
Iodide-doped Precious Metal Nanoparticles: Measuring 
Oxidative Stress in vivo via Photoacoustic Imaging 

Journal: Nanoscale

Manuscript ID NR-COM-04-2020-003047

Article Type: Communication

Date Submitted by the 
Author: 10-Mar-2020

Complete List of Authors: Mantri, Yash ; University of California San Diego, Bioengineering
Davidi, Barak; Fairfield University, Physics
Lemaster, Jeanne; University of California San Diego, Nanoengineering
Hariri, Ali; University of California San Diego, Nanoengineering
Jokerst, Jesse; University of California San Diego, Nanoengineering, 
Material Science Program and Radiology

 

Nanoscale



1

Iodide-doped Precious Metal Nanoparticles: Measuring Oxidative 
Stress in vivo via Photoacoustic Imaging 

Yash Mantri 1, Barak Davidi 2, Jeanne E. Lemaster 3, Ali Hariri 3 and Jesse V. 
Jokerst* 3,4,5

1 Department of Bioengineering University of California, San Diego, La Jolla, CA, USA.,
2 Department of Physics, Fairfield University, Fairfield, CT, USA. 
3 Department of NanoEngineering, University of California, San Diego, La Jolla, CA, USA. 
4 Materials Science Program, University of California, San Diego, La Jolla, CA, USA. 
5 Department of Radiology, University of California, San Diego, La Jolla, CA, USA. 

*Corresponding Author
E-mail: jjokerst@ucsd.edu

Abstract: Accumulation of reactive oxygen and nitrogen species (RONS) can induce cell damage 
and even cell death. RONS are short-lived species, which makes direct, precise, and real-time 
measurement difficult. Biologically-relevant RONS levels are in the nM-µM scale; hence, there is 
a need for highly sensitive RONS probes. We previously used hybrid gold-core silver-shell 
nanoparticles with mM sensitivity to H2O2. These particles reported the presence of RONS via 
spectral shifts which could easily be quantified via photoacoustic imaging. Here, we used halide 
doping to tune the electrochemical properties of these materials to better match the oxidation 
potential of RONS. This work describes the synthesis, characterization, and application of these 
AgI-coated gold nanorods (AgI/AuNR). The I:Ag molar ratio, pH, and initial Ag shell thickness 
were optimized for good RONS detection limits. Halide doping lowers the reduction potential of 
Ag from E0

Ag = 0.80 V to E0
AgI = - 0.15 V resulting in a 1000-fold increase in H2O2 and 100,000-

fold increase in ONOO- sensitivity. The AgI/AuNR system also etches 45-times faster than 
undoped Ag/AuNR. The AgI/AuNR easily reported the endogenously produced RONS in 
established cells lines as well as murine models. 

Keywords: Reactive oxygen and nitrogen species; photoacoustic imaging; optoacoustic imaging; 
halide doping; gold nanoparticles; silver nanoparticles; oxidative stress.
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Introduction.
Reactive oxygen and nitrogen species (RONS) are naturally produced byproducts of aerobic 
metabolism.1, 2 Low levels of RONS play a regulatory role via autophagy and are also involved in 
cell signaling.3, 4 Under oxidative stress conditions, RONS production increases dramatically 
leading to degradation of proteins, lipids, DNA, cell cycle arrest and even cell death.4-6 
Dysregulated RONS can lead to diseases such as cancer,7-9 Alzheimer’s disease,10 and heart 
disease.11 RONS are short-lived species, which makes direct, precise, and real-time 
measurements difficult. Quantitative analysis of these redox radicals is generally difficult due to 
high concentrations of glutathione, varying concentrations of metals, and other redox-sensitive 
agents, which can catalyze or inhibit radical reactions.12, 13 Physiologically, RONS are found as a 
milieu of oxidative species which include radicals such as hydrogen peroxide, peroxynitrate, 
superoxide, hydroxyl, hypochlorite, nitroxyl, singlet oxygen, nitric oxide and many more.14, 15 A 
mixture of these species causes more damage in comparison to one oxidant at high 
concentration.14 

There are several existing approaches to measuring RONS. Fluorescent molecules such as 2’,7’ 
– dichlorofluorescin diacetate (DCFDA) offer in vitro assessments.13, 16-18 Fluorescent probes 
provide high sensitivity and real time imaging but have limited utility in vivo. Electrochemical 
biosensors made from single walled carbon nanotubes have also shown nanomolar sensitivity to 
H2O2 in macrophage cells:19 These are useful tools to study metabolic pathways in single cells 
but are difficult to implement in tissue systems. In vivo imaging of H2O2 in real time using a 
chemoselective bioluminescent reporter (peroxy-caged luciferin-1) has also been reported.20 
Unfortunately, this technique requires genetically modified cells that produce luciferase and 
therefore not viable for clinical applications. Furthermore, these purely optical methods are limited 
by poor penetration through tissue. 

