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Photoacoustic imaging is an emerging imaging modality whereby pulsed laser illumination 

generates pressure transients that are detectable using conventional ultrasound. Plasmonic 

nanoparticles such as gold nanorods and spheres are commonly employed exogenous contrast 

agents for both sensing and therapeutic applications. This dissertation first presents a detailed 

review of engineering plasmonic nanoparticles for enhanced photoacoustic imaging followed by 

the design of iodide and chalcogenide doped silver-coated gold nanorods for oxidative stress 

sensing and enhanced photoacoustics. Clinically, photoacoustics leverages hemoglobin and 

melanin as endogenous contrast agents for breast, vascular, and wound imaging. The rest of this 

dissertation focuses on the use of ultrasound and photoacoustic imaging to monitor and predict 

chronic wound healing in human subjects. Chronic wounds are a major health problem that cause 

the medical infrastructure billions of dollars every year. Chronic wounds are often difficult to heal 
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and cause significant discomfort. Although wound specialists have numerous therapeutic 

modalities at their disposal, tools that could 3D-map wound bed physiology and guide therapy do 

not exist. Visual cues are the current standard but are limited to surface assessment; clinicians rely 

on experience to predict response to therapy. Photoacoustic imaging can solve these major 

limitations. Chronic wound patients often receive skin grafts to promote tissue regeneration, but 

grafting makes it impossible to monitor the underlying wound bed. Ultrasound imaging can be 

used to size wounds in three dimensions, monitor, and predict tissue loss or regeneration under a 

skin graft. The addition of photoacoustic imaging allows functional imaging of angiogenesis and 

perfusion into the wound bed, both essential for wound healing. An increase in photoacoustic 

signal corresponds to higher perfusion and the rate of photoacoustic signal increase can predict if 

a wound is likely to heal or not. Clinical photoacoustic imaging can be limited by melanin, a major 

optical absorber giving skin its characteristic color. Subjects with darker skin tones and hence high 

melanin content absorb more photons leaving less light to probe deeper tissues of interest. The 

bias against darker skin tones subjects can be easily minimized by designing tools that account for 

variable melanin concentrations.    
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Chapter 1: Engineering plasmonic nanoparticles for 

enhanced photoacoustic imaging   

1.1 Abstract 
 

Photoacoustic (PA) imaging is an emerging imaging modality whereby pulsed laser 

illumination generates pressure transients that are detectable using conventional ultrasound. 

Plasmonic nanoparticles such as gold nanorods and nanostars are often used as PA contrast agents. 

The thermoelastic expansion model best describes the PA response from plasmonic nanoparticles: 

Light absorption causes a small increase in temperature leading to thermoelastic expansion. The 

conversion of optical energy into pressure waves (po) is dependent on several features: i) 

absorption coefficient (µa), ii) thermal expansion coefficient (b), iii) specific heat capacity (Cp) of 

the absorbing material, iv) speed of sound in the medium (c), and v) the illumination fluence (F). 

Controlling the geometry, composition, coatings and solvents around plasmonic nanostructures 

can help tune these variables to generate the optimum PA signal. The thermoelastic expansion 

model is not limited to plasmonic structures and holds true for all absorbing molecules. Here, we 

focus on ways to engineer these variables to enhance the PA response from plasmonic 

nanoparticles.  
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1.2 Introduction  

Conventional optical imaging uses a light in-light out approach, which limits depth 

penetration due to scattering in tissue. Ultrasound imaging uses a sound in-sound out approach, 

which reduces scattering but lacks the spectral capabilities and high contrast of optical imaging. 

Photoacoustic (PA) imaging solves these limitations and provides spectral ultrasound imaging 

based on varying optical absorption. PA uses a light in-sound out approach where pulsed light is 

absorbed to generate pressure transients that are detectable by ultrasound.1, 2  

PA imaging benefits from contrast agents that produce signal with different characteristics 

compared to background. The most commonly used endogenous contrast agents are oxygenated 

and deoxygenated hemoglobin and melanin.2, 3 Oxy- and deoxy-hemoglobin have distinct 

absorption spectra. Thus, PA signals obtained at different wavelengths can be unmixed to quantify 

blood oxygen saturation—a key parameter for diagnostics.4 Exogenous contrast agents with 

different optical properties can increase contrast and can be engineered as activatable sensing and 

therapeutic platforms. These exogenous contrast agents range from dyes 5-7 and small molecules 8-

10 to nano 11-13 and micro particles.14-17 Engineering highly efficient contrast agents can increase 

sensitivity, image quality, and early-stage diagnostics; it can improve therapeutic efficiency.  

To design efficient contrast agents, it is important to understand the method of signal 

generation of which there are four primary mechanisms: thermal or thermoelastic expansion, 

vaporization,15, 18, 19 optical breakdown, and photochemical processes.20 For biomedical 

applications and contrast agent development, we are usually interested in the thermoelastic 

expansion route because it does not change or break the properties of the biological sample under 

observation.1 Herein, light absorption causes a small increase in temperature (in the millikelvin 

range) leading to the brief expansion of the contrast agent.1, 21, 22 This creates a pressure transient 
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that can be detected acoustically. There is no bulk heating of the medium because the expansion 

is spatially and thermally confined using light pulses shorter than the thermal relaxation time of 

the absorber.23 The resulting PA signal is a function of the optical, thermal, and elastic properties 

of the sample.  

The pressure difference generated due to thermal expansion (ro) is given below in 

Equation 1.1.1 Here, b is the thermal expansion coefficient of the absorbing material in K-1; c is 

the speed of sound in ms-1 in the medium; Cp is the specific heat capacity of the absorber in J/(K 

kg); µa is the absorption coefficient in cm-1; and F is the irradiation fluence in J/cm2. G is the 

Grüneisen parameter (Equation 1.2) characterizing the thermo-acoustic conversion efficiency, 

and A is the local energy deposition density in J/cm3 (Equation 1.3). 

r! = ""#
!

$"
# µ%𝐹 = G𝐴  Equation (1.1) 

 

G = ""#
!

$"
#    Equation (1.2) 

 

𝐴 = µ%𝐹   Equation (1.3) 

Plasmonic nanoparticles make good photoacoustic contrast agents because of their high 

absorption cross section, relative inertness, high stability, and a tunable localized surface plasmon 

resonance (LSPR).24, 25 Gold (spheres, rods, plates, shells, stars) and other metal nanostructures 

are particularly common as PA contrast agents. They are easily functionalized and can respond to 

specific chemical cues.26, 27  

To enhance PA signal generation from plasmonic nanoparticles, researchers have turned a 

few “knobs” as described in Equation 1.1. The illumination fluence (F) is not a nanoparticle 
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property and can be tuned separately, e.g., by laser power.  The speed of sound (c) is a function of 

the tissue type and can be difficult to manipulate externally. However, the absorption coefficient 

(µa), thermal expansion coefficient (b), and specific heat capacity of the absorber (Cp) can be tuned 

by modifying the nanoparticle shape, material, solvent, etc. Equation 1.1 can be applied to all 

absorbing molecules such as endogenous hemoglobin and melanin and is not just limited to 

plasmonic nanostructures.1 Here, we review how the nanoparticle properties can be engineered to 

enhance PA signal (ro). We focus on the thermoelastic expansion model of PA generation and 

review ways to engineer the variables presented in Equation 1.1.   

1.3 Absorption coefficient (µa) 
 

The absorption coefficient describes how well a material absorbs incident photons at a 

defined wavelength—it is directly proportional to photoacoustic signal. As light traverses through 

a sample it is either scattered or absorbed. Scattering and absorption is strong in tissues hence 

optical imaging techniques have limited depth penetration (approx. 100 µm). The reduced 

scattering coefficients for soft tissue and water from 600-900 nm ranges from 10-20 cm-1 and less 

than 0.003 cm-1 respectively. The absorption coefficient ranges from 0.1-0.5 cm-1 and 0.0015-

0.067 cm-1 respectively.28, 29  For PA signal generation, the excitation light must be absorbed to 

induce thermoelastic expansion (Equation 1.1). A high µa produces high PA signal (Equation 

1.1), and there are various ways to increase the absorption coefficient of nanoparticles: increasing 

absorbance at a wavelength of interest, plasmon coupling leading to local field enhancement and 

spectral shifts, and shape control of nanoparticles.  
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1.3.1 Increasing absorbance 

Absorbance measures light attenuation through a sample. It combines the effects of photon 

absorption and scattering. Increased absorption and reduced scattering increase the absorption 

cross section of a particle. The absorption cross-section is the probability that a photon of a 

particular wavelength is absorbed by a particle. Typical values for nanoparticles range from 2.9-

33.5 x 1011 cm2.30 Nanoparticles are employed as PA contrast agents because of their high 

absorption cross-section compared to other small molecules.31 Generally increasing the 

absorbance leads to an increase in photoacoustic signal.32-35 Coatings like polydopamine,36, 37 

melanin, 38 titanium dioxide,39 graphene oxide, 40 and reduced-graphene oxide 41, 42 on gold 

nanoparticles increase the absorbance and subsequent PA amplitude. Although uncoated 

nanoparticles and coatings alone showed no enhancement in all these reports, they do not show if 

a mixture of the core and shell materials lead to PA enhancement. A unique example was reported 

by Leng et al. in 2018; they engineered gold nanorod-copper sulfide heterostructures with 

enhanced photothermal conversion efficiency and photostability.43 They showed that depositing 

Cu7S4 on gold nanorod tips instead of a uniform shell around a nanorod core reduced scattering 

and increased absorption. The increased absorption lead to a 62% increase in photothermal 

efficiency. Its effect on PA signal generation remains to be seen. 

Adding dyes like rhodamine B,44 indocyanine green,45-47 cyanine 5.5, methylene blue, and 

quenchers like QSY21 to nanoparticles like gold or single walled carbon nanotubes increase 

absorption and enhance PA signals up to 100-fold.48, 49 Upon irradiation, electrons excited to a 

higher energy state can relax back to their ground state by i) non-radiative pathway or vibrational 

relaxation ii) radiative pathway or fluorescence or iii) inter-system crossing or phosphorescence. 
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Maximizing non-radiative relaxation increases PA amplitude as more energy is converted to heat 

and thermoelastic expansion.50 

1.3.2 Plasmon coupling leading to local field enhancement and spectral shifts that changes 

µa 

Individual plasmonic oscillations on noble metal nanostructures can be coupled when 

nanoparticles are in close proximity to each other.51 Plasmonic coupling can cause the electric field 

in the interparticle gap to be boosted by several orders of magnitude, which far exceeds the field 

enhancement for a single plasmonic nanoparticle.52-56 The plasmon modes of close particles can 

either be in phase or out of phase with each other. This causes attraction or repulsion leading to a 

decrease (redshift) or an increase (blueshift) in the hybridized plasmon resonance.57 Usually, a 

decrease in nanoparticle size causes a blue shift whereas an increase in size due to nucleation or 

aggregation causes a red shift. 58 A red shifted LSPR increases µa in the near infrared (NIR) range 

which is favorable for PA imaging. The magnitude of the plasmon shift depends on the particle 

geometry, plasmon resonance of individual particles, and the interparticle spacing.53, 59  

PA enhancement due to plasmonic coupling has been extensively reported over the years. 

Gold nanoparticle strings,60 biodegradable gold nanovesicles,61 self-assembled semiconducting-

gold nanoparticles,62 aggregated gold-silica Janus nanoparticles 63 and many more examples show 

that plasmonic coupling between two or more nanoparticles shifts the LSPR into the biological 

optical window (650-900 nm). Increasing absorbance in the NIR range results in PA enhancement 

compared to un-coupled controls. Lu et al. (2020) reported a clever method for plasmon coupling-

related PA enhancement:64 They manipulated the LSPR band of AuNPs by enzymatic hydrolysis 

and induced self-assembly of nanoparticles. Nanoparticle assemblies responded to specific 

enzymatic cues (collagenase IV) and self-assembled via hydrogen bonding, P - P stacking, and 



7 
 

hydrophobic interactions. Self-assembly of AuNPs resulted in a red-shifted absorption spectrum 

due to plasmon coupling. The increase in absorbance in the NIR range (680-800 nm) along with 

thermal overlap of assembled particles resulted in 2-fold enhancement in PA intensity.  

Recently our group reported iodide-doped silver-coated gold nanorods as an activatable 

PA contrast agent to measure oxidative stress.13 We showed that absorption spectra of gold 

nanorods (AuNRs) can be blue shifted when coated with increasing amounts of silver.  Blue 

shifting of the absorbance reduces µa in the NIR range and the PA response at 680 nm. Selective 

etching of the silver iodide shell using reactive oxygen and nitrogen species can recover the 

absorption spectra and µa of the bare AuNRs. The increase in µa at 680 nm resulted in a 70% 

increase in PA intensity in a mouse model of zymosan induced oxidative stress. 

1.4 Shape and size control 
 

Optimizing the geometry of plasmonic nanoparticles can significantly affect their optical 

and photoacoustic properties.65 Gold nanoparticles are the most commonly used plasmonic PA 

contrast agents.66 They can be synthesized as spheres,67 cubes,68 plates,69 rods,12, 13, 70-72 cages,73-75 

shells,76 bipyramids77, and stars.78, 79 The tips and edges lead to enhancement of the 

electromagnetic field as electron density increases at the tips. Simulations have shown that sharper 

tips have a higher µa compared to rounded tips.80 The emergence of hotspots where plasmons relax 

thermally via electron-phonon coupling can help generate the PA signal. Electron-phonon 

coupling describes the movement of atoms in a crystal lattice due to electron oscillations.81-83 

Various shapes exhibit different ratios of absorption and scattering so some shapes are better suited 

for PA than others. Gold nanospheres are easy to synthesize but their LSPR (» 530 nm) lies outside 

the biological optical window.  
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 Gold nanorods are the most widely used PA contrast agents because of their easily tunable 

absorption spectrum; unfortunately, they are fairly unstable under high fluence laser illumination.84 

Gold nanocages and nanoshells are also applied as biomedical PA contrast agents. Chigrin and co-

workers modelled and showed that the most promising geometries are high aspect ratio gold 

nanorods and gold nanostars with high absorption and low scattering coefficients.85 Knights et al. 

(2019) showed that 40-50 nm AuNRs produced the highest PA signal but were also cytotoxic; 10 

nm AuNRs were efficient photoacoustic converters at equivalent total mass showing 2.5-fold PA 

enhancement.86 There is a considerable amount of data on how PA is affected by shape and size 

of gold nanoparticles but a comprehensive model that can predict PA response from other 

plasmonic geometries is still missing. 

1.5 Moving plasmonics into the second near infrared window (1000-1700 nm) 

Until recently, the field has devoted most of its efforts into engineering plasmonic 

nanostructures that operate within the first biological optical window (600-900 nm). There exists 

a second NIR window (1000-1700 nm) where biological tissues have low background. Designing 

contrast agents that operate within this range can help image deeper by reducing scattering from 

tissue. Illumination fluence (F) can be increased when using longer (less energetic) wavelengths 

which is governed by the maximum permissible exposure limit. Although water absorbs strongly 

at 1450 nm, researchers have shown promising results by moving plasmonics into the NIR-II 

window. Most of the work in this area is around semiconductor-based polymeric nanoparticle 

assemblies with broadband absorption.87-89 Recently, Chen et al . (2019) reported a miniaturized 

gold nanorod for photoacoustic imaging in the NIR-II window. 90 The LSPR peak of gold nanorods 

is controlled by the nanoparticle’s aspect ratio. Increasing aspect ratio, red shifts the LSPR of 

nanorods. Aspect ratios of 6 or higher can push the LSPR into the NIR-II range. The common 
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seed-mediated synthesis of high aspect ratio gold nanorods results in particles that absorb in the 

NIR-II range but have large dimensions (120 x 18 nm).72, 90 But for in vivo applications 

nanoparticles must be less than 100 nm in size to favor extravasation and accumulation in tumors. 

Chen and coworkers (2019) synthesized high aspect ratio gold nanorods (49 x 8 nm) using a 

seedless synthesis process.90 The resulting nanoparticles showed peak absorbance at 1064 nm and 

3.5-fold photoacoustic enhancement. PA signal from miniaturized nanorods was higher due to a 

higher surface area to volume ratio compared to their larger counterparts.  

The absorption coefficient of plasmonic nanostructures can be easily tuned via the material 

properties or shape of the nanostructure.91 For enhanced PA, the ideal nanoparticle should have 

high light absorbance and low scattering properties. Nanoparticle geometry and size have a 

significant impact on its optical properties. Geometries with sharp tips such as nanostars exhibit 

localized plasmon hotspots that result in a higher µa. Moving plasmonics into the NIR-II window 

can help image deeper within tissues. The use of longer and lower energy wavelengths will aid in 

the clinical translation of PA by keeping exposure levels under the maximum permissible exposure 

limit while still providing sufficient imaging signal. 

Another unique example was demonstrated by Wang et al. in 2014.92 Using FDTD 

simulations they modelled “rod in shell” nanoparticles with absorption in both the NIR-I and II 

windows. Their model nanoparticle had a gold core (60 nm x 20 nm), a composite Ag:Au (1:1) 

outer shell (4 nm), and a hollow gap in between (5 nm). Under longitudinal excitation mode, their 

nanoparticle showed two distinct absorption peaks at 681 and 1158 nm respectively. This was 

attributed to near-field enhancement and plasmon hybridization between the core and shell layers. 

With a higher absorption cross-section compared to uncoated gold nanorods, these rod in shell 

particles could show high efficiency in both PA and photothermal therapy (PTT) applications. 
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Broadening the absorbance of gold nanoparticles into the NIR-II range via shape control; 

gold nanoechinus93 or with coatings; polydopamine blackbody37 have been reported. As described 

earlier, plasmonic coupling of nanoparticles due to self-assembly or aggregation can also red shift 

its absorbance spectra. The red shift can be engineered into the NIR-II range. Overall, the high 

absorption cross-section, tunability and sensitivity of plasmonic nanoprobes along with the ability 

to image deeper and with higher fluence make their move into the second biological optical 

window highly desirable.50, 94 Since most of the work done in this field is based on semiconducting 

and organic probes, plasmonics remains a relatively new but extremely promising area of study. 

1.6 Thermal expansion coefficient (b) 

The thermal expansion coefficient describes how the size of an object changes as a function 

of temperature. The thermal expansion coefficient is a material property and hence very difficult 

to change in a nanoparticle. To the best of our knowledge there have been no reports of engineering 

the thermal expansion coefficient of a nanoparticle. However, many groups have modelled and 

partially shown that the PA signal is a summed contribution of the thermal expansion of the 

nanoparticle and its solvent. During a laser pulse, heat cannot be completely confined within the 

nanoparticle—some of it is diffuses into the solvent leading to a shell-like layer of the solvent 

around the nanoparticle with elevated temperature. The resulting temperature increase induces 

thermal expansion in both the nanoparticle and the solvent (Figure 1.1). The amount of heat 

transferred into the solvent depends on the length of the laser pulse, interfacial thermal resistance 

(kapitza resistance) at the nanoparticle-solvent interface, and the thermoelastic properties of the 

solvent itself.95 Hence, tuning the solvent properties can enhance the PA signal.  
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Figure 1. 1 Solvent generated PA signal. 
During a laser pulse, heat is transferred into the solvent, which undergoes thermoelastic expansion and produces up 
to 93% of the PA response (yellow curve) compared to the absorbing nanoparticle (purple curve). PA amplitude is 
directly proportional to the rate of heat flux from the nanoparticle to the solvent and depends on the laser pulse width, 
kapitza resistance (thermal resistance at the nanoparticle-solvent interface), and the thermoelastic properties of the 
solvent itself. The red region around the nanoparticle depicts the heated region of the solvent. 
 
 

The PA varying response of silica-coated gold nanospheres in water, silicone oil, and 

toluene was reported in 2012 by Chen et al. 95 They showed that the PA signal is proportional to 

the temperature-dependent Grüneisen parameter (Equation 1.2) of the respective solvent. Ethanol 

has a much higher b and a much lower specific heat capacity (Cp) compared to water at room 

temperature.96 Hence, the Grüneisen parameter (Equation 1.2) for ethanol is 11.7-fold greater than 

that of water at room temperature.96 Shi et al. (2016) modelled and experimentally showed that 

changing the solvent from water to ethanol for gold nanospheres resulted in a 4.5-fold higher PA 

signal.96 Furthermore, coating gold nanospheres with a shell having a higher thermo-acoustic 

conversion efficiency than water could enhance PA signal. The b for PDMS is 4.5-fold higher than 

that of water. By confining the heat distribution within the PDMS shell a 3.5-fold PA enhancement 

was observed by Shi et al. (2016) 96 
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Emelianov and others have modelled shown that over 90% of the PA signal is generated 

within the solvent compared to the absorbing nanoparticle.95-97 The optical energy absorbed by the 

nanoparticle diffuses into the solvent as heat because of the small size of nanoparticles (high 

surface area-to-volume ratio). The intensity of the PA signal is proportional to the outgoing heat 

flux.95 Water is a unique solvent to study the PA response of a nanoparticle. The thermal expansion 

of water disappears at 3.98oC as water is densest at that temperature hence any PA signal generated 

from the heating solvent vanishes, but the PA generated from the nanoparticle can still be 

transmitted.95 

Coatings such as silica,98-100 reduced graphene oxide41, and zinc tera(4-

pyridyl)porphyrin101 can change the kapitza resistance or thermal conductance at the nanoparticle-

solvent interface leading to PA enhancement. In the thermoelastic expansion model of PA each 

nanoparticle has its own thermal profile; the particle itself and the heated solvent around it (Figure 

5). When aggregated, the thermal profiles of individual nanoparticles can overlap and collectively 

add to increase the rate of heat flux into the solvent.102 This was demonstrated by Bayer et. al in 

2013. 103 PA signal from aggregated silica-coated gold nanoparticles was up to 7-fold higher 

compared to dispersed silica-coated gold nanoparticles. A 25 nm thick silica shell around gold 

nanorods measuring 65 x 12 nm in size ensured that there was no plasmonic coupling between 

aggregated nanoparticles. In vitro tests showed that PA signal linearly increased as a function of 

particle concentration. 

Another distinctive example was demonstrated by Chen et al. in 2017; here, they 

synthesized temperature sensitive poly(N-isopropylacrylamide) (PNIPAM) nanoparticles loaded 

with gold nanorods or copper sulfide nanospheres.104 PNIPAM shrinks above its lower critical 

solution temperature (LCST) at 32oC. The gold nanorods or copper sulfide nanospheres were 
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drawn closer together as the temperature increased above 32oC—this increased the thermal flux 

from the cluster into the surrounding medium. Using this dynamic nanogel they were able to 

enhance PA signal from gold nanorods and copper sulfide nanospheres up to 22 and 30-fold 

respectively (OD = 3.33 for 1 cm optical path length). Even below the LCST, PNIPAM-AuNR 

showed a 3.5-fold PA enhancement versus pure AuNR solution, which was attributed to random 

thermal overlap of nanoparticles within the gel matrix. PNIPAM-CuS showed no change in optical 

absorption due to aggregation but showed a 5.5-fold PA enhancement above the LCST. This 

confirmed that enhancement was due to thermo-dynamic and not plasmonic coupling effects.  

The PA signal generated from core-shell nanoparticles specifically gold-silica core-shell 

nanostructures has been studied and modelled extensively. There are conflicting reports that show 

both PA enhancement (up to 3-fold for AuNRs)95, 98, 99, 105, 106 and a PA decrease107 upon silica 

coating. The most comprehensive model in this field was recently reported by Shahbazi et al. in 

2019.97 This group modelled the heat transfer and PA signal generation from a core-shell gold 

nanosphere using a nanosecond pulsed laser illumination. They considered the interfacial thermal 

resistance at the core-shell and shell-solvent interface and the temporal waveform of the laser pulse 

and showed that both parameters had a dramatic impact on PA amplitude. They also showed that 

only 7% of the PA signal is generated within the nanoparticle and that the fluid-generating region 

is a spherical shell almost twice as thick as the radius of the nanoparticle.  

Other groups have looked at the ideal core-shell sizes and reported various values. Chen et 

al. (2012) observed the highest PA response from 13 nm gold cores coated with 18 nm silica 

shells.95 Kumar et al. (2018) reported 6-fold enhancement using 35 nm gold cores coated with 20 

nm silica shells.106 Both groups reported that increasing the shell thickness above a certain value 

results in loss of PA signal as the thermal energy is confined within the shell and does not diffuse 



14 
 

into the solvent. Using thin shells with short duration laser pulses result in the highest 

amplification. 

On the contrary, Pang et al. (2019) reported that the kapitza resistance has negligible effect 

on PA signal generation and silica coating causes a reduction in PA amplitude.107 For uncoated 

gold nanospheres under 5 ns pulsed illumination, the kapitza resistance had a negligible effect on 

PA amplitude. To see the effects of kapitza resistance they dropped the pulse duration to 0.1 ns. 

They assume that the kapitza resistance at the shell-water interface is within the same order of 

magnitude as the uncoated control. The thermal conductivity of gold (314 W/m.K) is much higher 

than silica (0.2 W/m.K). Others have shown that the rate of heat dissipation is approximately 1.6-

fold faster for silica-coated gold nanoparticles compared to uncoated controls and hence the 

kapitza resistance should be different for the two as well.108  

Engineering the thermal expansion coefficient of a nanoparticle has yet to be reported. 

Most (>90%) of the PA response is generated by the solvent around the nanoparticle, and thus 

choosing a solvent with a high b can significantly enhance the PA response; however, this is not 

always possible in biological applications. The kapitza resistance can be tuned to maximize the 

thermal energy transfer from the nanoparticle to its solvent. Thin silica coatings that reduce the 

kapitza resistance have shown promise in this direction. 

1.7 Specific heat capacity (Cp) 
 

The specific heat capacity is the amount of thermal energy required to raise the temperature 

of a substance per unit of mass. Photoacoustic calorimetry is often used to measure the thermal 

properties of materials.109 To the best of our knowledge there is no reported example of engineering 

the specific heat capacity of a nanoparticle to tune PA response. Alloying metals can result in a 

new specific heat capacity compared to individual metals. Although there is no reported example 
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of engineering the specific heat capacity of a nanoparticle, there is an example of alloyed Au-Ag 

nanoparticles that lead to PA enhancement. Hatef et al. (2015) reported that PA signals from Au-

Ag alloyed nanoparticles was up to 2.5 and 10-fold higher compared to only gold or silver 

nanoparticles respectively.110 They attributed this enhancement to an increased absorption cross 

section and did not investigate the effects of alloying on the specific heat capacity of the particle. 

It would be interesting to study the effect of alloying and changing the specific heat capacity of 

nanoparticles to engineer a desired PA response.   

1.8 Laser fluence (F) 
 

Fluence is defined as the laser pulse energy (J) incident on the effective focal spot (cm2). 

Laser pulse energy is a function of optical power and the pulse width (usually nanosecond scale). 

Although laser fluence is an externally controlled variable as described in Equation 1.1. Various 

groups have reported optimal laser configurations to obtain the maximum PA generation. The non-

linear increase in PA intensity as a function of laser fluence is widely reported for gold 

nanoparticles. The non-linearity is usually attributed to changes in thermophysical parameters due 

to a localized increase in temperature at higher laser fluences.111 Increasing the pulse width also 

increases the laser fluence causing the PA signal to increase as long as thermal confinement is met. 

PA intensity usually plateaus at longer pulse widths.96  

More recently groups have reported femtosecond pulsed irradiation for PA imaging. 

Although laser fluence under fs pulses is lower, groups have found ingenious ways to enhance PA 

and thermal stability.112 Femtosecond pulses can allow for two-photon photoacoustics using longer 

wavelengths and increasing depth penetration.113 Masim et al. (2017) reported PA enhancement 

from gold nanoparticles using a pair of time-delayed femtosecond pulses (pulse width = 40 fs and 

Ep = 0.1 mJ).114 They studied photoacoustic intensity as a function of time delay between two 
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pulses from 0-15 ns and showed that PA increased from 0-15 ns. They also showed that 

enhancement was maximum when the first pulse was 20-30% of the total energy delivered. The 

first pulse primed the solution for bubble generation (cavitation) while the second pulse was used 

to acquire the PA response (2-fold higher). Laser pulses with sharper temporal waveforms produce 

PA signals that are more sensitive to environmental changes (such as thermal resistance) and thus 

increase the probability of signal amplification.97 Contrast agents that excite at the same 

wavelength but emit PA signal at various ultrasound frequencies could also help in multiplexing 

and sensing applications.  

