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Light-activated theranostic materials offer a potential platform for biomedical imaging and 

phototherapeutic applications. We have engineered constructs derived from erythrocytes, 

which can be doped with the FDA-approved near infrared (NIR) dye, indocyanine green 

(ICG). We refer to these constructs as NIR erythrocyte-mimicking transducers (NETs) 

since once activated by NIR light, NETs can transduce the absorbing photons energy to 

generate heat, emit fluorescence, or mediate production of reactive oxygen species.  

In a series of studies, we examined the phototheranostic capabilities of NETs for 

phototherapy of port wine stains and fluorescence imaging and phototherapy of cancer. 

Specifically, we measured and sequentially used the optical properties of NETs to 

theoretically investigate the effectiveness of NETs in mediating photothermal destruction 

of port wine stain blood vessels. Next, we investigated the phototheranostic capabilities of 

NETs for fluorescence imaging and photodestruction of SKBR3 breast cancer cells and 
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subcutaneous xenograft tumors in mice. Lastly, we present ovarian tumor imaging using 

NETs and spatially modulated illumination. 

The optical characterization and mathematical modeling results can be used in 

guiding the fabrication of NETs with patient-specific optical properties to allow for 

personalized treatment based on the depth and size of blood vessels and pigmentation of 

the individual’s skin. Whereas, our in vitro and in vivo results provide support for the 

effectiveness of NETs as theranostic agents for structured fluorescence imaging and 

photodestruction of tumors. 

Our results demonstrate that for a given NETs diameter, absorption increased over 

the approximate spectral band of 630–860 nm with increasing ICG concentration and that 

changing the ICG concentration minimally affected the scattering characteristics. Our 

simulation results indicated that blood vessels containing micron- or nano-sized NETs and 

irradiated at 755 nm had higher levels of photothermal damage as compared to blood 

vessels without NETs irradiated at 585 nm. 

In response to continuous wave 808 nm laser irradiation at intensity of 680 mW/cm2 

for 10−15 min, NETs mediated the destruction of cancer cells and tumors in mice through 

synergistic photochemical and photothermal effects. Our spatially modulated illumination 

imaging results demonstrated enhanced contrast and through the use of various frequency 

modulations. 
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Chapter 1 

 

Introduction 

 

Light-activated theranostic materials present a platform for potential clinical optical 

imaging and phototherapeutic applications.1–6 Materials that are activated by near infrared 

(NIR) excitation wavelengths (λ) are especially advantageous since relatively deep (on the 

order of ≈ 3–5 cm) optical imaging and phototherapy can be achieved over this spectral 

band. Todate, indocyanine green (ICG) remains the only NIR chromophore approved by 

United Sates Food and Drug Administration (FDA) for specific clinical applications 

including ophthalmic angiography, cardiocirculatory measurements, assessment of hepatic 

function, and blood flow evaluation.7–9 ICG has also been investigated for potential 

applications ranging from sentinel lymph node mapping in patients with different types of 

cancer to imaging intracranial aneurysm and cerebral arteriovenous malformations.10–17 

Additionally, ICG has been investigated as a photosensitizer for photodynamic therapy 

(PDT) of choroidal melanomas, and as a photothermal agent for treatment of port wine 

stains (PWSs).18–20 

Despite its wide utility in clinical medicine, ICG’s major drawbacks are its non-

specificity and short lifetime within circulation (half-life on the order of 2–4 min). 

Encapsulation of ICG within various constructs, including micelles, liposomes, silica, and 

synthetic polymers has been investigated as an approach to increase circulation time of 

ICG and reduce its non-specific interactions.21–31 

More recently, mammalian cells such as erythrocytes, lymphocytes, and 

macrophages, or constructs derived from them, are receiving increased attention as new 
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types of platforms for the delivery of therapeutic or imaging agents.32–37 Use of 

erythrocytes is particularly attractive due to their naturally long circulation time (≈ 90–120 

days), attributed to the presence of ‘self-marker’ membrane proteins.38,39 Hemoglobin-

depleted red blood cells (RBCs), erythrocyte ghosts (EGs), have been doped with iron 

oxide and gold nanoparticles to enhance contrast in magnetic resonance imaging and 

dynamic x-ray imaging of blood flow.40–43 ICG-loaded EGs have been used to characterize 

the movement of erythrocytes in choriocapillaries and retinal capillaries of rabbits and 

monkeys.44 In addition to imaging, erythrocytes have been doped with fluorescein 

isothiocyanate to create biosensors for monitoring changes in plasma analytes and 

extracellular pH.45,46 

We recently reported the first demonstration of successful engineering of nano-

sized vesicles derived from erythrocytes loaded with ICG for fluorescence imaging and 

photothermal destruction of human cells.47 We refer to these constructs as NIR erythrocyte-

mimicking transducers (NETs). A key advantage of erythrocyte-derived constructs as 

compared to liposomal particles is that the former can potentially have extended circulation 

time due to preserved membrane proteins that prevent phagocytosis by immune cells. In a 

previous study,48 we demonstrated that CD47, a membrane glycoprotein, which impedes 

phagocytosis,38,39 remains on the surface of NETs. Other investigators have reported that 

polymeric nano-constructs, coated with erythrocyte-derived membranes, were retained in 

mice blood for three days with circulation half-life of nearly 40 h.49 

A particular feature of NETs is that their diameter (dNETs) can be tuned to various 

sizes by appropriate mechanical manipulation procedures, and their ICG content can be 
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changed during the fabrication process. These parameters are important in that dNETs can 

influence the NETs biodistribution dynamics, and in combination with the ICG content, 

they will determine the optical properties of NETs. Such properties are ultimately 

important in selection of the appropriate light dosimetry parameters for an intended light-

based biomedical application, as well as the development of mathematical models to 

predict the optical response of biological tissues containing NETs. 

Chapter 2 presents the first report on the optical properties of NETs as a function 

of their diameters, and ICG concentration utilized in fabricating them. Specifically, we 

examine micron- and nano-sized NETs formed without and with mechanical extrusion 

methods, respectively. The nano-sized NETs have relevance to cancer imaging and 

phototherapy. Specifically, the enhanced permeability and retention (EPR) effect of 

tumors, induced by leaky tumor vasculature and impaired lymphatic drainage, may provide 

the basis for the delivery of NETs into tumors.50–52 The effects of changes in NETs diameter 

from micron to nano scale are relevant to imaging and photothermal destruction capability 

of vascular abnormalities such as those found in PWS lesions in skin, and subsequent 

selection of optimal imaging and irradiation parameters in this dermatological application. 

Finally, using a Monte Carlo simulation approach, we demonstrate the effects of NETs 

diameter and ICG concentration on the resulting light distribution within a simulated blood 

vessel, a biologically relevant target of light in various clinical applications. 

In chapter 3, we use resulting optical properties (absorption coefficient (µa) and 

reduced scattering coefficient (µs
')) of these NETs from chapter 2 to development a 

mathematical model for phototherapy of PWSs. As a first step towards potential application 
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of NETs in phototherapy of PWSs, we analyze in dedicated numerical simulations the 

photothermal response of blood vessels containing NETs, and compare the results with 

those obtained with the current treatment approach. These results can be used to identify 

the optimum formulation of NETs and appropriate irradiation parameters for NIR 

photothermal treatment of PWSs.   

Chapter 4 investigates the phototheranostic capabilities of NETs for near infrared 

fluorescence imaging and photodestruction of cancer cells and subcutaneous xenograft 

tumors in mice. We demonstrate that NETs remain available within tumors at 24 hours 

post intravenous injection, and mediate the destruction of cancer cells and tumors through 

synergistic photochemical and photothermal effects in response to continuous wave laser 

irradiation. We report for the first time that NETs are localized to cancer cells lysosomes, 

and upon photo-excitation can induce Caspase-3 activation, leading to tumor apoptosis.  

Lastly, Chapter 5 focuses on a particular wide-field optical imaging method of 

interest is spatial-modulated illumination (SMI). SMI uses structured sinusoidal 

illumination patterns of varying spatial frequencies projected on the tissue and measures 

attenuated intensity of the spatial patterns through optical sensors on pixel by pixel basis. 

SMI has been used to estimate the 2-D optical properties of tissues,53,54 and quantify depth-

resolved Protoporphyrin IX concentrations from preclinical glioma models using 

fluorescent imaging.55,56 We present the first demonstration of the use of NETs in 

conjunction with SMI to image tumors intraperitoneally implanted in mice. Our results 

showed high accumulation of NETs within tumors after 24 hours post-injection. We 

showed enhanced contrast for NETs-mediated fluorescence imaging with frequency 
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modulations over conventional non-modulated illumination. Lastly, we demonstrated 

wide-field estimation of ICG concentration delivered by NETs and compare those values 

to quantitative organ analysis. 
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Chapter 2 

 

Optical Properties of Biomimetic Probes Engineered from Erythrocytes 

 

Abstract 

 

Light-activated theranostic materials offer a potential platform for optical imaging and 

phototherapeutic applications. We have engineered constructs derived from erythrocytes, 

which can be doped with the FDA-approved NIR chromophore, ICG. We refer to these 

constructs as NETs. Herein, we investigated the effects of changing the NETs mean 

diameter from micron- (≈4 μm) to nano- (≈90 nm) scale, and the ICG concentration utilized 

in the fabrication of NETs from 5 to 20 μM on the resulting absorption and scattering 

characteristics of the NETs. Our approach consisted of integrating sphere-based 

measurements of light transmittance and reflectance, and subsequent utilization of these 

measurements in an inverse adding-doubling algorithm to estimate the μa and μsˈ of these 

NETs. For a given NETs diameter, values of μa increased over the approximate spectral 

band of 630–860 nm with increasing ICG concentration. Micron-sized NETs produced the 

highest peak value of μa when using ICG concentrations of 10 and 20 μM, and showed 

increased values of μsˈ as compared to nano-sized NETs. Spectral profiles of μsˈ for these 

NETs showed a trend consistent with Mie scattering behavior for spherical objects. For all 

NETs investigated, changing the ICG concentration minimally affected the scattering 

characteristics. A Monte Carlo-based model of light distribution showed that the presence 

of these NETs enhanced the fluence levels within simulated blood vessels. These results 

provide important data towards determining the appropriate light dosimetry parameters for 

an intended light-based biomedical application of NETs. 
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Introduction 

Light-activated theranostic materials present a platform for potential clinical optical 

imaging and phototherapeutic applications.1–6 Materials that are activated by NIR 

excitation λ are especially advantageous since relatively deep (on the order of ≈3–5 cm) 

optical imaging and phototherapy can be achieved over this spectral band. Todate, ICG 

remains the only NIR chromophore approved by United States FDA for specific clinical 

applications including ophthalmic angiography, cardiocirculatory measurements, 

assessment of hepatic function, and blood flow evaluation.7–9 ICG has also been 

investigated for potential applications ranging from sentinel lymph node mapping in 

patients with different types of cancer to imaging intracranial aneurysm and cerebral 

arteriovenous malformations.10–17 Additionally, ICG has been investigated as a 

photosensitizer for PDT of choroidal melanomas, and as a photothermal agent for treatment 

of PWSs.18–20 

Despite its wide utility in clinical medicine, ICG’s major drawbacks are its non-

specificity and short lifetime within circulation (half-life on the order of 2–4 min). 

Encapsulation of ICG within various constructs, including micelles, liposomes, silica, and 

synthetic polymers has been investigated as an approach to increase circulation time of 

ICG and reduce its non-specific interactions.21–31 

More recently, mammalian cells such as erythrocytes, lymphocytes, and 

macrophages, or constructs derived from them, are receiving increased attention as new 

types of platforms for the delivery of therapeutic or imaging agents.32–37 Use of 

erythrocytes is particularly attractive due to their naturally long circulation time (≈90–120 
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days), attributed to the presence of ‘self-marker’ membrane proteins.38,39 Hemoglobin-

depleted RBCs, EGs, have been doped with iron oxide and gold nanoparticles to enhance 

contrast in magnetic resonance imaging and dynamic x-ray imaging of blood flow.40–43 

ICG-loaded EGs have been used to characterize the movement of erythrocytes in 

choriocapillaries and retinal capillaries of rabbits and monkeys.44 In addition to imaging, 

erythrocytes have been doped with fluorescein isothiocyanate to create biosensors for 

monitoring changes in plasma analytes and extracellular pH.45,46 

We recently reported the first demonstration of successful engineering of nano-

sized vesicles derived from erythrocytes loaded with ICG for fluorescence imaging and 

photothermal destruction of human cells.47 We refer to these constructs as NETs. A key 

advantage of erythrocyte-derived constructs as compared to liposomal particles is that the 

former can potentially have extended circulation time due to preserved membrane proteins 

that prevent phagocytosis by immune cells. In a previous study,48 we demonstrated that 

CD47, a membrane glycoprotein, which impedes phagocytosis,38,39 remains on the surface 

of NETs. Other investigators have reported that polymeric nano-constructs, coated with 

erythrocyte-derived membranes, were retained in mice blood for three days with 

circulation half-life of nearly 40 h.49 

A particular feature of NETs is that dNETs can be tuned to various sizes by 

appropriate mechanical manipulation procedures, and their ICG content can be changed 

during the fabrication process. These parameters are important in that dNETs can influence 

the NETs biodistribution dynamics, and in combination with the ICG content, they will 

determine the optical properties of NETs. Such properties are ultimately important in 
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selection of the appropriate light dosimetry parameters for an intended light-based 

biomedical application, as well as the development of mathematical models to predict the 

optical response of biological tissues containing NETs. 

Herein, we present the first report on the optical properties of NETs as a function 

of their diameters, and ICG concentration utilized in fabricating them. Specifically, we 

examine micron- and nano-sized NETs formed without and with mechanical extrusion 

methods, respectively. The nano-sized NETs have relevance to cancer imaging and 

phototherapy. Specifically, the EPR effect of tumors, induced by leaky tumor vasculature 

and impaired lymphatic drainage, may provide the basis for the delivery of NETs into 

tumors.50–52 The effects of changes in NETs diameter from micron to nano scale are 

relevant to imaging and photothermal destruction capability of vascular abnormalities such 

as those found in PWS lesions in skin, and subsequent selection of optimal imaging and 

irradiation parameters in this dermatological application. Finally, using a Monte Carlo 

simulation approach, we demonstrate the effects of NETs diameter and ICG concentration 

on the resulting light distribution within a simulated blood vessel, a biologically relevant 

target of light in various clinical applications. 

 

Methods and Materials 

Fabrication of NETs 

Whole bovine blood was centrifuged at 1300 relative centrifugal force (rcf) for five minutes 

at 4 °C to separate the erythrocytes from the plasma and buffy coat. Isolated erythrocytes 

were then washed in 1 ml of cold 1X phosphate buffered saline (PBS) (310 mOsm, pH 8), 

and centrifuged at 1300 rcf for five minutes at 4 °C. Packed erythrocytes were transferred 
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to an ultracentrifuge tube and suspended in 50 ml of hypotonic buffer (0.5X PBS, 155 

mOsm, pH 8) and incubated at 4 °C for 30 min. Further hemoglobin depletion was not 

performed because of the possible deleterious effects on erythrocyte shape with more 

aggressive hypotonic treatments. 

EGs, formed by hypotonic treatment of RBCs, were resuspended in 1X PBS, and 

separated into three sample sets. EGs in Set I were extruded 40 times through 400 nm 

polycarbonate porous membranes (Nuclepore Track-Etched Membranes, Whatman, 

Florham Park, NJ) (single extrusion method). EGs in Set II were extruded through 40 times 

400 nm polycarbonate membranes, followed by 40 more extrusions through 100 nm 

polycarbonate membranes (double extrusion method). EGs in set III were not extruded. 

Extrusion of EGs in sets I and II resulted in formation of spherical nano-sized particles 

through cleavage and reformation of the membrane,57,58 whereas EGs in set III remained 

micron-sized. The filters used for extrusion are cylindrical with nano-sized diameters, 

forming narrow and long tubes (tube length > tube diameter). Similar to lipid vesicles, 

when spherical EGs (or RBCs) are extruded through these filters, they likely acquire 

cylindrical shapes and break into smaller structures when they reach the end of the filters, 

and reassemble into nano-sized vesicles.57 The bilayer of the EG ruptures when the induced 

membrane tension due to applied pressure exceeds the lysis tension.58 To ensure that nearly 

the same amount of erythrocytes derived membranes were present among the samples in 

all three sets, extruded samples (sets I and II) were diluted appropriately so that the 

absorbance value at 280 nm (associated with membrane proteins) in these samples matched 

the value for non-extruded samples (set III). Therefore, with the same amount of membrane 
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available, we expect that there would be a smaller number of micron-sized NETs than 

nanosized NETs. 

EGs in all sets were separated into aliquots, and incubated with 3 ml of hypotonic 

buffer (Na2HPO4/Na2H2PO4, 140 mOsm, pH 5.8). To this solution, we added 3 ml of ICG 

dissolved in water at different concentrations so that the final concentrations of ICG in the 

loading solvent were 0, 5, 10, and 20 μM. Suspensions were then incubated for five minutes 

at 4 °C in dark, centrifuged at 25 000 rcf for 20 min, and washed twice in 1X PBS to remove 

any non-encapsulated ICG. ICG-loaded EGs (NETs) were re-suspended in cold 1X PBS 

buffer solution. Prior to characterization of optical properties, NETs samples were 

centrifuged and supernatant removed. 

 

Characterization of NETs 

Phase contrast images of un-extruded NETs (set III) were obtained using a microscope 

(Nikon Ti-Eclipse, Melville, NY), and an electron multiplier gained CCD camera (Quant 

EM-CCD, Hamamatsu, Japan) at integration time of 0.1 s and gain of 1.0. We estimated 

the diameter of un-extruded NETs using ImageJ software, and determined the mean and 

standard deviation (SD) of the population sample. The hydrodynamic diameters of nano-

sized NETs (sets I and II) suspended in 1X PBS were measured by dynamic light scattering 

(DLS) (Zetasizer NanoZS90, Malvern Instruments Ltd, Malvern, UK).  

We used an integrating sphere (4P-GPS-033-SL, Labsphere, North Sutton, NH) to 

measure the percent transmittance (T) and reflectance (R) from the samples (Figure 2.1). 

Visible-NIR (from 400 to 1000 nm) light from a broadband source (HL2000 20W Quartz-

Tungsten-Halogen lamp, Ocean Optics, Dunedin, FL) was collimated, and an aperture 
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mask used to create a 4 mm diameter beam. A 400 micron fiber collected the transmitted 

or reflected light at the detector port, placed at 90° from the entrance or exit ports, 

respectively, and delivered it to a spectrometer (Prime-X, B&W Tek, Newark, DE). 

Measurements of T and R for whole blood were obtained from non-diluted samples, 

and samples diluted with 1X PBS by 100 times. The purpose of diluting the blood was to 

enhance T for λ < 604 nm since the detector was unable to resolve the signature absorption 

peaks of oxyhemoglobin over the 400–600 nm spectral band. Since the reported range of 

hematocrit (hct) for bovine blood is 36.9 ± 4.2%,59 we assumed an average value of 37% 

hct for the blood samples used in this study for the measurements of T and R.  