In contrast to optical methods, photoacoustic (PA) imaging is an excellent non-invasive tool that 
combines the depth penetration and high resolution of ultrasound with the high contrast and 
spectral capabilities of optical imaging.21-23 Photoacoustic signal is generated when an absorbing 
particle undergoes thermoelastic expansion under pulsed illumination. Expansion results in the 
formation of acoustic pressure waves that is detectable by ultrasound. Nanoparticles are often 
used as activatable, exogenous contrast agents in PA due to highly tunable shape, size and 
functionalization.24-28 PA has been used to image RONS species previously using semiconductor 
polymer nanoparticles,29, 30 but RONS imaging has not yet leveraged the incredibly high molar 
extinction coefficients of plasmonic particles31, 32 for ultralow detection limits. Indeed, gold 
nanorods (AuNR) are often employed as PA contrast agents because of their high photothermal 
conversion efficiency and relative chemical inertness.33-35 Tuning the aspect ratio of AuNR allows 
one to engineer particles that have a maximum absorbance within the biological optical window,36-

39 and AuNRs have been used with PA to sense chemical species, track cells, image tumors, and 
as theranostic tools.33, 40-42 

Many PA probes take an “always on” approach via enhanced accumulation, permeability and 
retention effect to generate PA contrast in images. Other probes respond to biochemical cues via 
an activatable signal for both in vitro and in vivo applications.27, 43-53 Previously, we and others 
have reported silver/gold theranostic nanoparticles for RONS sensing and antibacterial 
treatment.33, 54 This was silver shell/gold core nanorods (Ag/AuNR) that selectively etched silver 
ions in the presence of RONS (H2O2 and ONOO-) with reporting via PA imaging via spectral shifts. 
The bare AuNR have a near infrared (NIR) resonance that is blue-shifted after the shell is added. 
When the shell is oxidized by the RONS, the NIR resonance is restored and the resulting PA 
signal directly reports the quantity of RONS (Figure 1A). Thus, this PA signal reports the amount 
of Ag+ released and the quantity of RONS. However, this system required mM concentrations of 

Page 2 of 17Nanoscale



3

RONS to etch the silver coating and activate the system—this was a fundamental limitation of this 
work because biologically relevant concentrations are on the nM to µM scale.55-59  

In this work, we used electrochemical principles and nanoengineering to make the nanoparticle 
sensitive to lower RONS concentrations. More specifically, we doped the silver shell with iodide 
because this doping would reduce the standard reduction potential of the silver to more closely 
match the oxidation potential of the RONS species. After careful characterization of the product, 
we validated this system in both in vitro and in vivo models of human disease. The iodide-doped 
system offers detection limits that are three to five log orders lower than un-doped systems and 
underscores the utility of this material for imaging RONS. 

Rationale for Iodide Doping and Synthetic Control. One possible way to increase sensitivity 
to RONS is to reduce the reduction potential of the Ag shell (E0

Ag = 0.80 V) to better complement 
the reduction potentials of the RONS. Doping Ag with halides would lower the reduction potential 
(E0

AgF = 0.78 V, E0
AgCl = 0.22 V, E0

AgBr = 0.07 V, and E0
AgI = - 0.15 V). However, it is necessary to 

stabilize the shell because silver and silver halides are photosensitive making them unfavorable 
candidates for PA imaging.60 Fortunately, the gold core offers abundant electrons to stabilize the 
Ag shell for halide doping.61-63 We selected AgI because it is the least photosensitive and has the 
lowest standard reduction potential of the four halides. It resists reduction by metals but is etched 
under acidic conditions.64  Doping halides into bulk Ag is diffusion limited.63, 65-67 The X- is 
chemically adsorbed on the surface forming a porous film through which more X- can diffuse 
through the bulk metal. Iodide is more aggressive in doping into Ag due to its higher polarizability, 
increased stability, lower reduction potential, and low activation energy versus other halides.66 I- 
also forms a more porous film than Cl- and Br- leading to higher dopant concentrations.66-69
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Results and Discussion

Figure 1. Schematic of shell optimization. Schematic representation of the current work. Iodide 
doping results in biologically-relevant [nM - µM] sensitivity to RONS (A). TEM images of synthesized 
AuNR (B), Ag-coated AuNR with shell thickness 2 nm (C), 4 nm (D), 15 nm (E). Photograph of AuNR 
and Ag/AuNR with increasing shell thickness (F). The color changes from brown-green-purple-red-
orange. Absorption spectra of AuNR and Ag/AuNR with increasing shell thickness (G). Increasing shell 
thickness results in a blue shift of the longitudinal plasmon peak as the aspect ratio reduces. Inset, 
final molar ratio of immobilized Ag:Au after coating through ICP-MS. 