The laser fluence is a key parameter to obtain relevant PA signal. It is important to keep 

the laser fluence under the maximum permissible exposure limit (typically under 20 mJ/cm2). The 

use of femtosecond pulses can generate stronger PA signal via other mechanisms such as 

cavitation. Although increasing laser fluence can lead to PA enhancement, high fluence 

illumination can also lead to nanoparticle degradation especially in non-spherical structures.100 

1.9 Future outlooks 
 

The thermal expansion model of nanoparticle-based photoacoustic signal generation still 

remains the primary mode to create contrast in biomedical applications. The absorption coefficient 

(µa) is the easiest knob to tune to enhance PA contrast. Increasing the absorbance and reducing 

scattering using plasmonically coupled heterostructures or by incorporating NIR absorbing dyes 

can help design more efficient PA contrast agents. Shape control can engineer the local 

electromagnetic field enhancement around a nanoparticle, but the field lacks a more 

comprehensive comparison between different shapes. Nanoparticles that absorb in the second 

optical window (1000-1700 nm) can help image deeper and reduce scattering.90 Challenges like 

the absorption of water (1450 nm) still need to be overcome, but there are significant advances in 
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this area already.115 Engineering dispersion and shapes of chiral nanoparticles can lead to 

remarkable sensitivity in the optical properties (refractive index) of the nanoparticle. Polarization-

dependent excitation could offer strong contrast even in highly absorbing media and biological 

tissues. 116-118 Nanoprobes that change their optical properties in different suspension environments 

can be excellent sensing platforms. Recently, CuS nanoplates that responded to refractive index 

changes (160−600 nm RIU−1) in their suspension media with changes in particle diameter and 

operation wavelength (1100-1250 nm) were reported.119  

Tuning the thermal expansion coefficient (b) of a nanoparticle is challenging. While phase 

changing hybrid plasmonic nanoparticles could be promising,120 there is no such report for PA 

applications. Most of the PA signal is generated within the solvent and tuning the rate of heat flux 

into the solvent is a key parameter to optimize the PA response. Silica-coated gold nanoparticles 

are the most studied nanosystem in the field, and it may be useful to study other plasmonic-

semiconducting nanosystems.   

The specific heat capacity (Cp) of a nanoparticle is difficult to engineer but alloyed 

nanoparticles with tunable thermophysical properties can further enhance the PA contrast. The 

laser fluence (F) is a key parameter for good contrast. Anisotropic nanoparticles tend to be unstable 

under high fluence illumination because they deform into a more thermodynamically favorable 

shape. Using femtosecond pulses that enhances contrast via other methods of PA generation is 

encouraging. 

Other ways to enhance PA such as cavitation are promising.121 Nanoparticle-coated 

microbubbles have shown up to a 10-fold increase in PA amplitude due to cavitation even at low 

laser fluences.15  
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Deep-learning tools are usually used to increase PA contrast during image processing.122 

Tools that can model and predict the photoacoustic behavior of various old and novel nanoparticles 

may benefit the field in the future.  

Gold is the most commonly used contrast agent due to its highly tunable optical properties, 

high photoacoustic conversion efficiency, and relative biological inertness. Of course, other 

materials can also generate PA signal: polypyrrole coated iron-platinum 123 and platinum-chelated 

bilirubin have also been reported 124 with excellent biocompatibility and a strong PA response 

under 808 nm illumination. Homan et al. (2011) and others have shown that functionalized silver 

nanoparticles can be used as a PA sensing platform for a host of biomedical imaging applications. 

125, 126 Ku et al. (2012) reported copper sulfide nanoparticles operating in the NIR-II window (1064 

nm) as a PA contrast agent. Operating in the NIR-II window, they were able to image ~ 5 cm deep 

in chicken breast.127 Although PA contrast agents other than gold have been reported an empirical 

study to compare different nanoplatforms is still missing.  

It is important to note that the thermoelastic expansion model of PA generation in 

Equation 1.1 holds true for all absorbing molecules such as melanin, hemoglobin, small molecules 

and not just for plasmonic nanoparticles.1 A substantial amount of work has been done with non-

plasmonic PA contrast agents 128-130, but more work is required with other plasmonic 

nanoplatforms. 

1.10 Plasmonic stability  
 

Although gold nanorods are widely used as photoacoustic contrast agents, they are plagued 

with low photothermal stability. The rod structure is thermodynamically unfavorable leading to 

nanoparticle reshaping under high fluence illumination. Reducing illumination fluence by using 

light emitting diodes (LEDs) instead of lasers can offer a cheap and easy solution. LEDs operate 
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well below the MPE which is the currently holding back the clinical translation of Laser-based PA 

systems. But Equation 1.1 clearly shows that reducing F will also reduce po. This may be 

acceptable if µa, b or Cp are tuned to make a highly efficient contrast agent. Furthermore, two-

photon excitation using less energetic and longer wavelengths can improve photostability and 

depth penetration. Some work on organic polymer-plasmonic and dye-plasmonic hybrid 

nanostructures has been reported in this space. 44, 131, 132 

In the advent that low-fluence illumination is not feasible nanoprobes can also be shielded 

using coatings to improve their photothermal stability. For gold nanorods, coatings like silica,100 

reduced graphene oxide41 and polydopamine36 have increased photothermal stability. Increasing 

the surface area to volume ratio of nanoparticles allows faster dissipation of heat into the solvent 

which increases PA amplitude and photothermal stability. Miniaturized gold nanorods (48 x 8 nm) 

show 3-fold higher photothermal stability compared to larger rods with the same aspect ratio (120 

x 18 nm).90 Other materials and morphologies such as palladium nanosheets have also shown 

enhanced stability but the tests in this study were carried out at a relatively low fluence of 4 

mJ/cm2.133 Improving photothermal stability will always be highly sought after as it allows contrast 

agents to be imaged for longer time periods. Higher stability can also increase sensitivity and allow 

longer illumination times which can improve the efficacy for PTT applications. 

1.11 Safety and clinical translation 
 

Reducing the cytotoxicity of contrast agents is paramount for successful clinical 

translation. Gold is a commonly used contrast agent for PA because of its relative biological 

inertness. However, the both the surface chemistry and the underlying substrate are important. 

Indeed, gold nanorods are plagued with cytotoxicity issues because of the 

cetyltrimethylammonium bromide (CTAB) surfactant used during gold nanorod synthesis. CTAB 



20 
 

forms a bilayer around the gold nanorod giving it a high positive charge keeping it colloidally 

stable. CTAB can cause defects in the cell membrane leading to cell death.134, 135 High doses of 

CTAB are often used as a positive control for cell death in cytotoxicity assays.13 A substantial 

body of work has been done to reduce the cytotoxic effects of gold nanoparticles through surface 

modifications using polyethylene glycol,136 phosphatidylcholine,137 bovine serum albumin,138 

polyacrylic acid and poly(allylamine) hydrochloride.135 A comparative study on shape dependent 

cytotoxic effects of gold nanoparticles (spheres, rods and stars) revealed that cytotoxicity was 

highest in rods followed by stars and nanospheres respectively.139 Gold nanoparticles were also 

found to be more biocompatible (72%) than silver nanoparticles (58%) at 100 µM using HepG2 

cells.  

The cytotoxicity of plasmonic contrast agents is the biggest hurdle for their clinical 

translation. Although designing multifunction probes is beneficial for complex sensing and 

therapeutic applications, it is often accompanied with complex synthesis processes and cytotoxic 

nanoparticles. Designing simpler yet safer nanoparticles would aid in the quick translation of PA 

contrast agents into clinics. While others like Halas and West have used plasmonics for 

photothermal therapy,140 we are unaware of research groups using plasmonics and PA in humans 

but the use of endogenous contrast agents such as melanin141 and hemoglobin142 have been 

reported. Unlike plasmonics, the endogenous nature of these contrast agents means that they 

cannot be tuned to maximize their PA response. The ability to carefully engineer plasmonic probes 

to specifically optimize the PA response for various biomedical applications makes them highly 

desirable.143, 144  
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1.12 Conclusion 

Overall, plasmonic nanoparticles can be engineered for photoacoustic imaging by tuning 

one of the many “knobs” presented in Equation 1.1. The acquired PA signal is a complex response 

from the nanoparticle, its shell, and the solvent around it. Although other methods of PA 

enhancement like cavitation are not properly understood they are still promising. The field will 

continue to strive towards increasing the biocompatibility and photothermal stability of plasmonic 

nanostructures. This will facilitate more sensitive contrast agents for clinical translation. 

Multimodal and multifunctional nanoprobes are an important future research focus for 

photoacoustics. 

1.13 Acknowledgements 

Chapter 1, in full, is a reprint of the material as it appears in Engineering plasmonic 

nanoparticles for enhanced photoacoustic imaging. Mantri, Yash; Jokerst, Jesse V., ACS Nano, 

2020.The dissertation author was the primary investigator and author of this paper. 

  



22 
 

Chapter 2: Iodide-doped precious metal nanoparticles: 

Measuring oxidative stress in vivo via photoacoustic 

imaging 

2.1 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 E0Ag = 0.80 V to E0AgI = - 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.  
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2.2 Introduction  
 

Reactive oxygen and nitrogen species (RONS) are naturally produced byproducts of 

aerobic metabolism.145, 146 Low levels of RONS play a regulatory role via autophagy and are also 

involved in cell signaling.147, 148 Under oxidative stress conditions, RONS production increases 

dramatically leading to degradation of proteins, lipids, DNA, cell cycle arrest and even cell 

death.148-150 Dysregulated RONS can lead to diseases such as cancer,151-153 Alzheimer’s disease,154 

and heart disease.155 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.156, 157 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.158, 159 A 

mixture of these species causes more damage in comparison to one oxidant at high 

concentration.158  

There are several existing approaches to measuring RONS. Fluorescent molecules such as 

2’,7’ – dichlorofluorescin diacetate (DCFDA) offer in vitro assessments.157, 160-162 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:163 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.164 Unfortunately, this technique requires genetically modified cells that produce 
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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.1, 165, 166 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.167-171 PA has been used to image RONS species previously using 

semiconductor polymer nanoparticles,172, 173 but RONS imaging has not yet leveraged the 

incredibly high molar extinction coefficients of plasmonic particles24, 174 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.12, 71, 175 Tuning the aspect 

ratio of AuNR allows one to engineer particles that have a maximum absorbance within the 

biological optical window,176-179 and AuNRs have been used with PA to sense chemical species, 

track cells, image tumors, and as theranostic tools.71, 98, 180, 181  

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.9, 170, 182-191 Previously, we and 

others have reported silver/gold theranostic nanoparticles for RONS sensing and antibacterial 

treatment.71, 192 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 
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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 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.8, 

193-196   

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 

match the oxidation potential of the RONS species more closely. 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.  

2.3 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 (E0Ag = 0.80 V) to better complement the reduction potentials of the RONS. Doping 

Ag with halides would lower the reduction potential (E0AgF = 0.78 V, E0AgCl = 0.22 V, E0AgBr = 0.07 

V, and E0AgI = - 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.197 Fortunately, 

the gold core offers abundant electrons to stabilize the Ag shell for halide doping.198-200 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.201  Doping 

halides into bulk Ag is diffusion limited.200, 202-204 The X- is chemically adsorbed on the surface 
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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.203 I- also forms a more porous film than 

Cl- and Br- leading to higher dopant concentrations.203-206 

2.4 Materials and methods 

2.4.1 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.     
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2.4.2 Gold nanorod (AuNR) synthesis 

AuNRs were synthesized using the seed-mediated growth method used in a previous report 

with some modifications.71 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 oC.   

2.4.3 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.[71, 

207] 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.204, 208 We studied 

the effect of Ag:I molar ratio, pH, and initial Ag shell thickness on iodide doping. Finally, 
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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. 

2.4.4 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.  

2.4.5 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 mentioned, 

absorbance was read from 350 – 900 nm with a step size of 10 nm and plotted using GraphPad 

Prism Software.  

2.4.6 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.  

2.4.7 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 
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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.  

2.4.8 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.  

2.4.9 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.  

2.4.10 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 
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(•OH). Hydroxyl radicals were generated via the Fenton Reaction between H2O2 and iron (II) 

perchlorate hydrate (Fe(ClO4)2•xH2O).8  

2.4.11 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. 

2.4.12 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.     

2.4.13 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 
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5 nm. All in vitro samples were imaged using the LZ250 transducer (21 MHz center frequency) 

and all in vivo studies were imaged using the LZ550 transducer (40 MHz center frequency).     

2.4.14 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. 8, 173, 209 100 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.   

2.5 Results and discussion 

2.5.1 Synthesis of Ag/AuNR.  

Figure 2.1B-E shows TEM images and Figure 2.1G 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 2.1F). The Ag:Au molar ratio increased linearly (R2 = 0.93) with increasing amounts of 

added Ag (Figure 2.6). 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 = 3.71; Figure 2.1G). 
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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.71, 207, 210 This was further confirmed with dynamic 

light scattering (DLS) (Figure 2.7). 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.211 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. 207, 210 

 

Figure 2. 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.  
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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 2.8). 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 2.8A). 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.200, 212  

The pH is the most important variable in determining doping because iodide is best doped 

into Ag under acidic conditions.204, 208 However, in excessively acidic media, Ag can be oxidized 

and etched off the gold core (Figure 2.8B). 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 2.1. Hence, pH 5 was selected as the 

most favorable condition.  

 

𝐴𝑔& +𝑚𝐻' +𝑚𝐼( → 𝐴𝑔&()(𝐴𝑔𝐼)) + (𝑚 2⁄ )𝐻*    (Equation 2.1) 

 

The initial Ag shell thickness could also affect the final product because a thinner shell is 

more susceptible to changes in pH (Figure 2.8C). 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 nm) Ag protective shell.213-215 Particles with a Ag:Au molar ratio of 3.32 or more 
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(through ICP-MS) showed no change in their spectra and were further characterized and used for 

all other tests.  

2.5.2 Characterization of iodide doping 

 

Figure 2. 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).  
 

The electrons supplied by the gold core stabilizes and maintains the silver shell on the Au 

for successful I- doping.200 In this design, these electrons are from the Au core.199 The initial I- 

adsorption results in dampening of the 390 nm peak (Figure 2.2A and Figure 2.8A). The slight 

red shift of the transverse peak to 395 nm accompanied by peak broadening indicates the formation 

of bulk AgI.204  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 2.2B). Bare 

AuNR showed slight amounts of Ag because Ag is used to control the anisotropic growth of 

AuNRs during synthesis .216, 217 I (0.2 wt%) was detected in bare AuNR possibly due to 

contamination in the CTAB used during synthesis.215 However, the iodide contamination had no 
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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 2.6). 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.206 

The pXRD analysis of all samples showed characteristic peaks for Au and Ag (JCPDS 04-

0784 and 04-0783) (Figure 2.2C). 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 2.2C). The presence of characteristic a-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 b-AgI (JCPDS 09-0374) 

show that bulk AgI also exists in the sample. The presence of crystalline b-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 2.2E 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 2.2G). 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 KNO3.204 Preoxidation of the surface Ag atom by a 
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nucleophile imparts a small positive charge at the surface and a corresponding negative charge 

within the particle.204, 218 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 2.9). the PA intensity reduced only 17% over 5 minutes indicating that 

synthesized AgI/AuNR are stable under pulsed laser illumination.    

2.5.3 In vitro RONS sensing 

 
Figure 2. 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 E0AgI = - 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. 
 
 

Figure 2.3 shows the iodide-doped particles’ response to RONS. TEM images (Figure 

2.3A-F) pre-and-post etching with 0.5 mM H2O2 showed that H2O2 had no effect on AuNR, slight 
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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 2.3G). 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 2.3 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 (E0AgI = - 0.15 V) and (E0AgIO3 = 0.35 V) compared to Ag (E0Ag 

= 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.  

We also tested the response of AgI/AuNR to 1 mM of other redox species (Figure 2.3K). 

Etching selectivity is a function of the reduction potential of the oxidative species (Figure 2.3H). 

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 
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further degrades the Au core (E0 Au = 1.69 V) as observed in the absorption spectrum (Figure 

2.3K). 

 

Figure 2. 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. 
 

Kinetically, AgI/AuNR etches ~45 times faster than Ag/AuNR when treated with 50 mM 

H2O2 (Figure 2.12B). The detection limit of ONOO- and H2O2 with photoacoustic imaging 

followed the same trend as the absorbance (Figure 2.4 B-C and Figure 2.11). 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.71, 219-221 The DCFDA assay (Figure 2.13) confirmed 

that SKOV3 cells endogenously produce RONS, and that these RONS are scavenged with NAC. 
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The nanoparticles were treated with cell-free media, SKOV3 media, and SKOV3 media treated 

with NAC (Figure 2.14). Photoacoustic signal from both Ag/AuNR and AgI/AuNR turned “ON” 

when treated with RONS-enriched media.  

The MTT assay for cell cytotoxicity (Figure 2.15) 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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2.5.4 In vivo RONS sensing 

 

Figure 2. 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.          
 

Finally, we used zymosan to stimulate intramuscular RONS generation in a murine model 

(n=3). Figure 2.5 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.100, 222 Photoacoustic spectral data 
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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 2.16). 

2.6 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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2.8 Supplementary information 
 

 
 
Figure 2. 6 Final immobilized Ag:Au molar ratio measured by ICP-MS. 
Ag shell thickness can be controlled by adding increasing amounts of AgNO3 during the Ag coating step.    
 

 

Figure 2. 7 Nanoparticles characterized using dynamic light scattering (DLS).  
Two peaks can be observed for the transverse and longitudinal sections of the rod structure. Silver deposition is more 
favorable on the 110 facet of the gold which is along the longitudinal edge. As a result, the rod becomes thicker, but 
the length remains relatively the same. Doping with Iodide results in a 1 nm increase in shell thickness which can be 
attributed to AgI3O8 complex formation. The poly dispersity index (PDI) for AuNR: 0.55, Ag/AuNR: 0.59 and 
AgI/AuNR: 0.67. The PDI is unusually high because DLS assumes the particles are spherical and is not optimized to 
characterize rod like structures.  
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Figure 2. 8 Optimizing reaction conditions for iodide doping.  
Effect of I:Ag molar ratio (A). An I:Ag greater than 1 results in particle destabilization whereas <1 does not maximize 
doping. A 1:1 ratio is optimal. Effect of pH on doping (B). Iodide can be doped into Ag under acidic conditions, but 
highly acidic conditions result in Ag shell etching; pH 5 was optimal. Effect of initial Ag shell thickness on doping 
efficiency (C). A thin shell is more susceptible to damage under acidic conditions than a thick shell (Ag:Au molar 
ratio > 3.32). Hence, A Ag:Au molar ratio > 3.32 is found to be optimal for shell doping.   
 

 
Figure 2. 9 Photostability.  
Synthesized AgI/AuNRs show a 17% decrease in PA amplitude over 5 minutes of 680 nm illumination. PA intensity 
is low here because AgI/AuNRs have peak absorbance at 578 nm.  
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Figure 2. 10 H2O2 etching.  
AuNR is unaffected when treated with varying concentrations of H2O2 (A). Ag/AuNR starts to etch at 10 mM (B) and 
AgI/AuNR starts to etch at 0.05 mM H2O2 (C).  
 

 
Figure 2. 11 Photoacoustic imaging of H2O2 etching.  
Photoacoustic images of AuNR, Ag/AuNR, and AgI/AuNR treated with varying concentrations of H2O2 (A). Plot 
comparing photoacoustic intensity after treatment with varying concentrations of H2O2 (B). There is a significant (p < 
0.001) increase in photoacoustic intensity at 10-2 mM H2O2 for AgI/AuNR and at 10 mM for Ag/AuNR. AgI/AuNR is 
1000-fold more sensitive to H2O2 than undoped Ag/AuNR. The error bars represent the standard deviation of six 
regions-of-interest. 
 

 
Figure 2. 12 H2O2 etching kinetics.  
At 0.5 mM H2O2 AgI/AuNR takes ~5 hours to completely etch whereas AuNR and Ag/AuNR show no change in 
absorbance at 680 nm (A). At 50 mM AgI/AuNR etches 45 times faster than undoped particles which take over 15 
hours to etch (B).     
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Figure 2. 13 SKOV3 DCFDA assay.  
Ovarian cancer (SKOV3) cells naturally produce RONS that can be scavenged with NAC. DCFDA is a ROS-sensitive 
fluorophore that is emissive only in the presence of ROS. Cells treated with DCFDA showed green fluorescence 
whereas cells treated with DCFDA + NAC showed no fluorescence.  
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Figure 2. 14 SKOV3-generated RONS photoacoustic response.  
Absorbance spectra of AuNR, Ag/AuNR and AgI/AuNR when treated with cell free media, + NAC + cell media and 
– NAC + cell media. NAC is a RONS scavenger. Absorbance at 680 nm increases more when treated with – NAC + 
cell media (A-C). Photoacoustic image at 680 nm of samples from A-C (D). Cell-free media has negligible 
photoacoustic signal. AuNR shows no change in signal with or without RONS scavenging. Ag/AuNR and AgI/AuNR 
both show etching when treated with – NAC + cell media (RONS enriched) that leads to increased PA signal (E). (p 
< 0.001) Error bars represent standard deviation of six regions-of-interest. 
 

 
Figure 2. 15 Cell cytotoxicity assay.  
At lower concentrations of 0.01 nM and 0.1nM, synthesized particles are not significantly more toxic than PBS only 
negative control. At higher concentrations of 1 nM, particles exhibit higher toxicity due to higher amounts of residual 
CTAB. All in vivo experiments were performed at 0.3 nM particle concentration. 
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Figure 2. 16 In vivo RONS sensing.  
Photoacoustic intensity at t = x min / photoacoustic intensity at t = 0 min for zymosan only and nanoparticles in the 
absence of zymosan (A). There is no RONS generation without Zymosan as a result the particles show no change in 
photoacoustic intensity compared to their baseline at t= 0 min. Photoacoustic spectra of AuNR, Ag/AuNR, and 
AgI/AuNR over 90 minutes in the presence of zymosan (B-D). AuNR and Ag/AuNR show no change in spectra over 
90 min whereas AgI/AuNR shows a clear increase in signal at 680 nm. 
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Chapter 3: Photoacoustic enhancement of ferricyanide 

treated silver chalcogenide coated gold nanorods.  

3.1 Abstract  

Plasmonic gold nanorods (AuNRs) are often employed as photoacoustic (PA) contrast 

agents due to their ease of synthesis, functionalization, and biocompatibility. These materials can 

produce activatable signal in response to a change in optical absorbance intensity or absorbance 

wavelength. Here we report a surprising finding: Ag2S/Se-coated AuNRs have a ~40-fold PA 

enhancement upon addition of an oxidant but with no change in absorption spectra. We then study 

the mechanism underlying this enhancement. Electron micrographs and absorption spectra show 

good colloidal stability and retention of the core-shell structure after potassium hexacyanoferrate 

(III) (HCF) addition ruling out aggregation and morphology-induced PA enhancement. X-ray 

diffraction data showed no changes ruling out crystallographic phase changes upon HCF addition 

thus leading to induced PA enhancement. Attenuated total reflectance Fourier transform infrared 

(ATR-FTIR) spectroscopy and zeta potential analysis suggests that PA enhancement is driven by 

the irreversible displacement of CTAB with HCF. This is further confirmed using elemental 

mapping with energy dispersive X-ray analysis. PA characterization after HCF addition showed a 

four-fold increase in the Grüneisen parameter (G) thus resulting in PA enhancement. The PA 

enhancement is not seen in uncoated AuNRs or spherical particles. Two possible mechanisms for 

PA enhancement are proposed: First, the photo-induced redox heating at the Ag2S/Se shell-HCF 

interface resulting in an increase in temperature dependent G. Second, an enhanced electrostriction 

response due to HCF adsorption on a layered plasmonic nanoparticle surface resulting in a high 

thermal expansion coefficient (b) that is directly proportional to G.  
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3.2 Introduction 

Plasmonic gold nanostructures such as spheres and rods are the most widely used 

nanoparticle-based photoacoustic (PA) contrast agents.223, 224 Gold nanorods (AuNRs) are 

particularly useful due to their easily tunable size, high photothermal conversion efficiency, ease 

of synthesis, functionalization, and a tunable localized surface plasmon resonance  (LSPR) 86, 225, 

226 We and others have previously reported the use of AuNRs for PA-based cell tracking,227 cancer 

imaging,12, 228, 229 oxidative stress sensing,230 and theranostics.71, 231  

PA imaging uses nanosecond pulsed illumination to generate pressure waves detectable by 

conventional ultrasound transducers. The absorption of light results in thermally-confined heating 

of the nanoparticle (millikelvin range).1 The increase in temperature causes thermoelastic 

expansion of the nanoparticle, thus creating pressure transients that propagate through the sample 

medium.1, 223 The intensity of the resulting PA signal is a function of the optical and thermo-elastic 

properties of the nanoparticle and its surroundings (Equation 3.1).95, 223    

 

r! = ""#
!

$"
# µ%𝐹 = G𝐴  Equation 3.1 

 

Here, ro describes PA intensity.1 b is the thermal expansion coefficient in K-1; Cp is the 

specific heat capacity in JK-1kg-1; and µa is the absorption coefficient in cm-1 of the absorbing 

material. Term c is the speed of sound in the imaging medium in ms-1; and F is the irradiation 

fluence in Jcm-2. G is the Grüneisen parameter (bc2Cp-1) and characterizes the thermo-acoustic 

conversion efficiency, and A (µaF) is the local energy deposition density in Jcm-3. 223, 232 An ideal 

PA contrast agent has a high optical absorption, low scattering properties, and a high phothermal 

conversion efficiency.14, 233-235 
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There are various ways to enhance PA signal generated by AuNRs. PA intensity is directly 

proportional to laser fluence. Increasing laser fluence and shortening pulse width can lead to PA 

enhancement.96, 223, 236 Increasing the nanoparticle concentration results in a higher µa and hence 

higher PA.237-240 AuNR coatings such as silica,98, 99, 103 polydopamine,241, 242 titanium dioxide,39 

and reduced graphene oxide41 have shown significant PA enhancement by reducing the Kapitza 

resistance (thermal resistance at the particle solvent interface). This in turn improves thermal 

confinement to enhance AuNR PA signal.96, 223, 243 On the contrary, others have shown a reduction 

of PA signal on silica coating.244 Studies have also shown that up to 93% of the PA signal is 

generated by the thermal expansion of the solvent. Hence, using solvents with a high b and low Cp 

can also enhance PA intensity.95, 101, 245 The G of conventional solvents such as water is directly 

proportional to temperature. Hence, an increase in solvent temperature can also result in PA 

enhancement.95, 246 In summary, engineering AuNRs with LSPRs and µa responsive to chemical 

cues is the most common technique for PA signal modulation.223, 247 

Previously, we investigated the use of silver and iodide-doped silver coated AuNRs for 

oxidative stress sensing.71, 230 These were shell-core (Ag/AgI-AuNR) that showed selective etching 

of the shell in the presence of reactive oxygen and nitrogen species (RONS). The bare AuNRs had 

a near infrared (NIR) LSPR that blue shifted on shell coating, resulting in low PA signal in the 

NIR range. Selective etching of the shell layer resulted in full recovery of the AuNR LSPR and its 

PA signal. In both works, we used potassium hexacyanoferrate (III) (HCF) as a positive control 

that selective oxidized the Ag/AgI shell (Ag+/Ag0 E0 = 0.79 V). The reduction potential of the 

Au+/Au0 (E0 = 1.69 V) core was much higher than that of HCF Fe3+/Fe2+(E0 = 0.77 V) and hence 

the AuNR core was recovered. As a part of this study, we also synthesized Ag2S and Ag2Se coated 

AuNRs as negative controls (E0 of Ag2S(s) + 2e-  → 2Ag(s) + S2-(aq) = -0.69 V) that show no etching 
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in the presence of HCF or RONS.77 The negative reduction potential of silver chalcogenides means 

that they do not readily donate electrons and get oxidized. Indeed, we observed no etching of the 

silver chalcogenide shell and no change in LSPR on HCF treatment but observed a ~40-fold PA 

enhancement. The PA enhancement is interesting because traditionally an increase in absorption 

(µa) at the imaging wavelength results in PA enhancement.223 Surprisingly, these silver 

chalcogenide-coated AuNRs showed no change in absorbance after HCF treatment but much 

higher PA signal. Thus, the goal of this work was to study the interaction between HCF and the 

nanoparticle surface to elucidate the mechanism underlying this surprising PA enhancement.  