Blood, or NETs samples were placed on the entrance port with the exit port closed 

for T measurements (Figure 2.1a), and on the open exit port for the R measurements 

(Figure 2.1b). To compare T and R among different sets of NETs, in our analysis we 

normalized the measurements of T to the values at 740 and 806 nm for NETs formed by 

double extrusion and with 5 μM ICG in the loading buffer. In our analysis of R, we 

normalized the measurements to those at 500 nm for unextruded EGs. 

Non-normalized measurements of T and R, along with an assumed values of 

refractive index (n) (1.33), and estimates of the anisotropy factor (g) for NETs were 

subsequently used as input parameters into an inverse adding-doubling (IAD) algorithm.60 

The IAD algorithm repeatedly guesses and checks solutions for the radiative transport 

equation until it determines values of absorption coefficient (μa (mm-1)) and reduced 

scattering coefficient (μsˈ (mm-1)) that fit the measured data T and R.60 The μsˈ is related to 

the scattering coefficient (μs) and g (the mean cosine of the scattering function) as: 
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( )s s 1 = −μ μ g
           (2.1) 

Range of g is from −1 to 1. When g = 1, the scattering is completely in the 

forward direction, and μsˈ = 0. In the case of isotropic scattering (g = 0), μsˈ = μs. For 

example, the reported value of g for skin is ≈0.5 at 400 nm, and increases to >0.9 for 

wavelengths greater than 800 nm.61 For mammalian cells, the reported g value is ≈0.95 in 

the spectral band of 425–900 nm.61 Therefore, to estimate μsˈ for whole blood, we used g 

= 0.95.  

 

Figure 2.1 Schematic of integrating sphere-based measurements of (a) transmittance and (b) 

reflectance for whole blood, EGs, and NET samples. 

 

For NETs, g value was estimated using a Mie Simulator (Virtual Photonics 

Initiative, Irvine, CA) based on measurements of the NETs diameter.62 Specifically, the g 

values were estimated as 0.99 for the micron-sized NET based on measurements of 

diameter by phase contrast imaging (Figure 2.2a), 0.66 for nano-sized NETs formed by 

single extrusion, and 0.55 for nano-sized NETs formed by double extrusion, based on 

measurements of the diameter by DLS. We used these g values and the measured values of 
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T and R in the IAD algorithm to obtain spectrally-dependent estimates of μsˈ for whole 

blood, EGs, micron-sized NETs formed without extrusion, and nano-sized NETs formed 

by single or double extrusions at ICG loading concentrations in the range of 5–20 μM.  

We used a general analytical expression61 that takes into account contributions by 

Rayleigh and Mie types of scattering for spherical objects to fit the estimated μsˈ spectra: 

( ) ( ) ( )( )
4

Rayleigh Rayleighs
ο ο

 


 

− −
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m

μ A f f
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where Aˈ = μsˈ(λo), fRayleigh is the fractional contribution due to Rayleigh scattering, λo is a 

reference wavelength, and m is the power law exponent (scattering power) related to the 

Mie scattering component. We used λo = 500 nm since at this wavelength there is no 

absorption by NETs that may originate from either hemoglobin or ICG, and therefore, 

optical attenuation for NETs is completely due to scattering. Spectrally-dependent values 

of μsˈ within the spectral range of 437–635 nm were fitted by Igor Pro (Wavemetrics, Lake 

Oswego, OR) and extrapolated for λ < 437 and λ > 635 based on equation 2.2. 

 

Light-distribution model 

The Monte Carlo light-distribution model used in this study was developed by Majaron et 

al 63,64. To represent μa and μsˈ of human whole blood with 45% hct,61,65 we scaled our 

estimates of μa and μsˈ associated with assumed value of 37% hct as follows: 
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We simulated 1,000,000 photons delivered to a 500 μm diameter blood vessel 

containing either blood at 45% hct without any added NETs, or with added nano- or 

micron-sized NETs (sets I–III). We note that this simulation is not representative of a skin 

with PWS. A PWS simulation would require additional features including a multi-layered 

geometry to account for the presence of epidermis and additional blood vessels. Herein, 

we only seek to investigate the relative optical response of a blood vessel with and without 

NETs. We used the scaled optical properties of blood (equations 2.3 and 2.4), and NETs 

obtained in this study. We assumed effective optical properties of the simulated blood 

vessel as: 

( ) ( )blood NETsa_BV a_blood a_NETs
45%  hct 1= + −f fμ μ μ

   (2.5) 

( ) ( )blood NETss_BV s_blood s_NETs45%  hct 1  = + −f fμ μ μ
   (2.6) 

 

where μa_BV is the effective absorption coefficient of the blood vessel, fblood and fNETs are 

the respective fractions of blood and NETs in the blood vessel (fblood = fNETs = 50%), μa_blood 

(45% hct) and μa_NETs are the respective absorption coefficients of blood with 45% hct and 

NETs, and μsˈ_BV (45% hct) and μsˈ_NETs are the effective reduced scattering coefficient of 

the blood vessel and NETs, respectively. We simulated a flat-top incident laser beam at 

806 nm corresponding to peak absorption wavelength associated with the monomeric form 

of ICG in NETs. The beam delivered fluence of 10 J/cm2, and illuminated a 100 μm 

diameter spot on the surface. 
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Results and Discussion 

Size distribution of NETs 

The average ± SD diameter for micron-sized NETs, formed without mechanical extrusion, 

was 4.31 ± 0.69 μm (n = 28) (Figure 2.2a). This mean value is smaller than the reported 

average diameter of bovine RBCs (5.05 μm), but within the reported SD (±0.16 μm).66 The 

hydrodynamic peak (dpeak) diameters, as determined by DLS technique, were ≈164 nm 

(polydispersity index (PDI) = 0.10) and 91 nm (PDI = 0.07) for the populations of nano-

sized NETs formed by single and double extrusions respectively (Figure 2.2b). We used 

lognormal fits to estimate the mean (dmean) ± SD diameters of single extruded (160 ± 2 nm), 

and double extruded (92 ± 1 nm) NETs. The population of the nano-sized NETs is 

considered to be monodispersed since the respective PDI values are equal to, or less than 

0.1.67 

Since particles with diameters <200 nm are more effective for extravasation into 

tumors through the EPR effect,68 nano-sized NETs may prove as effective nano-vesicles 

with light-based theranostic capabilities for fluorescence imaging and photo-destruction of 

tumors. Further molecular specificity of NETs can be achieved by functionalizing their 

surface with appropriate targeting moieties such as antibodies.48  
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Figure 2.2 (a) Phase contrast image of micron-sized NETs formed without extrusion, and (b) 

hydrodynamic diameter distributions of nano-sized NETs formed by single or double extrusions, 

as determined by DLS method. The respective ranges of the measured diameters, based on DLS, 

for NETs fabricated by single and double extrusion methods were ≈91–396 nm, and 59–190 nm. 

We present the mean and standard deviation of the measurements of these samples (n = 6), 

represented as circles and error bars, respectively. The estimated mean diameters as determined 

from the lognormal fits (solid curves) were ≈160 nm and 92 nm for NETs formed by single and 

double extrusion methods, respectively. 

 

Transmittance and Reflectance Measurements 

The measurement results for T and R for micron-sized NETs formed without extrusion 

(dmean ≈ 4.31 μm), and nano-sized NETs formed by single (dmean ≈ 160 nm) or double 

extrusions (dmean ≈ 92 nm) using ICG loading concentrations in the range of 5–20 μM are 

shown in Figure 2.3. We also present the results for whole blood, and EGs not containing 

ICG in these figures. 

The non-diluted blood sample showed less than 3% transmission over the 

approximate spectral band of 400–610 nm (Figure 2.3a), indicative of the relatively high 

light absorption by hemoglobin in this wavelength range. Therefore, this sample was 

diluted by 100 times to resolve transmission changes over this spectral band. Minimum 

values of T at 420, 542, and 577 nm for the diluted blood sample (Figure 2.3a) are 

indicative of hemoglobin absorption at these wavelengths. We attribute the relatively high 
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values of T (λ > 610 nm) for the diluted sample to reduced number of erythrocytes and the 

overall lower absorption by hemoglobin at these wavelengths. The nearly constant value 

of T (λ > 610 nm) is suggestive of the Fresnel reflection at the interface of the sample 

solution and the cuvette. 

It is important to note that the values of T for all sets of NETs nearly overlapped 

with those for the EGs except over the approximate bands of 400–440 nm and 630–865 

nm, indicative of successful loading of ICG into the NETs. For EGs, T spectra did not show 

a decreasing trend over the 630–865 nm spectral band, consistent with the fact that these 

particles did not contain ICG. For the three sets of NETs having dmean values in the range 

of ≈ 92 nm–4.31 μm, as the concentration of ICG in the loading buffer increased, there was 

an overall trend in T values becoming lower over the 630–865 nm spectral band (Figure 

2.3c, e, g), indicating that higher concentrations of ICG were loaded into the particles. 

Independent of the dmean value, minimum values of T occurred between 803 and 806 nm, 

which corresponds to peak absorption wavelength associated with monomeric form of 

ICG.  
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Figure 2.3 Spectrally dependent values of percent (a) transmittance, and (b) reflectance (b) for 

whole bovine blood samples without dilution, and diluted 100 times by adding 1X PBS (≈310 

mOsm). Spectra of percent (c, e, g) transmittance, and (d, f, h) reflectance for micron-sized NETs 

formed (c, d) without extrusion, or by (e, f) single or (g, h) double extrusions using various ICG 

concentrations. Measurements were obtained with NETs suspended in 1X PBS (≈310 mOsm). The 

legend labels indicate the ICG concentration levels in the loading buffer. In panel (i), transmittance 

measurements are normalized to the values at 740 nm and 806 nm for 92 nm NETs formed using 

5 μM ICG in the loading buffer. In panel (j), reflectance measurements are normalized to the value 

at 500 nm (spectral peak) for EGs. 
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We attribute the shoulder in the approximate spectral range of 720–760 nm (albeit 

without a distinct secondary peak) to the H-like aggregate forms of ICGs within the 

NETs.47,69 Aggregation-induced split in the excited electronic state that results from a 

stacked (sandwich-like) arrangement of the individual chromophores, and their transition 

dipole moments constitute H-aggregation.70–72 In H-aggregates, transitions to the upper 

level of the split excited state are allowed, resulting in a blue spectral shift.  

With increased ICG concentration, the T value in the range of 720–760 nm 

decreased for the three sets of NETs, suggesting higher levels of ICG in the aggregated 

form within the NETs. For example, for NETs fabricated using ICG concentration of 5 μM 

in the loading buffer, T values associated with the H-like aggregate form of ICG decreased 

by about 10% as dmean of NETs was increased from ≈ 92 nm to 4.31 μm (Figure 2.3c, e, 

g). Collectively, these results indicate that more ICG can be loaded into the larger diameter 

NETs, and that the relative fraction of monomeric form of ICG is consistently higher than 

the H-like aggregate forms when using ICG in the range of 5–20 μM to fabricate these 

three sets of NETs. 

We summarize some of the salient features of T for NETs in Figure 2.3i where the 

measurements are normalized to the values at 740 nm and 806 nm for 92 nm NETs formed 

using 5 μM ICG in the loading buffer. At a given ICG concentration, as the NETs diameter 

became larger, normalized transmittance values (Tnorm) becomes smaller. For both micron 

and nano-sized NETs, Tnorm values decreased with increasing ICG concentration. 
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For the non-diluted whole blood sample, the relatively low values of R (<6%) in 

the approximate spectral range of 400–600 nm (Figure 2.3b) are likely due to loss of 

photons to absorption by hemoglobin in this spectral band. For wavelengths greater than 

the spectral peak at 674 nm, R values decreased, suggestive of decreased light absorption 

by hemoglobin, and decreased scattering by erythrocytes. For the whole blood sample 

diluted by 100 times, the R values were less than 4% over the entire spectral band 

investigated (400–1000 nm), suggesting that there were relatively fewer scattering 

objects (e.g., erythrocytes) within the sample to make sufficient back-scattered photons 

available for detection as compared with the non-diluted sample. 

For the three sets of NETs, with increased ICG concentration in the loading buffer, 

there was an overall trend in R values becoming smaller over the approximate spectral band 

of 600–795 nm (Figure 2.3d, f, h). The peak R values were at 453 nm, 444 nm and 440 

nm, corresponding to NETs with dmean ≈ 4.31 μm, 160 nm and 92 nm respectively. For a 

given dmean, the peak R values varied only by about 0.9%–– 1.3% as the ICG concentration 

increased from 5 to 20 μM. For all ICG concentrations used in fabricating these NETs, 

peak R values for micron-sized NETs (dmean ≈ 4.31 μm) were consistently higher by 

approximately 8% than those for nano-sized NETs with dmean ≈ 92 nm. This result suggests 

that increased levels of ICG used during fabrication do not contribute much to the 

reflectance from the particles at the peak reflectance wavelengths (outside the ICG 

absorption band), and the higher R values associated with the larger NETs are likely due 

to the enhanced back-scattering that results from increased diameter of the particles. 
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In Figure 2.3j, we show a summary of R measurements for EGs. At this 

wavelength, there are minimal contributions from absorption by hemoglobin and ICG, and 

therefore, R can be mostly contributed to back-scattering by the particles. At a given ICG 

concentration, normalized reflectance values (Rnorm) became larger as NETs diameter 

increased. For both micron- and nano-sized NETs, Rnorm values at 500 nm remained nearly 

independent of ICG concentration. 

 

Absorption Coefficient (μa) of NETs 

We used the measured values of T and R (Figure 2.3) in an Inverse Adding-Doubling 

(IAD) algorithm60 to estimate the values of µa for micron-sized NETs formed without 

extrusion (dmean ≈ 4.31 µm), and nano-sized NETs formed by single (dmean ≈160 nm) and 

double extrusions (dmean ≈ 92 nm) at ICG loading concentrations in the range of 5-20 μM 

(Figure 2.4). We also present the results for blood samples, and EGs not containing ICG 

in these figures. 

The estimated μa spectra for whole blood were obtained by using the T and R spectra 

of the diluted sample in the 400 – 604 nm range, and T and R spectra associated with λ > 

604 nm for the non-diluted sample in the IAD algorithm values. The estimated μa values 

over the 400 – 604 nm range were then multiplied by 100 to account for the dilution factor 

during T and R measurements. 

The spectral peaks of μa at 420, 542, 581 nm (Figure 2.4a) are associated with 

oxyhemoglobin. The respective μa values of 25 and 23 mm-1 at 542 and 581 nm are in 

excellent agreement with the values of 29 and 23 mm-1 at these wavelengths reported in a  
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Figure 2.4 Spectrally-dependent values of μa for whole bovine blood (a) without dilution for λ > 

604 nm, and the sample diluted 100 times by adding 1X PBS (≈ 310 mOsm) for λ ≤ 604 nm. Values 

of μa for the diluted sample were multiplied by 100. Spectra of μa for (b) micron-sized NETs formed 

without extrusion, or by (c) single or (d) double extrusions using various ICG concentrations in the 

loading buffer. Measurements were obtained with NETs suspended in 1X PBS (≈ 310 mOsm). In 

panel (e), we show a summary of μa values at 740 nm and 810 nm. 
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review article by Jacques,61 and available in a tabulated form.73 Our estimated μa value of 

59 mm-1 at 420 nm is lower than the reported values of 115 and 257 mm-1 at this 

wavelength.65,73 This difference may be due to the relatively low intensity of the quartz-

tungsten-halogen lamp used during the measurements of T and R, at wavelengths close to 

400 nm, which could lead to a lower value of the difference between reference and 

measured T, and subsequent under-estimation of μa.
  These overall agreements in spectral 

characteristics of μa with those in literature confirm the validity of our R and T 

measurements and the associated IAD algorithm in estimating μa (λ) for blood, and 

subsequently, the NETs in this study. 

For these sets of NETs (Figure 2.4b, c, d), absorption peaks associated with 

oxyhemoglobin at 415, 542, and 577 nm, and those associated with deoxyhemoglobin at 

439 and 555 nm74 are greatly diminished, indicating partial or complete depletion of 

hemoglobin during fabrication of NETs. Consistent with a previous report,75 the absorption 

peak at 414 nm is attributed to ICG, and for the three sets of NETs, its value in general 

increased with increasing values of ICG concentration used during fabrication. 

For the three sets of NETs, there was an overall trend of increasing μa values over 

the approximate spectra range of 630 – 860 nm as the concentration of ICG in the loading 

buffer increased. NETs of all diameters had maximum value of μa at 806 nm, and a shoulder 

in the range of ≈ 720 – 760 nm, which correspond to the peak absorption wavelength 

associated with the monomeric and H-like aggregate forms of ICG within NETs, 

respectively. For EGs, μa spectra did not show a spectral peak at 806 nm or a distinct 

shoulder, consistent with the fact that ICG was not present in the EGs. 
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We summarize the values of µa for NETs at wavelengths associated with 

monomeric (806 nm) and H-like aggregate (740 nm) forms of ICG in Figure 4e. There 

was a nearly linear increase in µa at these wavelengths with increasing ICG concentration 

in the range of 5-20 µM for micron- and nano-sized NETs, indicating that the ICG content 

within the NETs increased regardless of the NETs diameter. As ICG concentration in the 

loading buffer increased from 5 to 20 µM, μa (λ = 806 nm) increased by ≈ 4.6 times for 

micron-sized NETs (dmean ≈ 4.31 µm), and ≈ 3.0 times for nano-sized NETs with dmean ≈ 92 

nm. In general, at a given ICG concentration, as the NETs diameter increased from nano-

sized (dmean ≈ 92 nm) to micron-sized (dmean ≈ 4.31 µm), higher amounts of ICG could be 

loaded into the micron-sized NETs, as evidenced by higher values of μa at these 

wavelengths for the micron-sized NETs.  

 

Reduced Scattering Coefficient (μsˈ) of NETs 

The diameters of cellular components of whole blood (e.g., erythrocytes) and these 

NETs (in the range of ≈ 90 nm – 4 µm) are comparable to or larger than the investigated 

wavelength range of 400 nm – 1000 nm. Therefore, it is expected that the scattering 

behavior of whole blood and NETs can be described by Mie scattering. Best fits to the 

estimated values of μsˈ for λ > 620 nm were obtained with fRayleigh = 0, and m = 0.517 based 

on the T and R values for non-diluted blood sample. 

Our estimated values of ≈ 2 – 1.4 mm-1 for μsˈ in the range of 620 – 1000 nm are 

consistent with the reported values of ≈ 1.5 – 1.3 mm-1 in this spectral range.65 The inability 

to fit the μsˈ values for λ < 620 nm results from an inherent limitation of the IAD algorithm 

when the T and R values are relatively low. In particular, these values were less than 6% 
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for the non-diluted blood samples for T (λ < 620 nm) and R (λ < 600 nm). These low values 

are interpreted by the IAD algorithm as lost photons, and not available to make a 

contribution towards scattering; therefore, under-estimating μsˈ as compared to theoretical 

values provided by the analytical expression in equation 2.2. 