Synthesis of Ag/AuNR. Figure 1B-E shows TEM images and Figure 1G shows the absorption 
spectra of AuNRs and Ag/AuNRs with varying shell thickness. The AuNR had an aspect ratio of 
3.1  0.44 (n > 150 particles) with a peak absorbance at 735 nm. The color of the colloidal 
suspension changed from brown to green to purple to red and finally orange with increasing shell 
thickness (Figure 1F). The Ag:Au molar ratio increased linearly (R2 = 0.93) with increasing 
amounts of added Ag (Figure S1). Increasing shell thickness results in a blue shift of the 
absorption spectrum due to reduction of the aspect ratio from 3.1 to 1.25 for 15 nm shells (Ag:Au 
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= 3.71; Figure 1G). Increasing the amount of Ag results the emergence of a new 400 nm peak 
which can be attributed to the unsymmetrical growth of the silver shell.33, 70, 71 This was further 
confirmed with dynamic light scattering (DLS) (Figure S2). DLS studies then hydrodynamic 
diameter of a particle, which is assumed to be spherical. This is a major limitation of this technique 
to characterize rod like structures. Here, two peaks are seen for all samples. The smaller peak 
(5-7 nm) is attributed to the rotational diffusion coefficient of non-spherical AuNRs.72 After silver 
coating and subsequent iodide doping, the hydrodynamic diameter increases by 2.5 nm along 
with the rotational diffusion coefficient as particles increase in size. 70, 71 

Figure 2. Characterization of iodide-doped Au/Ag hybrid nanoparticles. (A) Absorption spectra of 
bare AuNR, Ag/AuNR, and iodide-doped Ag/AuNR (all samples were from the same batch of synthesis 
and doping). There is no change in the absorption spectra of doped and undoped Ag/AuNRs. EDX 
spectra (B) and pXRD analysis (C) of iodide-doped Ag/AuNRs show characteristic I-, AgI, and AgI3O8 
peaks. TEM images of AuNR (D), Ag/AuNR (E), and AgI/AuNR (F) show retention of the core-shell 
structure after iodide doping. There was no significant change in shell thickness on iodide doping. 
Doping iodine displaces the counter NO3

- from the particle surface resulting in an increase in positive 
zeta potential (G). 

There are three synthetic “knobs” to optimize the doping of the Ag shell: molar ratio of I:Ag, pH, 
and the initial Ag shell thickness (see Figure S3). The molar ratio of I:Ag had relatively minor 
effects. Excess iodide results in the leaching of Ag from the gold surface and the formation of Ag 
nanoparticles—this further increases the absorbance at 390 nm (Figure S3A). The peak 
broadening and baseline increase in absorbance at high I:Ag ratio suggests particle 
destabilization and aggregation. A 1:1 molar ratio of I:Ag showed no peak shift but produced the 
predicted dampening in absorbance indicating successful doping.63, 73 

The pH is the most important variable in determining doping because iodide is best doped into 
Ag under acidic conditions.67, 74 However, in excessively acidic media, Ag can be oxidized and 
etched off the gold core (Figure S3B). The red-shift, lower absorbance, and peak broadening 
seen at pH 2, 3, and 4 suggest Ag shell etching and Au core degradation. In more basic 
conditions, the forward reaction is unfavorable as shown in Equation 1. Hence, pH 5 was selected 
as the most favorable condition. 

 Equation 1𝐴𝑔𝑛 +𝑚𝐻 + +𝑚𝐼 ― →𝐴𝑔𝑛 ― 𝑚(𝐴𝑔𝐼)𝑚 +(𝑚 2)𝐻2

The initial Ag shell thickness could also affect the final product because a thinner shell is more 
susceptible to changes in pH (Figure S3C). Aqueous suspensions of Ag/AuNRs with varying shell 
thicknesses were adjusted to pH 5 and doped with a 1:1 ratio of I:Ag. The nanoparticles with 
thinner shells showed more peak broadening compared to their undoped controls. Iodide 
impurities in CTAB is known to disrupt AuNRs which reaffirms the importance of a thicker (> 4 
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nm) Ag protective shell.75-77 Particles with a Ag:Au molar ratio of 3.32 or more (through ICP-MS) 
showed no change in their spectra and were further characterized and used for all other tests. 