3.3 Materials and methods 

3.3.1 Materials 

Hexadecyltrimethylammonium bromide (CTAB, Cat. #1102974), L-ascorbic acid (Cat. 

#255564), silver nitrate (Cat. #209139), potassium hexacyanoferrate (III) (HCF, Cat. #244023), 

gold (III) chloride trihydrate (Cat. #520918), selenourea (Cat. #230499), and titanium (IV) oxide 

(Cat. #718467) were purchased from Sigma Aldrich (Atlanta, GA, USA). Sodium borohydride 

(Cat. #S678-25) and sodium hydroxide (Cat. #1310-73-2) were purchased from Fisher Scientific 

(Pittsburgh, PA, USA). Sodium sulfide (Cat. #65122-06) was purchased from Alfa Aesar 

(Tewksbury, MA, USA). All chemicals were used as received without further purification.  

3.3.2 Nanoparticle synthesis 

CTAB-stabilized AuNRs were synthesized using a seed-mediated growth method reported 

previously.230 Gold seeds were synthesized by adding 5 ml of CTAB (0.2 M) to 2.5 ml of 

HAuCl4.3H2O (0.001 M); 0.6 ml of ice-cold NaBH4 (0.01 M) was used as a reducing agent under 

vigorous stirring for 2 min. The growth solution was a mixture of 500 ml HAuCl4●3H2O (0.001 
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M) and 500 ml CTAB (0.2 M). Next, 7 ml of L-ascorbic acid (0.089 M) and 36 ml of AgNO3 

(0.004 M) was added to the growth solution. The color of the solution turned from dark orange to 

colorless. Finally, 1.2 ml of the seed solution was added, and the reaction mixture was hand swirled 

for 5 s. The reaction vessel was left undisturbed for 12 h as the solution turned purple/dark brown. 

The AuNRs were washed thrice via centrifugation at 12500 rpm for 15 min each and stored at 4 

oC; the stock concentration was 9.35 nM. All experiments were carried out using the same batch 

of AuNRs. 

The silver chalcogenide coating of AuNRs was done in a two-step process (Figure 3.1A).77 

AuNRs were first coated with a silver shell.230 Next, 0.48 ml of AuNRs (9.35 nM) was diluted in 

a mixture of 12 ml water and 2 ml CTAB (0.1 M). To this, we added 0.36 ml of AgNO3 (0.010 

M), 0.34 ml L-ascorbic acid (0.1 M), and 0.84 ml NaOH (0.1 M). The reaction was vigorously 

stirred for 30 min as the color changed from pink to dark green. The resulting silver coated AuNRs 

(Ag/AuNRs) were doped with 0.36 ml of Na2S (0.010 M) or SeC(NH2)2 (0.010 M) under vigorous 

stirring for 2 h while open to air. The Na2S and SeC(NH2)2 doping results in the formation of 

Ag2S/AuNR and Ag2Se/AuNR respectively. Nanoparticles were further purified via centrifugation 

at 12500 rpm for 15 min and dispersed in water.     

3.3.3 Absorption spectroscopy (UV-Vis-NIR) 

All optical absorption spectra were acquired using the BioTek Synergy H1 microplate 

reader from Agilent (Santa Clara, CA, USA). We used 150 µl of solution in a 96-well plate. Unless 

otherwise mentioned, absorption spectra were acquired between 280 – 995 nm with a step size of 

5 nm. 
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3.3.4 Dynamic light scattering (DLS) and zeta potential  

DLS and zeta potential were measured using a Malvern Instruments Zetasizer ZS 90; 0.2 

ml of particles were diluted in 0.8 ml of water.   

3.3.5 Transmission electron microscopy (TEM) and energy dispersive X-ray spectroscopy 

(EDX) 

All high-resolution electron micrographs (HR-TEM; mag: 650000X) and EDX maps were 

acquired using a ThermoFisher Talos 200X system at an operating voltage of 200 kV. Low 

magnification (mag: 150,000X) TEM images were acquired on a JEOL JEM-1400Plus system 

operating at 80 kV. Images were recorded using a Gatan OneView 4K digital camera. 

3.3.6 Powder X-ray diffraction (pXRD) 

pXRD was acquired using a Bruker D8 Advance operating in Bragg-Brentano geometry. 

Cu-radiation: 1.54 Å, equipped with a Ni K-beta filter. The 2θ scan range was 10-80o with a step 

size of 0.02o and exposure of 0.25 s. Samples were prepared by concentrating 1 ml of synthesized 

nanoparticles to 0.02 ml via centrifugation and then redispersing in distilled water.   

3.3.7 Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) 

A more detailed description of the attenuated total reflectance-Fourier transform infrared 

(ATR-FTIR) spectroscopy setup can be found elsewhere.248, 249 Infrared spectra were collected 

using a Nicolet iS10 FTIR spectrophotometer with a mercury cadmium telluride detector. Spectra 

were averaged over 100 scans with a 4 cm-1 resolution over the spectral range from 750 to 4000 

cm-1; OMNIC 9 software was used to collect data.  The software was also used for background 

subtractions and baseline corrections. For solution-phase spectra, samples were pipetted onto the 

AMTIR crystal and covered. The chamber was purged with dry air to remove atmospheric gases 
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for approximately 30 min before each spectrum was collected. All in-situ spectroscopic 

measurements involved collecting spectra every 2.5 min during an aqueous over the sample as 

described below.  

For dynamic, in-situ measurements, a dry nanoparticle thin film was first created by drop 

casting 1 mL of a ~27 nM nanoparticle concentration onto the crystal and dried overnight with a 

continuous dry air purge. For displacement reactions on silver chalcogenide coated-AuNRs, water 

was flowed at ~1 mL/min for 60 min to remove loose particles followed by a background scan. 

Next, 50 µM HCF was flowed over for the film for 90 min and another scan was taken. Then, 50 

µM CTAB was flowed over the thin film for 90 min and another scan was taken. Finally for 

desorption, water was flowed over the film for 60 min.  

For displacement reactions on AuNR, a dried particle film was created by drop casting 1 

mL of ~27 nM particles onto the AMTIR crystal and dried overnight. Water background, HCF 

adsorption, CTAB displacement and water desorption were similarly done as previously 

mentioned but at ~0.2 mL/min. The flow rate was reduced to minimize film dewetting on the 

AMTIR crystal because the AuNR thin film was less stable on the AMTIR crystal compared to 

the silver chalcogenide coated AuNRs.  

3.3.8 Photoacoustic (PA) imaging 

All PA images were acquired using the Visualsonics Vevo 2100 LAZR from Fujifilm 

Visualsonics Inc. (Toronto, Canada). Images were acquired at 710 nm, pulse width 4-6 nm, using 

the LZ250 transducer, Fc = 21 MHz. PA spectrum was acquired between 680 – 970 nm with a step 

size of 2 nm.  

PA enhancement was initiated using potassium hexacyanoferrate (III) (HCF). Silver 

chalcogenide-coated AuNRs were washed twice via centrifugation at 12500 rpm for 5 min and 
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redispersed in distilled water to remove excess CTAB. Next 50 µM HCF was added to initiate PA 

enhancement. All HCF treated characterization was done using the same batch of particles treated 

with 50 µM HCF.   

The Grüneisen parameter was measured by controlling sample temperature between 6 – 45 

oC. The slope of PA intensity vs. sample temperature reports the Grüneisen parameter.250-252 

Particle photostability was measured by monitoring the PA intensity under 7 min of laser 

illumination. The effect of laser fluence on PA signal generation was studied using agarose-TiO2 

nanoparticle filters as described previously.253 Nine agarose-TiO2 optical filters ranging from 0 – 

8 mg/ml TiO2 were used to modulate laser fluence on the sample. The laser fluence was measured 

using a laser pyroelectric energy sensor (PE50BF-C, Ophir LLC, USA). 

3.3.9 Data processing  

PA, EDX, and TEM images were processed using ImageJ version 2.1.0/1.53c using region 

of interest analysis (ROI). All data was plotted using GraphPad Prism 9.3.1 (350). 

3.4 Results and discussion  

The figures in this section focus on Ag2S/AuNR. Characterization and PA data on 

Ag2Se/AuNR can be found in the supplementary information (Section 3.6).  



56 
 

3.4.1 Nanoparticle synthesis and characterization  

 

Figure 3. 1 Ag2S/AuNR synthesis and characterization. 
A. Schematic representation of silver chalcogenide coated AuNRs synthesis and HCF treatment. B-C. TEM images 
of synthesized AuNRs and Ag2S/AuNR shows a core-shell particle. (Inset: HRTEM). The AuNR aspect ratios were 
3.08 ± 0.35, and the Ag2S shell thickness was 7.3 ± 1.4 nm. Scale bars on low- and high-resolution images are 30 and 
10 nm, respectively. D. The addition of a Ag2S shell changes the AuNR suspension color from pale pink to green. E. 
Synthesized AuNRs had a characteristic absorption spectrum peak absorbance at 710 nm. Ag2S shell coatings lead to 
a red-shift and attenuation of the spectrum into the infrared region. F-G. EDX mapping of Ag2S/AuNR confirms a 
gold nanorod core and Ag2S shell formation. Scale bars represent 10 nm. H. pXRD analysis of Ag2S/AuNR shows 
characteristic crystal facets for both Ag2S and Au. I. DLS shows an 8.1 nm increase in particle hydrodynamic diameter 
after Ag2S coating. 
 

The AuNRs were synthesized using a seed-mediated method.230 AuNR aspect ratio was 

3.08 ± 0.35 (n > 100 particles) with a peak absorbance of 710 nm (Figure 3.1B, E). HRTEM and 

pXRD confirmed characteristic 111, 200, 220, and 311 Au crystal facets (JCPDS 04-0784, Figure 
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3.1H).210, 254 DLS showed two peaks at 1.2 and 50.7 nm. DLS inherently assumes that all particles 

are spherical and hence not ideal to size rod-like particles. The 1.2 nm peak can be attributed to 

rotational diffusion coefficient of AuNRs.230  

Coating with chalcogenides results in a core-shell nanostructure (Figure 3.1C and 3.6A) 

with a visible color change from pale pink AuNRs to green Ag2S/Se coated AuNRs (Figure 3.1D, 

3.6C). The Ag2S/AuNR and Ag2Se/AuNR had a shell thickness of 7.3 ± 1.4 nm and 6.6 ± 1.5 nm, 

respectively. DLS showed an increase in 8.1 nm and 7.6 nm the particle’s hydrodynamic diameter 

for Ag2S/AuNR and Ag2Se/AuNR respectively (Figure 3.1I and 3.6E). The absorption spectra 

were attenuated and red shifted after coating (Figure 3.1E, 3.6C). The degree of red shifting and 

the degree of attenuation depends on the shell thickness and the high refractive index of silver 

chalcogenide shell, respectively.77 EDX mapping of Ag2S/AuNR shows a gold nanorod core 

surrounded by a silver sulfide shell (Figure 3.1 F-G). pXRD analysis after shell coating showed 

characteristic crystal facets for Au, Ag2S, and Ag2Se (JCPDS 04-0784, 14-0072, and 24-1041 

respectively).   
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3.4.2 HCF-mediated PA enhancement 

 
 
Figure 3. 2 HCF-mediated PA enhancement of Ag2S/AuNR. 
There was no change in absorbance but a 42-fold PA enhancement. A. HCF treatment of Ag2S/AuNRs causes no 
significant changes in absorption spectrum. B. Ag2S/AuNRs stabilized in 5 mM CTAB show an exponential PA 
enhancement with increasing amounts of HCF. C-D. HCF-treated particles show a significant (42-fold) PA 
enhancement at 710 nm (p<0.0001). D. The PA spectrum of untreated particles follows the low absorbance pattern in 
panel A. HCF-treated particles have peak PA signal at 710 nm. 710 nm is the LSPR of the core gold nanorod. The 
error bars represent the standard deviation of six ROIs. 
 

Here, 50 µM HCF treatment has no significant effect on the absorption spectra of silver 

chalcogenide-coated AuNRs (Figure 3.2A and 3.6C). Conventional wisdom dictates that no 

change in absorbance should result in no PA change.223 But HCF treatment of Ag2S- and Ag2Se-

coated AuNRs results in an uncharacteristic 42- and 27-fold PA enhancement, respectively 

(Figure 3.2C and 3.7B). Furthermore, the PA spectrum shows enhanced PA in the NIR region 

(Figure 3.2D and 3.7C) whereas absorbance is lowest in the 700-800 nm range. Bare AuNRs 

showed no significant change in absorbance or PA enhancement on HCF treatment (Figure 3.8 

and 3.9). The PA enhancement was specific to rod-shaped particles. Ag2S coated gold spheres 

(AuSph) showed no change in absorbance or PA intensity after HCF addition (Figure 3.10).  
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The Grüneisen parameter (G, Equation 3.1) characterizes thermo-acoustic conversion 

efficiency. G is directly proportional to the particle’s b.96 Up to 93% of the PA signal generation 

can occur in the solvent surrounding the particle.225 Others have reported the use of different 

solvents to modulate the PA intensity of gold nanoparticles.95, 250, 255 Water is a unique solvent to 

decouple the PA signal generated by the particle from the PA signal generated by the solvent. The 

b of pure water goes to zero at 3.98 oC.256 Hence, PA signal from water disappears at that 

temperature, thus allowing one to isolate the PA signal from the nanoparticle. The slope of the 

curve plotting PA intensity vs. temperature indirectly reports the G of the nanoparticle. Uncoated 

AuNRs exhibit characteristic PA behavior with water at low temperatures (Figure 3.9D). HCF 

treatment causes no significant change in the AuNRs’ G value (p>0.05); both samples show zero 

PA signal in the 0-4 oC range. The slight deviation from 3.98 oC can be attributed to impurities 

such as excess CTAB and HCF in solution. Ag2S/AuNRs show a unique PA response to changes 

in temperature (Figure 3.3A-B). Untreated nanoparticles have a low but linear PA response with 

zero PA signal at 10.8 oC. On the other hand, HCF-treated Ag2S/AuNRs show an enhanced PA 

response with a 4-fold higher G value (p<0.001) and zero PA signal at -12.4 oC. The non-zero PA 

signal at 4 oC after HCF addition suggests that the PA enhancement is due to increased thermal 

confinement within the core-shell nanoparticle and is independent of the solvent. Coatings such as 

silica and polydimethylsiloxane have also shown thermal confinement effects on gold 

nanoparticles.96, 99    



60 
 

 

Figure 3. 3 Change in Grüneisen parameter (G) of Ag2S/AuNR after HCF treatment. 
A-B. HCF treated Ag2S/AuNRs have non-zero PA intensity in the 0-4 oC range. This suggests that PA enhancement 
is independent of the solvent and due to thermal confinement with the nanoparticle and its shell. The slope in panel B 
represents G. HCF treated particles show a significant 4-fold enhancement in G (p<0.001). 
 

The laser fluence (F, Equation 3.1) is directly proportional to PA intensity. We controlled 

laser fluence using a 1 cm thick agarose-based TiO2 (0-8 mg/ml) filter as an optical scatterer.253 

Figure 3.9A shows the experimental setup to control laser fluence. HCF treatment had no effect 

on the linear response of AuNRs (Figure 3.9B). Silver chalcogenide-coated rods also showed a 

strong linear correlation between PA intensity and laser fluence (Figure 3.9C-D) on HCF 

treatment. Particles not treated with HCF showed low correlation, but this is attributed to extremely 

low PA intensity across all laser fluences. The higher PA intensity of HCF treated Ag2S/Se/AuNRs 

at lower fluence could have applications for an LED-based PA system. LED-based systems are 

cheaper and more robust but operate at ~1000-fold lower fluence.257 Low fluence means that more 

concentrated contrast agents are required to generate the same amount of contrast. Hence, 

engineering materials with enhanced PA contrast is extremely important. Photostability is also 

improved (6.5% and 9% decrease in PA intensity for S and Se respectively) when irradiated at the 

highest fluence of 18.2 ± 0.9 mJ/pulse for over 7 min (Figure 3.10). In contrast the low 

photostability of uncoated AuNRs is evident with 62% decrease in PA intensity. AuNRs are known 

to melt into more thermodynamically favorable spheres under high fluence irradiation.223, 258 
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3.4.3 Nanoparticle characterization after HCF treatment 

 
Figure 3. 4 Ag2S/AuNR characterization after HCF treatment. 
A-B. TEM images of Ag2S/AuNR before and after HCF addition shows conservation of the core-shell structure, 
particle size, shell thickness, and colloidal stability. (Inset: HR-TEM). This contrasts with our previous work where 
the Ag shell was selectively oxidized using HCF.71 Scale bars on low- and high-resolution images measures 30 and 
10 nm respectively. C. Absorption spectra remains unchanged after HCF treatment. D. There is a significant (p<0.05) 
reduction in zeta potential due to the adsorption of negatively charged HCF on positively charged and CTAB-
stabilized particles. E-F. EDX mapping of Ag2S/AuNR before and after HCF treatment shows the surface adsorption 
of Fe representing [Fe(CN)6]3-. G. EDX mapping of HCF-treated Ag2S/AuNR shows slight favoring of Fe adsorption 
along the longitudinal edge of the particle which is also seen in panel F(v). H. pXRD spectra showed no change in 
crystal structure on HCF treatment. I. DLS shows no significant change in particle hydrodynamic diameter after HCF 
treatment (p>0.05). Error bars in panel D represent standard deviation across six measurements. 
 

PA enhancement can be driven by nanoparticle aggregation.223 Aggregation can cause 

changes in absorbance or increase thermal flux into the solvent.103 An increase in absorbance 

further enhances PA intensity. HCF treatment does not result in aggregation of coated or uncoated 

nanorods as seen in the TEM images, absorption spectra, and size distribution via DLS (Figure 
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3.4, 3.6 and 3.8). Therefore, aggregation or changes in optical absorption was excluded as a 

mechanism for the enhancement seen here. In our previous work with Ag/AuNRs, the Ag shell 

was selectively etched off using HCF as a positive control.71 The shell etching resulted in AuNR 

LSPR recovery and PA signal increase. With Ag2S and Ag2Se coated AuNRs, the TEM images 

(Figure 3.4 and 3.6) indicate that shell layer remains unetched after HCF treatment. Since particle 

morphology is conserved, there is no change in absorption spectra. Hence, change in nanoparticle 

morphology was ruled out.     

A high b of the material increases photoacoustic signal.223 Importantly, different phases of 

crystals are known to have different b values. In our system, nanocrystalline Ag2S can have three 

major phases: monoclinic acanthite (a-Ag2S), body centered cubic argentite (b-Ag2S), and FCC 

phase (g-Ag2S). a-Ag2S is more common under ambient conditions; b and g-Ag2S are stable at 

456 K and 865 K, respectively.259 b-Ag2S has the highest thermal expansion coefficient of the 

three phases.259 We did not heat the nanoparticles to those temperatures, but others have shown 

that a phase transition in metal chalcogenides is possible via chemical modification260. For 

example, n-butyllithium-treated MoS2 was reported to undergo a phase change due to the electrons 

injected by n-butyllithium treatment occupying the lowest energy states above the Fermi energy.260 

Thus, it is plausible that the HCF treatment is causing a phase change in our system, an increase 

in the b, and thus an increase in the photoacoustic signal. But we did not observe any change in 

crystal structure on HCF addition (Figure 3.4H, 3.6D, and 3.8D) in any of our particles. Hence 

this hypothesis was rejected.   

Another hypothesis is that HCF displaces CTAB on the particle surface. CTAB is a 

positively charged surfactant commonly used to stabilize AuNRs.261, 262 HCF is a negatively 

charged molecule hence the substitution of CTAB with HCF should change the particle’s surface 
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charge. There is a significant reduction (p<0.05) in zeta potential for all particles as negatively 

charged [Fe(CN)6]3- gets adsorbed onto the particle surface. The dynamic interaction between HCF 

and CTAB on the particle surface was further studied using ATR-FTIR (Figures 3.5, 3.14, 3.17, 

and 3.18). The experimental setup is illustrated in Figure 3.13. 
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Figure 3. 5 Dynamic in situ ATR-FTIR spectra of Ag2S/AuNR upon HCF treatment. 
A. Reference spectra for a dried thin film of CTAB-stabilized Ag2S/AuNR on an AMTIR crystal; 1 mM solution 
phase HCF and 1 mM solution phase CTAB are shown. B. Here, in situ time dependent ATR-FTIR difference spectra 
for a CTAB stabilized Ag2S/AuNR following: (i) 50 µM HCF flow adsorption. Increase in the 2056 cm-1 ν(C≡N) band 
with the simultaneous decrease in the 2917 and 2849 cm-1 ν(C-H) bands as a function of time suggesting a 
displacement of CTAB with HCF; (ii) 50 µM CTAB flow adsorption following HCF adsorption. CTAB can partially 
desorb loosely bound HCF while forming multilayers on direct surface bound HCF as seen by a change in peak 
intensity as a function of time; and (iii) water desorption flow. These spectra show the desorption of multilayer CTAB 
and changes to the surface coordination of adsorbed HCF. Temporal spectra in B are collected every 10 minutes from 
light to dark coloration. C. Changes in the CTAB ~2917 cm-1 ν(C-H) peak intensity. D. Changes in the HCF 2056 cm-

1 ν(C≡N) peak intensity.     
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Figure 3.5A and 3.17A show the dried thin film spectrum of CTAB-stabilized Ag2S/AuNR 

and Ag2Se/AuNR, respectively. Significant v(C-H) vibrations at 2917 and 2849 cm-1 from methyl 

and methylene groups from CTAB coatings are observed with both particles. The particles also 

had a strong positive zeta potential before HCF addition due to CTAB stabilization.262 This 

suggests that a large amount CTAB was present in the colloidal suspension and that CTAB 

remained on the film when the suspension was dried. For the in-situ temporal adsorption spectra, 

water was initially flowed over the film to remove excess CTAB and loose particles (Figure 

3.14A). CTAB related peaks decreased with minimal peak shifts, thus indicating the removal of 

excess CTAB only. Flowing water for 60 minutes results a plateau for CTAB peak intensity 

changes; the maximum amount of CTAB is removed from the particle surface at this point (Figure 

3.14B).  

Figure 3.5B shows the in situ ATR-FTIR spectra as HCF, CTAB, and water are flowed 

across the nanorod film (three consecutive flow streams after the initial water wash). The 2044 

cm-1 peak appears as the HCF flowed over the Ag2S/AuNR thin film while the CTAB ν(C-H) 2917 

and 2849 cm-1 decreases (Figure 3.5B(i)). This suggests that HCF has higher affinity for the 

nanoparticle surface and displaces CTAB. Solution phase 50 µM HCF has negligible spectral 

absorbance values and minimally contributes to the adsorbed intensity (data not shown).  

Surface interactions were determined using the 1 mM HCF solution phase spectra (Figure 

3.5A) as a reference. The 2115 cm-1 peak for the 1 mM HCF solution phase is assigned to the 

ν(C≡N) vibration mode. The 2044 cm-1 peak appears when HCF is adsorbed onto Ag2S/AuNR. 

Versus the 2115 cm-1 solution phase peak, the adsorbed 2044 cm-1 peak is broader and shifts to a 

lower peak position, thus indicating that HCF is complexing with the surface.  
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Solution phase HCF is a centrosymmetric molecule and when adsorbed onto the nanorod 

surface, the symmetry changes and new peaks appear.263 The interaction with the surface also leads 

to broadening of the infrared peaks. The adsorption of HCF is further corroborated with the EDX 

spectra, thus showing Fe adsorption after HCF treatment (Figure 3.4F). EDX is a surface-

weighted technique and cannot decipher between passive adsorption and complexation between 

HCF and Ag-chalcogenide. Previous studies also report strong interactions of ferro- and 

ferricyanide ions adsorbing onto Ag electrodes via a Ag-C≡N interaction.264 At earlier time points 

and subsequently low surface coverage, the initially adsorbed HCF peak appears at 2044 cm-1. The 

peak shifts to 2057 cm-1 at higher surface coverage. The peak shift as adsorption time increases 

could suggest a surface concentration-dependent interaction with the Ag2S/AuNR surface. Hence, 

there is a strong positive correlation between PA amplitude and HCF concentration (Figure 3.2B). 

Following the adsorption of HCF, CTAB was flowed over the film to observe any 

reversible displacement reactions (Figure 3.5B(ii)). Positive peaks at 2926 and 2854 cm-1 are now 

observed to increase in intensities and are assigned to CTAB ν(C-H). Interestingly, the 2926 and 

2824 cm-1 peak more closely resemble solution phase CTAB but are different than the displaced 

peak positions at 2917 and 2854 cm-1 when flowed with HCF.  This suggests that the CTAB is 

forming a multilayer on top of HCF rather than interacting directly with the Ag2S/AuNR surface, 

supporting that HCF has a higher affinity to the surface than CTAB. As the CTAB layer grows on 

top of the HCF, PA enhancement is steadily lost (Figure 3.15).  A slight decrease in the 2038 cm-

1 HCF peak is observed and could be due to the desorption of loosely bound HCF. Additionally, 

the ν(C≡N) peak shape narrowed, and the position shifted from 2057 cm-1 to 2038 cm-1 when 

CTAB was flowed over the HCF-adsorbed film. Introducing CTAB into the aqueous flow caused 

multilayer interactions between HCF and CTAB. When particles are washed via centrifugation 
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instead of CTAB to remove the adsorbed HCF, the pellet still shows PA enhancement. The 

supernatant shows no PA contrast (Figure 3.16). 

 When the thin film is desorbed with pure water (Figure 3.5B(iii)), there is a drastic 

decrease in the ν(C-H) 2926 and 2854 cm-1 peak intensity indicating that the multilayer CTAB is 

reversibly adsorbed. HCF also desorbs as noted by the decrease in peak intensities. Peak 

broadening is also seen suggesting low surface coverage conditions. 

Similar analyses can be made with Ag2Se/AuNR (Figure 3.17). When the film is flowed 

with HCF, the surface-complexed HCF 2049 cm-1 peak appears while a loosely bound CTAB is 

displaced. With the CTAB and water desorption flow streams, HCF related peaks can be seen to 

decrease, indicating partial desorption. Multilayer reversible CTAB adsorption is observed with 

the ν(C-H) peak positions resembling solution phase positions and with intensities falling to 

baseline values. When comparing the adsorbed HCF spectra between Ag2S/AuNR and 

Ag2Se/AuNR, varying surface complexation modes are seen as noted by the HCF peak position 

and broadening. This suggests that the surface complexation mode is dependent on nanoparticle 

composition and surface coverage. The slight desorption of HCF from Ag2Se/AuNRs (27-fold) 

could explain the lower PA enhancement compared to Ag2S/AuNRs (42-fold). 

Bare AuNRs show minimal adsorption of HCF and CTAB (Figure 3.18). When water is 

finally flowed over the AuNRs, all molecules are completely desorbed, thus suggesting a fully 

reversible physisorption process. Thus, HCF is directly complexed with the chalcogenide coating 

and not the core gold nanorod. This explains why AuNRs treated with HCF show no PA 

enhancement (Figure 3.11).   