Successful fits to μsˈ profiles in the approximate spectral band of 440 – 635 nm 

were obtained with fRayleigh = 0, and respective values of m = 1.30, 1.35, and 2.60 for NETs 

formed without extrusion (dmean ≈ 4.31 µm) and by single extrusion (dmean ≈ 160 nm) or 

double extrusions (dmean ≈ 92 nm). We extrapolated these fits to be consistent with Mie 

theory. Deviations from the analytical fits for λ < 440 nm and λ > 635 nm are due to 

limitations of the IAD algorithm. The algorithm under-estimates the values of μsˈ when λ 

< 440 nm or λ > 635 nm, likely due to the decrease in R values of the NETs over these 

spectral bands. For the micron-sized NETs (dmean ≈ 4.31 µm), and the nano-sized NETs 

(dmean ≈ 92 nm), the IAD algorithm tends to over-estimate the μsˈ over the 828 – 863 nm 

spectral band, possibly due to the T values > ≈ 10% and low R values < ≈ 6% associated 

with these NETs at these wavelengths. 

Estimated values of m increased as the diameter of the NETs decreased, and 

appeared to follow a trajectory to reach the scattering power of 4 (associated with Rayleigh 

scattering) if the NETs diameter were to become smaller. The estimated values of m in the 

range of 1.30 and 2.60 are similar to those reported for soft tissues such as brain (m = 1.2),76 

heart (m = 1.26),76 prostate (m = 1.52),77 and breast (m = 2.74).78 
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Figure 2.5 Spectrally dependent values of μsˈ for whole bovine blood (a) without dilution and the 

fitted profile based on equation (2.2). Spectra of μsˈ for (b) micron-sized NETs formed without 

extrusion, or by (c) single or (d) double extrusions using various ICG concentrations in the loading 

buffer, and the fitted profile based on equation (2.2). Measurements were obtained with NETs 

suspended in 1X PBS (≈ 310 mOsm). In panel (e), we show a summary of μsˈ values at 500 nm. 
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For all sets of NETs, values of µsˈ decreased with increasing wavelength in 

accordance with the analytical expression for Mie scattering, and were minimally 

dependent on ICG concentration used in fabricating them. While values of µsˈ were similar 

for the nano-sized NETs, they increased for the micron-sized NETs at the corresponding 

wavelengths. 

We summarize the estimated values of µsˈ at 500 nm, a wavelength at which there 

is little contributions from absorption by hemoglobin and ICG, in Figure 2.5e. For both 

micron- and nano-sized NETs, µsˈ (λ = 500 nm) remained nearly independent of ICG 

concentration. At all ICG concentrations, values of µsˈ (λ = 500 nm) for micron-sized NETs 

were ≈ 2.2 times higher than those for nano-sized NETs. 

 

Monte Carlo Simulation of Light Distribution in Blood Vessels Containing NETs 

We used the estimated values of g by the Mie Simulator (Virtual Photonics Initiative, 

Irvine, California), the estimated values µa by the IAD algorithm, and the predicated values 

of µsˈ according to Mie scattering in a Monte Carlo-based model to simulate the light 

distribution in response to 806 nm laser irradiation of blood vessels containing NETs 

(Figure 2.6a-f).We assumed that the optical properties of the blood vessel were based on 

either 45% hematocrit (hct) without NETs (Figure 2.6a), or 45% hct plus 50% NETs 

(Figure 2.6b-f), and that the incident fluence was 10 J/cm2 with the laser beam focused 

onto a 100 μm diameter spot. In Figure 2.6g, we show the resulting fluence levels as a 

function of the depth along the central axis of the laser beam. 
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Figure 2.6 Monte Carlo-based estimations of fluence profiles within a simulated 500 μm 

diameter blood vessel filled with (a) blood containing 45% hematocrit without added NETs, or with 

added (b-d) nano-sized NETs (dmean ≈ 92 nm), (e) dmean ≈ 160 nm NETs, (f) micron-sized NETS 

(dmean ≈ 4.31 µm). Relative fractions of blood and NETs in panels (b-e) were 50%. We utilized the 

optical properties of NETs formed using ICG concentrations of (b-d) 5, 10, and 20 μM, and (e, f) 

20 µM in the loading buffer. We assumed 806 nm laser focused on a 100 μm diameter spot at 

incident fluence of 10 J/cm2. Color scale bar represents the resulting fluence in J/cm2 and white 

circle represents outline of the blood vessel. The white margins delineate the boundaries of the 

blood vessels. In panel (g), we show the depth profile of the fluences along the central axis of the 

laser beam. 
 

Doping the blood vessel with NETs enhanced the fluence levels (Figure 2.6b-g). 

While increased fluence values above the incident level, due to back-scattering,79 were 

predicted within the blood vessel without NETs, the subsurface peak fluence values were 

further amplified in the presence of NETs.  

Nano-sized NETs of dmean ≈ 160 nm and micron-sized NETs, fabricated using 20 

µM ICG, produced similar fluence levels within the depth of ≈ 100 µm; however, at depths 

greater than 100, higher fluence levels were predicted by the micron-sized NETs (Figure 

2.6d, g). Increasing the ICG concentration from 5 µM to 20 µM resulted in an overall 

increase in fluence values for up to ≈ 300 µm within the blood vessel doped with NETs 

having dmean ≈ 92 nm (Figure 2.6b-d, g). Doping the blood vessel with micron-sized NETs 
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(dmean ≈ 4.31 µm) produced higher fluence values deeper into the blood vessel when 

compared to nano-sized NETs (Figure 2.6f, g), attributed to higher forward scattering (g 

= 0.99). These results imply that for light-mediated destruction of large blood vessels, 

micron-sized NETs may provide better efficacy in terms of offering the ability to achieve 

higher fluences deeper into the blood vessel. 

 

Conclusion 

 

We report, for the first time, the optical properties of NETs as a function of their diameters 

and the ICG concentration level used in fabricating them. Our results demonstrate that for 

a given NETs diameter, values of µa increased over the approximate spectral band of 630 

– 860 nm with increasing ICG concentration. Micron-sized NETs produced the highest 

peak value of µa when using ICG concentrations of 10 and 20 µM as compared to nano-

sized NETs. For these NETs, spectral profiles of µsˈ were minimally affected by ICG 

concentration used in fabricating the NETs. Micron-sized NETs had higher values of µsˈ 

as compared to nano-sized NETs. Knowledge of the NETs optical properties establishes a 

framework for development of mathematical models aimed at predicting the optical 

response of biological tissues containing NETs. Additionally, optical properties of NETs 

are important in guiding the selection of appropriate light dosimetry parameters for various 

light-based biomedical application of NETs.  
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Chapter 3 

 

Photothermal Treatment of Port Wine Stains Using Erythrocyte-Derived Particles 

Doped with Indocyanine Green: A Theoretical Study 

 

Abstract 

 

Pulsed dye laser irradiation in the wavelength range of 585-600 nm is currently the gold 

standard for treatment of PWSs. However, this treatment method is often ineffective for 

deeply seated blood vessels and in individuals with moderate to heavy pigmentation. Use 

of optical particles doped with the FDA-approved NIR absorber, ICG, can potentially 

provide an effective method to overcome these limitations. Herein, we theoretically 

investigate the effectiveness of particles derived from erythrocytes, which contain ICG, in 

mediating photothermal destruction of PWS blood vessels. We refer to these particles as 

NETs. Our theoretical model consists of a Monte Carlo algorithm to estimate the 

volumetric energy deposition, a finite elements approach to solve the heat diffusion 

equation, and a damage integral based on an Arrhenius relationship to quantify tissue 

damage. The model geometries include simulated PWS blood vessels as well as actual 

human PWS blood vessels plexus obtained by optical coherence tomography (OCT). Our 

simulation results indicate that blood vessels containing micron- or nano-sized NETs and 

irradiated at 755 nm have higher levels of photothermal damage as compared to blood 

vessels without NETs irradiated at 585 nm. Blood vessels containing micron-sized NETs 

also showed higher photothermal damage than blood vessels containing nano-sized NETs. 

The theoretical model presented in this study can be used in guiding the fabrication of 

NETs with patient-specific optical properties to allow for personalized treatment based on 

the depth and size of blood vessels as well as the pigmentation of the individual’s skin. 
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Introduction 

PWSs are congenital and progressive malformations of dermal capillaries that occur in 

approximately three children per 1,000 live births.80 Pulsed dye lasers (PDL) with 

wavelengths in the range of 585-600 nm have become the most prevalent treatment for 

PWSs.81–84 This treatment uses laser light to target the endogenous hemoglobin for 

photothermolysis of the blood vessels. Although clinical results can be obtained in the 

treatment of light red or red macular PWS, especially in children and light-skin individuals, 

clearing is inefficient, requiring multiple therapeutic sessions. It is reported that about 60 

percent of patients receive reduction in redness and lesion size after ten treatment sessions, 

but only 10-20% experience complete clearance of the stain.83,85 In addition, PDL 

treatments within safe therapeutic radiant dosages of ≈ 7-16 J/cm2, when used in 

combination with cryogen spray cooling of skin,86 do not provide the clinically desirable 

photothermal effects to completely destroy blood vessels located at depths greater than 

about 500 μm below skin surface. 

Another challenge with the current approach is related to the treatment of patients 

with moderate to heavy skin pigmentation (Fitzpatrick types IV-VI). The skins of these 

patients contain a large number of melanosome organelles within the melanocytes, located 

primarily in the basal epidermis layer. Melanosomes contain melanin, a polymeric pigment 

with broad absorption spectrum ranging from UV to visible, including the 585-600 nm 

treatment band. Therefore, melanin acts as a chromophore competing with hemoglobin to 

partially absorb the photons intended to reach the dermal vascular plexus. The result is 
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non-specific thermal injury to the epidermis and inefficient photo-destruction of target 

blood vessels. 

A potential phototherapeutic approach is to use an exogenous absorber that can be 

activated by NIR light to generate heat. The advantage of changing the therapeutic 

wavelength from 585 nm to NIR wavelength of 755 nm is associated with nearly threefold 

reduction in the absorption coefficient of a single melanosome.61 One particularly 

promising exogenous absorber is ICG. It is one of the least toxic agents administered to 

humans, and the only FDA-approved NIR dye for specific imaging applications.7,8 ICG has 

also been investigated as a photothermal agent for treatment of PWSs,19,20 and as a 

photosensitizer for photodynamic therapy of choroidal melanomas and breast 

adenocarcinomas.18,87  

Despite its current use in clinical settings, ICG’s major disadvantage is its short 

half-life in blood (3-4 minutes).7 Due to its amphiphilic nature, ICG can non-specifically 

bind to various biomolecules in the blood, including high- and low-density lipoproteins 

and albumin. Hepatic parenchymal cells uptake ICG, and/or the ICG-bound molecular 

complexes leading to biliary excretion into the intestine.88 

To extend the circulation time and reduce non-specific interactions with plasma 

proteins and other biomolecules, ICG has been encapsulated into various constructs 

including synthetic polymers,28–31 micelles,22,24 liposomes,25–27 and silica/silicate 

matrices.23,89 Encapsulation within constructs derived from erythrocytes are particularly 

advantageous due to their naturally long circulation time (≈ 90-120 days), and potential 

biocompatibility. 
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We have previously reported on fabrication of vesicles derived from erythrocytes 

and loaded with ICG, and their utility for fluorescence imaging and photo-destruction of 

human cells.47 We refer to these constructs as NETs. A particular feature of NETs is that 

their diameter can be tuned from micron- to nano-scale, and their ICG content can be 

adjusted independently during the fabrication process. We recently characterized the 

effects of NETs’ diameter and ICG concentration on the resulting optical properties (µa 

and µs
') of these constructs.90 These results are particularly useful in development of 

mathematical models aimed at quantification of light and laser-induced temperature 

distributions in tissues containing NETs. As a first step towards potential application of 

NETs in phototherapy of PWSs, we analyze in dedicated numerical simulations the 

photothermal response of blood vessels containing NETs, and compare the results with 

those obtained with the current treatment approach of using pulsed dye lasers in 585-600 

nm range. These results can be used to identify the optimum formulation of NETs and 

appropriate irradiation parameters for NIR photothermal treatment of PWSs.   

 

Materials and Methods 

 

Overview of model 

 

In Figure 3.1, we present a block diagram of the mathematical model consisting of three 

components: a Monte Carlo light-transport model to estimate the energy deposition in 

response to laser irradiation,63,64 finite-element model to compute the spatiotemporal 

temperature distribution based on the heat diffusion equation, and an Arrhenius rate process 

integral to quantify the resulting thermal damage. Each component of the model is 

described in the following subsections. 
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Figure 3.1 Block diagram of the mathematical model components. 

 

 

Model geometry 

 

We used two geometries to model the human skin with PWS. The first geometry simulated 

the skin and consisted of a 60 μm thick epidermis and 1,940 μm thick dermis containing 

blood vessels (Figure 3.2). The epidermis was composed of a 45 µm melaninless layer and 

a 15 µm melanocyte filled layer located at the basal epidermis. Blood vessels were assumed 

to be cylinders with diameters of 200 µm, running parallel to the y axis for the entire length 

of the geometry (1 mm). The top position of the vessel was located either at 500 or 800 µm 

below skin surface. 
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Figure 3.2 Simulated port wine stain geometry. 

 

In addition, we also constructed a PWS skin geometry from an image obtained by 

optical coherence tomography (OCT) of a PWS patient (Figure 3.3).91 We first removed 

motion artifact associated with the image cube, 5 mm (length) x 5 mm (width) x 2.8 mm 

(height), by taking the Fourier transform of each 2D section (5 mm x 5 mm) (axial 

resolution = 8 µm) and applying a bandpass filter with cutoff normalized frequencies of 

0.1 and 1.0, where 1.0 corresponds to half of the sampling frequency in the horizontal 

direction, and 0.0 and 0.01 in the vertical direction. We then took the inverse Fourier 

transform of each image, and converted into binary values through thresholding. Finally, 

speckle noise was removed using a 3-dimensional median filter. 
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Figure 3.3 Flow chart of processing an OCT image of PWS skin for use in mathematical model. 

With respect to the coordinate system shown in Figure 3.2, the coordinate system here is rotated 

90 degrees counter-clockwise around the x-axis. The images are horizontal cross-sections in the x-

y plane at depth of z = 680 µm. 

 

Optical properties of human skin 

 

The baseline absorption coefficient for melaninless epidermis µa,base (mm-1), and bloodless 

dermis was approximated by92 

                                 (3.1) a,epi a,base

154
0.0244 8.53 exp

66.2
[ ]µ µ
 −

= = +  −
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where λ is wavelength in nm. The absorption coefficient for the basal layer of the epidermis 

µa,basal is a combination of the µa,base, and the absorption coefficient of melanosomes µa,mel: 

 

                               (3.2) 

 

where fmel is the volume fraction of melanosomes. In this study, we present lightly, 

moderately and heavily pigmented skin with fmel = 4, 15, and 50% respectively,93 and µa,mel 

(mm-1) defined as:92 

 

                        (3.3) 

 

For simulated single vessels, we accounted for attenuation of the incident light by 

absorption in the remaining PWS blood vessels by adjusting the absorption coefficient of 

the dermis (µa,der) (Table 3.1) as:64 

 

a,der i i a,blood i a,der  +(1 )µ f C µ f µ= −                                     (3.4) 

 

where Ci is the correction factor accounting for optical screening within a blood vessel with 

radius ri and fi is the fractional volume occupied by the PWS blood vessels. In this 

adjustment, we account for the average ri of the PWS blood vessels within a range of 

subsurface depths (z) (see Table 3.1), and assume 45% hct with oxygen saturation of 

70%:64 

 

 
a,blood i a,blood i

i

(45% hct) (45% hct) 
 0.039+0.49 exp[- ]+0.47 exp[-

0.19 0.19
]

µ r µ r
C    (3.5) 

 

a,basal mel a,mel mel a,base(1 )µ f µ f µ=  + − 

10 3.33

a,mel 6.6 10µ −=  
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The adjusted values of µa,der at 585 nm vary with depth and the corresponding values of ri 

and fi, whereas those for 755 nm are nearly independent of depth. 

 

          Table 3.1 Adjusted absorption coefficient of dermis used in this study. 

 

z(µm) ri (µm) fi (%) µa,der (585 nm) (mm-1) µa,der (755 nm) (mm-1) 

60-260 25 5.2 0.071 0.025 

260-460 37 8.0 0.090 0.024 

460-660 34 3.8 0.062 0.025 

660-860 27 2.5 0.053 0.025 

860-1060 24 2.0 0.050 0.025 

1060-2000 24 1.5 0.047 0.025 

PWS blood 

vessels imaged 

by OCT 

all z(µm) 

  0.073 0.026 

 

For OCT simulated vessels, µa,der was expressed as: 

                               (3.6) 

 

where fblood is the volume fraction of blood in the healthy dermis, chosen to be 0.2% 

consistent with literature reported value,92 and µa,blood (mm-1) is the absorption coefficient 

of blood with oxygen saturation of 70%. In this case, values of µa,der were not adjusted 

since the actual distributions of blood vessels were directly obtained from the OCT images. 

The µs (mm-1) of the melaninless epidermis, epidermal basal layer, and dermis were 

estimated as92 

 

                                       (3.7) 

 

a,der blood a,blood blood a,bas(1 )µ f µ f µ=  + − 
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where g was assumed to be 0.8 for 585 nm94 and 0.91 at 755 nm,95 the irradiation 

wavelengths used in this study. 

 

Optical properties of NETs and blood vessels   

 

Spectrally-dependent values of µa and μsˈ for micron-sized NETs (µNETS) and nano-sized 

NETs (nNETs) with respective mean diameters (dmean) of ≈4 μm and 92 nm were 

previously estimated using an integrating sphere in conjunction with an inverse adding-

doubling algorithm.90 Values of µa and µs for blood with 45% hct and oxygen saturation of 

70% were obtained from literature.65 We then determined the effective optical properties 

of blood vessel (BV) as: 

 

a,BV NETs a,blood NETs a,NETs(1 ) + -µ f µ f µ=                      (3.8) 

 

s,BV NETs s,blood NETs s,NETs(1 ) + -µ f µ f µ=  
                

            (3.9) 

 

BV NETs blood NETs NETs(1 ) + -g f g f g=                              (3.10) 

 

where µa,x, μs,x, and gx are the respective effective absorption and scattering coefficients, 

and anisotropy factor, with the subscript x standing for either blood vessels containing 

blood and volume fraction of NETs (fNETs) (assumed 10 or 25%), blood, or NETs. We 

varied μa,NETs so that µa,BV had values in the range of 1-18 mm-1. To determine the ICG 

concentration in NETs fabrication buffer [ICG] (µM) to produce a desired µa,BV, we first 

used a linear regression to quantify the relationship between the previously reported 

estimates of μa,NETs, and the utilized values of [ICG]:   

a,NETs[ICG] 17.8 =                                                        (3.11) 
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Next, by re-arranging equation 3.8 for μa,NETs, and substituting the expression into 

equation 3.11, we obtained [ICG]. 

                            a,BV NETs a,blood

NETs

(1 ) (45% hct)
[ICG] 17.8

µ f µ

f

− − 
=  

 

 (3.12) 

 

Using equation 3.12, we determined [ICG] values of ≈ 108, 286, 464, 642, 820, 

and 998 µM to produce the corresponding µa,BV values of 1, 2, 3, 4, 5, and 6 mm-1. For 

example, values of fNETs = 25% and µa,BV = 18 mm-1
 resulted in  [ICG] = 1,258 µM. Values 

of the optical properties used in this study are provided in Table 3.2. 