Characterization of iodide doping. The electrons supplied by the gold core stabilizes and 
maintains the silver shell on the Au for successful I- doping.63 In this design, these electrons are 
from the Au core.62 The initial I- adsorption results in dampening of the 390 nm peak (Figure 2A 
and Figure S3A). The slight red shift of the transverse peak to 395 nm accompanied by peak 
broadening indicates the formation of bulk AgI.67  However, there are many sources of spectral 
error, and thus we used complementary techniques to confirm these observations. 

EDX spectroscopy was used to further characterize the particles (Figure 2B). Bare AuNR showed 
slight amounts of Ag because Ag is used to control the anisotropic growth of AuNRs during 
synthesis .78, 79 I (0.2 wt%) was detected in bare AuNR possibly due to contamination in the CTAB 
used during synthesis.77 However, the iodide contamination had no effect on rod formation with 
rod yield greater than 90%. The Ag/AuNRs showed clear peaks of Au and Ag with a Ag:Au molar 
ratio of 2.3 that was further confirmed by ICP – MS (Ag:Au = 3.32) (Figure S1). Iodide-doped 
Ag/AuNRs showed characteristic peaks for iodide with a I:Ag molar ratio of 0.5 (starting 
concentration was 1:1). While EDX is obviously a surface weighted technique, this EDX data 
suggests that not all of the I- formed AgI, which is expected because doping initially starts with 
surface adsorption and complex formation followed by diffusion-mediated doping.69

The pXRD analysis of all samples showed characteristic peaks for Au and Ag (JCPDS 04-0784 
and 04-0783) (Figure 2C). The crystal structure for Au and Ag are very similar, and it is difficult 
to separate one from the other. The formation of AgI is obvious on the pXRD analysis for 
AgI/AuNR (Figure 2C). The presence of characteristic -AgI3O8 peaks representing the 111, 004, 
and 114 crystallographic planes (JCPDS 66-0314) further suggest that the adsorbed AgI is 
complexed with oxygen. Furthermore, the 100, 101, and 110 peaks for -AgI (JCPDS 09-0374) 
show that bulk AgI also exists in the sample. The presence of crystalline -AgI could also be 
attributed to AgI nanoparticle formation due to Ag leaching from the gold surface. TEM images of 
AgI/AuNRs showed the preservation of the shell-core structure and no signs of Ag nanoparticle 
formation (Figure 2E and F). There was no significant change in coated particle size. This 
suggests that the doping must have occurred on and in the shell with bulk AgI in the shell and 
AgI3O8 at the surface. 

We also studied the surface chemistry using zeta potential (Figure 2G). The zeta potential of 
Ag/AuNRs becomes more positive with iodide doping. This is because the KI removes the NO3

- 
counter ion from the Ag surface as KNO3.67 Preoxidation of the surface Ag atom by a nucleophile 
imparts a small positive charge at the surface and a corresponding negative charge within the 
particle.67, 80 This high charge facilitates the high colloidal stability of AgI/AuNRs. 

Finally, we studied the photostability of AgI/AuNRs over 5 minutes of 680 nm pulsed laser 
illumination (Figure S4). the PA intensity reduced only 17% over 5 minutes indicating that 
synthesized AgI/AuNR are stable under pulsed laser illumination.   

In vitro RONS sensing. Figure 3 shows the iodide-doped particles’ response to RONS. TEM 
images (Figure 3A-F) pre-and-post etching with 0.5 mM H2O2 showed that H2O2 had no effect on 
AuNR, slight etching on Ag/AuNRs, and complete shell removal for AgI/AuNRs. The H2O2 
treatment causes selective AgI shell etching and the recovery of core AuNR’s original spectrum 
(Figure 3G). The detection limit for H2O2 and ONOO- with the iodide-doped particles are 50 µM 
and 100 nM respectively, which is 1000-fold and 100,000-fold more sensitive than undoped 
Ag/AuNR controls (Figure 3 I-J) (p < 0.05, n=3). Increased sensitivity to H2O2 (E0 H2O2 = 0.87 V in 
alkaline conditions) and ONOO- (E0 ONOO- = 1.2 V) due to iodide-doping can be credited to the 
lower standard reduction potential of AgI (E0

AgI = - 0.15 V) and (E0
AgIO3 = 0.35 V) compared to Ag 
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(E0
Ag = 0.80 V). The higher sensitivity to ONOO- is likely due to its higher reduction potential. The 

undoped Ag/AuNR are responsive to 50 mM H2O2 and 1 mM ONOO-. It is also possible that 
AgI3O8/AgI layers in the iodide-doped samples become oxidized and then etch off more readily 
compared to the undoped controls. Our previous work showed that Ag/AuNR were responsive to 
5 mM H2O2 and 0.25 mM ONOO-, which is lower than this study. The difference in RONS response 
can be attributed to batch-to-batch variability of particles and to different shell thicknesses. Our 
previous work used thicker shelled particles. 