EDX mapping shows a slight preferential adsorption of HCF along the longitudinal edge 

of the nanoparticle surface (Figure 3.4F-G). This could explain why Ag2S/AuSph show no PA 
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enhancement compared to coated nanorods (Figure 3.10). PA enhancement was specific to HCF 

(III). 50 µM potassium ferrocyanide (HCF (II)), KO2, NaCN, NaH, and KMnO4 had no effect on 

PA signal from Ag2S/AuNR (Figure 3.19).   

There are two possible hypotheses for how HCF adsorption causes an increase in the 

grüneisen parameter (G). G is a temperature dependent variable. Recently HCF was associated with 

excess heat production during a redox couple reaction.265 It is also well known that HCF redox can 

be triggered by light absorption like the kind used in photoacoustics.266, 267 Hence, it is possible 

that HCF adsorption and subsequent light absorption increases the temperature at the shell-HCF 

interface, resulting in 4-fold G enhancement.   

Second, there could be enhanced electrostriction due to HCF adsorption. Electrostriction 

is a material property that results in a rapid shape change in the presence of an externally applied 

electric field.268 An external electric field can displace electrons-hole pairs in opposite directions 

resulting in a bulk volumetric change.269 G is directly proportional to the volumetric thermal 

expansion coefficient (b, Equation 3.1).270 An increase in b will result in enhanced G.  In the case 

of plasmonic nanoparticles, the excitation from the pulsed light source can result in rapid shape 

changes. PA generated from electrostriction and thermal expansion of the particle would be 

additive and result in PA enhancement.   Usually, the electrostriction forces are negligible and 

hence excluded from Equation 3.1.271, 272 But others have shown that ferricyanide, 

chalcogenophosphates, and layered materials can possess enhanced electrostriction properties.271, 

273-275 PA imaging is one of the best ways to characterize both these hypotheses and an independent 

characterization technique is needed to confirm our findings. Unfortunately, independent 

confirmation is extremely challenging due to instrument limitations.     
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3.5 Conclusion  

In this work, we report the surprising PA enhancement of silver chalcogenide-coated gold 

nanorods upon treatment with HCF. HCF treated nanoparticles showed no changes in absorbance 

but a significant (up to 42-fold) PA enhancement. Ag2S/AuNRs showed higher PA efficiency 

compared to Ag2Se/AuNRs. Ag2S coated gold nanospheres showed no PA enhancement. The PA 

enhancement was attributed to a 4-fold increase in the Grüneisen parameter (G) after HCF addition. 

We showed that the G enhancement was not due to aggregation, increased absorbance, or crystal 

phase change of the shell layer. Dynamic in situ interactions between HCF and the silver 

chalcogenide surfaced revealed the irreversible displacement of CTAB with HCF from the 

nanoparticle shell surface. Uncoated AuNRs showed minimal HCF adsorption resulting in no G 

enhancement. We include two possible mechanisms for G enhancement. First, the localized heating 

at the shell-HCF interface due to photoinduced HCF redox chemistry. Since G is temperature 

dependent, localized heating results in G enhancement. Second, there may be an enhanced 

electrostriction response due to ferricyanide adsorption on a layered plasmonic nanoparticle 

surface which increases the volumetric thermal expansion component of G.   
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3.6 Supplementary information  

 

Figure 3. 6 Ag2Se/AuNR synthesis and characterization before and after HCF treatment. 
A-B. TEM and HRTEM show no change in particle morphology, size, and shell thickness on HCF treatment. Scale 
bars on low- and high-resolution images measures 30 and 10 nm respectively. C. Absorption spectra shows no change 
in LSPR after HCF treatment (Inset: no change in colloidal color). D. pXRD analysis shows characteristic peaks for 
Au and Ag2Se that are unaffected by HCF addition. E. DLS shows no change in particle hydrodynamic diameter after 
HCF treatment. F. Addition of HCF significantly (p<0.001) reduces the zeta potential of the particle as negatively 
charged HCF gets adsorbed onto the particle surface. Error bars represent the standard deviation of six measurements.  
 

 

Figure 3. 7 HCF-mediated PA enhancement of Ag2Se/AuNR. 
A-B. 50 µM HCF treatment results in 27-fold PA enhancement. C. HCF treated particles show peak PA intensity at 
740 nm.  
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Figure 3. 8 AuNR characterization before and after HCF treatment. 
A-B. TEM and HRTEM show no change in particle morphology and aspect ratio on HCF treatment. Scale bars on 
low- and high-resolution images measures 30 and 10 nm respectively. C. Absorption spectra shows no change in 
LSPR after HCF treatment (Inset: no change in colloidal color). D. pXRD analysis shows characteristic peaks for Au 
that are unaffected by HCF addition. E. DLS shows no change in particle hydrodynamic diameter after HCF treatment. 
F. Addition of HCF significantly (p<0.001) reduces the zeta potential of the particle as negatively charged HCF gets 
adsorbed onto the particle surface. Error bars represent the standard deviation of six measurements. 
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Figure 3. 9 Effect of laser fluence (F) on PA intensity. 
A. (Inset)Experimental setup to control laser fluence using a 1 cm thick TiO2 optical filter placed between the samples 
and PA transducer. An increase in TiO2 concentration results in lower fluence for the sample. 0 mg/ml TiO2 = 18.2 ± 
0.9 mJ/pulse and 8 mg/ml TiO2 = 0.73 ± 0.05 mJ/pulse. B-D. Both treated and untreated particles show a linear 
correlation between PA intensity and laser fluence. Error bars represent standard deviation in 6 ROIs for PA intensity 
and 3 separate measurements for fluence. 
 

 
Figure 3. 10 Photostability of HCF treated and untreated particles. 
A. Ag2S/AuNR: Enhanced particles exhibit increased photostability with 6.5% decrease in PA signal after 7 min under 
the laser (18.2 ± 0.9 mJ/pulse). B. Ag2Se/AuNR: HCF treated particles show a 9% decrease in PA intensity when 
irradiated for over 7 min with 18 mJ/pulse. 
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Figure 3. 11 PA characterization of AuNRs with HCF treatment. 
A-C. AuNRs showed no PA enhancement after 50 µM HCF treatment. PA spectra showed peak PA intensity at 680 
nm although AuNR LSPR was at 710 nm. The blue shift is attributed to rod reshaping under laser illumination. D. 
HCF treatment had no effect on the Grüneisen parameter (slope of PA vs. Temp). A simple linear regression showed 
zero PA signal at 0.8 oC and 2.6 oC with and without HCF addition respectively. The zero signal is expected as thermal 
expansion coefficient of water is minimum in the 0-4 oC range. 
 

 
Figure 3. 12 Effect of shape on PA enhancement. 
A. Ag2S coated and uncoated AuSph have similar absorbance at 532 nm. Treatment with HCF causes no change in 
absorbance like AuNRs. B-C. No significant PA enhancement is seen in coated or uncoated AuSph after HCF addition 
(p>0.05). Error bars represent standard deviation in 6 measurements. 
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Figure 3. 13 Experimental setup for in-situ dynamic ATR-FTIR measurements. 
A dry nanoparticle thin film was first created by drop casting 1 mL of a ~27 nM nanoparticle concentration onto the 
crystal and dried overnight with a continuous dry air purge. (i) For displacement reactions on silver chalcogenide 
coated-AuNRs, water was flowed at ~1 mL/min for 60 min to remove loose particles followed by a background scan. 
(ii) Next, 50 µM HCF was flowed over for the film for 90 min and another scan was taken. (iii) Then, 50 µM CTAB 
was flowed over the thin film for 90 min and another scan was taken. (iv) Finally for desorption, water was flowed 
over the film for 60 min.  
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Figure 3. 14 Time dependent ATR-FTIR difference spectra for initial water wash show CTAB desorption. 
A. ATR-FTIR spectra of 60 min water wash for AuNR (gold), Ag2S/AuNR (pink), and Ag2Se/AuNR (blue) show 
decrease in v(C-H) peaks indicating CTAB desorption. Note the larger scale bar for AuNR, suggesting significant 
removal of CTAB compared to Ag2S/AuNR and Ag2Se/AuNR. B. Changes in the CTAB ~2923 cm-1 ν(C-H) peak 
intensity.   
 

 
Figure 3. 15 PA enhancement is lost when particles are treated with CTAB after HCF addition. 
A-B. Ag2S/AuNR and Ag2Se/AuNR show loss of PA enhancement when treated with increasing amounts of CTAB. 
CTAB was added after particles were enhanced with HCF. Enhancement is lost above the critical micelle 
concentration for CTAB (0.92 mM). 
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Figure 3. 16 PA enhancement is conserved even after washing. 
A. Schematic representation of sample preparation. B-C. HCF treated Ag2S/AuNR were washed via centrifugation 
and the pellet redispersed in distilled water. Washing and removal of excess HCF had no effect on PA enhancement 
showing the irreversible surface adsorption of HCF.   
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Figure 3. 17 Dynamic in-situ ATR-FTIR spectra of Ag2Se/AuNR on HCF treatment. 
A. Reference spectra for dried thin film of CTAB stabilized Ag2Se/AuNR on an AMTIR crystal, 1 mM solution phase 
HCF and 1 mM solution phase CTAB. B. in-situ time dependent ATR-FTIR difference spectra for a CTAB stabilized 
Ag2Se/AuNR following: (i) 50 µM HCF flow adsorption. Increase in the 2049 cm-1 ν(C≡N) band with the 
simultaneous decrease in the 2923 cm-1 ν(C-H) bands as a function of time suggesting a displacement of CTAB with 
HCF. (ii) 50 µM CTAB flow adsorption following HCF adsorption. CTAB can partially desorb loosely bound HCF 
while forming multilayers on directly surface bound HCF as seen by a change in peak intensity as a function of time. 
(iii) water desorption flow. These spectra show the desorption of multilayer CTAB and changes to the surface 
coordination of adsorbed HCF. Temporal spectra in B are collected every 10 minutes from light to dark coloration. C. 
Changes in the CTAB ~2923 cm-1 ν(C-H) peak intensity. D. Changes in the HCF 2049 cm-1 ν(C≡N) peak intensity. 
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Figure 3. 18 Dynamic in-situ ATR-FTIR spectra of AuNR on HCF treatment. 
(i) HCF is seen to displace CTAB noted by the positive 2031 cm-1 ν(C≡N) peak and negative 2923 cm-1 ν(C-H) peak. 
(ii) CTAB is seen to fully desorb HCF noted by the drastic decrease in the 2033 cm-1 peak intensity. This suggests 
that HCF is loosely bound to the AuNR surface and not directly coordinated. Spectra are shown every 10 minutes 
from light to dark coloration. 
 

 
Figure 3. 19 PA enhancement is specific to HCF (III). 
A-B. Ag2S/AuNR treated with 50 µM Potassium ferrocyanide (HCF (II)), KO2, NaCN, NaH, and KMnO4 show no 
PA enhancement. The rationale for choosing these molecules was to serve as controls for different redox species.   
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Chapter 4: Point of care ultrasound as a tool to assess 

wound size and tissue regeneration after skin grafting  

4.1 Abstract  

Chronic wounds can be difficult to heal and are often accompanied by pain and discomfort. 

Multiple skin substitutes or Cellularized/Tissue based skin Products (CTPs) have been used in an 

attempt to facilitate closure of complex wounds. Allografts from cadaveric sources have been a 

viable option in achieving such closure. However, early assessment of graft incorporation has been 

difficult clinically, often with delayed evidence of failure. Visual cues to assess graft integrity have 

been limited and remain largely superficial at the skin surface. Furthermore, currently used optical 

imaging techniques can only penetrate a few millimeters deep into tissue. Ultrasound (US) imaging 

offers a potential solution to address this limitation. This work evaluates the use of US to monitor 

wound healing and allograft integration. We used a commercially available dual-mode (ultrasound 

and photoacoustic) scanner operating only in US mode. We compared the reported wound size 

from the clinic to the measured size using US in 45 patients. Two patients from this cohort received 

an allogenic skin graft and underwent multiple US scans over a 110-day period. All the data was 

processed by two independent analysts and one of them was blinded to the study. We measured 

change in US intensity and wound contraction as a function of time. Our results show a strong 

correlation (R2 = 0.81, p<0.0001) between clinically and US measured wound sizes. Wound 

contraction greater than 91% was seen in both patients after skin grafting. An inverse relationship 

between wound size and US intensity (R2 = 0.77, p<0.0001) showed that the echogenicity of the 

wound bed increases as healthy cells infiltrate the allograft matrix regenerating and leading to 
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healthy tissue and reepithelization. This work shows that US can be used to measure wound size 

and visualize tissue regeneration during the healing process. 

4.2 Introduction 

Wound healing is one of the most complex processes in the human body.276 An ideally 

healed wound is an area that has been restored to normal anatomy, structure, functionality, and 

appearance after an injury.276 Wounds can be classified into two broad categories, acute and 

chronic depending on underlying cause and how long they take to heal. An acute wound is a sudden 

injury to the skin that heals predictively within 8-12 weeks.277 A chronic wound occurs due to a 

prolonged inflammatory response during healing which is difficult to heal, lasts longer than 12 

weeks, and frequently reoccurs.277 Poor perfusion into the wound site can significantly impair 

wound healing.278 Access to expert wound care centers can promote evidence based wound care, 

leading to 45% faster healing rates and a more efficient use of health resources.279, 280  

There are several wound treatment modalities. Standard wound care elements include serial 

debridement, compression therapy, judicious use of various wound dressings to control moisture 

balance, along with antimicrobial efforts to optimize the wound bed for successful healing.281 

These efforts also include minimizing pressure forces while optimizing vascular status to affected 

limb. Several additional advance adjunctive modalities exist.  Negative pressure wound therapy 

device, adjunctive Hyperbaric Oxygen therapy, and cellularized/tissue based skin products (CTPs) 

are viable options. 282  CTPs or bioengineered skin grafts made of synthetic and/or biological 

materials are often used as aids to promote wound closure and restore skin function.276, 283 The 

allograft skin substitutes provide a scaffold to the open wound defect. This scaffold will then 

become colonized by host immune cells as the healing cascade progresses. Clinicians often refer 

to the process of graft integration with the recipient area as “taking”. Healthy host cells infiltrate 
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the allograft matrix. These cells then differentiate into regenerated tissue ultimately integrating 

with surrounding healthy host tissue in a seamless fashion. Allograft take is typically dependent 

on the integrity of a healthy granular host wound base .284, 285 A negative immune response, 

infection, excessive exudation, and compromised hemostasis can all endanger the survival of the 

allograft. Obstruction of adherence to granulating tissue and penetration of neo-capillaries can 

occur.284, 286 Currently, clinicians rely on clinical experience and visual cues such as graft color, 

odor, texture, edema, drainage and necrosis to monitor the graft and the underlying wound 

health.287, 288 However, visual inspection is limited to the skin surface whereas underlined edema 

and graft detachment can go unnoticed. Furthermore, studies have shown extensive heterogeneity 

in wound evaluations between different healthcare professionals. 289, 290 One study compared how 

nurses and clinicians evaluated one diabetic ulcer—there was significant discordance in wound 

evaluation with 62.5% describing the wound as reddened in contrast to 37.5% reporting the same 

wound as bland. Similar discordance was noted in their ability to quantify wound exudate with 

62.5% describing exudate as moderate, 25% reporting no exudate, and 12.5% indicating that 

exudate could not be specified.289 This underscores the necessity for a more objective wound 

assessment system that avoids this such observational variation. 

Imaging is an indispensable tool to see what the eye cannot.291 Digital imaging using 

standard cameras has helped size wounds more accurately and follow clinical progress after 

grafting.292, 293 Ultraviolet light can visualize hidden wound features and has helped the field of 

forensics.294 Spectral imaging and two-photon fluorescence microscopy have shown promise in 

visualizing vasculature and measure oxygen saturation in animal models; both are key parameters 

for optimal graft health.295-298 Fluorescence imaging has also been used to detect bacterial infection 

in chronic wounds.299 Unfortunately, all these techniques are optical and thus are limited by the 
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penetration depth of light through tissue (approx. 100 µm) while chronic wounds can exist much 

deeper (up to 2 cm).289, 300 X-ray or magnetic resonance imaging (MRI) can be used to look deeper 

into diseased tissue but these either lack soft tissue contrast and risk radiation exposure (X-Ray) 

or are expensive, cannot be point-of-care, and lack resolution (MRI).   

Ultrasound (US) imaging is a unique imaging modality that solves all these major 

limitations. It is a quick, inexpensive, non-radiative, non-invasive, and point-of-care imaging 

modality that can look deep into soft tissue (up to 10 cm).301, 302 The use of ultrasound as a 

therapeutic tool to aid debridement and promote healing has been widely reported but there are 

very few reports of US imaging being used to monitor wound healing.303-305 A recent small case 

series showed that US, doppler, and elastography could be used to determine wound morphology, 

biomechanics and proximity to other anatomical structures like bone and tendon.306 Another case 

study in a 46-year old female with a stage IV sacral pressure ulcer showed that multiple two-

dimensional US images could be reconstructed for three-dimensional visualization of the ulcer.307 

Photoacoustic imaging and high-resolution harmonic US has also been used to stage and track 

healing of pressure ulcers and burn wounds in animal models.308, 309 Although these studies depict 

the advantages of US imaging like deeper imaging and elastography, a longitudinal human clinical 

study monitoring wound healing has not yet been reported. The ability to monitor a skin graft as it 

integrates would have high clinical significance and allow clinicians to make more informed 

therapeutic decisions. This work aims to evaluate the use of US to monitor wound healing and 

allograft integration. 
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4.3 Materials and methods  

4.3.1 Patients 

This study was approved by the Human Research Protections Program at the University of 

California San Diego (IRB #191998 and H191539X). Informed written consent from each patient 

was acquired before scanning. The inclusion criteria were as follows: (i) patients with ulcers not 

more than 15 cm2 in area. ii) patients 18 years or older and be able to provide consent. Exclusion 

criteria included i) Patients with a blood-borne pathogen ii) patients with other lesions (e.g., 

Melanomas) at the wound site. iii) patients with orthopedic implants patients presenting with 

wounds between digits or in the pubic region; 63 patients (65 wounds) were recruited for this 

study. Table 4.1 describes the patient demographic distribution. All patients were imaged. 

 Two patients (Patients A and B) who received allogenic skin grafts underwent multiple 

follow-up scans over a period of 110 days.  Patient A was a 77-year-old non-diabetic female with 

a history of hypothyroidism. Patient A presented with an open, chronic, post-operative left knee 

wound with tendon involvement and chronic venous hypertension on both sides. Patient A was 

first scanned 103 days after presentation followed by 13 follow-up scans over a 110-day period. 

Patient B was a 33-year-old non-diabetic male with a history of renal transplant. Patient B 

presented with a left, anterior, lower limb, posttraumatic ulcer with chronic venous hypertension 

on the left side. Patient B was first scanned 33-days after presentation followed by 10 follow-up 

scans over a 106-day period.  

This study did not involve any additional visits and was performed during a regularly 

scheduled wound care visit. The frequency of visit was independently decided by the wound 

specialist (CA) depending on the patient’s needs. The wound site was prepared by removing any 

dressings and cleaning with sterile saline prior to scanning. Neighboring tissue was further cleaned 

using alcohol swabs to prevent infection. A photograph with a wound ruler was also taken to 
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correctly size the wound surface.  To prevent cross contamination and infections, we used a new 

sterile CIV-FlexTM transducer cover for every scan (#921191 from AliMed Inc., Dedham, MA, 

USA).      

4.3.2 Ultrasound imaging 

We used a commercially available LED-based photoacoustic/ultrasound imaging system 

(AcousticX from CYBERDYNE Inc. (Tsukuba, Japan)).257 In this study, we only used the 

ultrasound mode. The ultrasound transducer has 128 linearly arranged elements operating with a 

central frequency of 7 MHz, bandwidth of 80.9% and field of view of 4 cm. Sterile US gel 

(Aquasonic 100, Parker Laboratories Inc., Fairfield, NJ, USA) and a custom hydrophobic gel pad 

from CYBERDYNE INC. (Tsukuba, Japan) was used for US coupling between the transducer and 

skin surface. All US images were acquired at 30 frames per second. 

Wounds smaller than 5 cm in length (Patient A) were scanned in a single sweep from 

inferior healthy tissue over the wound to superior healthy tissue. From these scans, we selected 

representative frames for inferior healthy tissue, two wound sites (site I and ii), and superior 

healthy tissue. For large wounds (Patient B), we selected three wounded sites at discrete distances 

from the inferior wound edge and tracked wound progression over time (Fig 1A). Inferior and 

superior sites to the wound were used as healthy controls. To monitor tissue regeneration, we 

measured changes in US intensity (mean gray value) and change in wound size as a function of 

time. All the images were acquired by YM only. It is important to note that all US scans were 

performed by hand. Thus, it is impossible to perfectly match US frames from the same site over 

multiple imaging sessions. To reduce the effects of this limitation, we matched the underlying bone 

morphology to compare similar spots over time. Patients with skin grafts went through the same 

imaging protocol with no added steps. 
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4.3.3 Image processing  

All US frames were reconstructed and visualized using the custom software built for the 

AcousticX photoacoustic imaging system developed by CYBERDYNE Inc. (Tsukuba, Japan) 

version 2.00.10. B-mode, coronal cross-section images were exported as 8-bit gray scale images. 

The images were further processed to measure wound width, area, and US intensity using Fiji an 

ImageJ extension version 2.1.0/1.53c.310 Data was plotted using Prism9 version 9.0.0. All 

measurements were made using custom region of interest (ROI) analysis for individual frames. 

Drawing ROIs by hand can be very subjective. Hence, all image quantification was independently 

confirmed by two analysts (YM and JT). JT was blinded to the study and only received B-mode 

US images to analyze the data. 

To corroborate our method with the current gold standard eye measurements we compared 

reported wound size with size measured with US imaging. The reported wound size was provided 

by CA and his nursing team and was recorded as part of standard care. The wound width under 

US was measured using custom ROI analysis to outline the wound on a single frame.  Wound 

width was defined as the widest region within the wound ROI (Figure 4.1B). 

We quantified changes in US intensity over time in a constant ROI. A custom ROI (outline 

of wound site) was drawn for Patient A and B on day 1 and the US intensity within that ROI was 

tracked over time. Maintaining a constant ROI allows us to quantify tissue regeneration as the graft 

integrates into the wound bed. To further compare US intensity between wounded and healthy 

tissue, a dynamic baseline US intensity for healthy tissue was measured. We measured the mean 

gray value and its standard deviation (0.5 cm x 0.5 cm ROI) in two frames representing inferior 

and superior healthy tissue, for each time point. The healthy window was defined within one 
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standard deviation of the dynamic baseline. US intensities falling under and over this window were 

considered as wound and scar tissue respectively.  

Finally, we monitored change in wound area under the skin graft. Custom ROIs were drawn 

for individual sites at each imaging time point. An area was considered to be a wound if its US 

intensity was significantly below the healthy window defined above.  

 

4.3.4 Statistical testing 

A Bland-Altman analysis was used to look for bias between clinically reported wound 

(gold standard) and US measured wound width. A mean bias more that 0.06 cm would be 

considered clinically significant as the lateral resolution of the US transducer ranges from 0.05-

0.06 cm.257  

To reduce the subjective nature of ROI-based analysis two independent analysts, YM and 

JT processed all the images. JT was blinded to the study. A Bland-Altman analysis was used to 

look for systemic bias between two independent analysis of the same images. For US intensity 

measurements a mean bias above 17 gray scale values (standard deviation in healthy tissue) would 

be considered clinically significant. For wound area measurements, a mean bias greater than 5% 

of the largest wound size would be considered clinically significant.   

4.4 Results 

Figure 4.1 A shows a typical US scan over a wound site. We show that US imaging can 

be used to reliably size wounds only limited by the width of the transducer. Skin graft integration, 

tissue regeneration, and changes in wound size can be easily visualized and quantified using US, 

which is not possible by eye. We also show that there is a significant negative correlation (R2 = 

0.77, p<0.0001) between wound size and US intensity.    
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Table 4. 1 Patient demographic distribution. 

 

Figure 4. 1 Ultrasound imaging setup and wound width measurement.  
A) Schematic representation of a typical ultrasound scan over a wound site. Small wounds (<5 cm in length) were 
scanned in one sweep from inferior to superior healthy tissue. Large wounds were imaged at discrete distances from 
the inferior wound edge. Superior and inferior tissue from the wound edge were considered as healthy controls. B) A 
typical B-mode US image showing coronal cross section of the lower limb. Wound width was measured at its widest 
point within the wound site (blue dotted line). C) Comparison between reported wound width at the point-of-care and 
measured wound width using US (n = 45) showed strong correlation (R2 = 0.81, p<0.0001) between the gold standard 
and our method. Black dotted lines represent 95% confidence intervals.  

4.4.1 Wound dimensions 

Of the cohort of 63 patients with 65 wound sites, 20 wounds could not be sized with US: 

15 wounds did not have a reported wound size from the clinic and were excluded; five wounds 

were located in regions with high curvature such as the lateral side of the toe or ankle, which makes 

US coupling difficult in these regions with a linear array transducer. Hence, 45 wounds were used 

to compare reported wound size with the US measured size. Figure 4.1C shows that there is a 

Category  Distribution  

Age (mean ± standard deviation) 66.9 ± 14.6 

Male/Female 31/32 

Diabetic/Non-diabetic 19/44 

Chronic venous hypertension (Yes/No) 37/26 
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strong correlation (R2 = 0.81, p<0.0001) between reported and measured wound widths. A Bland-

Altman analysis was used to check for any bias between the gold standard eye measurements and 

our US imaging technique (Figure 4.6). A calculated mean bias of -0.05 cm rejected our null 

hypothesis of clinical significance above 0.06 cm.  

4.4.2 Wound regeneration after skin grafting 

Figure 4.2 A-C depicts the wound progression and Figure 4.2 D shows the imaging and 

intervention/treatment timeline for patient A. Figure 4.2 E-G depicts the wound progression and 

Figure 4.2 H shows the imaging and intervention/treatment timeline for patient B.  
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Figure 4. 2 Ultrasound imaging setup and wound width measurement.  
A-C) Photographic progression of the wound site in Patient A, a 77-year-old female with a chronic left knee wound. 
D) Study and treatment timeline for Patient A, 13 scans over a 110-day period. Patient A received two skin grafts, 28 
days before and 75 days after the start of this study. E-G) Photographic progression of the wound site in Patient B, a 
33-year-old male with a chronic, left lower limb wound. H) Study and treatment timeline for Patient B, 10 scans over 
a 106-day period. Patient B received a skin graft 49 days into the study. All scale bars are 2 cm. 
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Patient A 

Patient A had a left knee ulceration who underwent 13 US scans over 110-day-scan. Patient 

A received a human cadaver-derived, acellular dermal matrix (AlloDerm, Lifecell, Branchburg, 

NJ) skin graft 28 days prior to the first scan. A second tissue matrix allograft composed of 

dehydrated human amnion/chorion membrane (EpiFix, MiMedx, Marietta GA) was used 75-days 

after the first scan. Figure 4.7 and 4.8 show the visual and US scan progression over two wounds 

and one healthy site. Imaging sites are marked i, ii, and healthy from inferior-superior regions. 

Wound pictures (Figure 4.2 A-C) show wound contraction and skin graft integration at the surface 

over time. An increase in tissue echogenicity is seen at both sites i and ii indicative of skin graft 

integration (Figure 4.7). The superior healthy control tissue remains unchanged over the study 

period.   