 

Table 3.2 Optical properties used in this study. Optical properties for blood are based on 

45% hematocrit.  
Wavelength Optical 

Properties 

Melaninless 

Epidermis 

Basal Layer 

Containing 

Melanosomes 

(Light) 

Basal Layer 

Containing 

Melanosomes 

(Moderate) 

Basal Layer 

Containing 

Melanosomes 

(Heavy) 

Dermis Blood μNETs 

(dmean = 

4 μm) 

nNETs 

(dmean = 

92nm) 

μa,BV 

585 nm µa (mm-1) 0.037 1.65 6.07 20.15 a 17.91 - -  

 µs (mm-1) 15.61 15.61 15.61 15.61 15.61 76.05 - -  

 g 0.80 0.80 0.80 0.80 0.80 0.970 - -  

755 nm µa (mm-1) 0.025 0.71 2.58 8.61 a 0.44 6.04-

56.04 

6.04-

56.04 

1-18 

 µs (mm-1) 17.55 17.55 17.55 17.55 17.55 79.85 2.20 0.06 59.90-

72.09 

 g 0.91 0.91 0.91 0.91 0.91 0.983 0.99 0.55 0.87-

0.98 

aSee Table 3.1 

 

Mathematical Model 

 

The three-dimensional Monte Carlo model for light transport and energy deposition was 

developed earlier by Majaron et al.63,64 Our simulations involved one million photons for 

585 or 755 nm flat-top laser beams with diameter of 6 mm for simulated PWS geometry, 

and 8 mm for the skin model based on the PWS patient OCT record. With a 2.3 GHz central 

processing unit, each Monte Carlo simulation took ≈ 2-11 hours depending on the geometry 
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and optical properties of the tissue. For example, the run time was ≈ 10.5 hours for a 

simulated geometry containing nNETs (fNETs = 10%, µa,BV = 6 mm-1), and lightly pigmented 

skin (fmel = 4%) irradiated at 755 nm. For an OCT geometry, an example run time was ≈ 

2.0 hours for a moderately pigmented skin (fmel = 15%) irradiated at 585 nm without NETs. 

We used the heat diffusion equation to calculate the spatiotemporal temperature 

profiles in response to laser irradiation: 

 

                       (3.13) 

 

where κ is the thermal conductivity, T(x, z, t) is the skin temperature (°C) (assuming 

symmetry about the y-axis), x is the lateral distance from the beam center (m), z is the depth 

into the skin, t is time (s), S(x, z) is the heat source term resulting from absorption of 

photons (W m-3), ρ is the density (kg m-3), and C is the specific heat capacity (J kg-1 °C-1). 

Thermal properties of human skin used in the study were density, ρ = 1,200 kg m-3, specific 

heat capacity, C = 3,600 J kg-1 °C-1, and κ = 0.26, 0.53, 0.53 W m-1 °C-1 for epidermis, 

dermis, and blood vessels, respectively.38 The baseline skin temperature was 35 °C.  

We assumed that a cryogen spurt was sprayed onto the skin surface immediately 

prior to the laser pulse.96–99 To account for this type of skin cooling, we implemented a 

convective surface boundary condition as follows: 

 

                         (3.14) 

 

where Tmed is the temperature of the cryogen film on the skin surface (°C), and h is the 

convective heat transfer coefficient at the skin surface. We utilized the relevant thermal 

2 2

2 2
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parameters associated with the boundary condition from our previous work,99–101 and list 

them in Table 3.3. The heat-diffusion equation was solved numerically using the 

commercial finite-elements software package, FEMLAB®. The finite-elements run time 

for simulated geometries was 2-3 minutes using 1200x400 nodes. For OCT geometries, 

run time was 12-18 hours using 500x350 nodes. 

Table 3.3 Parameters for Surface Thermal Boundary Condition 

Time Interval 
h (W/m2 

°C) 
Tsurface(°C) Duration (ms) 

Cryogen spurt application 4000 -50 100 

Cryogen pool residence 3000 -26 200 

Rewarming 10 25 500 

 

 

Thermal damage to the skin was quantified using the Arrhenius rate damage 

integral: 

 

 

0

  ( , ) exp[ ]
( , , )

E
x z A dt

RT x z t



 = −                                (3.15) 

 

where Ω(x, z) is the damage index, A is the frequency factor (A = 1.8 x 1051 s-1 for bulk 

skin and A = 7.6 x 1066 s-1 for blood) , E is the damage activation energy (E = 327,000 J 

mol-1 for bulk skin and E = 455,000 J mol-1 for blood) and R is the universal gas constant 

(R = 8.314 J mol-1 K-1).102,103 Value of Ω(x, z) = 1 is associated with irreversible damage to 

63% of the tissue. Laser pulse duration was fixed at 3 ms, and it was applied immediately 

after termination of a 100 ms cryogen spurt. Values of Ω(x, z) were calculated following 

the laser pulse and through the duration of the rewarming interval. The percent 

photothermal damage to the blood vessel (%Damage) was defined as the area of the 

damaged vessel at this time divided by the total cross-sectional area. 
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Results and Discussion 

 

Simulated PWS geometry  

 

Threshold incident dosage for epidermal damage in absence of NETs 

 

We first determined the threshold incident dosage (Dth) for epidermal damage in response 

to 585 and 755 nm irradiation without blood vessels. For lightly, moderately, and heavily 

pigmented skin, values of Dth were determined as 8, 3 and 1 J/cm2 for 585 nm, and 21, 6, 

and 3 J/cm2 for 755 nm irradiation, respectively (Table 3.4). These simulation results 

confirm that use of 755 nm increases the threshold for epidermal injury, due to the lower 

absorption of melanin at this wavelength compared to 585 nm. These results are consistent 

with a previous clinical study where laser irradiation at 755 nm with incident dosages 

greater than 10 J/cm2 effective induced PWS lightening.104 

 

Table 3.4 Estimated threshold incident dosages for epidermal damage (Dth) in absence of 

NETs for simulated PWS skin geometry. 

Wavelength Skin Pigmentation fmel (%) Dth (J∙cm-2) 

585 nm Light 4 8 

 Moderate 15 3 

 Heavily 50 1 

755 nm Light 4 21 

 Moderate 15 6 

 Heavily 50 3 

 

 

Photothermal response of PWS blood vessels in the absence of NETs 

 

The percent photothermal damage profiles to blood vessels without NETs for lightly (fmel 

= 4%) pigmented skin at the Dth = 8 J/cm2 at 585 nm and 21 J/cm2 at 755 nm are shown in 

Figure 3.4. Complete damage to blood vessels without NETs was observed for blood 



 45 

vessels in response to 585 nm laser irradiation at Dth = 8 J/cm2 (Figure 3.4a, c). However, 

this vascular damage was also accompanied by damage to the surrounding dermis. For 

blood vessels without NETs irradiated at 755 nm, there was 79 and 50 %Damage to vessels 

at depths of 500 and 800 µm, respectively, without thermal injury to perivascular dermis 

(Figure 3.4b, d). 

 
Figure 3.4 Damage profiles shown in red (Ω ≥ 1) for blood vessels located at (a, b) 500, and (c, d) 

800 µm below skin surface for lightly pigmented skin (fmel = 4%) in response to (a, c) 585, and (b, 

d) 755 nm laser irradiation without NETs.  

 

For moderately pigmented skin (fmel = 15%) in response to 585 nm irradiation at 

Dth = 3 J/cm2, %Damage to the vessels at 500 and 800 µm were 34% and 11 %, respectively 

(Figure 3.5). In response to 755 nm irradiation at Dth = 6 J/cm2, there was no damage to 

the blood vessels at either depths. Lastly, for heavily pigmented skin (fmel = 50%) in 

response to 585 nm irradiation at Dth = 1 J/cm2 and 755 nm irradiation at Dth = 3 J/cm2, 
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there was no damage to the vessels at either depths (results not shown). The decrease in 

%Damage for blood vessels with moderately and heavily pigmented skin can be attributed 

to the decrease in Dth, as well as increased light absorption within the basal epidermis. 

 

Figure 3.5 Damage profiles shown in red (Ω ≥ 1) for blood vessels located at (a, b) 500, and (c, d) 

800 µm below skin surface for moderately pigmented skin (fmel = 15%) in response to (a, c) 585, 

and (b, d) 755 nm laser irradiation without NETs.  

 

Photothermal response of PWS blood vessels containing NETs 

 

The percent photothermal damage profiles to blood vessels containing µNETs or nNETs 

(fNETs = 10%) for lightly pigmented skin (fmel = 4%) in response to 755 nm irradiation at D 

= 21 J/cm2 are shown in Figure 3.6. There was 100% damage to blood vessels located at 

depths of 500 and 800 µm below skin surface containing µNETs, or nNETs with µa,BV of 

1 mm-1 (Figure 3.6). As the depth of the blood vessel increased from 500 to 800 µm, there 
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was a decrease in damage to the dermis, which was further reduced when using nNETs as 

compared to µNETs.  

 
Figure 3.6 Damage profiles shown in red (Ω ≥ 1) for blood vessels containing µNETs, or nNETs 

at fNETs = 10% with µa,BV = 1 mm-1, and located at depths of (a, b) 500, and (c, d) 800 µm below 

skin surface. Light skin pigmentation (fmel = 4%), λ = 755 nm, Dth = 21 J/cm2.  

 

These results suggest PWS patients with light pigmentation and blood vessels as deep as 

500-800 µm could potentially benefit from the delivery of µNETs or nNETs that yield 

µa,BV = 1 mm-1 to achieve photothermal injury to the blood vessels. This value of µa,BV 

corresponds to µNETS or nNETs with µa,NETs ≈ 6 mm-1, which can be fabricated by using 

≈ 108 µM ICG in the fabrication buffer (equation 3.12). 
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 For moderately pigmented skin (fmel = 15%), fNETs = 10%, and 755 nm laser 

irradiation at Dth = 6 J/cm2, there was no damage to the blood vessels when using µNETs 

or nNETs that yielded µa,BV = 1 mm-1 (Figure 3.7a). For µa,BV = 3 mm-1, the blood vessel 

at depth of 500 µm showed 94 and 86 %Damage when containing µNETs or nNETs, 

respectively (Figure 3.7a, b). For this value of µa,BV, when the depth of the blood vessel 

was increased to 800 µm, respective %Damage values were reduced to 89% and 74% in 

the presence of µNETs or nNETs (Figure 3.7c,d). 

In general, for the case of the blood vessel containing µNETs at depth of 500 µm, 

%Damage to blood vessels followed an exponentially increasing behavior with µa,BV, and 

approached an asymptotic value of ≈95% for values of µa,BV ≥ 3 mm-1, corresponding to 

µa,NETs ≥ 26 mm-1 (Figure 3.7a). For the blood vessel containing nNETs at depth of 500 

µm, and blood vessels containing µNETs or nNETs at depth of 800 µm, the relationship 

between µa,BV and %Damage to blood vessels followed a sigmoidal behavior where below 

a certain threshold value of µa,BV (and the corresponding µa,NETs) there was no damage to 

the vessel (Figure 3.7a). These results indicate that once µa,BV exceeds ≈ 3 mm-1 with either 

µNETs or nNETs, %Damage to blood vessels ranging in depth between 500-800 µm is 

maximized to the same level of ≈95%.  
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Figure 3.7 (a) %Damage to blood vessels containing μNETs or nNETs (fNETs = 10%) as a function 

of µa,BV and µa,NETs (markers) fitted with exponential or sigmoidal functions (solid curves). Damage 

profiles shown in red (Ω ≥ 1) for blood vessels located at depths of (b, c) 500, and (d, e) 800 µm 

below skin surface containing µNETs, or nNETs at fNETs = 10% with µa,BV = 3 mm-1. Moderate skin 

pigmentation (fmel = 15%), λ = 755 nm, Dth = 6 J/cm2.  
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The therapeutic advantage of NETs in conjunction with 755 nm laser irradiation 

over current treatment at 585 nm without NETs was more evident with moderate skin 

pigmentation. For example, blood vessels with µa,BV = 6 mm-1, and containing µNETs or 

nNETs had >98 %Damage to vessels at either depths (Figure 3.7a), whereas blood vessels 

without NETs irradiated at 585 nm had 34 and 11 %Damage to vessels at depths of 500 

and 800 µm, respectively (Figure 3.5). 

For heavily pigmented skin (fmel = 50%), there was a dramatic decrease in damage 

to blood vessels containing NETs with µa,BV = 1-6 mm-1 (fNETs = 10%) in response to 755 

nm laser irradiation at Dth = 3 J/cm2 (results not shown). When fNETs was increased to 25%, 

blood vessels located at depths of 500 and 800 µm showed 60 and 36 %Damage, 

respectively, in presence of µNETs (µa,BV = 18 mm-1) (Figure 3.8a,c). At this value of 

fNETs, blood vessels containing nNETs (µa,BV = 18 mm-1) showed 36 and 27 %Damage to 

vessels at depths of 500 and 800 µm,  respectively (Figure 8b,d). For µa,BV = 18 mm-1, the 

corresponding ICG concentrations in the fabrication is ≈ 1,258 µM (equation 3.12). 
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Figure 3.8 Damage profiles shown in red (Ω ≥ 1) for blood vessels containing µNETs, or nNETs 

at fNETs = 25% with µa,BV = 18 mm-1, and located at depths of (a, b) 500, and (c, d) 800 µm below 

skin surface. Heavy skin pigmentation (fmel = 50%), λ = 755 nm, Dth = 3 J/cm2. 

 

These results demonstrate that blood vessels containing μNETs had greater 

therapeutic efficacy as compared to nNETs. The increase in %Damage to a blood vessel 

containing µNETs is due to higher energy deposition values deeper into the blood vessels 

resulting from greater amount of light scattered in the forward direction by µNET (g = 

0.99, Table 3.2) as compared to nNETs (g = 0.55, Table 3.2). Given their larger diameter, 

the optical behavior of µNETs is consistent with Mie scattering,29 allowing for higher 

forward scattering. 
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PWS geometry based on patient OCT image 

 

A three-dimensional rendering of the patient PWS geometry is shown in Figure 3.9a (see 

also multimedia files). The PWS vessel diameters ranged from 60 to 650 µm with most 

around 200 µm, and as deep as 1 mm below the skin surface. To test different skin 

pigmentations, epidermal layers were added to the geometry with light (fmel = 4%), 

moderate (fmel = 15%) and heavy (fmel = 50%) pigmentations. Due to the greater therapeutic 

efficacy of μNETs for simulated PWS vessel geometries, we chose to use μNETs for 

patient PWS vessels with µa,BV = 6 mm-1 and fNETs = 10% for lightly pigmented skin (fmel 

= 4%), and µa,BV = 18 mm-1 and fNETs = 25% for moderately (fmel = 15%) and heavily (fmel 

= 50%) pigmented skin. Damage profiles are shown for lightly, moderately and heavily 

pigmented skin irradiated with 755 nm for PWS vessels with μNETs, or 585 nm for PWS 

vessels without NETs (Figure 3.9b-f).  
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Figure 3.9 Three-dimensional rendering of (a) human PWS obtained by OCT, and (b-f) damage 

profiles to PWS blood vessels. Red regions correspond to values of Ω ≥ 1. Panels (b,c) present 

damage profiles in response to 585 nm laser irradiation without NETs for light (fmel = 4%), and 

moderate (fmel = 15%) pigmentation levels, respectively. Panels (d-f) present damage profiles in 

response to 755 nm laser irradiation in presence of µNETs for light (fmel = 4%), moderate (fmel = 

15%), and heavy (fmel = 50%) pigmentation levels, respectively. Parameters for patient PWS blood 

vessels containing µNETs were µa,BV = 6 mm-1, fNETs = 10% for panel (d), and µa,BV = 18 mm-1, fNETs 

= 25% for panels (e, f).  

 

The therapeutic effectiveness of NETs in conjunction with 755 nm irradiation over 

585 nm irradiation without NETs can be seen from these results. We calculated the 

%Damage for vessels up to the depth of 1000 μm below the surface on a pixel by pixel 

basis within the simulated 3D PWS geometry obtained by OCT imaging. This was 
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accomplished by comparing each pixel in the 3D damage profile with that of the 3D 

geometry. The number of pixels showing values of Ω ≥ 1 were summed and divided by the 

total number of pixels in the geometry to obtain an estimate of %Damage. Lightly, 

moderately and heavily pigmented skin showed %Damage of 88, 30 and 4%, respectively, 

in presence of µNETs. For PWS vessels without NETs, there was 32 and 2 %Damage for 

lightly and moderately pigmented skin, respectively. In response to the irradiation 

parameters investigated, current therapeutic approach, based on 585 nm laser irradiation, 

is most effective in treating patients with light pigmentation by damaging blood vessels to 

a depth of ≈ 1.2 mm, but still with some blood vessels remaining intact in the lateral 

direction (Figure 3.10b). Depth of damage is reduced to ≈ 0.8 mm, and accompanied by a 

reduction in lateral vascular damage in moderately pigmented PWS skin (Figure 3.10c).  

Under the parameters investigated, laser irradiation at 755 nm in conjunction with 

µNETs can increase the damage depth to ≈ 1.4 mm, and also induce complete damage to 

the vascular plexus in the lateral direction in patients with light pigmentation (Figure 

3.10d). For patients with moderate and heavy pigmentation levels, blood vessels to depth 

of ≈ 1.2 mm can be damaged when using 755 nm laser irradiation in conjunction with NET, 

but the extent of lateral vascular damages decreases (Figure 3.10e, f). These results suggest 

that similar to the optical response of single blood vessel, there may be shading effects to 

reduce the energy deposited to deeper blood vessels.105 Such effects can occur if vessels 

are as close as a few microns.106 Optimizing the ICG concentration in NETs may provide 

a means to allow for more uniform light energy distributions.  
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Figure 3.10 Two-dimensional x-z cross section of (a) human PWS obtained by OCT, and (b-f) 

damage to PWS blood vessels. Red regions correspond to values of Ω ≥ 1. Panels (b,c) present 

damage profiles in response to 585 nm laser irradiation without NETs for light (fmel = 4%), and 

moderate (fmel = 15%) pigmentation levels, respectively. Panels (d-f) present damage profiles in 

response to 755 nm laser irradiation in presence of µNETs for light (fmel = 4%), moderate (fmel = 

15%), and heavy (fmel = 50%) pigmentation levels, respectively. Parameters for patient PWS blood 

vessels containing µNETs were µa,BV = 6 mm-1, fNETs = 10% for panel (d), and µa,BV = 18 mm-1, fNETs 

= 25% for panels (e, f). 

 

Use of free ICG in conjunction with pulsed 808 and 810 nm laser irradiation for 

treatment of patients with PWS has been reported.11,12 While promising clinical results 

have been reported in these studies, delivering NETs to PWS blood vessels is more 

advantageous than free ICG as it provides a method to increase the circulation time of ICG, 

and can consequently, elongate the therapeutic window of time over which laser irradiation 

can be performed. For example, nano-constructs (≈ 80 nm diameter) composed of poly 

(lactic-co-glycolic acid) core coated with erythrocyte-derived membranes were retained in 
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blood for three days with circulation half-life of ≈ 8 hours in mice.49 Piao et al reported that 

the circulation half-life of gold materials cloaked with erythrocyte membranes (≈ 90 nm 

diameter) was ≈ 9.5 hours.107 Increased circulation time of erythrocyte-coated particles can 

be attributed to the presence of “self-marker” membrane proteins to allow evasion by 

immune cells.38,39 One important “self-marker” membrane protein on the surface of the 

erythrocytes is CD-47 glycoprotein, whose interaction with immunoreceptor signal 

regulatory protein alpha (SIRP), expressed by macrophages, results in inhibition of 

phagocytosis.108 We previously demonstrated that CD-47 remains on the surface of the 

NETs,48 providing a mechanism for increased circulation time of NETs. Furthermore, 

NETs can serve as a biocompatible and non-toxic platform for delivery of ICG. In a recent 

study, Rao et al reported the absence of systemic toxicity at 15 days post intravenous 

injection of erythrocyte membrane-coated upconversion nanoparticles in mice.109 

Results of this theoretical study indicate that use of NETs in conjunction with 

pulsed 755 nm laser irradiation can provide a personalized approach for effective treatment 

of PWS blood vessels by customizing the optical properties of NETs to match the type of 

vascular plexus (e.g., depth, size, and distribution of blood vessels) and induce the 

necessary photothermal effects. The theoretical model presented in this study can be used 

in guiding the fabrication of NETs with appropriate level of ICG, and development of laser 

dosimetry parameters. 