Figure 3. RONS sensitivity and selectivity. TEM Images of AuNR, Ag/AuNR, and AgI/AuNR pre-
and-post etching with 0.5 mM H2O2 (A-F). AgI/AuNR shows complete etching of AgI shell (C, F), AuNR 
and Ag/AuNR remain unaffected by H2O2. Bare AuNR has peak absorbance at 735 nm which blue-
shifts on AgI coating. Subsequent etching with 1 mM H2O2 recovers the AuNR absorption spectrum 
(G). A slight negative reduction potential of AgI makes it a better electron donor and get oxidized by 
redox species with reduction potential higher than E0

AgI = - 0.15 V. Redox species with lower reduction 
potential cannot etch off the AgI shell (H). AgI/AuNR is 1000-fold more sensitive to H2O2 and 100,000-
fold more sensitive to ONOO- compared to un-doped Ag/AuNR (I-J) (n = 3). RONS with positive 
reduction potential like H2O2 (E0 H2O2 = 0.87 V in alkaline/physiological conditions), ONOO- (E0 ONOO- = 
1.2 V), and OH (E0 OH = 2.8 V) cause AgI shell etching whereas O2

- (E0 O2- = - 2.4 V) had the least 
effect on the nanoparticles (K). Error bars represent the standard deviation of three replicate samples.   
*: p<0.05; **: p<0.01.
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Figure 4. Etching kinetics and photoacoustic response. With 0.5 mM H2O2, AgI/AuNR takes ~5 
hours to completely etch whereas AuNR and Ag/AuNR show no change in absorbance for over 9 hours. 
(A) Photoacoustic images at 680 nm of AuNR, Ag/AuNR and AgI/AuNR treated with varying 
concentration of ONOO- (B). Plot comparing photoacoustic intensity of nanoparticles after treatment with 
varying concentrations of ONOO- from B (C). The detection limit for AgI/AuNR was 10-5 mM and for 
Ag/AuNR was 1 mM (p < 0.001). Error bars represent the standard deviation of six regions-of-interest.     

We also tested the response of AgI/AuNR to 1 mM of other redox species (Figure 3K). Etching 
selectivity is a function of the reduction potential of the oxidative species (Figure 3H). Reduction 
potential is the tendency of a chemical species to gain or lose electrons. A more positive redox 
potential implies a greater tendency to gain electrons and become reduced. As a result, OH (E0 
OH = 2.8 V) had the most effect, and O2

- (E0 O2- = - 2.4 V) had the least effect on the particles. The 
variation in etching is understandable as high positive reduction potential of OH makes it a good 
electron acceptor whereas a negative reduction potential for O2

- makes it a great electron donor. 
The slight negative reduction potential of AgI makes it a good electron donor to OH and in turn 
get oxidized off the Au core. The high oxidizing power of OH etches off the AgI shell and further 
degrades the Au core (E0 Au = 1.69 V) as observed in the absorption spectrum (Figure 3K).

Kinetically, AgI/AuNR etches ~45 times faster than Ag/AuNR when treated with 50 mM H2O2 
(Figure S7B). The detection limit of ONOO- and H2O2 with photoacoustic imaging followed the 
same trend as the absorbance (Figure 4 B-C and Figure S6). A significant increase (p < 0.001) 
in photoacoustic signal is observed versus baseline with 10-5 mM of ONOO- and 10-2 mM of H2O2. 
AuNR treated with 10 mM H2O2 showed an uncharacteristic PA enhancement. H2O2 is known to 
decompose under high fluence illumination into water and oxygen. At high enough concentrations 
of 10 mM there could be oxygen nanobubble formation and PA enhancement due to cavitation. 
In addition, plasmonic materials are known to aggregate at higher ionic strength. 

While these initial experiments tested individual RONS species, the in vivo situation is a complex 
milieu of RONS. Thus, we used SKOV3 cells to model this milieu because they are known to 
produce high levels of free radicals.33, 81-83 The DCFDA assay (Figure S8) confirmed that SKOV3 
cells endogenously produce RONS, and that these RONS are scavenged with NAC. The 
nanoparticles were treated with cell-free media, SKOV3 media, and SKOV3 media treated with 
NAC (Figure S9). Photoacoustic signal from both Ag/AuNR and AgI/AuNR turned “ON” when 
treated with RONS-enriched media. 