Figure 4.3 C-F quantifies the US data for Patient A. The dynamic baseline for healthy 

tissue was measured over 13 independent scans. (73.5 ± 12.9 (unique for patient A)). Changes in 

US intensity over time for site i and ii showed that it took 90 days for site i and 96 days for site ii 

to achieve gray scale values similar to healthy tissue (Figure 4.3 C and E). Wound size under the 

skin graft showed varied rates of contraction for both sites. Site i showed an 89.2% and site ii 

showed a 96.0% reduction in size over 110 days (Figure 4.3 D and F). Wound contraction was 

slowest between days 14-68 which is consistent with the physician notes reporting slow 

improvements and signs of edema during the same period. Interestingly, wound contraction was 

fastest between days 68-90 which was also noted by the attending doctor. 
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Figure 4. 3 Ultrasound imaging setup and wound width measurement.  
A-B) Bland-Altman analysis between measurements made by two independent analysts using the same set of images. 
Statistical analysis of both US intensity (A) and wound area (B) showed no significant bias between the two analysts. 
C-F) Change in US intensity and wound area for patient A, sites i and ii. Site i and ii showed an 89.2% and 96.0% 
reduction in size respectively. (G-L) Change in US intensity and wound size for patient B, sites i, ii and iii showing 
an 86.1%, 78.6% and 91.7% contraction respectively. Error bars in panels C, E, G, I, and K, represent standard 
deviation of mean gray value in a single ROI. Error bars in panels D, F, H, J, and L represent standard deviation of 
area measured using 3 US frames. 
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Figure 4. 4 Monitoring wound progression using ultrasound. 
Patient B was a 33-year-old male with an anterior lower limb wound who received an allogenic skin graft 49 days into 
the study.  Photographs and US images from Site ii (red dotted line) and superior healthy tissue (green dotted line) 
from A-C) Day 1, D-F) Day 42 G-I), Day 62, J-L) Day 84, and M-O) Day 106. Signs of tissue loss (B) can be seen 
using US while not visible to the eye (A). An increase in wound size, and hypoechoic regions were observed (B, E, 
and H) over the first 62 days indicating tissue loss even though skin grafting was done on day 49. An increase in 
echogenicity indicating tissue regeneration and wound contraction can be seen between days 62-106 (K and N). The 
ability to monitor tissue loss and regeneration under a skin graft between days 49-62 and 62-106 respectively, shows 
the main power of imaging over current methods. Superior healthy control tissue (green dotted line) remains fairly 
unremarkable and unchanged over the same time period. Red arrows show wound site, yellow arrows point to the 
tibia. All scale bars are 1 cm. 
 

Patient B 

Patient B was a 33-year-old male with an anterior, lower left limb ulceration who 

underwent 10 US scans over a 106-day period. Patient B received a human cadaver-derived, 

acellular dermal matrix (AlloDerm, Lifecell, Branchburg, NJ) skin graft 49 days after the first 

scan. We monitored wound progression at three wound sites i, ii, and iii (inferior, medial, and 

superior, respectively). Figure 4.4 shows the differences between wound and healthy tissue while 
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focusing on site ii and superior healthy control only. Annotated images on site i and iii can be 

found in the supplementary section (Figure 4.9 and 4.10).  

The average healthy gray value measured over 10 separate scans was 90.4 ± 21.5 (unique 

for patient B). All wound sites showed an increase in wound size and loss of US signal until skin 

grafting followed by a tissue regeneration and wound contraction period (Figure 4.9). Healthy 

control tissue remained unchanged over the same time period. Sites i and ii responded differently 

compared to site iii (Figure 4.3G-L). Between days 1-62, the wound area at site i increased from 

0.37 cm2 to 1.42 cm2 while Site ii increased from 0.20 cm2 to 1.10 cm2. Both sites i and ii showed 

an increase in wound size and tissue loss up to 62 days into the study even though patient B was 

skin grafted on day 49 (Figure 4.3H and J). Site iii responded to treatment at a different rate. 

Wound area at site iii increased from 0.05 cm2 to 1.23 cm2 within the first 42 days followed by a 

healing period. By the end of the study, sites i, ii, and iii showed an 86.1%, 78.6%, and 91.7% 

contraction respectively. Photographic pictures clearly show that Patient B’s wound had not 

completely healed by the end of the study (Figure 4.4M). Incomplete healing can be seen when 

US intensity was monitored over time (Figure 4.3G-K). The measured US intensities approach 

the healthy window but do not show complete regeneration after 110 days of treatment.  

A plot of wound area vs. US intensity revealed an inverse relationship between the two 

variables with R2 = 0.77 and 0.72 for patients A and B, respectively. A large wound with less tissue 

shows low US signal while a small wound with regenerated tissue showed high US signal (Figure 

4.5).  

All data quantification was done by two independent analysts (YM and JT). JT was blinded 

to the study while YM acquired and analyzed all the data. Bland-Altman analysis revealed no 

significant bias between the two analysts. For US intensity measurements, a mean bias of 4.12 
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gray values between the two analysts, rejected our null hypothesis of clinical significance above 

17 gray values (standard deviation in healthy tissue). For wound area measurements, a mean bias 

of 0.10 cm2 (4.4% of largest measured wound size) rejected our null hypothesis of clinical 

significance above 5% of the largest measured area.  

 

Figure 4. 5 Relationship between wound size and US intensity.  
Wound size is negatively correlated to US intensity for both A) Patient A (R2 = 0.77, p<0.0001) and B) Patient B (R2 
= 0.72, p<0.0001). As the skin graft takes, wound size reduces as healthy cells infiltrate the graft matrix. This 
infiltration results in tissue regeneration and an increase in US intensity. Error bars represent standard error of mean 
between three US frames. 

4.5 Discussion 

The fast, inexpensive, reliable, and pain free characteristics of point-of-care US imaging 

make it an ideal modality to monitor wound progression.  Currently, wounds are sized by eye using 

a wound ruler as reference. Although more advanced sizing protocols using high definition 

cameras using complex edge detection and neural networks have been reported, their limited 

penetration into tissue makes depth measurements difficult.311-313 Furthermore wounds may 

prematurely contract at the surface level only ahead of a voluminous deeper cavity defect.314 This 

dimension is often neglected though it may further explain aberrant wound healing delays or cause 

of wound deterioration. The ability of US to non-invasively image under the skin surface make it 

an ideal imaging modality to solve such limitations. Figure 4.1C shows that wound width 

measured using US imaging has strong correlation (R2 = 0.81) with the reported eye measured 

values. The Bland-Altman analysis also showed no clinically significant difference between 
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reported and measured values (Figure 4.6). One limitation is wounds above 4 cm in width are 

consistently undersized. This is because the US transducer used in this study has 128-elements 

each measuring 3.5 mm long with a pitch of 0.3 mm, giving it a lateral field of view of ~ 4 cm.257 

US imaging has value at estimating wound depth, but these are usually difficult to measure by eye 

and hence are rarely reported. 

Tissue loss or edema accumulation results in hypoechoic regions on US images.315, 316 On 

the other hand, scar tissue and edema reduction through use of compression modalities results in 

hyperechoic regions.317 Patients have unique soft tissue density and collagen arrangements giving 

them unique baseline acoustic properties. It is important to measure healthy tissue US intensity 

separately for each case to distinguish between diseased, healthy, and scar tissue. With skin grafts, 

the ideal outcome is to restore anatomical continuity along with functionality while minimizing 

scarring. US imaging is an effective tool to visualize tissue regeneration because US intensity 

increases as the wound heals. This phenomenon is clearly visible with both patients A and B. 

Figure 4.3 shows the change in US intensity and wound size over time. It is interesting to note an 

inverse relationship between wound size and US intensity for both patients (Figure 4.5). In both 

patients, the corresponding US intensity increases whenever wound size reduces. This is because 

healthy cells infiltrate into the graft matrix regenerating healthy tissue as the skin graft takes; this 

in turn increases US signal. Skin grafting did not lead to scar formation because the US intensity 

of regenerated tissue stayed within the defined healthy tissue window (Figure 4.3 C, E, G, I, and 

K). A high collagen orientation index in scar and keloid tissue leads to hyper-echogenicity under 

US imaging.318, 319   

Sometimes wounds deteriorate secondary to a deeper unhealed voluminous defect. This 

defect often collects fluid and may evolve into a seroma or an abscess. 320 Such a defect is 
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particularly difficult to predict and visualize with current methods at the bedside. Therefore, visual 

clinical cues such as erythema, swelling, fluctuance and/or presence of pain can be used to predict 

tissue health under the skin.288  Ultrasound imaging is especially effective in providing insight into 

deeper wound elements. The real time, high-resolution, high-depth penetration nature of 

ultrasound allows it to detect signs of edema and tissue loss before it is visible on the skin surface. 

The ability of US to predict tissue loss is seen in patient B (Figure 4.4) where site ii shows signs 

of tissue loss approximately 0.5 cm under the wound surface on day 1 (Figure 4.4 B and S4). The 

hypoechoic regions between the tibia and the US probe cover in Figure 4.4 E and H are indicative 

of further tissue loss which left the tibia exposed by day 42. The increase in wound size and loss 

of tissue was also corroborated by image analysis (Figure 4.3 G-L) where US intensity reduces, 

and wound area increases over the first 62 days.  

Wound healing is an extremely complicated process that is affected by many variables such 

as age, local perfusion, moisture and patient compliance.321, 322 Younger patients are more likely 

to heal faster than older patients.323 Comparing the healing rates between patient A (77-year old) 

and patient B (33-year-old) in Fig. 3 shows that patient B exhibited faster wound contraction after 

skin grating compared to patient A. Patient A showed a 62% contraction within 103 days of the 

first skin graft placement. Patient B had a larger wound but 65% contraction within 42 days of skin 

grafting.  Furthermore, patient A required a secondary skin graft (EpiFix, MiMedx, Marietta GA) 

54 days into the study after which the wound contraction rate increased at both sites (Fig. 3 C-F). 

These results suggest that US imaging could be used to evaluate wound healing rate; however, a 

more comprehensive and well powered study is needed to draw conclusions. 

Although US imaging is a powerful tool to monitor wound health, it has its limitations. US 

images are gray scale images, and it is difficult to distinguish between wound sites responding to 
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treatment and the surrounding healthy tissue. Furthermore, US images can provide high resolution 

structural imaging but lacks functional imaging capabilities.324 Photoacoustic imaging is similar 

to US but uses light as an excitation source to produce pressure waves.223 It has already shown 

promise in visualizing ulcers and neovascularization in mice,309 which is key for wound healing 

and skin graft integration. Our future work will look to incorporate photoacoustic imaging to 

monitor neovascularization in human subjects.  

4.6 Conclusion 

Ultrasound imaging is a valuable tool to study skin graft integration used for chronic wound 

treatment. We first showed that wound width measurements made by US imaging are strongly 

correlated to measurements made visually. Second, a thorough investigation into two patients (5 

wound sites), both receiving allogenic skin grafts showed that wound contraction, healing, and 

skin graft integration could be monitored using wound area and US intensity. The loss of tissue 

and inflammation resulted in hypoechoic regions on the ultrasound which healed after skin graft 

placement and integration in both patients. Over 110 days, patient A showed up to 96% wound 

contraction whereas patient B showed up to 91.7% contraction over a similar period. During the 

healing process, US intensities recovered into the healthy tissue window showing soft tissue 

regeneration under the skin graft. 
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4.8 Supplementary information  
 

 
Figure 4. 6 Bland-Altman analysis.  
Bland-Altman analysis of reported wound width and ultrasound (US) measured wound width in 45 patients. A mean 
bias of -0.05 cm rejected the null hypothesis of clinically significant difference above 0.06 cm. 
 
 
 
 
 
 
 
 



99 
 

 
Figure 4. 7 ROI based analysis for Patient A. 
Patient A, a 77-year-old female with an anterior left knee wound received an allogenic skin graft 28 days prior and 54 
days into the study.  Photographs and US images from sites i (yellow), ii (red), and superior healthy tissue (green) 
from A-D) Day 1, E-H) Day 42 I-L), Day 75, and M-P) Day 110. Site i and ii both showed slow healing periods 
between days 14-62. Wound contraction and tissue regeneration increased after the second skin graft placement. The 
superior healthy tissue (green dotted line) remained unchanged over the whole study period. Yellow and red lines 
correspond to ROIs used for wound size measurement. Dotted green lines represent ROI used for measuring US 
intensity of healthy tissue. 
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Figure 4. 8 Unannotated version of ROI based analysis for Patient A. 
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Figure 4. 9 ROI based analysis for Patient B. 
Patient B, a 33-year-old male with a chronic anterior lower limb wound received an allogenic skin graft 49 days into 
the study. Photographs and US images of site i (yellow), ii (red), iii (blue), and superior healthy tissue (green) from 
A-E) Day 1, F-J) Day 42, K-O) Day 62, P-T) Day 84, and U-Y) Day 106. A consistent increase in wound size, and 
loss of tissue is seen in all three wound sites whereas superior healthy tissue remains the same. After skin grafting, 
site iii (starts healing first (N) whereas site i and ii still show further tissue loss (L-M). This is particularly difficult to 
see by eye. By Day 84 and 106, an increase in US signal within the wound site shows that the skin graft has taken and 
wound size under the graft has reduced considerably for sites i, ii and iii. Superior healthy tissue (control) remains 
unchanged over the entire study period. Yellow, red, and blue dotted lines correspond to ROIs used for wound size 
measurement. Dotted green lines represent the ROIs used for measuring US intensity of healthy tissue.  
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Figure 4. 10 Unannotated version of ROI based analysis for Patient B. 
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Chapter 5: Photoacoustic monitoring of angiogenesis 

predicts response to therapy in healing wounds  

5.1 Abstract 

Chronic wounds are a major health problem that cause the medical infrastructure billions 

of dollars every year. Chronic wounds are often difficult to heal and cause significant discomfort. 

Although wound specialists have numerous therapeutic modalities at their disposal, tools that 

could 3D-map wound bed physiology and guide therapy do not exist. Visual cues are the current 

standard but are limited to surface assessment; clinicians rely on experience to predict response to 

therapy. Photoacoustic (PA) ultrasound (US) is a non-invasive, hybrid imaging modality that can 

solve these major limitations. PA relies on the contrast generated by hemoglobin in blood which 

allows it to map local angiogenesis, tissue perfusion and oxygen saturation—all critical parameters 

for wound healing. This work evaluates the use of PA-US to monitor angiogenesis and stratify 

patients responding vs. not-responding to therapy. We imaged 19 patients with 22 wounds once a 

week for at least three weeks. Our findings suggest that PA imaging directly visualizes 

angiogenesis. Patients responding to therapy showed clear signs of angiogenesis and an increased 

rate of PA increase (p = 0.002). These responders had a significant and negative correlation 

between PA intensity and wound size. Hypertension was correlated to impaired angiogenesis in 

non-responsive patients. The rate of PA increase and hence the rate of angiogenesis was able to 

predict healing times within 30 days from the start of monitoring (power = 88%, alpha = 0.05) 

This early response detection system could help inform management and treatment strategies while 

improving outcomes and reducing costs.  
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5.2 Introduction  

Chronic wounds are a major health problem, but there are no tools to diagnose these 

wounds before they have erupted and/or evaluate deep tissue response to therapy.325 Chronic 

wounds cost the United States medical infrastructure up to $100B/year with a single diabetic ulcer 

costing nearly $50,000 — these numbers will increase as the population ages.326  To decrease costs 

and improve quality of life, the community needs tools to predict and monitor response to therapy. 

Unfortunately, conventional methods are primarily based on visual inspection and cannot see 

beneath the skin surface — 3D mapping of physiology deep into the wound bed could better 

stratify wound risk and guide therapy but such tools do not exist. While the Braden/Norton scales 

and transcutaneous oximetry (TCOM) have shown promise, these systems offer an ensemble 

assessment of the affected area with no spatial details on the wound boundaries, wound depth, and 

interaction of wound with healthy tissue.327, 328 Thus, the development of tools to map and measure 

imaging markers associated with wound risk and treatment response could have a major positive 

impact for patients with chronic wounds or at risk of developing such wounds.309, 329, 330  

Ultrasound (US) imaging is non-invasive and rapid 331-336 and can make 3D maps of the 

wound. US is an affordable, high resolution, sensitive, non-ionizing, and real-time tool for imaging 

but its use is surprisingly rare in wound care despite being ideally suited to characterize soft tissue 

and bone surfaces.337 Recently, we reported the use of US to assess wound size in 45 patients.338 

We also performed a longitudinal study of wound healing in patients who received allogenic skin 

grafts over a 110-day period. We showed that ultrasound imaging can predict wound exacerbation 

and tissue loss before it is seen by the eye.338 However, ultrasound alone mostly provides anatomic 

information: There are few details on perfusion or oxygenation, which are critical to wound 

formation and wound healing. In contrast photoacoustic (PA) ultrasound is a “light in, sound out” 
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technique versus conventional “sound in, sound out” ultrasound. Contrast in photoacoustic s is 

generated by differential absorption of light: hemoglobin and deoxyhemoglobin are common 

absorbers.2, 339-341 Thus, photoacoustic imaging can report tissue oxygenation and tissue 

perfusion.342, 343 The same scan also collects standard ultrasound images.  

Angiogenesis is the formation of new blood vessels from pre-existing vessels. It is well 

known that angiogenesis is crucial for wound healing.344 The new blood vessels carry essential 

cytokines and oxygen for wound repair. Studies have shown that elevated glucose levels in diabetic 

patients hinders angiogenesis resulting in diabetic ulcer formation, poor wound healing, and limb 

loss.345, 346 Treatment protocols such as hyperbaric oxygen therapy,347 negative pressure wound 

therapy,348 and debridement349 can promote angiogenesis and improve healing outcomes. 

Hypertension can impair angiogenesis.350 Hence, an early angiogenesis detection tool could help 

direct treatment protocols and drastically improve outcomes. Multi-photon microscopy techniques 

can visualize angiogenesis in vivo but these have micron-scale depth penetration. PA imaging is 

ideally suited for this application due to centimeter-scale depth penetration and the contrast 

generated by hemoglobin in blood vessels.246, 351 Others have recently demonstrated the use of PA 

imaging to assess peripheral hemodynamic changes in humans352-356, and thus we were motivated 

to use photoacoustic imaging to visualize angiogenesis. We show here that the rate of PA signal 

increase directly reports the rate of angiogenesis. We further show that the rate of PA change could 

be used to predict time to heal. This could help clinicians make early and better-informed decisions 

on whether a particular treatment regimen should be continued.  
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5.3 Materials and methods   

5.3.1 Patients 

This study was performed in accordance with the ethical rules for human experimentation 

stated in the 1975 Declaration of Helsinki and approved by the University of California San 

Diego’s Human Research Protections Program (Institutional Review Board No. 191998 and 

202019X). Informed written consent was acquired from all participants before scanning. Inclusion 

criteria were (i) age >18 years and be able to provide consent; (ii) wounds smaller than 15 cm2; 

(iii) patients must undergo a minimum of three scans spaced at least one week apart from each 

other. Exclusion criteria included (i) presence of secondary lesions at the wound site (e.g., 

melanomas); (ii) blood-borne diseases; (iii) orthopedic implants near the wound site. Twenty-one 

patients (24 wounds) were recruited for this study at the UCSD Hyperbaric Medicine and Wound 

Care Center, Encinitas, CA, USA. Two patients were excluded from analysis due to poor US 

coupling reducing image quality. Table 5.3 describes the patient demographic.  

All patients were scanned during a routine wound care visit. Patients were scanned once a 

week for at least three weeks. C.A.A. was the independent wound specialist and decided the 

treatment regimen for all patients blinded to the results of the scan. Before scanning, all wound 

dressings were removed per standard of care, and the wound area was cleaned using sterile saline. 

Surrounding healthy tissue was cleaned using alcohol swabs to prevent infection. A sterile CIV-

Flex transducer cover (Product no. 921191, AliMed Inc., Dedham, MA, USA) was used for every 

scan to prevent cross contamination. 
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5.3.2 Photoacoustic - Ultrasound imaging   

We used a commercially available LED-based photoacoustic imaging system (AcousticX 

from Cyberdyne Inc., Tsukuba, Japan). The AcousticX system uses two LED-arrays operating at 

850 nm, pulse width 70 ns, and 4 kHz repetition rate. The 128-element linear ultrasound transducer 

operates at a central frequency of 7 MHz, bandwidth of 80.9%, and a 4 cm field of view. We used 

a custom hydrophobic gel pad from Cyberdyne Inc. and sterile ultrasound coupling gel (Aquasonic 

100, Parker Laboratories Inc., Fairfield NJ, USA) for coupling with the wound surface. All images 

were acquired at 30 frames/s. 

All wounds were scanned in a single sweep from inferior healthy tissue to wound region 

to superior healthy tissue. All scans were performed by hand, and thus frame alignment between 

scans was extremely difficult. Due to limitations in image exportation from the software, and to 

minimize misalignment effects between scans, we chose three representative frames from the 

central region of the wound for processing. Clinicians also report size and healing assessment from 

the wound’s center.357 Furthermore, we matched the underlying bone pattern to compare similar 

spots over time. Y.M. acquired all the images.  

5.3.3 Image processing 

J.T. performed all the image processing and was blinded to wound photographs and healing 

times. J.T. only received US scans of the patients. All frames were reconstructed and visualized 

using the AcousticX software (Cyberdyne Inc.; Version 2.00.10). We exported 8-bit PA, B-mode, 

and overlayed coronal cross-section images. The images were further processed using Fiji, an 

ImageJ extension, version 2.1.0/1.53c. Frames with incomplete US coupling were excluded from 

analysis. Data was plotted using Prism version 9.0.0. We drew custom regions-of-interest (ROIs) 



108 
 

for every frame. We quantified changes in wound area, tissue regeneration, scar tissue 

development, and photoacoustic intensity as a function of time.  

Wound area and tissue regeneration were quantified using a previously described 

method.338 Briefly, we determined a dynamic baseline US intensity of healthy tissue for each 

patient. Areas with intensity lower or higher than baseline values were classified as wound and 

scar tissue respectively. Wound and scar area were measured using custom ROIs that fit the above 

classification criteria. Changes in PA intensity was measured using rectangular ROIs (4 cm wide 

x 1 cm deep). ROIs were drawn under the dermal layer (first 2 mm) hence avoiding PA signal 

from scabs and hyperpigmented regions of the skin. PA ROIs was made larger to cover the entire 

field of view of the transducer (4 cm). This is important so we did not miss any signs of 

angiogenesis from the periphery of the wound.  ROIs for PA intensity measurements were also 

kept constant for all patients eliminating any concerns of inter-rater reliability. All US and PA 

quantification were carried out on the same frames.       

5.3.4 Statistics 

We measured wound area and PA intensity in three frames for each scan. The error bars in 

each figure represent the standard deviation within these three frames. A simple linear regression 

was fit to the data measuring changes in imaging markers over time; 95% confidence intervals for 

these fits are shown in each figure. Furthermore, we plotted the rate of PA change per day vs. the 

healing time for the study population and fit a one-phase exponential decay curve to it. We used a 

Pearson correlation test to determine the correlation between the time to heal (days) versus rate of 

PA increase comparing the null hypothesis that there is no correlation versus there is a negative 

correlation between these two variables. The statistical analyses were conducted at alpha = 0.05. 

A power analysis was also performed on this data. We used a two-tailed Fisher’s exact test to look 
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for significant differences in clinical features between responders and non-responders. An area 

under the curve – receiver operating characteristic (AUC – ROC) analysis was performed to study 

the classification of therapeutic responders vs non-responders.  

5.4 Results 

Nineteen patients with 22 wounds were analyzed in this study. All patients underwent at 

least three scans spaced one week apart. We measured changes in wound area, PA intensity, and 

scar tissue formation over time. Table 5.4 lists all the wound and relevant patient information. 

Nine wounds showed response to therapy. Table 5.1 shows the clinical features of therapeutic 

responders and non-responders. Responders were patients who healed within 111 days.358, 359 

Hypertension was significantly (p = 0.0001) responsible for delayed healing. We noted no 

significant difference in other clinical features (age, sex, diabetes, smoking, body mass index 

(BMI), heart rate, blood pressure, and oxygen saturation) between the two groups. Extreme cases 

of wounds that had a swift, delayed and no response to therapy have been highlighted below.  
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Table 5. 1 Clinical features of responders (healing time < 111 days) and non-responders. 
This data is from 19 patients with 22 wounds. Values are mean ± SD or number of subjects (%). * Marks significant 
difference (p < 0.05). 

 

Category 

Responders 

 (n = 9 

wounds) 

Non-

Responders (n = 

13 wounds) 

p 

values 

Age (years) 68.1 ± 10.3 60.9 ± 15.1 0.31 

Sex (male) 2 (29 %) 9 (75 %) 0.051 

Diabetes 2 (22 %) 5 (38 %) 0.59 

Hypertension 1 (11 %) 11 (85 %) 0.0001* 

Smoker 2 (29 %) 4 (31 %) 0.39 

BMI (kg/m2) 28.2 ± 9.6 30.5 ± 5.9 0.63 

Heart rate (bpm) 74 ± 12 92 ± 22 0.19 

Blood Pressure (systolic/diastolic) 

(mm of Hg) 
147/80 ± 22/6 154/91 ± 30/22 0.78 

Oxygen saturation (%) 98.4 ± 0.97 97.7 ± 1.4 0.31 

Rate of PA change  

(Intensity (a.u.)/day) 
6698 ± 4217  2501 ± 2129 0.002* 

Wound size on Day 1of 

imaging(cm2) 
0.931 ± 0.52 0.978 ± 0.70 0.33 

Wound size on last day of imaging 

(cm2) 
0.454 ± 0.35 0.509 ± 0.25 0.43 

Time of Initiation after first 

presentation (days) 
Not controlled see Table 5.4. 
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Figure 5.1 shows wound healing and angiogenesis in an 82-year-old female (Subject ID: 

PN1) presenting with a chronic, left posterolateral ankle ulcer. PN1 healed in 66 days. Wound 

healing was visible via photographs within the first 29 days of treatment (Figure 5.1A-C). US 

imaging showed a 33.3% reduction in wound size over 29 days from 0.48 cm2 – 0.32 cm2 (Figure 

5.1P). The wound area reduced linearly as a function of time (R2 = 0.61). PA imaging showed the 

formation of new blood vessels on day 7 (Figure 5.1H). PA intensity increased linearly at a rate 

of 4217 ± 1336 intensity a.u./day as the wound healed (R2 = 0.50) (Figure 5.1Q). A sagittal 

maximum intensity projection (MIP) of the wound area showed angiogenesis into the wound bed 

(Figure 5.1M-O). Unannotated version of Figure 1 can be found in the supporting information 

(Figure 5.5). Figure 5.1R shows a negative correlation between wound area and PA intensity (R2 

= 0.95).  

 



112 
 

 

Figure 5. 1 Photoacoustic imaging monitoring of angiogenesis in a healing wound.  
PN1, an 82-year-old female presenting with a chronic, left posterolateral ankle ulcer. A-C, Photographs showing the 
wound on days 1, 7, and 29 of the study. Blue dotted line indicates the imaging plane. D-F, G-I, and J-L, showing 
US, PA, and overlayed images of the wound on days 1, 7, and 29, respectively. Yellow ROI on the US outlines the 
wound. Green and blue arrows mark the skin surface and fibula respectively. White arrows (H and K) show new 
blood vessel formation i.e., angiogenesis. Orange outline marks the ROI for PA intensity measurement. M-O, show 
the sagittal maximum intensity projection of the wound on days 1, 7 and 29 showing new blood vessels invading the 
wound bed (Purple box). All scale bars are 0.5 cm. P, negative correlation between wound area and time suggests 
wound closure (R2 = 0.61). Q, Significant positive correlation between PA intensity and time suggests angiogenesis 
within the wound bed (R2 = 0.50). Rate of PA increase 4217 ± 1336 intensity a.u./day. R, PA intensity increases 
linearly as the wound heals suggesting that angiogenesis is correlated to wound closure (R2 = 0.95). Scale bars 
represent 0.5 cm. Error bars represent standard deviation in 3 representative frames from the center of the wound. 
Error bars for PA intensity in Q and R are too small to be shown.   
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Figure 5. 2 Tunneling wounds; wound closure, scar tissue development and angiogenesis.  
A-C, US-PA overlay of the wound on days 1, 28, and 42 of the study. Yellow, purple, and blue dotted lines in A-C 
represent wound, scar area, and PA ROI respectively. White and orange arrows represent skin surface and blood 
vessels respectively. D, Photographic image of wound in the left posterior ankle region. There is significant tunneling 
of the wound (not seen by eye). Blue dotted line in D indicates the relative imaging plane for panels A-C. E, 87% 
wound contraction is seen within 42-days. F-G, Scar tissue development is seen as hyperechoic regions at the wound 
bed. H, Significant increase in PA intensity over time indicates angiogenesis. I, A negative correlation between PA 
intensity and wound area suggests angiogenesis results in wound closure. Scale bars represent 1 cm. Error bars 
represent standard deviation in three frames at the center of the wound. Error bars for PA intensity in H and I are too 
small to be shown.        
 