 

Conclusion 

 

Using theoretical models, we have demonstrated that NETs can be beneficial for NIR laser 

treatment of PWS. NETs can be fabricated with patient-specific optical properties to allow 
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for a personalized treatment based on the size and depth of the blood vessels as well as the 

pigmentation of the individual’s skin. The use of NIR lasers in combination with NETs 

addresses key challenges in vascular phototherapy by reducing epidermal damage and 

increasing penetration to deeper blood vessels.   
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Chapter 4 

 

Erythrocyte-Derived Theranostic Nanoplatforms for Near Infrared Fluorescence 

Imaging and Photodestruction of Tumors 

 

Abstract 

 

Nanoparticles activated by NIR excitation provide a capability for optical imaging and 

photodestruction of tumors. We have engineered optical nanoconstructs derived from 

erythrocytes, which are doped with the FDA-approved NIR dye, ICG. We refer to these 

constructs as NETs. Herein, we investigate the phototheranostic capabilities of NETs for 

fluorescence imaging and photodestruction of SKBR3 breast cancer cells and subcutaneous 

xenograft tumors in mice. Our cellular studies demonstrate that NETs are internalized by 

these cancer cells and localized to their lysosomes. As evidenced by NIR fluorescence 

imaging and in vivo laser irradiation studies, NETs remain available within tumors at 24 h 

postintravenous injection. In response to continuous wave 808 nm laser irradiation at 

intensity of 680 mW/cm2 for 10−15 min, NETs mediate the destruction of cancer cells and 

tumors in mice through synergistic photochemical and photothermal effects. We 

demonstrate that NETs are effective in mediating photoactivation of Caspase-3 to induce 

tumor apoptosis. Our results provide support for the effectiveness of NETs as theranostic 

agents for fluorescence imaging and photodestruction of tumors and their role in 

photoinduced apoptosis initiated by their localization to lysosomes. 
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Introduction 

Light-activated materials present a potential theranostic platform for image-guided 

phototherapy.1,3,4 In particular, use of NIR wavelengths (≈ 750-1450 nm) is especially 

advantageous since relatively deep (≈ 2-3 cm) optical imaging and phototherapy can be 

achieved due to reduced light absorption and scattering by endogenous constituents. To-

date, ICG remains as the only NIR-activated agent approved by FDA for specific clinical 

applications including ophthalmic angiography, cardiocirculatory measurements, 

assessment of hepatic function and blood flow evaluation.7,8 ICG has also been investigated 

for potential applications ranging from sentinel lymph node mapping in patients with 

different types of cancer to imaging intracranial aneurysm and cerebral arteriovenous 

malformations.10–12,14,16,17 

In addition to its optical imaging capabilities, ICG has also been investigated as a 

photosensitizer for photodynamic therapy of choroidal melanomas and breast 

adenocarcinomas.18,87 as well as a photothermal agent for treatment of port wine stains.19 

However, ICG’s major drawbacks are its short plasma half-life (≈ 3-5 minutes) and non-

specific interactions with various biological macromolecules, particularly serum albumin 

and high density lipoproteins. To overcome these limitations, ICG has been encapsulated 

within various constructs, including micelles, liposomes, silica and synthetic 

polymers.21,23–25,28,29 

Use of mammalian cells such as erythrocytes, lymphocytes, and macrophages, or 

constructs derived from them, are receiving increased attention as delivery platforms due 

to increased circulation time and biocompatibility.32,34,107,109,110 For example, Hu et al 
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reported that nano-constructs (≈ 80 nm diameter) composted of poly (lactic-co-glycolic 

acid) core coated with erythrocyte-derived membranes were retained in blood for three 

days with circulation half-life of ≈ 8 hours in mice.49 Piao et al have reported that the 

circulation half-life of gold nanocages cloaked with erythrocyte membranes (≈ 90 nm 

diameter) was ≈ 9.5 hours.107 Rao et al did not observe systemic toxicity 15 days after 

intravenous injection of erythrocyte membrane-coated upconversion nanoparticles in 

mice.109 

We previously provided the first report on the engineering of nano-sized vesicles 

derived from erythrocytes loaded with ICG, and their utility for fluorescence imaging and 

photo-destruction of HDME cells.47 We refer to these constructs as NETs since once 

activated by NIR light, NETs can transduce the absorbing photons energy to generate heat, 

emit fluorescence, or mediate production of reactive oxygen species (ROS). Herein, we 

investigate the phototheranostic capabilities of NETs for near infrared fluorescence 

imaging and photodestruction of cancer cells and subcutaneous xenograft tumors in mice. 

We demonstrate that NETs remain available within tumors at 24 hours post intravenous 

injection, and mediate the destruction of cancer cells and tumors through synergistic 

photochemical and photothermal effects in response to continuous wave laser irradiation. 

We report for the first time that NETs are localized to cancer cells lysosomes, and upon 

photo-excitation can induce Caspase-3 activation, leading to tumor apoptosis.  
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Materials and Methods 

Fabrication of NETs 

Erythrocytes were separated from bovine whole blood (Rockland Immunochemicals, Inc., 

Limerick, PA) by centrifugation (5 minutes, 1,300xg, 4 °C). The supernatant, containing 

the plasma and buffy coat, was discarded and the resulting packed erythrocytes were 

washed twice with 1X (310 mOsm, pH ~ 8.0) PBS. Packed erythrocytes were then 

subjected to sequential hypotonic treatment with 0.5X PBS (155 mOsm, pH ~ 8.0) and 

0.25X PBS (77.5 mOsm, pH ~ 8.0) respectively. The centrifugation process (20,000xg, 15 

minutes, 4 °C) was repeated until all the hemoglobin was depleted, resulting in an opaque 

white pellet containing micron-sized hemoglobin-depleted EGs. 

To obtain nano-sized EGs, the micron-sized EGs were extruded 10 times through 

800 nm polycarbonate porous membranes (Nuclepore Track-Etched Membranes, 

Whatman, Florham Park, New York), followed by 10 more extrusions through 400 nm 

polycarbonate membranes, and another 10 times through 200 nm polycarbonate 

membranes using an extruder (LIPEX Extruder, TRANSFERRA Nanosciences Inc, 

Burnaby, Canada). To concentrate the nano-sized EGs, 10 ml of nano-sized EGs were 

centrifuged (99,000xg, 1 hour, 4 °C) and re-suspended in 1 ml of 1X PBS. 

To load ICG into nano-sized EGs, 1 ml of nano-sized EGs solution, concentrated 

by 10 times, was incubated with 3 ml of ICG dissolved in water (at concentration of 2 

mg/ml) and 3 ml of hypotonic buffer (Na2HPO4/ Na2H2PO4, 140 mOsm, pH ~ 5.8), 

resulting in 6 mg of ICG in 7 ml of the loading buffer. The corresponding concentration of 

ICG in this loading buffer was ≈ 1.1 mM (considering the molecular weight of ICG as ≈ 
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775 Da). The suspension was incubated for five minutes at 4 °C in dark, centrifuged at 

74,000xg for 30 minutes, and then washed three times using 1X PBS to remove any non-

encapsulated ICG. The pellet containing ICG-encapsulated EGs (i.e., NETs) was removed 

and re-suspended in 1 ml of 1X PBS (4 °C). To avoid saturation in measurements of NIR 

absorbance values during absorption spectral recordings, this solution of NETs was further 

diluted by a factor of 80 using 1X PBS. We then acquired the absorption spectrum of the 

1:80 diluted solution of NETs.  

Next, we proceeded to estimate the free ICG equivalent concentration within the 

population of NETs [ICGNETs] as follows. We first acquired the absorption spectra of ICG 

dissolved in water at concentrations in the range of 2-10 µM. We chose water as the solvent 

since the absorption spectra of NETs resembles that of ICG dissolved in water at 

concentrations less than ≈ 20 µM. The spectra were then spectrally integrated in the range 

of 600-900 nm, and the resulting values (Aint) were plotted against ICG concentrations to 

obtain a calibration curve (R2 = 0.99). We then used the value of Aint associated with the 

1:80 diluted solution of NETs in conjunction with the calibration curve to estimate 

[ICGNETs] ≈ 12.25 µM. Finally, we estimated [ICGNETs] for the undiluted NETs to be ≈ 980 

µM as the product of 12.25 µM and the dilution factor 80. In a similar fashion, we prepared 

various dilutions of the NETs solution with values of [ICGNETs] ≈ 2, 10, 18, 36, 72 and 144 

µM.  

 

Characterization of NETs 

 The hydrodynamic diameters of NETs suspended in 1X PBS were measured by dynamic 

light scattering (DLS) (Zetasizer NanoZS90, Malvern Instruments Ltd, Malvern, United 
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Kingdom). The absorption spectra of NETs ([ICGNETs] ≈ 10 µM) and 13 µM free ICG 

suspended in 1X PBS were obtained using a UV-visible spectrophotometer (Cary 50 UV-

Vis spectrophotometer, Agilent Technologies, Santa Clara, CA) with optical path length of 

1 cm. The fluorescence emission spectra of NETs ([ICGNETs] ≈ 2 µM) and 4 µM free ICG 

were acquired in response to 720 ± 2.5 nm, and recorded using a fluorimeter (Fluorolog-3 

spectrofluorometer, Edison, NJ). We normalized the fluorescence emission spectra (χ(λ)) 

as:  
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where A and F are the wavelength (λ) dependent absorbance and intensity of the emitted 

fluorescence light, respectively, and λex is the excitation wavelength. 

 

Photostability of NETs 

NETs suspended in PBS ([ICGNETs] ≈ 18 µM) and 22 µM of ICG dissolved in PBS were 

prepared. Samples were then laser-irradiated at 808 nm using intensity (Io) value of 680 

mW/cm2 (9 mm diameter focal spot) for durations (tlaser) ranging between 1-15 minutes. 

Immediately following each experiment at a given tlaser, we acquired the absorption spectra 

of the samples, and normalized them to the absorbance value at 808 nm (A(λ) = 808nm)) 

prior to laser irradiation (defined as time t0). 

 

Detection of singlet oxygen generation 

We used 10 µM 1,3-diphenylisobenzofuran (DPBF) as a probe to detect the generation of 

singlet oxygen (1O2) in response to 808 nm photo-excitation of 11 µM free ICG or NETs 
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([ICGNETs] ≈ 18 µM). DPBF has an absorption peak at 411 nm in DMF.111 Upon reacting 

with 1O2, DPBF undergoes 1,4-cycloaddition to form an endoperoxide product, resulting 

in decreased 411 nm absorption. Samples were irradiated at Io = 680 mW/cm2 for 10 

seconds. An aliquot of sample was then withdrawn and the absorbance at 411 nm was 

recorded using a UV-visible spectrophotometer. The absorbance value at 411 nm was 

normalized to the absorbance value at 411 nm prior to laser irradiation. In the negative 

control experiment, DPBF solution without NETs or free ICG was irradiated at Io = 680 

mW/cm2, and the 411 nm absorbance values were determined and normalized as above. 

 

Cell culture 

SKBR3 human breast cancer cells (ATCC®, Manassas, VA) were cultured in Rosewell 

Park Memorial Institute (RPMI) 1640 medium (Mediatech Inc, Manassas, VA) 

supplemented with 10% fetal bovine serum (FBS) and 1% Penicillin/Streptomycin 

(Corning Inc., Corning, NY) at 37 °C in 5% humidified CO2. Cells were used for in vitro 

experiments, and implanted in mice to induce tumors. 

 

Assessment of NETs uptake by SKBR3 cancer cells 

We used bright-field and NIR fluorescence imaging, flow cytometry, and laser scanning 

confocal fluorescence microscopy (LSCFM) to evaluate the uptake of NETs by SKBR3 

cancer cells. Cells were cultured in 96-well plates for NIR fluorescence imaging, and 12-

well plates for flow cytometry. For LSCFM, cells were grown on poly-l-lysine coated 

coverslips in 12-well plates. After 24 hours, cells were incubated in RPMI medium 

containing PBS (negative control), NETs ([ICGNETs] ≈ 36 µM) or 44 µM free ICG (positive 
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control) for 3 hours. Cells were then washed three times with PBS prior to imaging or flow 

cytometry.   

NIR fluorescence emission (> 770 nm) in response to 740 ± 35 nm excitation by a 

Nikon Mercury/Xenon arc lamp was captured by an electron multiplier gained charge-

coupled device (EM-CCD) camera (Quant EM-CCD, C9100-14 Hamamatsu, Shizuoka-

ken, Japan). The camera exposure time was set at 0.7 seconds for NIR fluorescence 

emission and 0.03 seconds for bright-field images and gain of 1.0. We present falsely 

colored microscopic images with NIR fluorescent emission due to ICG (red channel) 

merged with bright-field (gray channel).  

For flow cytometry experiments, the RPMI medium was removed, and cells were 

incubated with trypsin for 5 minutes. After incubation, fresh RPMI was added to halt 

trypsinization, and cells were subsequently centrifuged at 125xg for 5 minutes. The 

supernatant was removed, and the pellet was then re-suspended in 1X PBS. A flow 

cytometer (BD FACSAria cell sorter, San Jose, CA) with photo-excitation at 633 nm and 

emission collection at > 785 nm was used to measure the NIR signals from cells that had 

been incubated with PBS, NETs or free ICG. All studies were done using three different 

samples. During flow cytometry, a minimum of ≈10,000 events were counted for each 

triplicate within the gating region.  

For LSCFM experiments, the RPMI medium was removed after incubating the cells 

with NETs, and cells where then incubated with LysoTracker yellow® HCK-123 

(Invitrogen, Carlsbad, CA) for two hours. Immediately after staining with LysoTracker, 

we fixed and permeated the cells using 4% paraformaldehyde and 2% tween 20, 
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respectively. We then mounted the slide with ProLongTM Gold Antifade containing 4',6-

diamidino-2-phenylindole (DAPI) (Invitrogen, Carlsbad, CA) and used a confocal 

microscope (Leica SP5, Leica Microsystems Inc., Buffalo Grove, IL) with photo-excitation 

at 405, 488 and 633 nm, corresponding to DAPI, LysoTracker, and ICG absorption 

respectively. Fluorescence emission were collected at 420-480, 500-610 and > 655 nm, 

respectively. We present falsely colored microscopic images corresponding to DAPI (blue 

channel), and LysoTracker yellow emission (green channel), and ICG NIR emission (red 

channel). For co-localization analysis, we used ImageJ to calculate the pixel intensity 

correlation using the two methods, Pearson and Costes.112 

 

Laser irradiation of SKBR3 cancer cells 

To investigate the photo-destructive capability of NETs, SKBR3 cells were cultured in a 

96-well. After 24 hours, cells were incubated with RPMI medium containing PBS, free 

ICG (44 and 176 µM), or NETs (with specific value of [ICGNETs] = 18, 36, 72, or 144 µM) 

for three hours in dark at 37 °C. After incubation, cells were then washed three times with 

PBS and fresh medium was added. We subsequently irradiated the cells at 808 nm using Io 

values of 680 mW/cm2 for 15 minutes. 

To assess the viability of cells following laser irradiation, cells were incubated in 

RPMI medium containing 2 μM Calcein-AM and 4 μM Ethidium Homodimer-1 (EthD-1) 

(ThermoFisher Scientific, Waltham, MA) as the respective live/dead assays for 30 minutes. 

Cells were then washed with PBS and fluorescently imaged in response to Calcein-AM 

excitation at 485 ± 35 nm and EthD-1 excitation at 543 ± 22 nm excitation by a Nikon 

Mercury/Xenon arc lamp. Respective fluorescence emission over the spectral bands of 524 
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± 24 nm and 593 ± 40 nm were captured by an EM-CCD camera with exposure time set at 

0.03 seconds. We present falsely colored microscopic images with Calcein-AM fluorescent 

emission (green channel) overlaid with EthD-1 fluorescence emission (red channel). Cell 

viability in each well was calculated using a fluorescent microplate reader (Molecular 

Devices FlexStation II 384, Harlow Scientific).   

To detect the presence of ROS in response to NIR laser irradiation of SKBR3 

cancer cells, we used the molecular probe 2’,7’-dichlorofluorecein diacetate (DCFH-DA) 

(Sigma-Aldrich, St. Louis, MO). Once the non-fluorescent DCFH-DA is oxidized by ROS, 

it is converted into a fluorescent molecule 2’,7’-dichlorofluorescein (DCF).113 In a subset 

of experiments, cells treated with PBS, 18 µM NETs and 22 µM free ICG for three hours 

(as described above) were further incubated with 25 μM DCFH-DA in RPMI medium for 

30 minutes prior to laser irradiation at the parameters indicated above. Following 

irradiation, we imaged the cells in bright-field and fluorescence modes. The DCF 

fluorescence emission (524 ± 24 nm) in response to 485 ± 35 nm excitation by a Nikon 

Mercury/Xenon arc lamp was captured by an EM-CCD camera. The camera exposure time 

was set at 0.2 seconds for DCF fluorescence emission and 0.03 seconds for bright-field 

images and gain of 1.0. We present falsely colored microscopic images with DCF 

fluorescent emission (green channel) merged with bright-field (gray channel).   

To determine if ROS included 1O2 as a constituent, we used sodium azide as a 1O2 

quencher probe.114 In a subset of experiments, we pre-treated the SKBR3 cells with DCFH-

DA (as described above), washed them after 30 minutes, and then incubated them in RPMI 
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medium containing 50 mM sodium azide for 45 minutes prior to laser irradiation at the 

indicated parameters above. 

 

Animal study 

Female Nu/J mice (20~25 g; 6-8 weeks) were purchased from Jackson Laboratory (Bar 

Harbor, Maine) and utilized in this study under a protocol approved by the University of 

California, Riverside Institutional Animal Care and Use Committee (A-20140022). We 

injected ≈ 1 × 107 SKBR3 cancer subcutaneously into the thighs. Mice were monitored 

until the tumor sizes reached approximately 15 mm3. The tumor volume was calculated as 

D × d2/2, where D and d were the larger and smaller diameter of each tumor. 