The MTT assay for cell cytotoxicity (Figure S10) showed that nanoparticles at 0.01- 0.1 nM had 
no toxicity versus the PBS negative control. At high concentrations of 1 nM, particles exhibited 
higher toxicity which can be attributed to the higher amounts of residual CTAB in those samples. 
Hence, all in vivo experiments were carried out at 0.3 nM particle concentrations to keep toxicity 
as low as possible and generate sufficient signal from the nanoparticles.
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In vivo RONS sensing. Finally, we used zymosan to stimulate intramuscular RONS generation 
in a murine model (n=3). Figure 5 shows the response of AuNR, Ag/AuNR, and AgI/AuNR to 
endogenously-generated RONS. Over 90 minutes, the photoacoustic signal from AgI/AuNR in the 
presence of RONS increased by 70% compared to 20% for Ag/AuNR. The AuNR signal reduced 
by 10% which can be attributed to laser-induced nanorod deformation.84, 85 Photoacoustic spectral 
data showed a clear increase in photoacoustic intensity at 680 nm for AgI/AuNR and no change 
for Ag/AuNR and AuNR. AgI/AuNR turned on only in the presence of RONS as zymosan-free 
controls showed < 5% change in signal over 90 minutes (Figure S11). 

Figure 5. In vivo photoacoustic oxidative stress sensing. Zymosan was used to generate oxidative 
stress intramuscularly in a murine model (n = 3). Photoacoustic images acquired at 680 nm. Signal was 
monitored at t = 0, 5, 10, 15, 20, 30, 45, 50, and 90 minutes. Representative photoacoustic-ultrasound 
images of AgI/AuNR, Ag/AuNR, and AuNR with and without zymosan treatment (A). Photoacoustic 
intensity at t = x min / photoacoustic intensity at t = 0 min for zymosan only and nanoparticles treated 
with zymosan (B). There is a 70% increase in photoacoustic signal for AgI/AuNR, 20% increase for 
Ag/AuNR, and 10% decrease for AuNR over 90 minutes. The zymosan-only control remains 
unchanged. Photoacoustic spectra of AgI/AuNR (+ zymosan) shows increasing photoacoustic response 
at 680 nm over 90 minutes (C). Error bars represent standard deviation of three replicate animals.         
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Conclusion.
This work presents the synthesis, characterization and application of a hybrid iodide-doped Au/Ag 
nanoparticle. In summary, iodide can be doped into Ag/AuNR under acidic conditions. The I:Ag 
molar ratio and initial thickness of Ag shell play an important role in successful iodide doping, 
which lowers the reduction potential of the Ag shell making the nanoparticles 1,000 times more 
sensitive to H2O2 and 100,000 times more sensitive to ONOO- compared to undoped Ag/AuNR. 
Photoacoustic imaging can be used to sense RONS levels in vivo. Importantly, the Ag+ and I- 
released here can also serve as antibacterial agents, and future work will test the antibacterial 
efficacy of these materials including in smart wound dressings.       
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Materials and Methods
Materials. Hexadecyltrimethylammonium bromide (CTAB, Cat. #1102974), gold (III) chloride 
trihydrate (Cat. #520918), L-ascorbic acid (Cat. #A7506), silver nitrate (Cat. #209139), sodium 
borohydride (Cat. #2133462), potassium iodide (Cat. #746428), sodium hydroxide (Cat. #S5881), 
hydrochloric acid (Cat. #339253), hydrogen peroxide (Cat. #216763), potassium superoxide (Cat. 
#278904), sodium hypochlorite (Cat. #239305), tert-butyl hydroperoxide (Cat. #416665), tert-butyl 
peroxide (Cat. #168521), sodium nitrite (Cat. #237213), Angeli’s salt (Cat. #176695), iron (II) 
perchlorate hydrate (Cat. #33408), 2’,7’-dichlorofluorescin diacetate (DCFDA Cat. #D6883), N-
acetylcysteine (NAC) from Escherichia coli (Cat. #A9165), and zymosan A from Saccharomyces 
cerevisiae (Cat. #Z4250) were purchased from Sigma-Aldrich (Atlanta, GA, USA). Peroxynitrite 
was purchased from EMD Millipore Co. (Cat. #516620, MA, USA). McCoy’s 5A medium with L-
glutamine, sodium bicarbonate; without phenol red was purchased from GE Healthcare Bio-
Sciences Corp. (Cat. #SH30270.01, MA, USA). Vybrant MTT cell proliferation assay kit was 
purchased from Life Technologies Corp. (Cat. #V13154, NY, USA). All reagents were used 
without further purification. Aqueous solutions were made by diluting in distilled water unless 
otherwise mentioned.    
Gold nanorod (AuNR) synthesis. AuNRs were synthesized using the seed-mediated growth 
method used in a previous report with some modifications.33 Gold seeds were prepared by adding 
5 ml of CTAB (0.2 M) to 2.5 ml of HAuCl4.3H2O (0.001 M) and further reduced with 0.6 ml of ice-
cold NaBH4 (0.01 M) under vigorous stirring for 2 min. The growth solution was prepared by 