Figure 5.2 shows the progress of the wound healing indicators in PN2. PN2 was a 59-year-

old male presenting with a chronic left ankle ulcer following a severed Achilles tendon repair 

surgery. PN2 underwent three scans (day 1, 14, 28, 42) and took 292 days to heal. Photographs 

show tunneling of the wound under healthy surface tissue superior to the wound (Figure 5.2D). 

Blue dotted lines represent the imaging plane. It is important to note that tunneling wounds cannot 
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be assessed non-invasively by the eye. Figure 5.2A-C, show wound progression over the 42-day 

study period. The wound tunnel showed 87% contraction by day 42 and wound area showed a 

strong negative correlation with treatment time (R2 = 0.89) (Figure 5.2E). More importantly, this 

patient showed the development of scar tissue by day 28 that was also mentioned in the doctor’s 

notes. Tissue was considered scarred if the mean US intensity was higher than healthy tissue 

baseline. Scar area was measured using custom ROIs with maximum size fitting the above criteria. 

Scar area and intensity increased linearly as a function of time (R2 = 0.43 and 0.61 respectively) 

(Figure 5.2F-G). PA intensity in the wound area increased linearly at a rate of 4078 ± 534 intensity 

a.u./day, R2 = 0.85 (Figure 5.2H). PA intensity was negatively proportional to wound area (R2 = 

0.64) (Figure 5.2I). An unannotated version of Figure 5.2 can be found in the supporting 

information (Figure 5.6). 
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Figure 5. 3 Wound progression in a non-responding patient. 
A-B, C-D, and E-F, photographs, and US – PA overlays on days 1, 45, and 85 of the study respectively. No significant 
changes in wound size can be seen in the pictures and US scans. Yellow and blue dotted line outlines the wound region 
and PA ROI used for processing. White arrow marks the skin surface. Green dotted line marks the imaging plane. G, 
mean wound area reduced by 9.4% in the 85-day period but this change was not statistically significant (R2 = 0.27). 
H, PA intensity in the wound increased at a rate of 807.7 ± 706.7 intensity a.u./day, R2 = 0.10 showing no significant 
correlation versus time. This suggests the absence of angiogenesis and the need for a different therapeutic approach. 
I, the plot of PA intensity vs. wound area showed no significant correlation (R2 = 0.03). Scale bars represent 1 cm. 
Error bars represent standard deviation in three frames at the center of the wound. Error bars for PA intensity in H and 
I are too small to be shown.  
        

Figure 5.3 shows progression in a non-healing wound. Subject PN3 was a 70-year-old 

female presenting with a stage III pressure ulcer on her left heel. PN3 took over 384 days to heal 

and was still receiving wound care during the preparation of this manuscript. PN3 underwent five 

scans over an 85-day period, and received standard wound care decided by the attending physician 

C.A.A. Photographs showed no visible contraction of the ulcer (Figure 5.3 A, C, and E). US 

imaging showed a 9.4% reduction in wound size over 85-days (Figure 5.3G). PA intensity 

increased by 4.2% during the same interval (Figure 5.3H). No clear signs of angiogenesis were 

visible at any point of the study. There was no significant correlation between PA intensity and 
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wound area, R2 = 0.03 (Figure 5.3I). Unannotated version of Figure 5.3 can be found in the 

supporting information (Figure 5.7).  

Figure 5.4 shows population wide analysis for 17 patients with 20 wounds within the first 

30 days of monitoring. The rate of PA increase was derived from the plot of PA intensity vs. time 

for each wound. Error bars represent the standard error of the slope. Healing times were noted 

from the patient charts as reported by the clinic and C.A.A. Two patients had scans more than 30 

days apart and hence were dropped from the analysis in Figure 5.4A. The full-length monitoring 

period for all patients can be found in the Figure 5.8 that shows a similar trend as in Figure 5.4A. 

The minimum amount of time needed to classify a patient is 30 days.  A one-phase exponential 

decay curve was fit to the data with an R2 = 0.76. The plateau was calculated to be 1738 intensity 

a.u./day. Wounds were classified into responders and non-responders using rate of PA change and 

healing time; 111 days was used as a cutoff for this classification based on previously reported 

values in literature.358, 359 The green shaded region (n = 9 wounds) in Figure 5.4A shows wounds 

classified as responders to therapy. The other 11 wounds were classified as non-responders. A 

power analysis using the data in Figure 5.4A showed 80% power with an alpha of 0.05 with 17 

wounds. The power was 80% with p = 0.0009 for 20 wounds (Figure 5.4B). Hence, the sample 

size was statistically sufficient to draw clinically significant conclusions. Figure 5.4C shows the 

AUC-ROC curves for discriminating responders vs. non-responders. Responders were patients 

with a rate of PA intensity increase greater than 1738 intensity a.u./day and healing time less than 

111-days. The AUC-ROC value is 0.915, which is higher than other reported wound-prediction 

techniques (Table 5.2).   
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Figure 5. 4 Photoacoustic imaging to predict wound healing and response to therapy.  
A, the rate of PA increase per day within the first 30 days is an effective imaging marker to predict wound healing 
time. Healing times reduce exponentially as a function of the rate of PA increase (n = 20). This could help classify 
patients as responders (green shaded area) vs. non-responders to a particular therapy. PA could help in the early 
identification of non-responders allowing clinicians to change their therapeutic approach and improve outcomes. B, 
Power analysis using the data used in panel A showed that 80% power with an alpha of 0.05 was achieved at n = 17. 
At n = 20 the power was 88%, p = 0.0009. Error bars in panel A represent standard error in the rate of PA change for 
each patient.  
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Table 5. 2 PA imaging has the highest AUC values compared to other commonly used wound healing 
prediction techniques. 

Prediction technique AUC Reference 

Photoacoustic imaging 0.915 Current work 

Transcutaneous oxygen 

monitoring 
0.805 360 

Ankle brachial index 0.630 361 

Toe brachial index 0.560 361 

Multispectral imaging 0.700 362 

Toe blood pressure 0.760 363 

Demographics only 0.556 364 

Demographic + clinical 

characteristics 
0.605 364 

Demographic + clinical 

characteristics + wound 

characteristics 

0.712 364 

 

5.5 Discussion 

5.5.1 Imaging parameters 

PA imaging is ideally suited to monitor local angiogenesis, perfusion, and oxygen 

saturation: These are all key parameters for wound healing.365 Multiple studies have shown the use 

of PA tomography and microscopy to visualize the skin surface, superficial blood vessels, and 

blood flow with exceptional spatial resolution (< 100 µm, lateral resolution)343, 366-369 The LED-
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based PA system used in this study has much lower spatial resolution and fluence but is also less 

expensive and more robust/portable compared to conventional high energy laser-based systems. It 

employs low-energy LED illumination operating under the maximum permissible exposure limit 

(2 – 9 µJ/cm2) with a lateral resolution between 550 – 590 µm.257 Hand-held scans using the LED-

based PA system allows easy mapping of wounds on contoured surfaces such as the ankle, thus 

making it ideal to visualize angiogenesis in complex wounds. The 850-nm excitation used in this 

study falls within the biological optical window and maximizes depth penetration while 

maintaining a relatively high signal-to-noise ratio (~ 35 dB).370 Limitations of this LED-based 

system include a small cache: The system acquires 500 – 1500 frames per scan but the processing 

software only exports 180 representative frames per scan (1 exported frame for every 8 acquired 

frames). Hence, there is a large loss of data unless one scans multiple small areas separately. The 

image exportation limited us to analyze only three representative frames from the center of the 

wound.  

One major strength of the study was that all image processing was carried out by J.T. who 

was blinded to the study. We used carefully considered criteria to define wound vs. scar vs. healthy 

tissue. Areas were classified as wound or scar tissue if the mean US intensity was lower or higher 

than healthy tissue baseline, respectively. Custom drawn ROIs analysis can be extremely 

subjective 371 but we have shown good inter-rater reliability (mean bias 4.4%) in our previous work 

that used US to quantify tissue regeneration and wound closure in skin grafted patients.338 The PA 

intensity was quantified using a rectangular ROI measure 4 cm wide and 1 cm deep and excluding 

the skin surface. We used the integrated density measurement which adds the intensity of all the 

pixels in the ROI instead of mean PA intensity. The use of integrated density reduces the effects 

of poor coupling, if any and provides an absolute value of PA intensity. The PA intensity ROI was 
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maintained constant for all patients, eliminating concerns of subjectivity, and interferences due to 

skin tone.        

5.5.2 Clinical significance 

It is well established that angiogenesis is critical for wound healing. New blood vessels 

formed during the healing process deliver key cytokines and oxygen that reshape the wound matrix 

and result in wound closure.365 Hence, angiogenesis can be a key imaging marker to predict 

response to therapy. The Centers for Medicare and Medicaid Services (CMS) in the United States 

re-evaluates coverage after 30 days from initial patient encounter. Patients needing advanced 

therapies need to be certified by the attending physician to enter a comprehensive plan of care in 

the medical record.372 A recent high-powered study in 620,356 wounds showed that demographics, 

wound and clinical assessment could be used to predict wound healing in 84 days (AUC = 0.712, 

Table 5.2). But this is above the 30-day re-evaluation time limit set by CMS. 364  

The main clinical significance of this study is the ability to classify patients according to 

their response within 30 days from the start of therapy which aligns with the coverage re-evaluation 

time from CMS. Compared to other commonly employed techniques such as ankle brachial index, 

TCOM, etc., PA imaging is the best predictor for wound healing (AUC = 0.915, Table 5.2). PA 

classification could allow wound specialists to change their course of treatment if the wound is not 

responding to conventional treatment protocols.281, 282, 338, 347 This would in turn improve outcomes, 

reduce amputations, healing time, and costs.  

The rate of PA change is indicative of the rate of angiogenesis in the wound bed. The MIPs 

(Figure 5.1M-O and Figure 5.10) confirms the formation of new blood vessels into the wound 

bed. Responding patients had a mean rate of PA change 6698 ± 4217 intensity (a.u.)/day that was 

significantly higher (p = 0.002) than non-responders (2501 ± 2129 intensity (a.u.)/day). Within the 
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responding group, higher age and lower BMI were related to an increased rate of PA change 

(Figure 5.9). Age negatively impacts angiogenesis hence the age correlation is unexpected.373, 374  

The difference in treatment regimens like the use of cellularized tissue products to accelerate tissue 

regeneration could explain the age correlation. Blood pressure had no significant effect on the rate 

of PA change. Hypertension, diabetes, and smoking are also known to impair angiogenesis and 

hence wound repair.322, 350, 375 The effect of hypertension on wound healing is visible in this cohort 

(Table 5.1): 12 of the 13 non-responsive wounds were hypertensive (92%), but only 1 of the 9 

responsive wounds were hypertensive (14%). Hence non-hypertensive patients are more likely to 

develop new blood vessels and positively respond to therapy. Clinical factors alone can be used as 

a classifier but the use of PA imaging significantly improves prediction (Table 5.2).364 A larger 

patient cohort could better illustrate the role of other risk factors that impair healing.   

Traditionally, clinicians use surface cues such as color and presence of devitalized tissue 

to assess wound health.338 In some cases, wound tunneling or cavitation can lengthen healing times 

and cause significant discomfort. Conventionally, probing tools are used to measure tunneling 

depth. Probing is invasive and can lead to further tissue injury. Accurately and safely assessing 

tunneling wounds is therefore quite difficult visually. PN2 presents as an ideal example of a 

tunnelling wound to show the power of imaging over conventional wound assessment methods. 

The US was not only able to measure wound reduction (87% in 42 days), but also monitor scar 

tissue formation in the wound bed. Scar tissue  presents as hyperechoic regions on the US due to 

its high fibrotic nature.317 The addition of PA imaging allows us to visualize angiogenesis around 

the healing wound. Angiogenesis can be clearly seen in Figure 5.2B-C sandwiched in between 

the wound and skin surface. Deeper blood vessels can be seen on the US in Figure 5.2C, but these 

have very low PA signal due to reduced light penetration through tissue. The presence of a sterile 
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sleeve between the transducer and skin surface also enhances light scattering, further reducing 

penetration depth. Using a higher wavelength of light could help visualize deeper vessels. The 

longer healing time compared to PN1 with similar rate of PA change can be attributed to the larger 

wound size, tunneling, and a different treatment regimen compared to PN1. PN1s wound was 

limited to skin breakdown whereas PN2s wound had full thickness soft tissue involvement.  

Secondary trauma, insufficient off-loading, poor wound dressing practices, and poor 

patient compliance can significantly impair wound healing and increase healing time.376 

Nevertheless, with 88% power in our study, we believe there is enough statistical significance to 

draw clinically relevant conclusions from this PA data. Future work in this field will look at 

employing oximetry-based PA measurements to measure local oxygen tension within the wound. 

It would also be interesting to study how PA imaging performs in conjunction with other prediction 

tools. The specialty of hyperbaric medicine could potentially benefit from this study. Such 

knowledge about oxygenation could potentially improve the use of hyperbaric oxygen treatment, 

indicating whether it should be initiated, continued, or halted. Patients not responding to therapy 

can then be more efficiently directed to other wound treatment interventions or therapeutic 

modalities. Furthermore motion-compensation and deep learning algorithms could improve image 

stability, quality, and streamline image processing.253, 377 

5.6 Conclusion 

Angiogenesis is a key imaging marker for wound healing. PA-US imaging can be used to 

measure wound size, rate of angiogenesis, and scar tissue formation. A study of 19 patients with 

22 wounds revealed that there is an inverse correlation between wound area and PA intensity. An 

increase in PA intensity correlates with wound closure due to the formation of new blood vessels. 

3D MIP images confirmed blood vessel infiltration into the wound bed. Non-healing wounds 
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showed no correlation between PA intensity and wound area. A higher rate of PA increase was 

associated with an exponential reduction in healing times. Finally, PA imaging could be used to 

classify therapy responders and non-responders within 30-days from the start of treatment. With 

an AUC value of 0.915, PA imaging is the best wound prediction technique. This work could have 

clinical significance in helping doctors make more informed and early decisions about whether 

treatment should be initiated, continued, altered, or halted.  
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5.8 Supplementary information 

Table 5. 3 Patient demographic distribution. 

Category Distribution 

Total participants  19 

Number of scanning 

events range 

3 – 11 scans  

Monitoring time range 

for individual patients 

21 – 112 days 

Average age (years) 63.5 ± 14.4  

Sex (Male / Female)  11 / 8 

Body mass index (kg/m2) 29.4 ± 7.4 

Diabetes (Y / N) 8 / 11 

Hypertension (Y / N) 12 / 7 

Smoker (Y/N) 8 / 11 

 

 

Figure 5. 5 Unannotated version of Figure 5.1 
Blue dotted line marks the imaging plane.   
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Figure 5. 6 Unannotated version of Figure 5.2. 
Blue dotted line marks the imaging plane.  
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Figure 5. 7 Unannotated version of Figure 5.3. 
Blue dotted line marks the imaging plane.  
 
 
 
 

0.50 0.55 0.60 0.65 0.70 0.75

200000

300000

400000

500000

Wound area (cm2)

PA
 in

te
ns

ity
 (a

.u
.)

R2 = 0.03

U
S

Min

Max

PA

Max

Min

D
ay

 1
D

ay
 4

5
D

ay
 8

5

1 cm

A

C

E

B

D

F

G

H 0 20 40 60 80 100
0.4

0.5

0.6

0.7

0.8

Time (days)

W
ou

nd
 a

re
a 

(c
m

2 )

R2 = 0.27

0 20 40 60 80 100

200000

300000

400000

500000

Time (days)

PA
 in

te
ns

ity
 (a

.u
.)

R2 = 0.10

I



127 
 

 
T

ab
le

 5
. 4

 P
at

ie
nt

 a
nd

 w
ou

nd
 in

fo
rm

at
io

n.
 

G
re

en
 h

ig
hl

ig
ht

s i
nd

ic
at

e 
pa

tie
nt

s w
ho

 a
re

 n
on

-h
yp

er
te

ns
iv

e 
an

d 
sh

ow
 g

oo
d 

re
sp

on
se

 to
 th

er
ap

y.
 *

 In
di

ca
te

s p
at

ie
nt

s w
ho

 w
er

e 
sti

ll 
re

ce
iv

in
g 

w
ou

nd
 c

ar
e 

at
 th

e 
tim

e 
of

 su
bm

is
si

on
. W

A
, B

, a
nd

 C
, d

en
ot

e 
di

ff
er

en
t w

ou
nd

s o
n 

th
e 

sa
m

e 
pa

tie
nt

.  
 

Pa
te

in
t N

um
be

r
Ag

e 
(y

rs
)

Se
x 

(M
/F

)
Nu

m
be

r o
f s

ca
ns

 (S
tu

dy
 

pe
rio

d 
in

 d
ay

s)
Fi

rs
t i

m
ag

in
g 

se
ss

io
n 

af
te

r 
in

iti
al

 p
re

se
nt

at
io

n 
(d

ay
s)

W
ou

nd
 d

isc
rip

tio
n

He
al

in
g 

tim
e 

(d
ay

s)
Hy

pe
rte

ns
iv

e 
(Y

/N
)

Re
sp

on
se

 to
 th

er
ap

y 
(Y

/N
)

PN
1

82
F

4 
(2

9)
18

Le
ft 

po
st

er
ol

at
er

al
 a

nk
le

66
N

Y

PN
2

59
M

4 
(4

2)
7

Le
ft 

po
st

er
io

r a
nk

le
29

2
Y

N

PN
3

70
F

5 
(8

5)
17

5
Le

ft 
he

el
38

4
Y

N

PN
4

70
M

6 
(1

12
)

11
0

R
ig

ht
 A

ch
ill

es
 u

lc
er

41
1*

Y
N

PN
5

28
M

3 
(1

18
)

49
0

In
fe

rio
r t

o 
th

e 
le

ft 
kn

ee
35

7
Y

N

PN
6

77
M

11
 (1

10
)

10
3

In
fe

rio
r t

o 
th

e 
le

ft 
kn

ee
12

4
Y

N

PN
7 

– 
W

A
71

M
3 

(2
1)

22
52

Le
ft 

do
rs

al
 a

nk
le

40
4*

Y
N

PN
7 

– 
W

B
71

M
3 

(2
1)

22
52

Le
ft 

do
rs

al
 h

ee
l

40
4*

Y
N

PN
8

56
M

4 
(5

1)
32

G
re

at
er

 to
e 

of
 ri

gh
t f

oo
t

33
1

Y
N

PN
9 

– 
W

A
56

F
4 

(3
5)

47
Lo

w
er

 a
nt

er
io

r l
ef

t l
eg

10
2

N
Y

PN
9 

– 
W

B
56

F
4 

(3
5)

47
Lo

w
er

 m
ed

ia
l l

ef
t l

eg
10

2
N

Y

PN
9 

– 
W

C
56

F
4 

(3
5)

47
Lo

w
er

 le
ft 

le
g

10
2

N
Y

PN
10

72
M

7 
(9

9)
22

9
Le

ft 
po

st
er

io
r l

eg
32

9
Y

N

PN
11

78
F

6 
(9

8)
42

1
La

te
ra

l l
ef

t a
nk

le
18

8
Y

N

PN
12

33
M

10
 (1

06
)

33
Lo

w
er

 a
nt

er
io

r l
ef

t l
eg

14
5

Y
N

PN
13

67
F

4 
(3

4)
32

To
e 

of
 le

ft 
fo

ot
34

N
Y

PN
14

62
M

4 
(7

7)
74

0
Le

ft 
pl

an
ta

r g
re

at
 to

e
37

7*
Y

N

PN
15

54
M

4 
(7

6)
32

9
M

id
-la

te
ra

l r
ig

ht
 fo

ot
35

9
N

N

PN
16

62
F

3 
(2

1)
35

R
ig

ht
 lo

w
er

 le
g

21
N

Y

PN
17

82
F

4 
(2

8)
12

R
ig

ht
 lo

w
er

 le
g

28
N

Y

PN
18

60
M

6 
(4

2)
14

R
ig

ht
 m

ed
ia

l a
nk

le
42

Y
Y

PN
19

68
M

3 
(2

2)
43

R
ig

ht
 p

la
nt

ar
 re

gi
on

48
N

Y



128 
 

Figure 5. 8 Confounding variables for the entire cohort. 
A, Effect of age (years), B, systolic blood pressure (mm of Hg), and C, body mass index (BMI) for the entire cohort 
on the rate of PA change shows no significant correlation. 
 

 
Figure 5. 9 Confounding variables for the therapy responders. 
A, Effect of age (years), B, systolic blood pressure (mm of Hg), and C, body mass index (BMI) for the responders on 
the rate of PA change. Higher age and lower BMI are related to increased rate of change in PA intensity. Blood 
pressure had no significant effect on the rate of PA change.   
 

 
Figure 5. 10 3D mapping of angiogenesis.  
Photoacoustic 3D mapping of the wound bed for PN1. (A – C) wounded region on Day 1 shows lack of blood vessels 
in the wound bed marked by yellow dotted lines in C. A few peripheral blood vessels can be seen on Day 1 in panel 
B. (D – F) wounded region on Day 22. Newly formed blood vessels can be seen in E. Scale bars represents 1 cm.  
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Chapter 6: Monitoring peripheral hemodynamic 

response to changes in blood pressure via photoacoustic 

imaging 

6.1 Abstract 

Chronic wounds and amputations are common in chronic kidney disease patients needing 

hemodialysis (HD). HD is often complicated by drops in blood pressure (BP) called intra-dialytic 

hypotension. Whether intra-dialytic hypotension is associated with detectable changes in foot 

perfusion, a risk factor for wound formation and impaired healing remains unknown. 

Photoacoustic (PA) imaging is ideally suited to study perfusion changes. We scanned the feet of 

20 HD and 11 healthy subjects. HD patients were scanned before and after a dialysis session 

whereas healthy subjects were scanned twice at rest and once after a 10 min exercise period while 

BP was elevated. Healthy (r=0.70, p<0.0001) and HD subjects (r=0.43, p<0.01) showed a 

significant correlation between PA intensity and systolic BP. Furthermore, HD cohort showed a 

significantly reduced PA response to changes in BP compared to the healthy controls (p<0.0001). 

Hence showing that PA can monitor hemodynamic changes due to changes in BP. 
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6.2 Introduction 

Chronic kidney disease (CKD) affects more than 9% of the global population.378, 379 An 

estimated two million of these patients with CKD progress to end-stage kidney disease (ESKD) 

and must undergo kidney replacement therapies such as a kidney transplant or dialysis.378 Rates of 

non-traumatic lower limb amputations are ~4.3/100 person-years for ESKD patients and reach 

13.8/100 person-years for the diabetic subpopulation.380 Foot ulcers usually precede 84% of 

amputations with half occurring in diabetic patients.381 Worse, diabetic dialysis patients develop 

foot ulcers at five-fold higher rate than even diabetic chronic kidney disease patients.382 Foot 

ulceration is a significant risk factor for limb loss, and thus prevention—along with timely 

diagnosis and treatment—may translate to a reduced amputation rate. There is an urgent need to 

develop novel, non-invasive techniques to diagnose risk factors for ulceration and prevent limb 

loss in persons with ESKD.  

Clinically, tissue perfusion is often inferred using measurements of blood pressure (BP),383 

blood oxygen saturation,384 and lactate levels.385 Measurements of full body hemodynamic 

parameters fail to reflect changes in peripheral microcirculation.386 Transcutaneous oxygen 

monitoring (TcOM),387 functional magnetic resonance imaging (fMRI),388 laser doppler imaging 

(LDI)389, and spatial frequency domain imaging (SFDI)390 can measure local perfusion and 

oxygenation in specialized care settings. TcOM is a non-invasive skin oxygen tension 

measurement system used for infants and adults.387 But TcOM suffers from long acquisition times 

(15-20 min) and is susceptible to calibration errors and poor inter-rater usability.391 fMRI can non-

invasively image difficult to access areas like the brain and produce perfusion maps.388 But fMRI 

has poor temporal resolution (5 sec) and reproducibility.392, 393 LDI can provide real-time and 

continuous perfusion monitoring but is sensitive to all movements resulting in erroneous readings, 
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and it can only penetrate a few millimeters into tissue.394 SFDI can provide a large field of view 

and rapid imaging but is limited to surface tissues and still needs to be developed further for clinical 

use.390   

Photoacoustic (PA) imaging is a hybrid imaging modality that can solve these major 

limitations. PA imaging uses pulsed light to generate sound waves via thermal expansion that can 

be overlaid with conventional ultrasound (US) data.223 PA employs the difference in light 

absorption between oxygenated and deoxygenated hemoglobin to measure oxygen saturation, map 

vasculature and tissue perfusion in real time.1  

n pre-clinical settings, PA is used to measure disease biomarkers,395 oxidative stress,8, 230 

blood oxygen saturation,342 and image chronic wounds.246, 309 Clinically PA is used for diagnosing 

and monitoring breast cancer progression, 396, 397 vascular dynamics in human fingers, 398 

inflammatory bowel disease, 399 and many more diseased states.400-403 Recently, we demonstrated 

the ability of PA imaging to monitor angiogenesis and predict wound healing.404 The non-invasive, 

real-time, and enhanced penetration depth (>4 cm) of PA imaging make it an ideal tool to map 

peripheral tissue perfusion as a risk factor for the development of limb complications. 

Here, we aimed to explore the use of PA to measure changes in peripheral blood perfusion 

in a cohort of HD patients before and after dialysis. We hypothesized that the change in PA signal 

would be dependent on changes in blood pressure given the intradialytic hypotension that often 

occurs in patients.405-409 The loss of pressure is followed by peripheral vasoconstriction and 

reduced peripheral perfusion because blood flow is redirected towards the vital organs.410 This 

controlled change in blood pressure in a resting patient without medication or exercise is unique 

to HD patients. Hence HD patients make an exquisite cohort to study the effects of blood pressure 

on peripheral photoacoustic signals and tissue perfusion. 
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6.3 Materials and Methods 

6.3.1 Patients 

This study was performed in accordance with the ethical guidelines for human 

experimentation stated in the 1975 Declaration of Helsinki. The study was approved by the 

University of California San Diego’s Human Research Protections Program and was given 

Institutional Review Board approval (IRB# 191998). Written informed consent was obtained from 

all subjects before participation. All subjects were ≥18 years old and able to provide consent. Those 

in the CKD group were all on hemodialysis. Exclusion criteria were: (i) presence of bloodborne 

pathogens and (ii) presence of implants in the imaging region. Dialysis patients (n=22) were 

recruited consecutively for this study at the outpatient Hemodialysis Unit, UC San Diego Health 

System. Eleven healthy volunteers, with no known vascular disease history were recruited at UC 

San Diego.  

The dialysis patients were each scanned twice: once at the start of HD (pre-dialysis), and 

again at the completion of HD (post-dialysis). Blood pressure and ultrafiltration volume were 

recorded by the Fresenius 2008T dialyzer (Fresenius Medical Care, Waltham, MA, USA). Two of 

the 22 dialysis patients were subsequently excluded from the analysis due to complications during 

HD (unrelated to imaging) preventing a post HD scan.   

The 11 healthy subjects were each scanned three times:  1) at baseline; 2) after 3 hours of 

rest and no pressure changes (negative control (test/re-test), pre-exercise); and 3) after 10 minutes 

of exercise to elevate blood pressure (positive control, post-exercise). We monitored body 

temperature, heart rate, and blood pressure at all imaging time points. Figure 6.1 illustrates the 

study protocol for the two groups. Table 6.1 describes the CKD/HD and healthy group 

demographics. 
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Table 6. 1 CKD/HD and Healthy group demographics. 