Tumor-bearing mice were randomly divided into three groups with four animals in 

each group. Group 1 received PBS injection without laser irradiation. Group 2 received 

PBS injection and 808 nm laser irradiation using Io = 680 mW/cm2 for 10 minutes. Group 

3 received NETs [ICGNETs ≈ 980 µM] injection and 808 nm laser irradiation using Io = 680 

mW/cm2 for 10 minutes. We administered 100 µl of PBS or NETs intravenously via tail-

vein injection while the animal was anesthetized. Laser irradiation was performed at 24 

hours post injection of PBS or NETs with a beam diameter of 9 mm. We measured the 

temperature change in response to laser irradiation by inserting a mini-hypodermic 

thermocouple (0.2 mm thermocouple diameter) (HYP0, OMEGA, Norwalk, CT) 

connected to a LabQuest® data acquisition system (Vernier, Beaverton, OR) ≈ 1 mm below 

the skin and about 2 mm outside the laser-irradiated spot. Following the experimental 

procedures, animals were allowed to recover. We assessed the efficacy of NETs in 

mediating photo-induced reductions in tumor size by measuring the tumor volumes 
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following each treatment at every two days intervals and for up to 16 days after laser 

irradiation. We estimated the relative tumor volumes (V/Vo) during this time interval by 

dividing the volume of each tumor (V) on the measurement day divided by the initial tumor 

volume (Vo) on the day of laser irradiation. Animals were subsequently euthanized on day 

16 following laser irradiation.  

In a subset of experiments, an animal from each group was euthanized immediately 

after laser irradiation. Tumors were removed and frozen at -80 °C for later analysis. 

Approximately, ≈ 7 days later, tumors were thawed and sectioned in 10 µm thicknesses 

using a cryostat microtome (CM1950 cryostat, Buffalo Grove, Illinois) and stained with 

fluorescein isothiocyanate (FITC)-labeled Caspase-3 antibody (BD Biosciences, San Jose, 

CA) as an established method to assay for cell apoptosis.115–117 Fluorescent emission (524 

± 24 nm) in response to 485 ± 35 nm excitation by a Nikon Mercury/Xenon arc lamp was 

captured by an EM-CCD camera with exposure time set at 0.2 seconds. Mean and SDs of 

the image intensities (n = 5 images) were quantified using ImageJ. 

To evaluate the feasibility of NETs in tumor imaging, in a subset of experiments, 

100 µl of PBS or NETs [ICGNETs ≈ 980 µM] were administered by tail vein injection. At 

24 hours post injection, animals were euthanized, and tumors extracted. Extracted tumors 

were fluorescently imaged in a dark box. Two light emitting diodes (LEDs) delivering 700 

± 30 nm excitation light were used for illumination. Fluorescence emission was captured 

using a CCD camera (Pixis 1024B, Roper Scientific, Trenton, NJ) equipped with a long 

pass filter transmitting wavelengths greater than 810 nm. To prevent pixel saturation, the 

camera exposure time was set to 90 seconds. 
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Results and Discussion 

Characterization of NETs 

The mean peak hydrodynamic diameter of NETs as estimated by dynamic light scattering 

(DLS) was ≈ 79 nm (Figure 4.1a). We used lognormal fits to estimate the mean ± standard 

deviation (SD) diameter of NETs as 85 ± 1 nm. We have previously published transmission 

electron47 and scanning electron48 microscopic images of NETs, and demonstrated that 

DLS-based measurements of NETs’ diameters are consistent with those made by electron 

microscopy. The polydispersibility index (PDI) value for this set of NETs was 0.2, meaning 

that the standard deviation in diameter is 20% of the mean value. Nanoparticles with PDI 

values in the range of 0.1~0.4 are considered as moderately polydispersed.67 Since the 

hydrodynamic diameters of NETs are < 200 nm, they are likely to be effective for 

extravasation into tumors through the EPR effect, induced by the leaky tumor vasculature 

and impaired lymphatic drainage.50,51 

 

 

Figure 4.1 Characterization of NETs. (a) Hydrodynamic diameter distribution of NETs as 

determined by DLS. Circles and error bars (too small to be seen) represent the mean and standard 

deviations of diameters, respectively (n = 4 measurements). The estimated mean diameter as 

determined from the lognormal fits (solid curves) is ≈ 85 nm. (b) Absorption spectra of 13 µM free 

ICG, and NETs ([ICGNETs] ≈ 10 µM). (c) Normalized fluorescence emission spectra (()) (see 

equation 4.1)) (circles) and Gaussian fits (solid curves) of 4 µM free ICG and NETs ([ICGNETs] ≈ 

2 µM) in response to photo-excitation at 720 ± 2.5 nm. Solvent used in spectral recordings was 310 

mOsm PBS. 
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The absorption spectrum of free 13 µM ICG dissolved in ≈ 310 mOsm phosphate 

buffer saline (PBS) (defined as the 1X PBS), and NETS fabricated using 1.1 mM ICG in 

the loading buffer are shown in Figure 4.1b. The free ICG equivalent concentration loaded 

into these NETs [ICGNETs] was estimated as ≈ 10 µM (see EXPERIMENTAL SECTION). 

Absorption spectrum of free ICG exhibited primary and secondary peaks at 698 and 776 

nm, associated with the H-like aggregate and monomeric forms of ICG, respectively.69 In 

contrast, NET, suspended in 1X PBS, showed a dominant spectral peak at 804 nm, 

suggesting that the monomeric ICG was the dominant form within these NETs. The 

bathochromic (red) spectral shift in the monomeric absorption of free ICG from 776 nm to 

804 nm in NETs is consistent with our previous results.47,48,90 This shift can be attributed 

to the binding of ICG molecules to phospholipids and membrane proteins of the NETs, 

causing a change in the molecular energy levels of ICG, as well as the local solvent 

environment surrounding ICG within the NETs.69,119  

In response to photo-excitation at 720 ± 2.5 nm, the normalized fluorescence 

emission spectra (χ(λ)) (see equation 4.1) of 4 µM free ICG and NETs ([ICGNETs] ≈ 2 µM) 

showed respective peaks at 792 and 796 nm, associated with the monomer form 

respectively (Figure 4.1c). The normalized fluorescence emission spectra had a similar 

bathochromic shift from 792 nm (associated with monomer form of free ICG) to 796 nm 

(associated with emission from the monomeric form of ICG in NETs). Peak value of χ(λ) 

for NETs was ≈ 15% higher than that of free ICG. This increase may be due to reduced 

self-aggregation of ICG as a result of its binding to proteins and lipids in the membrane 
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shell of NETs. Similar fluorescent enhancement has been reported for ICG binding to 

lipids,25 proteins in fetal bovine serum,69 and albumin.120  

 

Photostability and NETs-mediated singlet oxygen generation 

To gain insight on photostability of ICG in both free and nano-encapsulated formulations, 

we acquired their respective absorption spectra immediately after being laser irradiated at 

808 nm with incident intensity (Io) of 680 mW/cm2 for up to 15 minutes (Figure 4.2a). We 

prepared solutions of free ICG (22 µM) and NETs ([ICGNETs] ≈ 18 µM) in 1X PBS so that 

the absorbance values for both free ICG and NETs at 808 nm were 1.8. With increasing 

laser irradiation times, there were corresponding reductions in the absorption spectra 

(Figure 4.2a). These reductions can be attributed to photo-induced chemical modification 

of ICG molecules to produce a leuco form of the dye with converted sp2 to sp3 carbon 

hybridization, and/or induce cleavage of the π–conjugation along the polyene segment of 

the dye while keeping the aromatic benzoindotricarbocyanine moieties intact.47 At 808 nm, 

free ICG had the lowest percentage decrease in its absorbance values as compared with 

NETs (Figure 4.2b). For example, after 15 minutes of irradiation, the 808 nm absorbance 

values of free ICG and NETs irradiated at 680 mW/cm2 decreased by 26.2, and 60.0%, 

respectively. Greater reductions in 808 nm absorbance values of NETs upon laser 

irradiation may be due to induced molecular conformational changes in ICG as a result of 

nano-encapsulation.  

We used 1,3-diphenylisobenofuran (DPBF) as a probe to assess the generation of 

1O2 in response to 808 nm photo-excitation of free ICG and NETs (see EXPERIMENTAL 

SECTION). Laser irradiation of DMF-dissolved DPBF at Io = 680 mW/cm2 for up to 80 
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seconds did not alter the absorbance value at 411 nm (Figure 4.2c), confirming that there 

was no photo-induced production of 1O2 in the absence of NIR absorbing molecules or 

particles. However, in presence of free ICG or NETs, the normalized DPBF absorbance at 

411 nm progressively decreased with increased 808 nm laser irradiation time (Figure 4.2c). 

Generation of 1O2 is consistent with the type II photochemistry where the intersystem 

crossing of ICG (in free or nano-encapsulated form) to the excited triplet state is followed 

by energy transfer to the ground state molecular oxygen, producing 1O2. 

 

Figure 4.2 Photostability and 1O2 generation of NETs in solution. (a) Absorption spectra of 22 µM 

free ICG, and NETs ([ICGNETs] ≈ 18 µM) before and after 808 nm laser irradiation (Io = 680 

mW/cm2) for 5, 10, and 15 minutes. (b) Normalized 808 nm absorbance values for ICG and NETs 

as a function of 808 nm laser irradiation time. (c) Normalized 411 nm absorbance values for 

solutions containing 10 µM DPBF without, or with 11 µM ICG or NETs ([ICGNETs] ≈ 18 µM) as a 

function of 808 nm laser irradiation time. Data points and error bars in panel (c) represent the mean 

and SDs for n = 4 samples.  
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Fluorescence imaging of SKBR3 breast cancer cells incubated with NETs 

SKBR3 human breast cancer cells were incubated at 37 °C with PBS (negative control), 

44 µM free ICG (positive control) or NETs ([ICGNETs] ≈ 36 µM) for three hours. Following 

incubation, cells were washed, and then fluorescently imaged. While there were none or 

minimal NIR fluorescence emission from SKBR3 cells incubated with PBS or free ICG, 

NETs-incubated cells emitted NIR fluorescence (Figure 4.3a). 

 

 

Figure 4.3 Uptake of NETs by SKBR3 cancer cells. (a) Merged bright-field and fluorescent images 

of SKBR3 cancer cells following three hours of incubation at 37 °C with PBS, 44 µM free ICG or 

NETs ([ICGNETs] ≈ 36 µM). Images are falsely colored. Red channel: NIR emission due to ICG; 

Gray channel: bright-field. (b) Uptake analysis of SKBR3 cells by flow cytometry. Geometric mean 

fluorescence intensity (n = 3 different samples) (**) p < 0.01. (c) Laser scanning confocal 

fluorescent images of a SKBR3 cell following three hours of incubation at 37 °C with NETs. 

Images are falsely colored. Blue channel: DAPI; Green channel: Lysotracker; Red channel: NIR 

emission due to ICG from NETs. 
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Flow cytometry results confirmed that the mean fluorescence intensity of cells 

incubated with NETs were significantly higher than those associated with cells incubated 

with free ICG or PBS (n = 3, p < 0.01) (Figure 4.3b). These results further validate that 

NETs were effectively uptaken by the cells, whereas most of ICG was removed as a result 

of washing the cells. These results demonstrate that NETs serve as an effective platform to 

deliver their cargo (ICG) to cancer cells.  

To determine the cellular localization of NETs, we used 4',6-diamidino-2-

phenylindole (DAPI) and Lysotracker, fluorescent probes that respectively stain the 

nucleus and lysosomes, and imaged the cells by laser scanning confocal fluorescence 

microscopy (LSCFM) (Figure 4.3c). Lysotracker and ICG fluorescence from NETs 

spatially overlapped, suggesting that NETs were localized to lysosomes of the cells, and 

positioned at the periphery of the nucleus. Our analysis of the images indicated Pearson’s 

value of R = 0.99, confirming that the intensity distributions were highly correlated. 

Similarly, Costes’ P value of 1.00 confirmed the co-localization of the intensities from 

each pixel. Although not investigated here, it is possible that NETs may also accumulate 

in mitochondria. For example, it has been demonstrated that an analog form of ICG, 

consisting of a cyclohexenyl substitution in the middle of the polymethine linker and two 

asymmetrical amphipathic N-alkyl side chains, accumulated in the mitochondria of MCF-

7 and 4T1 breast cancer cells.121 In another study, localization of magnetic complex 

nanoparticles loaded with ICG to the mitochondria of A549 adenocarcinomic alveolar 

basal epithelial cell line was reported.122  
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Laser irradiation of SKBR3 breast cancer cells incubated with NETs 

SKBR3 cells were incubated at 37 °C with PBS (negative control), 176 µM free ICG 

(positive control) or NETs ([ICGNETs] ≈ 144 µM) for three hours. Following incubation, 

cells were washed and then irradiated at 808 nm for 15 minutes using Io = 680 mW/cm2.  

 

 

Figure 4.4 Photo-destruction of SKBR3 cancer cell in vitro. (a) Fluorescent images of SKBR3 

cancer cells incubated with PBS (negative control), 176 µM free ICG (positive control), and NETs 

([ICGNETs] ≈ 144 µM) for three hours at 37°C and followed by 808 nm laser irradiation at Io = 680 

mW/cm2 for 15 minutes. Live cells were identified by the Calcein AM stain, and falsely colored in 

green. Dead cells in response to laser irradiation were identified using the Ethidium homodimer-1 

stain, and falsely colored in red. (b) Percentage viability of SKBR3 cells as a function of incubation 

agent. (c) Percentage viability of SKBR3 cells as a function of [ICGNETs]. In panels (b) and (c), 

statistically significant differences are indicated as (*) p < 0.05 and (***) p < 0.001 (n = 3 samples 

for each treatment). 
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We evaluated the viability of the cells following laser irradiation. Cells were stained with 

Calcein acetoxymethyl (AM) and ethidium homodimer-1 (EthD-1) to fluorescently 

visualize the live and dead cells, respectively (Figure 4.4a). In response to laser irradiation, 

≈ 93% of ICG-treated SKBR3 cells remained viable. However, only 32% of NETs-treated 

cells were viable after laser irradiation at these parameters (Figure 4.4b). 

We also evaluated the effects of [ICGNETs] on photo-destruction of SKBR3 cells. 

The fraction of cell death progressively increased as [ICGNETs] increased (Figure 4.4c). 

With increased [ICGNETs] from 18 µM to 144 µM, the fractions of cells death increased 

from 23% to 69% for SKBR3 cells incubated with NETs.  

To investigate if ROS production was a contributing mechanism to photo-induced 

destruction of SKBR3 cells, we used the molecular DCFH-DA (see EXPERIMENTAL 

SECTION). Cells incubated with NETs showed DCF fluorescence whereas the incubation 

of cells with PBS or ICG did not result in any noticeable DCF fluorescence emission 

(Figure 4.5a). These results indicate that NETs were uptaken by SKBR3 cancer cells, and 

mediated ROS production in response to laser irradiation. 

To determine if ROS included 1O2 as a constituent, we used sodium azide as an 1O2 

quencher (see EXPERIMENTAL SECTION).114 Upon pre-treatment with sodium azide, 

the DCF fluorescence emission from SKBR3 cells incubated with NETs was quenched 

after laser irradiation, indicating the DCF emission from cells not treated with sodium azide 

was associated with 1O2 production in response to laser irradiation.  

Collectively, our in vitro results based on analysis of cell viability (Figure 4.4) and 

the use of molecular probes for ROS detection (Figure 4.5) support the presence of a photo-
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chemical mechanism in destruction of cancer cells incubated with NETs and laser-

irradiated at 808 nm using Io = 680 mW/cm2 for 15 minutes. 

 

Figure 4.5 Detection of ROS generation by cell imaging. We present merged bright-field and DCF 

fluorescence images of SKBR3 cancer cells incubated with PBS, 44 µM free ICG, or NETs 

([ICGNETs] ≈ 36 µM) for three hours and subsequently irradiated at 808 nm for 15 minutes at Io = 

680 mW/cm2. Images correspond to (a) without and (b) and with application of 1O2 quencher, 

sodium azide. Images are falsely colored. Gray channel: bright-field. Green channel: fluorescence 

emission from DCF. 

 

NIR fluorescence imaging and laser irradiation of tumors 

We investigated the efficacy of NETs in NIR fluorescence imaging of tumors. Tumors 

were extracted 24 hours after tail vein injection of PBS (control) or NETs ([ICGNETs] ≈ 980 

µM), and were immediately imaged by NIR photo-excitation and collecting the 
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fluorescence emission. NETs offered the capability to image the tumor (Figure 4.6a), 

indicating that they were present within the tumor at 24 hours post-injection. These results 

show that encapsulation of ICG within erythrocyte-derived nano-vesicles provided an 

effective method to prolong the circulation of ICG, and making it available for an intended 

application (e.g., tumor imaging) for at least 24 hours. 

We assessed the capability of NETs in mediating photo-destruction of xenograft 

tumors implanted subcutaneously in mice. Laser irradiation was done 24 hours after 

intravenous injection of NETs via the tail vein. To investigate if there was a photothermal 

effect during laser irradiation, we recorded the in vivo temperature changes using a 

thermocouple needle probe inserted at ≈ 1 mm below the skin and ≈ 2 mm outside the laser-

irradiated spot. Laser irradiation at Io = 680 mW/cm2 resulted in temperature rise of ≈ 11°C 

at the end of the 10 minutes of irradiation time (Figure 4.6b). This temperature rise under-

estimates the actual temperature distributions within the tumor, and is a measure of the heat 

diffusion from the irradiated tumor site. Nevertheless, these measurements suggest that 

there was a photothermal effect during laser irradiation. 

  To investigate the presence of cellular apoptosis in response to laser irradiation, 

some of the tumors were extracted immediately after laser irradiation, and imaged by 

fluorescent immuno-staining to detect the presence of Caspase-3. As evidenced by 

fluorescence emission, there was Caspase-3 activation in mice injected with NETs and 

irradiated at 680 mW/cm2 for 10 minutes (Figure 4.6c). Analysis of these images 

confirmed that NETs were effective in mediating photo-induced activation of Capase-3 as 

evidenced by statistically significant higher values of fluorescence intensity associated 
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with Caspase-3 (Figure 4.6d). Results of in vivo laser irradiation of tumors provide further 

evidence that NETs remained in circulation for at least 24 hours. 

 

Figure 4.6 NIR fluorescence imaging and photo-destruction of xenograft tumors in mice. (a) NIR 

fluorescence images of tumors extracted 24 hours after tail injection of PBS (top panel), and NETs 

([ICGNETs] ≈ 980 µM) (bottom panel). Scale bar on the right corresponds to fluorescent intensity 

(photo-excitation at 700 ± 30 nm, and emission > 810 nm collected). (b) Temperature rise as a 

function of laser irradiation time as measured by a thermocouple needle probe placed ≈ 1 mm below 

skin surface and ≈ 2 mm outside the irradiated spot. (c) Fluorescent images of sectioned tumors by 

immunostaining using FITC-labeled Caspase-3 antibody. (d) Fluorescence emission intensity 

associated with FITC-labeled Caspase-3 antibody as the apoptosis indicator following laser 

irradiation. (e) Estimated relative change in tumor volumes (V) of non-orthotopic xenograft tumors 

in mice with respect to the volumes at time zero (Vo). Time zero is with respect to the day of laser 

irradiation. Mice were injected via the tail vein with either 100 µL of PBS, or NETs ([ICGNETs] ≈ 

980 µM). Laser Irradiation was done 24 hours post injection of NETs or PBS. Irradiation 

parameters were: 808 nm; spot size = 9 mm; irradiation time = 10 min, Io = 680 mW/cm2. In panels 

(b) and (e), n = 4 mice for each administered agent. In panel (d), n = 5 images from different 

sections of same tumors for each administered agent (statistically significant difference at (**) p < 

0.01).  