adding 500 ml of HAuCl4●3H2O (0.001 M) to 500 ml of CTAB (0.2 M). To this, 36 ml of AgNO3 
(0.004 M) and 7 ml of L-ascorbic acid (0.089 M) was added. Next, 1.2 ml of freshly prepared gold 
seed solution was added, and the reaction mixture was left undisturbed for 30 – 60 mins until the 
solution turned purple/dark brown. After 12 hrs of additional reaction the mixture was washed 
three times via centrifugation at 12500 rpm for 15 min with distilled water to remove excess CTAB 
and unreacted gold. Synthesized AuNR were suspended in distilled water and stored at 4 C.  
Preparation of the Silver-coated AuNR (Ag/AuNR) and Iodide-Doped AuNR (AgI/AuNRs). 
Ag-coated AuNRs were synthesized using previous reports with a few modifications.[33, 71] 
Ag/AuNRs with increasing Ag-shell thickness were made by increasing the Ag:Au molar ratio:  80 
µL of AuNR stock (AuNR concentration 10.95 nM) was suspended in a mixture containing 1.5 ml 
distilled water and 1 ml CTAB (0.1 M). Next, various amounts of AgNO3 (0.01 M) 25, 45, 65, 85, 
110, 145, and 175µL were added to separate vials and stirred at 600 rpm. Then, 110 µL of L-
ascorbic acid (0.1 M) and 300 µL of NaOH (0.1 M) was added under vigorous stirring for 30 min. 
The synthesized Ag/AuNR shell/core particles were washed twice via centrifugation at 12500 rpm 
for 15 min to remove excess Ag and CTAB. Iodide doping of Ag to form AgI can be done under 
acidic conditions as proposed by Mulvaney and later demonstrated by Vasan.67, 74 We studied the 
effect of Ag:I molar ratio, pH, and initial Ag shell thickness on iodide doping. Finally, Ag/AuNR 
with a Ag:Au molar ratio of 3.32 were doped with iodide by first adjusting pH to 5 using HCl (0.1 
M) and adding KI in a 1:1 molar ratio of Ag:I. The reaction was stirred at 600 rpm for 2 hours to 
ensure complete doping. The doped particles were washed twice with centrifugation at 12500 rpm 
for 15 min to remove unreacted iodide.  The particles were stored at 4oC wrapped in aluminum 
foil to prevent any photoetching.
Transmission Electron Microscopy (TEM). TEM samples were examined using a JEOL JEM-
1400Plus transmission electron microscope operating at 80 kV. Images were recorded using a 
Gatan OneView 4K digital camera and processed using ImageJ 1.51s. Samples were prepared 
by drop casting 20 µL of nanoparticle suspension onto 300 mesh carbon-coated copper grids. 
Absorption spectra. All absorption spectra were measured using a Molecular Devices 
Spectramax M5 microplate reader using 150 µL of solution in 96-well plates. Unless otherwise 
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mentioned, absorbance was read from 350 – 900 nm with a step size of 10 nm and plotted using 
GraphPad Prism Software. 
Energy Dispersive X-Ray Spectroscopy (EDX). EDX samples were analyzed using FEI Apreo 
FESEM, operating at 20 kV with a spot size of 5 and emission current -90 µA; 20 µL of sample 
were drop-cast onto 300-mesh carbon-coated copper grids. 
Powder X-Ray Diffraction (pXRD). Samples were characterized by pXRD with the Bruker D8 
Advance used in Bragg-Brentanno geometry. Cu radiation: 1.54 Angstroms, equipped with a Ni 
K-beta filter. The 2θ scan range was 10-80o in increments of 0.02 and exposure of 0.25 seconds 
per scan. Samples were prepared by spinning down 1000 µL of nanoparticle suspension and 
resuspending them in 20 µL of water via sonication. 
Dynamic light scattering (DLS) and zeta potential. Hydrodynamic diameter and zeta potential 
were measured using a Malvern Instruments Zetasizer ZS 90; 200 µL of nanoparticle suspension 
was diluted in 800 mL of distilled water. 
Inductively Coupled Plasma - Mass Spectrometry (ICP-MS). The ICP-MS analysis was done 
on a Thermo Scientific iCAP RQ ICP-MS in the Environmental and Complex Analysis Laboratory 
at UC San Diego. Samples were washed twice to remove unreacted reagents and then digested 
overnight in aqua regia before analysis. 
RONS selectivity and sensitivity studies. To compare the dose dependent response of the 
particles, 200 µL of AuNR, Ag/AuNR and AgI/AuNR were treated with 10-3, 5-3, 10-2, 5-2, 10-1, 5-1, 
1, 5, 10, and 50 mM of H2O2 for 18 hours at room temperature. Separately, particles were also 
treated with 10-6, 10-5, 10-4, 10-3, 10-2, 10-1, 1, and 10 mM of ONOO- for 18 hours at room 
temperature. Absorption spectra after treatment with H2O2 and ONOO- was taken and plotted 
ratiometrically as Absorbance at 780 nm:Absorbance at 578 nm. The rationale behind the choice 
of wavelength; 780 nm is the peak absorbance of the etched-AgI/AuNR treated with 50 mM H2O2 
and 578 nm is the peak absorbance of unetched AgI/AuNR.
To test RONS selectivity, nanoparticles were treated with 1 mM of hydrogen peroxide (H2O2), 
peroxynitrite (ONOO-), nitroxyl (HNO), nitrite (NO2

