil at 4 °C.
A solution of 150 mL of sodium citrate solution, 0.1 mL of tannic

53,54

acid, and 1 mL of K,COj in a clean 250 mL flat bottom flask with a
stirrer was heated in a water/oil bath to 70 °C (Figure S2A). HAuCl,
solution (1 mL) was added swiftly to the flat bottom flask under
vigorous vortex (>500 rpm), and stirring continued. Afterward, it was
left to react for S min at 70 °C. The color changed from a gray/murky
(Figure S2B) solution to an orange/red (Figure S2C) in 2 min or less.
The solution was kept at 70 °C for 5 min further to ensure a complete
reaction of the gold precursor (Figure S2D). Then the solution was
cooled to rt, resulting in particles approximately 3.5 and S nm in size
with a concentration of approximately 7 X 10'* NPs/mL (Figure
S2E). The AuNP solution (150 mL) was transferred to a 10 kDa
Amicon ultra-15 centrifugal filter unit and centrifuged at 3000 Xg for
10 min at 25 °C. The concentrated solution was collected. This
process was repeated until a final volume of 1 mL of AuNPs was
collected. Characterization was done by UV-vis (Figure S2F) and
TEMs (Figure S2G).

AuNP Conjugation. Seventeen L of QSSH (~3—6 mg/mL),
233 pL of Milli-Q water, and 250 uL of concentrated AuNP were
added into an Eppendorf safe-lock-1.5 mL tube and left to react for
12—15 h at rt. 2.2—10 mM of tribasic sodium citrate was dissolved in
DPBS for the running buffer solution during the purification of
QPAuUNP composites from free AuNPs through a Sephadex G25 M
column after incubation. Characterization was done by TEM (Figure
S2H).

TEM. Micrographs of the QBAuNP composites were taken on a
JEOL JEM-1400+ (JEOL, Tokyo, Japan) at 120 kV with a Gatan 4k X
4k CCD camera. Ten uL of the colloidal QSAuNP suspension was
placed on a 300 mesh Forvar/carbon-coated copper grid (Electron
Microscopy Sciences, Hatfield, PA, USA), allowed to stand for 1 min,
and wicked off with Whatman#1 filter paper and allowed to air-dry
completely. TEM micrographs of Qf and QBSH were prepared using
S uL of sample, placed onto grids, allowed to stand for 30 s, and
wicked off with filter paper. An additional 5 L of 2% uranyl acetate
(SPI Supplies, West Chester, PA, USA) was placed on the grid,
allowed to stand for 30 s, wicked off as before, and air-dried
completely.

STEM. Sample preparation of QBAuUNP composites followed the
same process as in TEM micrographs. The morphology character-
ization of QBAuNPs (3.5 and S nm) was carried out via a Cs-
corrected scanning transmission electron microscope (Cs-corrected
STEM, JEOL ARM200F) operated at 200 kV. The acquisition semi-
angle for high-angle annular dark-field detector was 90—370 mrad.

Nanobubble Detection for Individual AuNPs and QBAuUNPs.
Individual AuNPs (3.5 and S nm) and QBAuNPs (3.5 and S nm)
were prepared with the same optical density and subsequently
subjected to PNBs detection. Briefly, the sample solutions were
flowed through a 400 um borosilicate glass microcapillary (cat# 8240,
VITROCOM) with a speed of 10 mL/min by a gastight glass syringe
(cat# 81330, Hamilton). Then an ultrafast 532 nm picosecond pulse
laser (green, 28 ps, SO Hz) and a continuous 633 nm probe laser (red,
CW) were simultaneously applied for generating and detecting of
PNBs signals, respectively. The scattered signals from the as-
generated PNBs were monitored by a fast-speed photodetector
(FPDS10-FV, MenloSystems) and collected by an oscilloscope
(WAVESURFER 62MXS-B, TELEDYNE LECROY). Further signal
analysis was processed using MATLAB script.

Computational Methodology. We first built a 3D boundary
element model (BEM) and finite element model (FEM) to simulate
the absorption cross-section (C,,) and temperature rise (AT) during
the plasmonic heating of QfAuNPs, respectively. The models are
QPAuNPs that consist of a 30 nm protein core at the center and 46
AuNP with a diameter of S or 3.5 nm conjugated uniformly on the
core (Figure 1A), and the QBAuNPs conjugation is immersed in
aqueous solution. We assumed the AuNPs are evenly distributed on
the surface of the Qf protein and adopted a spherical Fibonacci lattice
to avoid the polar effect.”> The C,,, for QBAuNDPs are listed in Table
S1. For the FEM model, the size of the domain for the surrounding
water (Dgomain) i 300 nm. A boundary condition of constant
temperature (T,oom = 300 K) is set on the domain boundary. Here, we
adopted the one temperature model since the electron cooling time
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for S nm AuNPs is around 10 ps, which is shorter than the time scale
in our analysis (26 ps to 100 ns).*® Since the mean free path in water
is very small, we determined the temperature via Fourier’s law, where
the AuNPs are subjected to volumetric heating power and assumed
no AuNP-water interfacial thermal resistance since it has a limited
effect on the temperature in water.”” The volumetric heating power
(g W/m®) in the AuNP is determined as follows:

8= I'x Cabs (1)

where I refers to laser fluence. For the single AuNP heatin§, the
temperature is determined by analytical solution of heating.>® The
simulations were performed with COMSOL Multiphysics 5.4 and
Matlab 2019b.
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