 

In response to laser irradiation at Io = 680 mW/cm2 in conjunction with NETs, we 

observed reductions in tumor volumes as early as two days post-laser irradiation (Figure 

4.6e). By 10 days post-irradiation, tumor volumes were nearly zero. In contrast, laser 
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irradiation in the absence of NETs was associated with growths in tumor volumes, 

indicating the effectiveness of NETs in mediating photo-destruction of tumors. 

Some important aspects of this study were the findings that: (1) NETs were 

localized to lysosomes as evidenced by LSCFM results (Figure 4.3); and (2) NETs 

mediated photo-activation of Caspase-3 in tumors (Figure 4.6c, d). These results indicate 

that lysosomal localization of NETs with subsequent laser irradiation, at the indicated 

parameters, can induce cellular apoptosis. Photo-induced damage to lysosomes membranes 

leads to release of cathepsin proteases and other hydrolytic enzymes into the cytosol123 to 

activate apoptosis mediator proteins.124 Pro-apoptotic mediators include a sub-group of B-

cell lymphoma 2 (BCL-2) family of proteins.125 Bid, is a member of the BCL-2 sub-group 

containing only the BH3 domain, which is cleaved by proteases to truncated Bid (tBid).126 

Upon translocation to the outer membranes of mitochondria, tBid can directly promote 

mitochondrial outer membrane permeabilization (MOMP).127,128 or play a role in 

recruitment of cytosolic Bax, another member of the pro-apoptotic BCL-2 group, to 

mediate MOMP,129,130 leading to release of pro-apoptotic proteins including cytochrome 

c.131,132 The release of cytochrome c as a signal will finally activate the executors including 

Caspase-3 for cell death.124 Therefore, our findings are consistent with photo-induced 

lysosomal damage as the basis to induce apoptosis. Nevertheless, based on the observed 

temperature increases (Figure 4.6b), photothermal effects could have also contributed to 

the destruction of cancer cells (Figure 4.4) and tumors (Figure 4.6e). 

Various light-activated nanoparticle systems are under investigation in relation to 

cancer imaging and therapy. Based on material type, such systems can generally be 
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classified into semiconductors (e.g., quantum dots (QDs)), metallic (e.g., gold, silver), and 

organic particles (i.e., carbon nanomaterials such as graphene and fullerene).133,134 There 

are certain attractive features with these types of materials such as photostability of QDs, 

tunable optical properties of QDs and gold nanomaterials, light-induced local surface 

plasmon resonance effects, and quantum confinement effects due to nanosize (<10nm) of 

carbon materials that result in their distinct optical properties. Limitations of these 

materials include cytotoxicity associated with certain constituents of QDs, potential 

oxidative stress and genotoxicity associated with gold nanoparticles,135 safety concerns 

with carbon nanotubes,136 and short vascular retention time of carbon nanomaterials due to 

their excretion through the kidneys, which stems from their small size (<10nm). 

In comparison to these light-activated nanoparticle systems, the major key 

advantages of NETs stem from its constituent materials and composition that lead to the 

distinct properties and capabilities of these particles: (1) As constructs that can be 

engineered autologously (or from similar blood types), NETs are potentially non-

immunogenic, non-toxic, and biocompatible. (2) CD47 is a key membrane glycoprotein 

expressed in erythrocytes,137 which impedes phagocytosis. Our previous results48 indicate 

that CD47 remains on the surface of NETs, suggesting that NETs may remain shielded 

from the immune system and have extended retention time within the vasculature; hence, 

providing their cargo (e.g., ICG) available for delivery to the tumor site over a longer time. 

Herein, as evidenced by NIR fluorescence imaging and in vivo laser irradiation studies, 

NETs remain available within tumors at 24 hours post intravenous injection. In 

comparison, the reported half-life of ICG encapsulated in poly(DL-lactic-co-glycolic acid) 
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or liposomal nanoparticles following intravenous injection are, respectively, on the order 

of approximately five minutes and less than a minute in blood.29,138 (3) Fabrication of NETs 

is simple. Particles can be produced within about a day at room temperature and pressure 

without any complex chemical synthesis procedures, and use of specialized and expensive 

equipment.  

Our results are consistent with the findings by Ren et al in which nanoparticles (≈ 

150 nm diameter) comprised of an ICG-bound albumin and perfluorcarbon core 

encapsulated by an erythrocyte-derived membrane shell were used a photo-therapeutic 

agent.139 These investigators also reported that both photothermal and photochemical 

effects (i.e., production of singlet oxygen) can serve as the basis for destruction of 

xenograft tumors in mice in response to 808 nm laser irradiation at Io = 1 W/cm2 for three 

minutes.  

A synergistic effect of photothermal and photochemical mechanisms indicates that 

the photophysics of ICG allows for both vibrational relaxations from its excited state 

electronic states as well as intersystem crossing to a triplet state under the irradiation 

parameters investigated in this study to ultimately lead to photo-destruction of tumors. The 

photophysical properties of ICG can be exploited to endow NETs with capabilities for 

fluorescence imaging and therapeutic effects. In this context, NETs can serve as platforms 

for light-activated theranostics as applied to a variety of solid tumors. For example, a 

particularly important clinical application is in relation to ovarian cancer theranostics. 

Patients with ovarian cancer are most often diagnosed with late stage disease with 

metastasis to the peritoneum. One of the most important prognostic factors is the degree of 
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cytoreduction at surgery. However, small tumor nodules (< 1 mm) are difficult to detect 

by current pre-operative imaging methods, or visually during surgery. Furthermore, tumors 

may reside along critical structures to be removed without inducing significant morbidity. 

Surgical procedures such as diaphragm stripping, splenectomy, distal pancreatectomy, 

liver resection, or cholecystectomy may be required to remove such intraperitoneal tumors. 

NETs can potentially be used as light-activated theranostic nanoprobes during 

intraoperative procedures to enable visualization of small tumor nodules for surgical 

removal, or mediate photo-destruction of inoperable tumors. 

 

Conclusion 

We have demonstrated the photo-theranostic capabilities of NETs for fluorescence 

imaging and photo-destruction of cancer cells, and subcutaneous xenograft tumors in 

mice. NETs are internalized by cancer cells, and localized to the lysosomes. NETs remain 

available within tumors at 24 hours post intravenous injection, and mediate the 

destruction of cancer cells and xenograft tumors through synergistic photochemical and 

photothermal effects at the irradiation parameters investigated. Our results indicate that 

NETs are capable of mediating photo-induced tumor destruction initiated by their 

localization to lysosomes with subsequent activation of Caspase-3, and culminated in 

tumor apoptosis.  
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Chapter 5 

Ovarian Tumor Imaging using Erythrocyte-Derived Fluorescent Nanoprobes and 

Structured Illumination  

Abstract 

Fluorescent nanoparticles activated by near-infrared excitation provide a potential platform 

for optical imaging of ovarian cancer. We have engineered nano-sized vesicles derived 

from erythrocytes that encapsulate the FDA-approved NIR fluorophore, ICG. We refer to 

these constructs as NETs. Herein, we present the first demonstration of the use of NETs in 

conjunction with structured illumination to fluorescently image ovarian tumors 

intraperitoneally implanted in mice. Our results showed high accumulation of NETs within 

tumors 24 hours post-intraperitoneal injection. We demonstrate enhanced contrast for 

imaging with frequency modulations over conventional constant illumination. In addition, 

we show the ability to estimate the concentration of ICG delivered by NETs and compare 

those values to quantitative organ analysis. Our results suggest that NETs can be used in 

conjunction with structured illumination for potential tumor imaging applications. 
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Introduction 

Ovarian cancer has the greatest mortality rate than all gynecological malignancies 

combined, accounting for approximately 14,000 deaths in the United States in 2018.140,141 

Patients with ovarian cancer are often diagnosed with the late stage of the disease, with 

only 19% diagnosed when the cancer is confined to the ovaries (stage I).142 The 5-year 

survival rate is relatively high (≈ 92%) if diagnosed at stage I, but significantly drops to 

less than 30% if diagnosed at stage III-IV where the cancer metastasizes beyond the pelvic 

region.142 One of the most important factors for improving survival rate is the success of 

cytoreductive surgery with complete resection of all visible cancer.143–145 However, the 

current surgical standard is to remove tumor nodules larger than 1 cm, often resulting in 

partial resection. In addition, there may be undetectable small intraperitoneal tumor 

nodules (< 1 cm) and/or poor contrast between the tumor and healthy tissue which 

contribute to the difficulty of complete resection. Therefore, there is a clinical need for 

development of intraoperative imaging systems to guide the removal of all intraperitoneal 

ovarian tumors. Effectiveness of fluorescein isothiocyanate (FITC) as a visible fluorescent 

tracer has been demonstrated in intraoperative image-guided removal of ovarian tumors in 

women.146 

Use of fluorescent agents activated within by NIR wavelengths in the spectral range 

of ≈ 700-1300 are particularly advantageous, allowing for optical imaging on the order of 

at least 1 cm depending on tissue optical properties.147,148 Epithelial ovarian cancer 

accounts for nearly 90% of ovarian tumors.149 Since the invasion depth of epithelial ovarian 
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cancer is in the range of ≈2-5 cm, NIR wavelengths offer sufficient penetration depth to 

image these tumors.150 

To-date, ICG remains as the only FDA approved NIR dye for applications including 

assessment of cardiac and hepatic function, ophthalmic angiography, and blood flow 

evaluation.7–9 More recently, ICG has been used during intraoperative imaging of liver and 

ovarian cancers to enhance tumor-tissue boundaries for more accurate resection.151,152 

However, one of the major drawbacks of ICG’s is its short circulation half-life (≈ 3-5 min) 

and elimination through the hepatobiliary mechanism,88,153 which limits it bioavailability 

for effective tumor visualization. 

Various constructs (e.g. micelles, liposomes, synthetic polymers and silica) have 

been used to overcome these limitations by encapsulating ICG.23,24,27,154,155 Due to their 

potential biocompatibility, erythrocytes, macrophages and lymphocytes or constructs 

derived from them have been receiving attention as delivery platforms.32–34 Erythrocytes 

are particularly attractive due to “self-marker” membrane proteins that shield them from 

clearance by the mononuclear phagocytic system.49 Therefore, constructs derived from 

erythrocytes may have extended circulation times to have their cargo (e.g, ICG) available 

for an intended application such as optical imaging of ovarian tumor nodules. We 

demonstrated the first engineering of nano-sized vesicles derived from erythrocytes 

containing ICG.47 We refer to these particles as NIR erythrocyte-mimicking transducers 

(NETs), since once activated by NIR light they can transduce the energy to emit 

fluorescence, generate heat, or lead to formation of reactive oxygen species.156 When 
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combined with appropriate imaging techniques, NETs can provide fluorescence detection 

of specific structures such as tumors. 

A particular wide-field optical imaging method is based on SMI. SMI uses 

structured illumination patterns of varying spatial frequencies projected on the tissue, and 

measures the attenuated intensity of the spatial patterns returning from the illuminated 

object through wide-field detection of optical sensors on a pixel by pixel basis. SMI has 

been used to estimate the 2-D optical properties of tissues,53,54 and quantify depth-resolved 

Protoporphyrin IX concentrations from preclinical glioma models using fluorescent 

imaging.55,56 In addition, SMI has been used to enhance fluorescence imaging of 

subcutaneous myeloma tumor boundaries imaging using Cy5.157 

Herein, we present the first demonstration of using NETs in conjunction with SMI 

to image ovarian intraperitoneal tumors in mice. We first validated the ability to image 

tumor phantoms using SMI and NETs. Our in vivo results showed high accumulation of 

NETs within tumors. Through use of SMI, we were able to demonstrate enhanced contrast 

for NETs-mediated fluorescence imaging with frequency modulations over conventional 

non-modulated illumination. Lastly, we demonstrated wide-field estimation of ICG 

concentration delivered by NETs and compare those values to quantitative organ analysis. 

 

Materials and Methods 

 

Fabrication of NETs 

Whole human blood (Innovative Research, Novi, MI) was centrifuged (5 minutes, 1,300xg, 

4 °C) to isolate the erythrocytes. Plasma and buffy coat were discarded and the remaining 
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pellet containing erythrocytes was washed twice with 310 mOsm phosphate buffer saline 

(PBS) (referred to as the 1X solution) (pH ~ 8.0). The erythrocytes were then subjected to 

hypotonic treatment using 0.25X PBS (77.5 mOsm, pH ~ 8.0) and centrifuged (20,000xg, 

15 minutes, 4 °C). This process was repeated until all the hemoglobin was depleted, 

resulting in micron-sized EGs. 

Nano-sized EGs were produced by sequential extrusion of the micron-sized EGs 

through 800, 400, and 200 nm polycarbonate porous membranes (Nuclepore Track-Etched 

Membranes, Whatman, Florham Park, New York) using an extruder (LIPEX Extruder, 

TRANSFERRA Nanosciences Inc, Burnaby, Canada) with the extrusion process repeated 

10 times through each of the membranes with the indicated pore diameters. To concentrate 

the nano-sized EGs, 10 ml of suspension was centrifuged (99,000xg, 1 hour, 4 °C), and the 

pellet was then re-suspended in 2 ml of 1X PBS. 

To load ICG into nano-sized EGs, 2 ml of the concentrated nano-sized EGs 

suspension was incubated with 2 ml of 75 μM ICG dissolved in water and 2 ml of hypotonic 

buffer (Na2HPO4/ Na2H2PO4, 140 mOsm, pH ~ 5.8), resulting in 25 μM concentration of 

ICG in the loading buffer. The suspension was incubated for five minutes at 4 °C in dark, 

centrifuged at 74,000xg for 30 minutes, and then washed two times using 1X PBS to 

remove any non-encapsulated ICG. The pellet containing ICG-encapsulated EGs (i.e., 

NETs) was removed and re-suspended in 0.5 ml of 1X PBS (4 °C). To avoid saturation in 

the recordings the of absorption spectra, this solution of NETs was further diluted by a 

factor of 200 using 1X PBS. We then acquired the absorption and fluorescence spectra of 

the 1:200 diluted solution of NETs.  
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Characterization of NETs 

 The hydrodynamic diameters of NETs suspended in 1X PBS were measured by 

DLS (Zetasizer NanoZS90, Malvern Instruments Ltd, Malvern, United Kingdom). The 

absorption spectra of NETs (diluted 1:200) in 1X PBS was obtained using a UV-visible 

spectrophotometer (Cary 50 UV-Vis spectrophotometer, Agilent Technologies, Santa 

Clara, CA) with optical path length of 1 cm. The fluorescence emission spectra of NETs 

(diluted 1:200) was acquired in response to 710 ± 2.5 nm, and recorded using a fluorimeter 

(Fluorolog-3 spectrofluorometer, Edison, NJ). We obtained the normalized the 

fluorescence emission spectra [χ(λ)] as:  

                                                                    (5.1) 

where A and F are the wavelength (λ) dependent absorbance and intensity of the emitted 

fluorescence light, respectively, and λex is the excitation wavelength. 

 We quantified the amount of ICG loaded in NETs by first acquiring the absorption 

spectra of ICG dissolved in the loading buffer solvent at concentrations in the range of 2-

10 µM. The spectra were spectrally integrated in the range of 600-900 nm, and the resulting 

values (Aint) were plotted against ICG concentrations to obtain a calibration curve. We then 

used the supernatants collected after fabrication of NETs, calculated Aint in the same 

fashion, and used those Aint in conjunction with the calibration curve to determine the 

amount of ICG present in the supernatant (msuper ≈ 1.99 µg). The initial amount of ICG in 

the loading buffer (113.25 µg) was subtracted msuper ≈ 1.99 µg to estimate the amount of 

ICG loaded in NETs (111.26 µg). 
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SMI System 

The SMI imaging system consisted of a digital micromirror device (DMD) chip 

projector equipped with a broadband high-pressure mercury (HPM) lamp (Dell MP2400, 

Round Rock, TX) (Figure 5.1). Illumination light was optically filtered to deliver 

excitation in the range of 710 ± 25 nm. An electron multiplier gained charge coupled device 

camera (Quant EM-CCD, C9100-14 Hamamatsu, Shizuoka-ken, Japan) equipped with an 

18-55 mm focal length lens (Nikon AF-S DX NIKKOR 18-55mm, Tokyo, Japan), and 

bandpass or longpass filters was used to collect reflectance (720 ± 5 nm) or fluorescence 

emission (> 785 nm), respectively. Exposure times of the camera were set to 50 ms and 2 

s for reflectance and fluorescence imaging, respectively. 

 

Figure 5.1 Reflectance and fluorescence spatial frequency imaging system. 

We created patterned grayscale sinusoidal illumination with the spatial intensity 

pattern (S):   

o x1 2π θ

2

[ cos( )]
,

+ +
=

S f x
S                                               (5.2) 
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where So, fx and θ are the illumination source intensity, spatial modulation frequency, and 

spatial phase offset, respectively. We used uniformly spaced values of fx ranging between 

0-0.50 mm-1 and θ = 0, 120 and 240°. For each fx, we averaged three images at a given 

phase, and obtained the amplitude envelope (MAC) by using a three-point amplitude 

demodulation method:158 

 

               (5.3) 

where I1, I2 and I3 represent the average intensity values of three images for a pixel in a 

given x and y position and a particular phase. We averaged three images to determine the 

amplitude of the DC (fx = 0 mm-1) component:  

                                      (5.4) 

 

Optical Property Estimation using the Diffusion Equation 

In order to estimate the optical properties on a pixel by pixel basis the light diffusion 

equation was used. The time independent form of the light diffusion equation in a turbid 

medium is: 

2
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where φ is the fluence rate (W•mm-2), z is depth, μeff = (3 μa μtr)
1/2 (mm-1) is the effective 

attenuation coefficient, μtr = (μa + µsˈ) (mm-1) is the transport coefficient, and q is the 

irradiance delivered by the source to the surface. Other parameters are defined as μa (mm-
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1) the absorption coefficient, μs (mm-1) the scattering coefficient, g the mean cosine of the 

scattering function, and µsˈ = μs(1−g) (mm-1) the reduced scattering coefficient. 

In response to the normal incident light modulated at a given kx (mm-1) (kx=2fx) in 

the lateral direction on the surface, and having phase (): 

o θ( )cos( )= +xq q z k x                                                 (5.6) 

the resulting fluence rate within the tissue will be 

o θ( )cos( ) = +xz k x                                                 (5.7) 

where qo = 3 µsˈ μtr Po exp(−μtr z), P0 is the irradiance delivered by the source, and kx is 

related to the spatial frequencies by fx= kx/2π. Inserting equations 5.6 and 5.7 into equation 

5.5, we form the 1D second-order Helmholtz equation for fluence rate as a function of 

depth:53 

2
2

o o o2
μ − = −eff

d
q

dz
                                                (5.8) 

where 

2 2 1/2μ μ( )


 = + =


eff eff x

eff

1
k                                              (5.9) 

 

and δ'eff is the effective penetration depth. The one-dimensional solution to equation 5.8, 

φo as a function of depth (z) is: 

o
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where a'= µsˈ / μtr is the reduced albedo and C is a constant defined as:159                                         
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In equation 5.11, A is a proportionality constant related to the effective reflection 

coefficient Reff:
159 
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where n is the refractive index. We calculated normalized fluence (φo,norm) as a function 

of depth by dividing all φo(z) values by φo(z = 0) for each spatial frequency. Finally, the 

diffuse reflectance (Rd) is defined as: 
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Using equation 5.13, we created a 2D map of Rd (fx=0 mm-1) (i.e., Rd in response 

to non-modulated illumination) vs Rd (fx=0.5 mm-1) for various values µa and µsˈ ranging 

between 0-3.00 mm-1 and incremented by 0.01 mm-1. This 2D map can subsequently be 

used to determine the values of µa and µsˈ from the measurements of Rd for a given sample.   