Category CKD/HD group (n = 22) Healthy group (n = 11) 

Age (mean ± SD) 59.2 ± 14.3 years 26.5 ± 4.1 years 

Male/Female 7/15 11/0 

Diabetic/non-diabetic 14/8 0/11 

Average UF removed 2732.3 ± 1109 ml N.A. 

6.3.2 Blood pressure measurements 

Blood pressure (BP) for the HD patients was measured internally by the dialyzer. We also 

noted their ultrafiltration volume at the end of the HD session. Patients were at rest sitting in semi-

Fowler’s position at the time of measurement. BP measurements were made just before and at 

completion of the HD session (Figure 6.1D). Change in systolic pressure was defined as the 

difference between BPHDend and BPHDstart.  

For the healthy group we used an electronic blood pressure monitor (Omcron Healthcare 

Inc., Lake Forest, IL, USA, Model no: BP742N). The cuff was placed on the left upper arm and 

the subjects were sitting up straight for all measurements. We recorded BP twice at rest (T=0 and 

T=3 hrs) and once after 10 min of exercise (Figure 6.1C). The T=3 hrs time point was chosen to 

mimic the length of a typical HD session without changes in BP, serving as a negative control. 

Exercise consisted of climbing up and down stairs for 10 min to simulate an increase in blood 

pressure (positive control). Changes in systolic BP were calculated as differences between (i) 

BPpre-exercise and BPbaseline; and (ii) BPpost-exercise - BPpre-exercise.  

6.3.3 Photoacoustic imaging  

All the PA imaging was done using the AcousticX from Cyberdyne Inc. (Tsukuba, Japan). 

This LED-based PA scanner operates at 850 nm wavelength with an LED repetition rate of 4 kHz,  

pulse width of 70 ns, and operating at 2.6 µJ/cm2 per pulse.257 It employs a 128-element linear 
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array transducer with a 0.38 x 6 cm field of view, 7 MHz central frequency, and a bandwidth of 

80.9%.411 We used a custom hydrophobic gel pad from Cyberdyne Inc. along with sterile US 

coupling gel (Aquasonic 100, Parker Laboratories Inc. Fairfield NJ, USA) to couple the transducer 

with the skin surface. A sterile sleeve (CIV-FlexTM #921191 from AliMed Inc., Dedham, MA, 

USA) covered the transducer during imaging.  All images were acquired at 30 frames/s in a single 

handheld sweep.  

We scanned two spots on each foot (except for one patient in whom only one foot was 

scanned due to a left lower limb amputation). The plantar area was scanned in a medial-lateral 

direction and the heel area in an inferior-superior direction (Figure 6.1B). It must be noted that 

since all the scans are done manually, precise control of the scan area was extremely difficult. But 

the same general area was scanned for every patient. CKD/HD patients were scanned once before 

and once after an HD session (Figure 6.1D). Healthy subjects (the control group) were scanned 

three times (Figure 6.1C). BP measurements and PA imaging were carried out simultaneously.    

6.3.4 Image processing 

All scans were reconstructed and visualized using the proprietary AcousticX software 

(Cyberdyne Inc. version 2.00.10); 8-bit PA, B-mode, and PA+US overlayed coronal cross-

sectional images were exported. We used the proprietary software developed by the PA system’s 

manufacturer for image reconstruction. The system reconstructs PA images using Fourier 

transform analysis.257 All the processing was done manually. Scans ranged between 45 – 180 

frames governed by scan distance and length. PA signal was quantified using region of interest 

(ROI) analysis via ImageJ (with Fiji extension), version 2.1.0/1.53c. We drew a 4-cm-wide and 1-

cm-deep rectangular ROI that was kept constant across all frames. PA signal from the skin was 

excluded from analysis to minimize the impact of variable melanin concentration in different skin 
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tones. Integrated density function was used to quantify the PA signal within the ROI. Global PA 

intensity was defined as the mean integrated PA density of all four imaging regions (Figure 6.1B).  

6.3.5 Statistics 

We measured changes in PA intensity as a function of changes in systolic BP. Simple linear 

regression was used to fit this data and plotted with 95% confidence intervals. We used a paired, 

two-tailed t-test to compare PA intensities pre-and-post exercise and HD for the healthy and 

diseased groups, respectively. We also used a student’s t-test to compare the hemodynamic 

response to changes in blood pressure for HD vs. healthy subjects. A p-value < 0.05 was considered 

significant. We tested equality of the two population variances (Healthy vs. CKD/HD group) using 

a one-tailed F-test with an alpha = 0.05. The difference was considered significant if the F-value 

was less than the Fcritical value. We also ran two separate multivariate linear regressions (CKD/HD 

and healthy group) to study the effect of other confounding variables such as body mass index 

(BMI in kg/m2), diabetic status (Y/N), UF removed (ml), age (years), sex (M/F). A covariance 

matrix was also calculated to study the effect of the confounding variables on each other. Future 

work will evaluate heart rate and body temperature in this multivariate analysis. 
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Figure 6. 1 Photoacoustic monitoring of peripheral perfusion; study design and timeline. 
A. The CKD/HD group consisted of patients on hemodialysis (HD). B. We scanned the plantar and heel area in a 
medial-lateral and inferior-superior direction, respectively. Global PA intensity was defined as the mean PA intensity 
of all four imaging regions. C. Healthy subjects were scanned at baseline (T = 0 hrs), pre-exercise (T = 3 hrs), and 
immediately after 10 min of exercise (post-exercise). D. HD patients were scanned pre-and-post their HD session. 
Red downward triangles represent imaging time points. Blue line indicated healthy subjects at rest for 3 hrs and 
CKD/HD patients on dialysis. Green denotes the 10 min exercise period to increase blood pressure in healthy subjects. 
 

6.4 Results 

A total of 33 subjects were recruited for this study. All subjects were pseudonymized with 

an identification code at the start of the study. The healthy and the CKD/HD group are referred as 

HC 0XX and CKD/HD 0YY respectively. Patient demographics and BP data can be found in 

Tables S1 (Healthy) and S2 (CKD/HD). 

6.4.1 Healthy control group 

Eleven subjects (26.5 ± 4.1 years old) with no history of cardiovascular or other disease 

were recruited at UCSD. Subjects were scanned at baseline (T = 0 hrs), pre-exercise at rest (T = 3 

hrs), and immediately post-exercise (Figure 6.2A). Exercising consisted of climbing up and down 
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stairs for 10 minutes. We monitored BP, heart rate, and body temperature at each imaging time 

point (Table 6.2). Figure 6.2 shows PA data from the healthy cohort.  

The PA signal under the skin surface increased by 47% (p<0.01), and the average BP 

increased by 27.6 ± 18.2 mmHg immediately post-exercise relative to baseline (Figure 6.2 B-C). 

The change in PA intensity was directly (r = 0.81) and significantly (p<0.0001) proportional to the 

change in systolic BP (Figure 6.2D). PA intensity was significantly (p<0.0001) higher after 

exercise when BP was elevated (Figure 6.2C).  As a negative control, the subjects were maintained 

at rest for 3 hrs, simulating the length of a typical HD session. There were no significant changes 

in BP and PA intensity (baseline - pre-exercise) during the rest period (p = 0.18). 
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Figure 6. 2 Hemodynamic response to changes in blood pressure for healthy subjects. 
A. Study design for the healthy group. Subjects were scanned at baseline (T = 0 hrs), pre-exercise at rest (T = 3 hrs), 
and immediately post-exercise. B. PA and US overlay of the left heel (HC 002). Blood vessels appear as distinct red 
dots marked by the yellow arrow. The skin surface is labelled in blue. At rest there was negligible change in systolic 
BP between baseline and pre-exercise. After a 10 min exercise session, blood pressure increased by 40 mm of Hg 
accompanied by a higher PA signal. PA intensity was quantified using a rectangular ROI measuring 4 cm x 1 cm. The 
skin surface was excluded from analysis. The ROI annotated images can be found in the supplementary information. 
Scale bar represents 0.5 cm. C. PA intensity was significantly higher after exercise (****, p<0.0001, n= 11) at each 
imaging site. There were no significant differences between PABaseline and PAPre-Exercise. This rest period served as a 
negative control for the healthy group. D. The change in global PA intensity in the healthy group correlated with the 
change in systolic BP (r = 0.81, p<0.001). The 22 data points reflect changes between PAPre-Exercise – PABaseline (Blue) 
and PAPost-Exercise – PAPre-Exercise (Pink) (n=11). Error bars in panel C represent standard deviation between 11 subjects 
and in panel D at least 90 frames. 
 

6.4.2 CKD/HD group 

Twenty-two HD patients were enrolled in this cohort (59.2 ± 14.3 years old). Two patients 

developed hypotension-related complications preventing a second scan and were not included the 

analysis due to incomplete data acquisition (Table 6.3). The complications were independent of 

the imaging study. Patients were scanned before and after a routine HD session (Figure 6.3B).  

On average PA signal and systolic BP reduced by 11% and 16.6 ± 19.8 mm of Hg 

respectively. PA intensity and hence perfusion was significantly lower after dialysis (Figure 6.3C, 

Left Heel Left Plantar Right Heel Right Plantar 
0

150000

300000

450000

600000

750000

900000

PA
 In

te
ni

st
y 

(a
.u

.)

Baseline Pre-Exercise Post-Excercise

✱✱✱✱ ✱✱✱✱ ✱✱✱✱ ✱✱✱✱
n = 11

A)

B)

D)

C)

-40 -20 0 20 40 60 80

-300000

-150000

0

150000

300000

450000

Change in Sys. BP (mm of Hg)

C
ha

ng
e 

in
 G

lo
ba

l 
PA

 in
te

ni
st

y 
(a

.u
.)

r = 0.81
n =11

PAPost-Exercise - PAPre-Exercise PAPre-Exercise - PABaseline

Max

Min

U
S
PA

Ba
se

lin
e

Pr
e-

Ex
er

ci
se

Po
st

-E
xe

rc
is

e

Skin surface
Blood vessel

US transducer 
sleeve

Blood vessel

Blood vessel

Skin surface

Skin surface

BP: 108/68 

BP: 107/59

BP: 147/73
0.5 cm

Subject at rest (3 hrs) 10 min exercise

PABaseline PAPre-Exercise PAPost-ExerciseHealthy group



139 
 

p<0.01). PA intensity in different imaging regions trended lower after dialysis but the difference 

was not statistically significant. PA intensity showed a positive correlation to changes in BP during 

an HD session (r = 0.43, p<0.01, Figure 6.3E). PA signal and hence perfusion was higher pre-

dialysis when BP was higher. The UF removed showed a positive correlation with BP but did not 

directly correlate with the change in PA intensity (Figure 6.8). 

 

Figure 6. 3 Changes in peripheral tissue perfusion during hemodialysis. 
A. PA and US overlay of the left heel in subject CKD/HD 012. Blood perfusion into the heel is considerably lower 
after dialysis when BP is low. Scale bar represents 0.5 cm.  B. CKD/HD patients were scanned just before and after a 
routine dialysis session. C. A paired t-test showed a significant decrease in global PA signal and hence perfusion after 
dialysis (**, p<0.01). D. PA intensity at individual imaging areas were lower (not significantly) after dialysis. E. 
Hemodynamic response of the CKD group to changes in BP during dialysis showed a positive correlation (r = 0.43, 
p<0.01). Error bars in panel C-D represent standard deviation among 20 patients and in panel E at least 90 frames. 
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HD patients showed a significantly different PA response to changes in BP compared to 

healthy controls (Figure 6.4). The mean PA intensity was significantly higher for the HD group 
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group was significantly wider (F = 0.045; Fcritical = 0.63). The hemodynamic response to changes 

in BP was characterized using the slope of changing PA as a function of changing systolic pressure 

(Figure 6.4B). The slope for the HD group (1870 a.u. intensity/mm Hg) was significantly (p = 

0.0001) lower than the healthy group (5116 a.u. intensity/mm Hg). 

 

 

Figure 6. 4 Comparing hemodynamic response to changes in BP in health vs. dialysis patients. 
A. PA intensities of the healthy and diseased group for all scans. CKD/HD show a significantly wider PA distribution 
(F = 0.045; Fcritical = 0.63) compared to the healthy group. Dialysis patients also showed a significantly higher (**, 
p<0.01) mean PA intensity compared to healthy control group due to higher mean BP. B. Healthy subjects showed a 
significantly higher slope (significant difference between slopes; p = 0.0001) to changes in BP compared to the 
CKD/HD patients. The slope of the simple linear regression characterizes the hemodynamic response to changes in 
BP. Error bars in panel A represent standard deviation among all scans (nhealthy = 44; ndiseased = 80) and in panel B at 
least 90 frames. 

6.5 Discussion 

This cohort study explored the use of photoacoustic imaging to compare changes in 

peripheral perfusion in response to varying BP in HD patients vs. healthy controls. Our data 

suggests that HD patients show a significantly reduced PA response (p = 0.0001) to changes in BP 

compared to healthy controls. 

The removal of excess fluid during dialysis as UF increases hematocrit.405 Since PA 

leverages hemoglobin in red blood cells to generate contrast, the increase in hematocrit should 

increase PA intensity after dialysis.412, 413 But we observed the opposite effect: The global PA 

intensity significantly decreases after HD (Figure 6.3C, p<0.01). This can be attributed to the loss 
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is shunted towards the vital organs to preserve their function.414 Vasoconstriction results in reduced 

peripheral perfusion that is observed as lower PA intensity after HD. Hypertension is present in 

68% of HD patients, and this further reduces peripheral perfusion.415 The changes in peripheral 

perfusion can exacerbate the risk of developing complications such as ulceration, amputations, and 

cardiovascular morbidity.416-418 

The management of BP in HD patients is challenging but extremely important.  A sudden 

drop in BP can leave patients lethargic and weak.419 Some patients show a paradoxical rise in blood 

pressure after dialysis due to an increased cardiac output and hematocrit.420, 421 Three HD patients 

(13.6%) showed a paradoxical rise in BP in the HD cohort, which might explain why individual 

imaging regions showed no significant difference before and after dialysis (Figure 6.3D). Instead, 

a paired comparison of the global PA intensity in Figure 6.3C showed a statistically significant 

difference (p<0.01).     

The main clinical finding of this work is that photoacoustic imaging can be used to 

differentiate between a healthy and diseased response to changes in BP (Figure 6.4B). The slopes 

characterize the change in perfusion as a function of BP. The healthy control cohort showed a 

significantly higher perfusion (p = 0.0001) when BP was elevated compared to the CKD/HD 

cohort. HD patients had a significantly wider distribution of PA intensities due to higher variability 

in BP compared to the control group (HD: 135.4 ± 29.1 mm of Hg; Healthy: 137.3 ± 19.4 mm of 

Hg, Figure 6.4A). Although this cohort study was not age and gender matched, we have 85% 

power in our results (Figure 6.9). Furthermore, the healthy group showed a significant positive 

correlation between global PA intensity and absolute systolic BP (Figure 6.10, r = 0.70, p<0.05) 

at baseline. The CKD/HD group showed no significant correlation which can be attributed to 

varying disease etiologies and progression. Hence, this work suggests that PA imaging can be used 
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to monitor peripheral tissue perfusion, a risk factor for wound formation and impaired healing.422, 

423 Others have also shown the use of PA imaging to visualize tissue perfusion but most studies 

use high-powered lasers which are expensive, bulky, and pose an exposure risk above the 

maximum permissible exposure limit.398, 424, 425    

Whether these changes in perfusion pose a significant risk to CKD/HD patients remains to 

be seen. A future longitudinal study predicting wound formation and correlating changes in 

perfusion with wound healing will help clinicians tailor therapeutic regimes to best serve each 

patient. For example, patients with poor perfusion can be provided advanced therapies such as 

hyperbaric oxygen therapy (HBOT) that are known to promote angiogenesis, perfusion, and 

wound healing.426   

Changes in BP are also dependent on other confounding factors such as BMI,427 diabetic 

status,428 age429 etc. A multivariate linear regression (Figure 6.11) shows a strong positive 

correlation (R = 0.72) accounting for seven such confounding variables. Furthermore, the 

covariance matrix shows that the volume of UF removed has strong and positive covariance with 

the change in systolic pressure. Patients who had high volumes of UF removed, tended to show 

higher changes in pressure. In the healthy group (Figure 6.12), the main contributing variable was 

the change in systolic BP (R = 0.81) whereas all the other confounding variables had relatively 

low covariance with each other. This means that the contributor to PA change was the change in 

systolic BP (p = 0.0019). Melanin, the molecule that gives skin its characteristic color is also a 

major absorber and source of PA signal.430 Our group recently studied the effect of skin tone on 

PA oximetry.430 In this work, we excluded any signals from the skin surface and since patients 

serve as their own controls between scans, and we only evaluated the change between scans; thus, 

skin tone should have minimal impacts. Furthermore, this study recruited a diverse set of CKD/HD 
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patients and HD subjects from all possible skin types (Fitzpatrick scores 1-6) to account for skin 

tone bias. Other confounding variables could be changes in vascular physiology (increased 

resistance, calcification etc.) due to chronic diseased states in the CKD/HD groups,431 but these 

are extremely difficult to account for. 

6.6 Limitations 

The LED-based PA system used in this work is an inexpensive, portable, and non-invasive 

imaging system. The LEDs used in this system operate 1000-fold under the maximum permissible 

exposure limit of 20 mJ/cm2.432 But the system is limited in data processing as it condenses the 

number of frames between acquisition and export. Since we used a handheld scanner for all scans, 

it is difficult to generate 3D maps of the imaging area even though the system is capable to do so. 

The use of motion compensation and deep-learning algorithms to reduce noise and align frames 

could help map perfusion and oxygenation of the tissue.253, 377 Future work will look to map tissue 

oxygenation in real time. 

Within the CKD/HD group, hematocrit readings could help normalize PA intensity 

changes for variable fluid loss between patients. But not all dialyzers were equipped to measure 

hematocrit in real time limiting our analysis. 

6.7 Conclusion 

The management of BP and peripheral perfusion in dialysis patients is extremely important 

and challenging to monitor. Peripheral perfusion measurements are rare at the point-of-care. In 

this work, we imaged peripheral perfusion in 20 HD patients and 11 healthy subjects using PA 

imaging. We compared the peripheral tissue perfusion response to changes in blood pressure due 

to dialysis or exercise. The healthy group showed a positive correlation to changes in BP. The 

CKD/HD group also showed a positive correlation to BP changes during a dialysis session. In 
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comparison, the CKD/HD group showed a significantly reduced PA response to changes in blood 

pressure compared to healthy controls.   
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6.9 Supplementary information 

Table 6. 2 Healthy control group.  

Blood pressure, heart rate, and temperature at baseline, pre-exercise, and post exercise.  
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Figure 6. 5 ROI analysis for the healthy group. 
Region of interest analysis for quantifying PA intensity for healthy subjects (HC 002 in this figure). We used a 4 cm 
wide and 1 cm deep rectangular ROI that was kept constant for all scans. The skin layer was excluded from the 
analysis. Scale bars measure 0.5 cm. PA intensity and therefore perfusion increased with a rise in BP (40 mm of Hg 
increase after exercise). Scale bar represents 0.5 cm. 
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22 patients on hemodialysis were recruited for this study. We recorded blood pressure and ultrafiltrate removed (UF 
removed) before and after a dialysis session. Two patients (marked in red) were excluded from analysis due to 
complications independent of imaging during the session. 
 

 

Table 6. 3 CKD/HD group. 
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Figure 6. 6 ROI analysis for the CKD/HD group. 
ROI analysis for the diseased group (CKD/HD 012 in this figure). These images are from the left heel. After dialysis 
(panel B), PG 012 experienced a 40-mm-Hg drop in BP resulting in reduced PA signal and perfusion. Scale bars 
represents 0.5 cm. 
 
 

 
Figure 6. 7 Effect of heart rate (HR) on perfusion and systolic BP in the healthy cohort. 
A. The change in HR had no significant effect on the change in PA intensity. B. The change in BP was positively 
correlated to an increasing HR due to exercise. 
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Figure 6. 8 Effect of ultrafiltrate (UF) removed on perfusion and blood pressure. 
A. Changes in PA and perfusion were independent of the UF removed. B. The change in systolic BP was not 
significantly correlated to the amount of UF removed. 
 

 
Figure 6. 9 Power analysis. 
Power curve for the dialysis patients shows 85% power with n = 20.  
 

 
Figure 6. 10 Correlation between global PA intensity and absolute systolic BP at rest / baseline. 
The healthy group shows a significant positive correlation (r = 0.68; p<0.05) compared to the CKD/HD group (r = 
0.20, p>0.05).  
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Figure 6. 11 Multivariate linear regression analysis for the CKD/HD group. 
A. The coefficient of multiple correlation (R = 0.72) with 7 independent variables shows PA intensity can be predicted 
using the below-mentioned confounders. B. Covariance matrix reporting the degree of intertwining between the 
confounding variables. Β0 = Intercept (mean response when all the variables = 0); β1 = change in Sys BP (mm of 
Hg); β2 = change in Dia. BP (mm of Hg); β3 = age (years); β4 = sex (Female/Male); β5 = UF removed (ml); β6 = 
BMI (kg/m2); and β7 = diabetic status (No/Yes). Higher positive values indicate strong covariance between those 
variables. For example, between β5 and β1 = 0.61 indicates that when a higher volume of UF is removed, the change 
in systolic pressure during an HD session also tends to be higher. Similarly, between β7 and β4 = -0.03 indicates that 
the patients BMI and sex are not related to each other. 
 

 
Figure 6. 12 Multivariate linear regression analysis for the healthy group. 
A. The coefficient of multiple correlation (R = 0.81) with five independent variables shows PA intensity can be 
predicted using the below-mentioned confounders. B. Covariance matrix reporting the degree of intertwining between 
the confounding variables. Β0 = Intercept (mean response when all the variables = 0); β1 = change in Sys BP (mm of 
Hg); β2 = change in Dia. BP (mm of Hg); β3 =change in heart rate (BPM); β4 = Age (yrs); β5 = change in body 
temperature (oC). Age showed a strong negative correlation with the intercept, meaning younger subjects showed 
higher PA signals. The covariance between all other parameters was low in the control group. This means that the 
main contributor to the correlation in panel A is the change in systolic BP (p = 0.0019).  
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Chapter 7: The impact of skin tone on photoacoustic 

oximetry and tools to minimize bias  

 

7.1 Abstract 

The major optical absorbers in tissue are melanin and oxy/deoxy-hemoglobin, but the 

impact of skin tone and pigmentation on biomedical optics is still not completely understood or 

adequately addressed. Melanin largely governs skin tone with higher melanin concentration in 

subjects with darker skin tones. Recently, there has been extensive debate on the bias of pulse 

oximeters when used with darker subjects. Photoacoustic (PA) imaging can measure oxygen 

saturation similarly as pulse oximeters and could have value in studying this bias. More 

importantly, it can deconvolute the signal from the skin and underlying tissue. Here, we studied 

the impact of skin tone on PA signal generation, depth penetration, and oximetry. Our results show 

that subjects with darker skin tones exhibit significantly higher PA signal at the skin surface, 

reduced penetration depth, and lower oxygen saturation compared to subjects with lighter skin 

tones.   We then suggest a simple way to compensate for these signal differences.  
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7.2 Introduction 

Biomedical optics play an increasingly powerful role in human health, but the impact that 

skin tone and skin pigmentation have on optical imaging and diagnostics is not completely 

understood or adequately addressed. Melanin governs skin tone and is a strong light-absorbing 

pigment; thus, darker skin absorbs more photons leaving less light to probe the deeper tissues of 

interest. The primary challenge for optical medical devices is that variations in skin pigmentation 

can alter measurements between subjects in ways that the device was not designed to anticipate. 

Variable melanin content/skin tone has been reported to adversely affect the performance of a 

broad range of optical medical devices including pulse oximeters,433 cerebral tissue oximeters,434 

hyperspectral reflectance imagers,435 bilirubinometers,436 wearable photoplethysmography,437 

other “wearables” in the consumer market (e.g., smart watches),438, 439 and photoacoustic (PA) 

imagers.440 In one recent high-powered example,433 48,000 pulse oximetry readings in 8,675 white 

subjects and 1,326 black subjects were compared with arterial oxygen saturation measurements. 

The results, while controversial,441 showed that Black subjects were 3.2-fold more likely to have 

undiagnosed hypoxemia, and potentially not get needed supplemental oxygen. This can lead to 

differences in health outcomes because Black people, Hispanics, and others often have darker skin 

tones. This disparity in health outcomes illustrates the importance of investigating the impact of 

skin pigmentation during, not after, medical device development.   

Hypoxemia is an abnormal decrease in partial pressure of oxygen in the blood – a key 

parameter in clinical decision making in diseases including cancer,442-444 COVID,445, 446 wound 

care,447-449 chronic kidney disease,450, 451 aging,452, 453 etc. Measuring blood oxygen saturation (sO2) 

can be relatively straightforward due to the differences in absorption between oxy-and-deoxy-

hemoglobin. But melanin is also a major optical absorber in tissue.  Clinically, dermatologists use 
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the Fitzpatrick scale to classify people with different skin tones.454 The Fitzpatrick scale is a 

numerical classification system (1 (pale white) – 6 (black/very dark brown)) to estimate the 

response of different skin types to ultraviolet light (Figure 7.1A).455 Currently, few biomedical 

devices actively measure or compensate for changes in skin color between subjects.  

Tissue optical absorption is quantified by the local absorption coefficient (µa). A higher µa 

means that more photons are absorbed, which reduces the light penetrance into tissue. Tissue µa is 

a linear summation of the absorption of all chromophores present, weighed by chromophore 

concentration, Equation 7.1. Here µa denotes the absorption coefficient (cm-1); 𝝀𝒊 is the imaging 

wavelength (nm); HbO2 and Hb denote oxy-and-deoxy-hemoglobin respectively. In tissue, µa 

varies significantly with wavelength due to the inherent spectral absorption properties of 

constituent molecules like hemoglobin and melanin (Figure 7.1B).456, 457 Other absorbing species 

in tissue include lipids, proteins, collagen, water etc.458 But these have minimal absorption in the 

biological optical window (700 – 900 nm).1, 459 Many biomedical optics devices do not consider 

potential variation or uncertainty in µa,skin and thus unexpected differences in tissue light transport 

can compromise performance of optical technologies including pulse oximetry, fluorescence, PA, 

etc.460     

    𝝁𝒂,𝒔𝒌𝒊𝒏(𝝀𝒊) = 𝜇%,123!(𝜆4)[𝐻𝑏𝑂*] + 𝜇%,12(𝜆4)[𝐻𝑏] + 𝜇%,)56%&4&(𝜆4)[𝑚𝑒𝑙𝑎𝑛𝑖𝑛] +

µ%,!7859	%2;!9259;(𝜆4)[𝑜𝑡ℎ𝑒𝑟	𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑟𝑠]     Equation (7.1) 

PA produces signal as a function of µa.461 PA imaging delivers diffused light through tissue, 

where the photons are absorbed by dominant chromophores (hemoglobin and melanin) and 

converted to sound waves for acoustic imaging.1, 223 The intensity of PA signal is directly 

proportional to µa.223 Vasculature and blood oxygen saturation (sO2) can be mapped in 3D using 

multiple wavelengths. While many optical oximetry techniques offer an ensemble or point-based 
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value of oxygenation, PA imaging offers a 3D map that can measure oxygenation through many 

centimeters of tissue.342, 425, 462, 463 Furthermore, PA can also deconvolute the skin layer from the 

tissue layer247, 309, 464, and the first FDA-approved system was recently launched (Seno 

Medical).465-467  

This work is an observational case series that aims to measure photoacoustic signal and 

oxygenation differences in healthy human subjects as a function of skin tone. We performed PA 

imaging and oximetry on nine healthy volunteers with a Fitzpatrick skin type of 1,4, and 6 (Figure 

7.1C-D; n=3 per skin type).455 Our data shows significant changes in PA signal as a function of 

skin tone. Using the training data from the nine volunteers, we formulated a compensation equation 

that was tested on new Fitzpatrick type 3 and 5 subjects. Our case series shows that compensating 

for differences in skin tone is possible for photoacoustic oximetry.   