-), tert-butoxy radical (C4H9O), tert-butyl 
hydrogen peroxide (tBuOOH), hypochlorite (OCl-), superoxide (O2

-), and hydroxyl radical (OH). 
Hydroxyl radicals were generated via the Fenton Reaction between H2O2 and iron (II) perchlorate 
hydrate (Fe(ClO4)2xH2O).59 
Etching Kinetics. The kinetics of Ag and AgI etching were studied using change in absorbance 
at 680 nm when treated with 0.5 and 50 mM H2O2 over 18 hours at room temperature with a step 
size of 10 min.
Cell culture. To test whether endogenously produced RONS can oxidize the Ag and AgI shell, 
we treated AuNR, Ag/AuNR, and AgI/AuNR with cell media from ovarian cancer cell cultures 
(SKOV3). The 2’-7’ dichlorofluorescin diacetate (DCFDA) assay was used to confirm that SKOV3 
cells naturally produce RONS. Briefly, cells were cultured using phenol free McCoy’s 5A medium; 
10,000 cells were plated onto 12-well tissue culture plates and incubated till 80% confluent. Cells 
were incubated with DCFDA (20 µM in PBS) for 45 minutes in the dark and imaged using a Life 
Technologies EVOS FL microscope with FITC filter sets at 10X magnification. As a negative 
control, cells were treated with N-acetyl cysteine (NAC; final concentration 10 mM in PBS) for 1 
hour to scavenge RONS. Finally, 200 µL of nanoparticle suspension was treated with 200 µL of 
SKOV3 cell media and incubated for 30 min. Photoacoustic response was studied at 680 nm. 
Nanoparticle cytotoxicity was assessed using the MTT cell proliferation assay kit.    
Photoacoustic imaging. All photoacoustic images were acquired using the Visualsonics Vevo 
2100 LAZR imaging system at 680 nm. All photoacoustic spectra were acquired from 680 – 970 
nm with a step size of 5 nm. All in vitro samples were imaged using the LZ250 transducer (21 
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MHz center frequency) and all in vivo studies were imaged using the LZ550 transducer (40 MHz 
center frequency).    
In Vivo RONS sensing. All animal experiments were performed in accordance with NIH 
guidelines approved by the Institutional Animal Care and Use Committee (IACUC) under protocol 
S15050 at the University of California, San Diego. Zymosan was used to stimulate endogenous 
production of RONS in a murine model. 30, 59, 86 100 µL of zymosan (20 mg/ml in PBS) was injected 
intramuscularly into the femoris muscle of the upper hind limb and incubated for 20 min (n = 3). 
After incubation 100 µL of AuNR, Ag/AuNR and AgI/AuNR (0.3 nM particle concentration) was 
injected and their photoacoustic response was monitored at 0, 5, 10, 15, 20, 30, 45, 60 and 90 
minutes. We used zymosan only and PBS injections as negative controls. All images were 
processed using the Vevo LAB 3.1.0 software. We studied the increase in photoacoustic response 
as a ratio of photoacoustic intensity at t = x minutes:photoacoustic intensity at t = 0 min.  
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