 

Figure 7. 1 Skin tone classification.  
Classification of skin tone based on the Fitzpatrick scale.455 Fitzpatrick 1 is lightest and 6 is the darkest skin tone. B. 
Absorption coefficient (µa in cm-1) of oxy-deoxyhemoglobin and melanin in the visible and near infrared region. Data 
from ref. 457 and 456. PA imaging was done at 690 and 850 nm. C. Nine volunteers classified as Fitzpatrick 1, 4, and 6 
were scanned at 5 locations on the left arm. D. Typical scan of the dorsal forearm using a handheld photoacoustic 
transducer. Arrow annotates the scan direction. 
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7.3 Materials and methods 

7.3.1 Subjects 

This work was performed in compliance with the ethical rules for human experimentation 

stated in the 1975 Declaration of Helsinki and approved by the University of California San 

Diego’s Human Research Protections program. Eleven volunteers were recruited for this study. 

Subjects signed an informed written consent prior to participation. Inclusion criteria were (i) 

subjects >18 years old and able to provide informed written consent, (ii) pulse oximetry reading 

>96% on the left index finger at rest,468 and (iii) a body mass index ranging from 18.5 – 25 

kg/m2.469 Exclusion criteria were (i) subjects with known cardiovascular disease history, (ii) on 

medications that alter hemodynamic status such as blood pressure, oxygenation etc. (iii) presence 

of wounds in the imaging area, and (iv) previous history of skin disorders. 

All subjects were scanned over five locations on the left arm: (i) dorsal forearm, (ii) dorsal 

hand, (iii) volar forearm, (iv) volar hand, and (v) radial artery. An area measuring approximately 

4 cm x 3 cm was scanned at imaging spots i – iv. The radial artery oxygenation was scanned in a 

single imaging plane. Before scanning, the imaging area was cleaned using alcohol. Pulse oximetry 

was done using a finger pulse oximeter from ZAcurate, Texas, USA. Subjects were classified into 

different Fitzpatrick skin types subjectively by Y.M. and objectively using the ITA scale. The 

calculations for determining ITA score can be found elsewhere.470 The skin color quantification 

was done using a commercially available WR10QC portable colorimeter from Fru, China. The 

colorimeter used a D65 light source, CIE 10o observer, and measured CIEL*a*b color space.       
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7.3.2 Photoacoustic-ultrasound imaging 

We used two commercially available PA imaging systems: one LED-based and one laser-

based. The LED-based system was the AcousticX from Cyberdyne Inc., Tsukuba, Japan. The 

AcousticX system uses two LED-arrays operating with a pulse width of 70 ns and 4 KHz repetition 

rate. The illumination wavelengths used for imaging points i – iv were 850 and 690 nm separately. 

The radial artery was imaged using a combination of 850 and 690 nm illumination to measure 

oxygen saturation. The AcousticX employs a 128-element ultrasound transducer operating at a 

central frequency of 9 MHz, bandwidth of 80.9%, and with a 4-cm field-of-view. We used the 

proprietary AcousticX software for image acquisition and visualization.    

The laser-based system was the VisualSonics Vevo 2100 LAZR from FUJIFILM 

VisualSonics Inc., Toronto, Canada. We scanned with a LZ250 transducer with a central frequency 

of 21 MHz. Images were acquired at 850 and 690 nm. PA spectra was acquired between 680 – 970 

nm with a step size of 2 nm. PA oximetry was carried out using the in-built OxyHemo function 

using 750 and 850 nm illumination. Doppler imaging on this system was used to confirm the 

position of the radial artery.     

We used sterile ultrasound coupling gel (Aquasonic 100, Parker Laboratories Inc. Fairfield 

NJ, USA) for coupling with the skin surface. All images were acquired at 30 frames/s. Image 

acquisition settings such as gain, dynamic range, and averaging were kept consistent for each 

machine between all Fitzpatrick skin types. A minimum of 80 frames were acquired for each scan. 

All scans were done using a hand-held transducer in a proximal-distal direction.  

7.3.3 Image processing 

All the image processing was done using Fiji, an ImageJ extension, version 2.1.0/1.53c. 

Data was plotted using Prism version 9.0.0. A minimum of 80 frames were processed for each 
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scan. For the two wavelengths (690 and 850 nm), we processed a minimum of 640 frames for 

regions i-iv. For the radial artery, a minimum of 30 frames were acquired. Both the LED and laser-

based systems acquire oximetry images in a step-by-step function of PA at wavelength 1 – 2 

followed by B-mode US. Internally, the processing is done using a pixel-by-pixel analysis using 

the manufacturer’s software and algorithms. The LED-based system does offer more control over 

weighing signal from each wavelength and the extinction coefficients of oxy-deoxy-hemoglobin 

that can help to correct for differences in skin absorption.  

Data was quantified using custom ROI analysis for each 80-frame scan. The ROI outline 

followed the contour of the skin, and we quantified the mean PA intensity within the ROI. We 

were careful to include only the skin surface using the B-mode US. The ROI was dynamically 

changed for every frame of the scan. To quantify subdermal PA signal, we drew a standard ROI 

measuring 1cm deep and 4 cm wide. This ROI was held constant throughout the 80 frames while 

ensuring exclusion of the skin surface. We quantified the integrated PA intensity, i.e., the sum of 

all pixel intensities within the ROI. The integrated intensity was chosen to quantify net noise and 

clutter, and reduce the effect of dark pixels on the PA.    

To measure oxygen saturation, we drew custom ROIs on the oximetry images taken under 

default settings from both scanners. We averaged the saO2 across 30 frames. PA at the superior 

edge of the vessel was representative of the arterial sO2 .   

The compensation equation was formed by plotting the compensation factor vs. the 

Fitzpatrick scale. The compensation factor was defined as the ratio between pulse oximetry sO2 

and PA saO2. We calculated a unique compensation factor for each subject. The compensation 

factor for each skin type was an average of three subjects. The correction factors for all the 
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Fitzpatrick types were calculated by solving the compensation equation. The correction factors 

were then tested on two new subjects (Fitzpatrick types 3 and 5).  

7.3.4 Statistics 

The error bars in all plots represents standard deviation. Standard deviation in grouped 

analysis of n = 9 for Fitzpatrick types 1, 4, and 6 (3 each) was propagated from each patient where 

we quantified a minimum of 80-frames each. A simple linear regression was fit to the data 

measuring changes in PA signal and saO2 as a function of Fitzpatrick skin type. All significance 

testing was done using a 2-tailed, unpaired student’s t-test; p-value < 0.05 was considered 

significant. 

7.4 Results 

7.4.1 Effect of skin tone on surface photoacoustic signal 

We imaged the dorsal and volar forearm and hand of nine subjects with Fitzpatrick skin 

type of 1, 4, and 6 (n=3 each) (Table 7.2, Figure 7.1C). The forearm and hand were selected 

because they have a relatively uniform distribution of melanin (Figure 7.6), are relatively flat to 

facilitate scanning, and are relatively free of hair that can compromise imaging. Figure 7.2 shows 

the change in PA intensity as a function of Fitzpatrick skin type at 850 nm. PA intensity increases 

significantly (p<0.0001, R2 = 0.81) between Fitzpatrick scales 1 – 4 (104%) and 4 – 6 (47%). 

Subjects with darker skin tones showed considerably more streaking artifacts, noise, and clutter 

(Figure 7.2D-F and H).471 Within skin types, we observed significant changes (p = 0.016, Fitz. 4; 

p = 0.008, Fitz. 6) in PA intensity between the dorsal and volar hand of skin types 4 and 6 (at 850 

nm) (Figure 7.7). Dorsal areas were both darker and had higher signal. The dorsal and volar 

forearm within skin types 1, 4, and 6 showed no significant change (p>0.05) in photoacoustic 
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intensity, which is consistent with reports of similar melanin content in photo-protected skin.472 

The region-of-interest (ROI) outlines used for quantification can be found in the supplementary 

information (Figure 7.8).  

PA imaging at 690 nm also followed an increasing trend as a function of skin type (p<0.01, 

R2 = 0.68) (Figure 7.8). Although the PA signal was consistently higher at 850 than 690 nm, this 

difference was not statistically significant (p>0.05) (Figure 7.8I). The slopes of PA intensity vs. 

Fitzpatrick scale at 850 and 690 nm have no significant difference (p = 0.14). Depth penetration 

into tissue was reduced at 690 nm as shorter wavelengths scatter more. 

 

Figure 7. 2 Photoacoustic signal at 850 nm increases as a function of skin tone. 
Photographic images of the dorsal forearm of Fitzpatrick scale 1, 4, and 6 healthy volunteers. D-F. PA and US overlay 
from the blue imaging plane in A-C shows increase in PA signal and clutter from the skin surface. Yellow and green 
brackets mark skin and subdermal tissue respectively. G. PA intensity is linearly correlated with skin tone on the 
Fitzpatrick scale (R2 = 0.81, n = 9). H. Integrated PA intensity of 1 cm subdermal tissue shows an increase in noise 
and clutter in subjects with darker skin tone. I. PA intensity is significantly different (p< 0.05) between dorsal and 
volar hand in the same group (Fitz 4, and 6 n = 3 each). Error bars represent standard deviation between the three 
subjects in each group, and scale bars in D-F denote 1 cm. These images were acquired on the LED-based PA system.     
 

7.4.2 Effect of skin tone on photoacoustic depth penetration 

We also investigated the effect of skin tone on penetration depth to visualize deep blood 

vessels beneath the skin (Figure 7.3). Blood vessels were easily mapped in the subject with Type 
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penetrance and thus contrast detectability of the underlying blood vessels (Figure 7.3D and F). 

With the skin signal removed the signal-to-noise ratio for Fitz. 1 was 12.6 dB and Fitz. 6 was 3.2 

dB (Figure 7.9). Furthermore, a power analysis with 9 subjects and a null hypothesis that the true 

mean photoacoustic signal between each of the Fitzpatrick skin tone groups are equal shows 88% 

power in our study (alpha = 0.05, Figure 7.10). 

 
Figure 7. 3 High melanin in darker skin subjects obscures the underlying blood vessels in PA imaging (850 nm). 
A-B. Volar forearm of a Fitz. 1 and 6 subject respectively. Blue line are the planes imaged in panels C/D. C. Blood 
vessels are clearly visible in Fitz. 1 subject because light can penetrate through the skin. D. High melanin concentration 
in a Fitz. 6 subject reduces penetration depth and obscures underlying blood vessels which are visible on the US. E-
F. Maximum intensity projection of all planes in the box shown as dashed square in A/B shows the map of blood 
vessels on a Fitz. 1 subject. The strong surface signal in the Fitz. 6 subject masks the vasculature underneath. These 
images were acquired on the LED-based PA system.  
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the radial artery as a function of skin tone. The position of the radial artery was confirmed using 

doppler-ultrasound (Fig. S6), and arterial pulsation was visible on conventional grayscale 

ultrasound (US). We used a combination of 850 and 690 nm illumination on the LED-based PA 

system to measure oxygen saturation.  

Subjects with darker skin tones showed significantly lower PA saO2 (Fitz. 4: -7.98%; Fitz 

6: 18.2%) compared to pulse oximetry (p<0.01) (Figure 7.4). The increase in melanin content in 

subjects with darker skin tones linearly increases the perceived sO2 at the skin surface (Figure 

7.4H). The PA sO2 measurements from the nine subjects were used as a training set to formulate 

a skin tone compensation equation (inset Figure 7.4I). We assumed that the pulse oximeter 

readings were the ground truth and defined a correction factor to compensate for the deviated 

measurements using PA (Figure 7.4I). The compensation factor was defined as a ratio between 

the pulse oximeter sO2 (%): PA measured saO2 (%).  

While a recent NEJM article showed a bias in pulse oximetry measurements,433 in our case 

series, pulse oximeter measurements showed no significant differences between different 

Fitzpatrick skin types (Figure 7.4J). This could be due to a small sample size and because we only 

measured young and healthy volunteers (mean age: 26.7 ± 3.7 years; BMI range: 19-24 kg/m2). 

The PA sO2 measurements were significantly lower compared to pulse oximetry for darker skin 

types (p<0.01) (4 and 6, Figure 7.4J)  
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Figure 7. 4 Effect of skin tone on photoacoustic oximetry of the radial artery.  
A-B. Low melanin concentration in Fitz. 1 subjects facilitates deeper and more accurate oxygen saturation 
measurements. C-F. An increase in melanin concentration in darker skin tones presents as high skin surface sO2. The 
high skin signal reduces measurement accuracy in deeper blood vessels. Blue and yellow arrows point to the skin 
surface and radial artery respectively. Yellow dashed region in B/D/F represents the ROI used for saO2 measurements. 
There is considerably more clutter and noise in darker skin toned subjects D and F, which obscures signal from the 
radial artery. G. PA measured oxygen saturation of the radial artery decreases linearly as a function of skin tone. H. 
The oxygen saturation on the skin surface increases linearly with increasing melanin concentration. I. The bias in the 
PA measurement can be compensated using a correction factor defined by the inset equation. J. The pulse oximeter 
shows no significant differences in sO2 between different skin types contradicting the NEJM article.433 But this study 
was done on a younger, healthier, and smaller cohort of patients. PA showed significant reduction in saO2 for Fitz. 4 
and 6 subjects due to increased melanin absorption at the skin surface. The pulse oximeter measures sO2 peripherally 
where skin is thinnest compared to the radial artery where skin is considerably thicker. Scale bars measure 0.5 cm. 
error bars represent standard deviation between three subjects. These Images were acquired on the LED-based PA 
system. 
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7.4.4 Compensating for differences in skin tone for photoacoustic oximetry 

The equation in Figure 7.4I defined the correction factor for all Fitzpatrick skin types listed 

in Table 7.1. We tested these values in 2 new subjects with a Fitzpatrick rating of 3 and 5 (Figure 

7.5). The darker Fitzpatrick type 5 subject showed a significantly lower saO2 reading compared to 

the lighter Fitzpatrick type 3 subject (p<0.001). Using the correction factors defined in Table 7.1, 

we were able to compensate for skin absorption and amend measurements to within ±2.24% error 

compared to the pulse oximeter (Figure 7.5C). The corrected sO2 is a product of the PA saO2 and 

the correction factor for the Fitzpatrick skin type.     

 
Figure 7. 5 Compensating for differences in skin tone for photoacoustic oximetry. 
A-B.  PA oximetry of the left radial artery in Fitz. 1 and 5 subjects respectively. The darker skin toned subject showed 
reduced sO2 readings even though pulse oximetry measured 98% saturation in both cases. C. The previously defined 
correction factors were able to compensate for lack of signal in both subjects. Images were acquired at 690 and 850 
nm. Standard deviation is measured over 30 frames. Yellow dotted circles outline the ROI for saO2 quantification. 
Yellow arrow marks the radial artery. Scale bar measures 0.5 cm. These Images were acquired on the LED-based PA 
system. 
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compared to the laser.253 The laser-based PA of the skin surface showed a positive correlation (R2 

= 0.70, p<0.001) similar to the LED-based PA. There was a 12.5% and 71.1% increase in PA 

signal between Fitzpatrick type 1 – 4 and 4 – 6 subjects respectively (Figure 7.12).  

PA oximetry using the laser-based system was done at 850 and 750 nm. The sO2 

measurements are independent of the imaging wavelengths. Like the LED system, the laser-based 

system also showed a decrease in radial artery oxygenation for darker subjects (Figure 7.13). The 

absorption by melanin in the Fitzpatrick type 6 subject was so high that the PA saO2 dropped to 

1.3%. The Fitzpatrick 1 subject also showed a lower saO2 (59.2%) in comparison to the LED-

system (97.8%). This could be because of the reconstruction algorithms used to reduce noise and 

calculate sO2.474  

 

7.5 Discussion 

The young and healthy subjects recruited in this study had no previous history of 

cardiovascular disorders and were not on any medications that altered their oxygenation and 

perfusion status. Hence, the main significant difference between subjects with varying Fitzpatrick 

skin types was the concentration of melanin in their skin. Melanosomes are subcellular organelles 

that synthesize and store melanin. Studies have shown that subjects with darker skin tones have 

significantly more isolated, larger, and higher concentrations of melanosomes than subjects with 

lighter skin tones.475, 476 The larger and more concentrated melanosomes increase the absorption 

cross section of melanin resulting in enhanced light absorption (higher µa of melanin in Equation 

7.1). The increase in melanin µa leads to higher PA signal at the skin surface and reduced depth 

penetration. Furthermore, larger melanosomes in darker subjects (1.44 ± 0.67 µm2, from Thong et 

al.476) tend to scatter more near infrared light (NIR) than smaller melanosomes (0.94 ± 0.48 µm2, 

from Thong et al.476) found in lighter skin toned patients.  
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PA imaging relies heavily on NIR illumination,477 and thus increased scattering in this 

region further impedes light penetration through tissue.30 With fewer photons making it through 

the skin in darker subjects, PA depth penetration is also reduced. The strong skin absorption and 

PA in Fitzpatrick type 6 subjects makes it difficult to visualize underlying vasculature (Figure 

7.3D/F). Even in Fitzpatrick 1 subjects, PA imaging with 690 nm did not penetrate deeper than 

the skin surface (Figure 7.8D) as melanin has a higher µa at 690 nm (Figure 7.1B).456 Time gain 

compensation to boost deeper signals coupled with noise reduction algorithms could help perform 

deeper PA imaging.478 The smaller melanosomes in darker subjects could also enhance PA by 

increasing the surface area to volume ratio of the melanosomes. (Increasing surface-area-to-

volume ratios is known to result in PA enhancement.90, 223 ) 

The increase in PA at the skin surface in darker subjects results in streaking and clutter 

artifacts (Figure 7.2D-F). Although there is reduced light penetrance through the skin, subdermal 

(1 cm under skin surface) PA signal is significantly higher in Fitzpatrick type 6 than type 1 subjects 

(p<0.01). The increased subdermal PA signal is attributed to streaking and clutter artifacts. The 

use of a single linear array of transducers and the presence of strong absorbers like melanin in 

darker subjects results in streaking artifacts.471 Streaking artifacts can be reduced using filtered 

back projection or PA computed tomography.479 Clutter is a phenomenon caused by multipath 

reverberations or off-axis scatterers. It leads to a static cloud of echo signals occluding the tissue 

regions of interest.471, 480, 481 Higher PA signal in darker subjects leads to stronger reverberations 

and increased clutter in subdermal tissue. Furthermore, streaking and clutter cloak physiological 

PA signals from blood vessels making it difficult to differentiate between signal and noise (Figure 

7.2E-F). This cloaking is only exacerbated during PA oximetry that combines data from two 

wavelengths (Figure 7.4B/D/F). Fluence correction,482 plane wave ultrasound from different 
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angles,483 focused ultrasound,484 spatial weighting,485 and deep learning253 have shown promise in 

reducing noise and clutter in PA images.  

The sO2 measurements are dependent on PA signal at both 850 and 690 nm, the lack of PA 

depth penetration at 690 nm results in erroneous sO2 readings. Furthermore, the increase in clutter 

and noise in darker skin toned subjects also interferes with their saO2 evaluation (Figure 7.4 B, D, 

and F). The clutter in Fitzpatrick type 4 and 6 subjects makes ROI analysis difficult. Due to these 

perturbations, darker skin toned subjects show false signs of hypoxemia.   

Pulse oximetry is a cheap, quick, and non-invasive oxygenation measurement technique 

but is limited to only peripheral sO2 measurements where skin is relatively thin.486 The arterial 

blood gas test is the most accurate way of determining the partial pressure of oxygen in blood, but 

is an invasive technique often resulting in various complications ranging from spasms, occlusions, 

infections etc.487 PA imaging is advantageous because it is provides non-invasive local oxygen 

saturation and tissue perfusion map in real time. It is important to assess oxygen saturation locally 

to better understand the diseased state and to take more informed clinical decisions.  

Other optical oximetry techniques such as pulse oximeters are often calibrated with a wide 

range of skin types, but the measurement inherently discards the concentration and µa of melanin 

and other absorbers in Equation 7.1, resulting in erroneous readings.488, 489 Although a short case 

series, this study shows that skin tone has a significant impact on the interaction of light with 

tissue, and that it must be studied in more detail.  

Compensating for the under reporting of saO2 in higher Fitzpatrick skin type subjects is a 

critical finding. The equation and correction factors in Figure 7.4 and Table 7.1 represent a small 

cohort of subjects. Nevertheless, this proof-of-concept study shows that compensating for different 

skin tones could be as simple as a software update for these imaging systems. Future work will 
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evaluate these conclusions in larger cohorts including subjects with arterial blood gas 

measurements. Ideally, we would objectively measure skin color using a colorimeter or reflectance 

spectroscopy before any clinical measurements.490 This color measurement would further inform 

the image processing tool to compensate for changes in signal due to skin color by changing the 

weights for PA signal at each imaging wavelength.  

Finally, the difference in oximetry results using the LED-based and laser-based systems 

could be explained by the different absorption spectra of oxy-deoxy-hemoglobin used by these 

commercial systems.474 The laser-based system consistently under reports oxygenation values, but 

follows the same trends of decreasing saO2 as a function of Fitzpatrick skin type.    

 

7.6 Conclusion  

The effect of skin tone on PA imaging was explored in this study. Our findings show that 

subjects with darker skin tones show increased absorption of light at the skin surface. This increase 

in surface absorption leads to reduced penetration depth and obscures underlying blood vessels. 

PA imaging is an ideal tool to study the transportation of light through tissue, because it can 

deconvolute signal from the skin surface. PA oximetry of the radial artery showed that under the 

same imaging conditions, subjects with darker skin tones exhibit lower arterial oxygen saturation. 

This technical bias was attributed to the increase in melanin concentration in darker subjects. The 

bias against darker skin toned subjects could be easily corrected by formulating an equation 

describing the change in oxygen saturation as a function of Fitzpatrick skin type. This correcting 

equation was able to compensate for the reduced PA signal in two test subjects with <2% error 

compared to pulse oximeter readings. Finally, the use of two independent PA systems confirmed 

our trends and showed that the laser-based system had an even more profound impact on PA 

oximetry compared to the LED-based system.      
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7.8 Supplementary information 

Table 7. 2 Subject demographic and arterial oxygen saturation.  

11 volunteers were enrolled in this study. The average age was 26.7 ± 3.7 years. All subjects were healthy with no 
active or history of cardiovascular or skin conditions that could affect perfusion, oxygenation, or imaging. YM 001 – 
009 were used as the training set and YM 010 - 011 were used as the test subjects for the correction equation. PsO2% 
is oxygen saturation measured by the pulse oximeter, PAsaO2% is the photoacoustic measured arterial oxygen 
saturation using the LED-based PA system 
 

Subject ID Age 
(years) 

 
Sex (M/F) 

 

Fitzpatrick 
Scale PsO2 (%) PAsaO2 (%) 

YM 001 25 M 4 99 90.4 ± 0.9 

YM 002 20 M 1 98 98.5 ± 1.2 

YM 003 32 M 6 98 86.2 ± 1.0 

YM 004 26 F 4 100 90.1 ± 1.7 

YM 005 31 M 6 97 78.1 ± 2.0 

YM 006 24 F 1 98 98.2 ± 1.0 

YM 007 27 M 6 96 73.7 ± 2.1 

YM 008 23 M 4 98 92.9 ± 2.7 

YM 009 26 M 1 98 97.8 ± 2.0 

YM 010 31 M 3 98 92.6 ± 0.3 

YM 011 24 M 5 98 82.4 ± 2.4 
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Figure 7. 6 Imaging areas and subject photographs. 
A. Imaging points on the dorsal and volar hand. B-D. Photographic images of the dorsal hand of the nine subjects, 
representing Fitzpatrick skin types 1, 4, and 6 respectively. These were used in the training set (YM 001-09). These 
regions were selected because they have a relatively uniform distribution of melanin, are relatively flat to facilitate 
scanning, and are relatively free of hair that can compromise imaging.  
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Figure 7. 7 Volar vs. dorsal PA. 
A-B, C-D, and D-E. Differences in PA signal at 850 nm and photographs of dorsal and volar regions of the forearm 
and hand of Fitzpatrick type 1, 4, and 6 respectively. Fitz. 1 subjects showed similar melanin distributions on both 
sides hence there was no significant difference in PA intensity. Fitz. 4 and 6 subjects showed similar pigmentation on 
both sides of the forearm, but their volar hand was lighter compared to the other regions. The lighter skin tone in this 
region results in a significant drop in PA intensity compared to the dorsal side. The differences in the Fitz. 6 subjects 
are greater than that in the Fitz. 4 subjects. Error bars represent standard deviation in 3 subjects. 
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Figure 7. 8 Photoacoustic signal at 690 nm increases as a function of skin tone.  
A-C. Photographic images of the dorsal forearm of Fitz. 1, 4, and 6 subjects. These are the same subjects from Fig. 2, 
imaged under similar settings with the only difference being the illumination wavelength of 690 nm. D-E. With 
increasing melanin concentration in darker skin toned subjects, the PA signal at the skin surface also increases. Since 
690 nm is more prone to scattering compared to 850 nm, the penetration depth even for the Fitz.1 subjects is limited 
to only a few millimeters of the skin surface. Yellow and green dashed regions outline ROIs for skin surface and 
subdermal PA quantification respectively. G. PA signal at the skin surface increases as a function of Fitzpatrick skin 
type. H. Differences in the PA signal at different imaging areas shows a similar trend compared to 850 nm. The only 
difference seen is between the dorsal and volar hand where pigmentation varies most. I. PA signal at 850 nm is 
consistently higher vs. 690 nm but not significantly different. The slopes of both curves are not significantly different 
either. Hence the trends of increasing PA due to an increase in skin tone is conserved across wavelengths. Error bars 
represent standard deviation in three subjects of each skin type. Scale bar measures 1 cm. These images were acquired 
on the LED-based PA system. 
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Figure 7. 9 High melanin in darker skin toned subjects reduces signal-to-noise ratio for subdermal imaging.  
A-C. Volar forearm of a Fitz. 1 subject and corresponding MIP PA maps with and without the skin layer. D-F. Volar 
forearm of Fitz. 6 subject and corresponding MIP PA maps with and without the skin layer. A high melanin 
concentration in darker skin toned subjects results in high skin PA signal. The high skin PA signal reduces light 
penetration into tissue obscuring underlying vasculature and reducing SNR. SNR for Fitz. 1 = 12.6 dB; and Fitz. 6 = 
3.2 dB.  
 

 
Figure 7. 10 Power analysis. 
With a total of 9 subjects there is 88% power in our data (alpha = 0.05).   
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Figure 7. 11 Radial artery confirmation using ultrasound-doppler imaging. 
Ultrasound doppler imaging to confirm the location of the radial artery. The red coloration indicated blood flowing 
towards the transducer in the artery, and blue indicates blood flowing away from the transducer in the vein. The left 
basilic vein is not colored because it is placed outside the doppler window (yellow box). Scale bar measures 2 mm. 
This Images was acquired on the laser-based PA system. 
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Figure 7. 12 Laser-based PA imaging of different skin tones. 
A-C. PA and US overlay of the dorsal forearm of subjects with Fitzpatrick type 1, 4, and 6 skin. D. PA intensity of 
the skin surface is significantly and positively correlated to the Fitzpatrick skin type. E. PA spectra of the three types 
of skin shows that PA intensity is higher due to the increase in melanin concentration from Fitz. 1 – 6 skin types. The 
spectral pattern follows the µa of melanin in Fig 1. Error bars represent standard deviation in >80 frames per subject. 
Scale bar measures 0.5 cm. These images were acquired on the laser-based PA system. 
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Figure 7. 13 Laser-based PA oximetry of subjects with varying skin type. 
A-C. PA and US overlay of the left radial artery of subjects with Fitzpatrick type 1, 4, and 6 skin. These subjects all 
had sO2 >98% as measured by pulse oximetry. D. PA saO2 was significantly reduced for subjects with darker skin 
tones. This was because of the enhanced absorption by melanin present in higher concentrations in darker skin toned 
subjects. E. High melanin concentration results in a higher perceived skin sO2. Yellow dashed region represents ROI 
for image analysis. These images were acquired on the laser-based PA system. 
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