Second, MDC,ref (fx = 0 mm-1) and MAC,ref (fx = 0.50 mm-1) were measured using a reference 

sample with known optical properties (µa = 0 mm-1 and µsˈ = 1.0 mm-1) and Rd for the 

reference sample (Rd,ref) was calculated for fx (0 and 0.50 mm-1), µa = 0 mm-1 and µsˈ = 1 

mm-1. Third, a new measurement MDC,sample/MAC,sample, MDC,ref/MAC,ref, and Rd,ref was used 

to solve Rd,sample(x, y) (equation 5.14). Lastly, for both 0 and 0.50 mm-1, Rd,sample(x, y) and 

Rd from look up tables were then both used to determine µa and µsˈ using least squares 

minimization.53 These results were then used to calculate φo and ultimately φo,norm. 
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Fabrication of Tumor Phantoms Containing NETs 

Cylindrical gelatin phantoms were fabricated to represent a tumor mass containing NETs. 

Gelatin powder (Sigma Aldrich, St. Louis, MO, USA) at 10% concentration by mass 

dissolved in PBS was added to heated 1X PBS until dissolved. Once the gelatin solution 

cooled, intralipid was added as the scattering agent in the tumor phantom so µsˈ = 1 mm-1 

at 710 nm. NETs were added to the tumor phantom at a concentration of 0.5% by volume. 

Phantoms were then refrigerated for 12 hours to solidify. On following day, we cut chicken 

breast samples into 2 x 2 x 2 cm cubes and used a punch biopsy to cut holes into these 

samples to implant the tumor phantom. We then used the punch biopsy to cut tumor 

phantoms into 4 mm diameters in the lateral direction and 1 mm in the axial direction and 

implanted them into the chicken breast. Chicken flaps were cut into 2 x 2 cm squares with 

thickness of 2.5 mm and placed over the tumors to mimic the presence of tissue that overlie 

tumors. These chicken breast tissue phantoms were then imaged by the SMI system in both 

reflectance and fluorescence modes. Using the reflectance measurements, µa and µs' were 

determined and averaged. 

 

Animal Study 

Female Nu/J mice (20~25 g; 6-8 weeks) were purchased from Jackson Laboratory (Bar 

Harbor, Maine) and utilized in this study under a protocol approved by the University of 

California, Riverside Institutional Animal Care and Use Committee (A-20170038). We 
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implanted ≈ 1 × 107 SKOV3 cancer cells by intraperitoneal (IP) injection while each animal 

was anesthetized by 2% isoflurane in oxygen. After four weeks, we administered 100 µl of 

NETs suspension in 1X PBS by IP injection while the animals were anesthetized 2% 

isoflurane in oxygen.  

We estimated injected dosage of ICG delivered in NETs formulation as follows. 

Based on the amount of ICG loaded in NETs (111.26 µg), the effective concentration of 

ICG in NETs was 0.222 mg/ml. The effective concentration is an estimate of ICC 

concentration that would be dispersed in solution if NETs were disintegrated to release 

their ICG content. Given the injection volume of ≈ 0.1 ml into each mouse, and an average 

mouse weight of ≈ 20 g, dosage of ICG administered into an animal was ≈ 1.110 mg/kg. 

This injected dosage of ICG was lower than the lethal dosage in 50% of animals (LD50) of 

≈ 62 mg/kg in mice.160 

After 24 hours, five mice were anesthetized with ketamine (80 mg/kg)/xylazine (10 

mg/kg) and the whole body was imaged by the SMI system with eleven uniformly spaced 

fx ranging between 0-0.50 mm-1 (imaging parameters stated in SMI system methods 

section). Mice were then euthanized with compressed CO2 gas, and the abdomen was 

opened to expose the organs. We washed to abdominal cavity three times to remove NETs 

that were not uptaken by intraperitoneal tumors. The open abdomen was then imaged by 

the SMI system with eleven uniformly spaced fx ranging between 0-0.50 mm-1. For all 

representative images, fluorescence emission intensities were normalized by adjusting the 

minimum and maximum intensities. 
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Following euthanasia, liver, spleen, lung, intestine, heart, kidney, stomach and 

tumors with surrounding tissue were extracted and fluorescently imaged by the SMI 

system. Regions of interests (ROIs) were selected for each organ and the mean intensity 

(Ī) was calculated as: 

                                                       (5.15) 

where m is the total number of pixels in the ROI and Ij is the pixel intensity at the jth 

pixel of a given image.  

We subsequently used the estimated Ī values to compute the tumor to organ image 

contrast (CTumor-Organ): 
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where ĪT and ĪO represent the Ī for the tumor and each organ (liver, spleen, lung, intestine, 

heart, kidney) calculated independently and SDO represents the standard deviation (SD) of 

ĪO.  

 

Calculation of ICG Concentration using Imaging and Reference Phantoms  

Liquid reference phantoms were fabricated to create a calibration of fluorescence 

intensity and ICG concentration. Intralipid (Sigma Aldrich, St. Louis, MO, USA) was 

added to 1X PBS so that µsˈ = 1 mm-1 at 710 nm. This was estimated by creating a linear 

fit of previously measured µsˈ with intralipid concentration.161 ICG concentrations were 

added so that the final concentrations were 0.025, 0.050, 0.075 and 0.100 μM. The 
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phantoms were fluorescently imaged with the SMI system with fx = 0 mm-1 and average 

fluorescent intensities were calculated for each phantom. The resulting average fluorescent 

intensities were plotted against ICG concentrations to obtain a calibration curve (R2
 = 

0.998). The animal images and Ī values were used with the calibration curve to estimate 

the ICG concentration within the animal and organs. 

 

Quantitative Organ Analysis 

Extracted organs were then grinded using a tissue grinder (Omni International, Inc., 

Kennesaw, GA, USA), and then incubated in 4 ml of sodium dodecyl sulfate (SDS, Sigma 

Aldrich, St. Louis, MO, USA) solution (5% w/v in water) for one hour to lyse the cells 

causing the release of ICG.  Lysed organs in the SDS solution were centrifuged at 16,000g 

for 45 minutes at 4°C. The supernatants of the homogenized organs were collected, and the 

corresponding fluorescence emission spectra in response to 720 ± 2.5 nm excitation 

wavelength were recorded using the fluorimeter. ICG concentration in each organ was 

estimated by comparing the integrated fluorescence emission signal over the 735-900 nm 

spectral band with a calibration curve that related the integrated fluorescence emission over 

the same wavelength range to various concentrations of ICG in SDS solution. 

 

Results and Discussion 

NETs Characterization 

Illustrative hydrodynamic diameter distribution, absorption, and fluorescence spectra of 

NETs fabricated using 25 µM ICG in the loading buffer are presented in Figure 5.2. The 

mean peak hydrodynamic diameter of NETs estimated by dynamic light scattering was ≈ 
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101 nm (Figure 5.2a). These results are consistent with the measurements of the NETs 

diameter by transmission and electron scanning imaging.47,48 Since the hydrodynamic 

diameters of NETs are < 200 nm, they are likely to be effective for extravasation into 

tumors through the enhanced permeability and retention effect, induced by the leaky tumor 

vasculature and impaired lymphatic drainage.50,51  

Absorption at 280 nm originates from the presence of proteins on NETs. Absorption 

in the range of 600-900 nm with spectral peak and shoulder at 805 and 755 nm, 

respectively, correspond to the monomeric and aggregated forms of ICG.47,162 

Fluorescence spectrum in response to photo-excitation at 710 nm demonstrated an emission 

peak at 801 nm corresponding to the monomeric form of ICG.  

 

Figure 5.2 (a) Hydrodynamic diameter distribution of NETs as determined by DLS. Squares and 

error bars represent mean and SD of diameters, respectively (n = 8 measurements of the same 

sample). The estimated mean diameter as determined from log-normal fits (solid curves) was ≈ 101 

nm. (b) Absorption spectrum of NETs. (c) Fluorescence spectrum of NETs in response to photo-

excitation at 710 nm. The suspension of NETs in 1X PBS was diluted by factor of 200 for both 

absorption and χ(λ) measurements. ICG concentration used in the loading buffer to fabricate these 

NETs was 25 µM. 

 

Phantom Study 

Using reflectance SMI with fx = 0 and 0.5 mm-1 of our chicken breast tissue phantom, µa 

and µsˈ were determined using least squares minimization of Rd(x, y). We determined the 

mean ± SD of µa and µsˈ for our chicken breast tissue phantom to be 0.032 ± 0.008 and 
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0.1977 ± 0.035 mm-1, respectively. Although µa and µsˈ values are within the range of 

previously reported values, µa values were slightly higher than our sample tested.163 The 

difference in µa values may be due to slight variation in the optical properties of the chicken 

breast or an over estimation of µa due to minimal absorption.53 There was little to no 

increase in µa due to the low concentration (0.5%) of NETs in the simulated tumor. Using 

the optical properties of the phantom and equations 5.7 and 5.10, we calculated φo,norm for 

fx = 0, 0.05, 0.10, 0.20 and 0.4 mm-1 as a function of depth and lateral location (Figure 

5.3a-e).  

 
 

Figure 5.3 Normalized fluence profiles as a function of depth and lateral location for mean optical 

properties of the chicken breast phantom (µa = 0.028 mm-1, µsˈ = 0.179 mm-1) and spatial 

frequencies of (a) 0, (b) 0.05, (c) 0.10, (d) 0.20 and (e) 0.40 mm-1. (f) Normalized fluence profiles 

as a function of depth for greatest intensity of each spatial frequency.  

 

As fx increased, φo,norm decreased more rapidly for deeper depths. We present a summary 

for each φo,norm as a function of depth for the maximum intensity for each fx (Figure 5.3f). 

Within the tumor phantom location, φo,norm decreased as the spatial frequency increased. 
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However, with fx > 0.30 mm-1 there was little variation in φo,norm. For example, there was 

less than a 5% decrease in φo,norm as fx increased from 0.30 to 0.50 mm-1. Due to scattering, 

the tissue acts as a low pass filter, attenuating φo,norm at greater depths for high spatial 

frequencies.164 This low pass filtering property can be attributed to limiting the number of 

longer path length excitation photons which attenuates the excitation at deeper depths.54 

We present demodulated SMI fluorescent images of tumor phantom in response to 

illumination at fx = 0, 0.05, 0.10, 0.20 and 0.40 mm-1 (Figure 5.4a). The intensity of the 

images decreases with increased spatial frequency indicating low-pass spatial filtering 

properties of tissue. At fx = 0 mm-1, there was increased intensity in the phantom 

surrounding the simulated tumor from longer path length photons. Due to higher fluence 

values associated with the use of fx = 0.05-0.20 mm-1, tumor phantoms at depth of 2.5 mm 

could be more easily distinguished. For fx > 0.20 mm-1, tumor fluorescence dropped off 

rapidly similarly to the fluence plot. This suggests that SMI allows for enhanced contrast 

with selection of appropriate spatial frequencies. We quantified the contrast for the tumor 

to chicken phantom ratio (CTumor-Phantom) where the SD represents the standard deviation of 

the contrast derived from pixel intensity SD from the tumor and chicken phantom. As fx 

increased, contrast increased with maximal contrast at fx = 0.10 mm-1. The contrast of fx = 

0.10 mm-1 had ≈ 10-fold increase when compared to fx = 0 mm-1, which can be attributed 

to limitation of longer path photons. Whereas the decrease in contrast from fx = 0.10 mm-1 

to fx = 0.40 mm-1 is due to lower intensity of the tumor within the phantom. Although for 

this tumor phantom the optimal contrast was with fx = 0.10 mm-1, the fx to promote optimal 
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contrast may be different depending on the depth of tumor and optical properties of the 

tissue and tumor. 

 

Figure 5.4 (a) Fluorescence intensity map of a 4 mm diameter tumor phantom at depth of 2.5 mm 

below the surface in response to illumination at spatial modulation frequencies of 0, 0.05, 0.10, 

0.20 and 0.40 mm-1. Concentration of NETs within the tumor phantom was 0.5%. Scale bar at the 

right corresponds to the intensity of the demodulated images. White scale bar on image corresponds 

to 5 mm. (b) Tumor-phantom contrast for spatial modulation frequencies of 0, 0.05, 0.10, 0.20 and 

0.40 mm-1. 

 

Animal Study 

Top panel of Figure 5.5 shows representative color and fluorescent images for closed body 

mouse. There was highest intensity in the abdomen for both fx = 0 and 0.20 mm-1, 

suggesting that highest concentration of tumors resided in the abdomen. To investigate the 
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co-registration of color and NIR fluorescent images of NETs within tumors, we euthanized 

the mice, opened the body cavity and washed 3 times with 1X PBS to remove NETs that 

were not uptaken by any tumors or organs. We then fluorescently imaged the mouse open 

body using fx = 0-0.50 mm-1. Representative color and normalized fluorescence intensity 

images with fx = 0 and 0.20 mm-1 are shown in middle panel of Figure 5.5. For all mice, 

there were tumor nodules identified throughout the abdominal and thoracic cavities, with 

highest number of tumor nodules in the abdominal cavity. In several mice, tumors could 

be identified near the lungs and heart using color and fluorescent images. This indicates 

that the tumors metastasized above the diaphragm and that NETs were able to reach the 

tumors through the circulatory system. Small molecules and nanoparticles can enter the 

circulatory system by the portal system veins through the visceral peritoneum, mesentery 

and omentum or by systemic circulation through the parietal peritoneum or lymphatics.165–

167 For washed open body mice without tumors and injected with NETs there was little 

signal from both abdominal and thoracic cavities suggesting that a majority of the signal 

was from NETs within tumors (Figure 5.6) 
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Figure 5.5 Representative color images and normalized fluorescent intensities for closed body (top 

panel, washed open body mouse (middle panel) and excised organs (bottom panel) with spatial 

frequencies of 0 and 0.2 mm-1. Scale bar in the middle corresponds to normalized intensity of 

images for 0 or 0.2 mm-1. Arrows indicate tumor locations. White scale bar on image corresponds 

to 10 mm. 
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Figure 5.6 Representative color images and normalized fluorescent intensities for washed open 

body mouse for mice without tumors and with spatial frequencies of 0 and 0.2 mm-1. Scale bar in 

the middle corresponds to normalized intensity of images for 0 or 0.2 mm-1. White scale bar on 

image corresponds to 10 mm. 

 

We removed the organs and fluorescently imaged them. Representative excised organs 

are shown in the bottom panel of Figure 5.5. Due to the difficulty in visually identifying 

the tumor margins from healthy tissue, we removed surrounding tissue around the tumor 

nodules. In addition to tumor masses growing independently, there were also tumor masses 

attached to the organs that were removed. Although we removed tumors that we could 

visually see, there were some organs were tumor cells may have extravasated into the other 

organs. Excised tumors had higher intensities when compared to the other organs for both 

fx = 0 and 0.20 mm-1. However, when visually examining images with fx = 0.20 mm-1, it 

was easier to identify the tumor from the rest of the organs. The fluorescence intensity from 

the stomach could be due to the presence of tumors within the organ, chlorophyll (alfalfa) 

in the rodent diet,168 or from the NETs eliminated from the liver and excreted into the 

intestine via bile.169 
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To further explore the optimum fx, we looked at the CTumor-Organ for fx = 0-0.50 mm-1 and 

tumor/organ ratios for extracted organs. We observed significantly higher CTumor-Intestine for 

fx = 0.10-0.05 mm-1 when compared to fx = 0 mm-1 (Figure 5.7a). For example, with the 

highest significant frequency modulation of 0.20 mm-1, there was ≈ 3-fold higher contrast 

than fx = 0 mm-1. This higher CTumor-Organ can be attributed to reduced surface absorption 

due to the low sensitivity to absorption and high sensitivity to scattering for high frequency 

modulations.170 Due to the significantly higher CTumor-Intestine of 0.20 mm-1, we chose to 

compare the tumor/organ contrast for all organs using fx = 0 and 0.20 mm-1 (Figure 5.7a,b). 

For fx = 0.20 mm-1, there was greater CTumor-Organ for all organs with significantly greater 

contrast for lung, intestine, heart and kidney (Figure 5.7b). 

 

Figure 5.7 (a) Contrast mean and SD of tumor/intestine ratio for spatial frequencies of 0-0.5 

mm-1. (b) Contrast mean and SD of tumor against various organs for spatial frequencies of 0 

and 0.2 mm-1. In panels (a) and (b), statistically significant differences are indicated as *p < 

0.05 and **p < 0.01. 

 

Figure 5.8a shows representative images of the estimated ICG concentration in the 

mouse open body and ex vivo organs. The mean and SD estimated ICG concentrations for 

tumors were 0.098 ± 0.057 μM, which was significantly greater than the liver, spleen, lung, 

intestine, heart and kidney (Figure 5.8b). To determine the amount of ICG within the 
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organs, we digested the organs, measured the fluorescent of the lysate and compared 

against a calibration. The percent of initial dose (%ID) is shown in Figure 5.8c. Our 

quantitative organ analysis results compared had similar trend as the imaging concentration 

except for a slight increase for most of the organs except for the liver were there was a 

large increase. This increase is most likely due to the limitation in penetration depth due to 

the optical properties of the organ, which will underestimate thick organs with large values 

of µa.
171 Using the optical properties of rat liver (µa = 0.568 mm-1, µs = 6.796 mm-1, g = 

0.935) and fx = 0 mm-1, we calculated δ'eff to be ≈ 0.762 mm.171 This value suggests there 

may deviation in estimated ICG concentration through imaging for high absorbing and 

thick organs. The %ID of the tumor was significantly greater than the spleen, lung, 

intestine, heart, and kidney with %ID mean and SD of 8.25 ± 3.30%. The %ID of the liver 

was not significantly different than the tumor with %ID mean and SD of 8.55 ± 1.63%.  
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Figure 5.8 (a) Representative images of estimated ICG concentration for washed open body 

and excised organs. White scale bar on image corresponds to 10 mm. (b) Mean and SD of 

estimated ICG concentration determined by fluorescent images. (c) Mean and SD of estimated 

percent of ICG with respect to the initial dose injected using quantitative organ analysis. In 

panel (b) and (c), statistically significant differences are indicated as *p < 0.05 **p < 0.01. 

 

When %ID was compared for mice with and without tumors and with NETs injected 

there was no significant difference for all organs with the exception of the lung (Figure 
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5.9). The liver is an import organ for elimination of nanoparticles with approximately 30-

99% of administered nanoparticles ending up in this organ.172 Liver sinusoidal endothelial 

cells form the lining of capillaries and create sinusoidal fenestrations with pore diameters 

of ≈ 175 nm.172,173 If particles are smaller than the pore diameters sinusoidal containing 

Kupffer cell tissue macrophages can remove them from circulation.174 In addition, particles 

can undergo endocytosis by hepatocytes, secreted into bile to the duodenum and eliminated 

from the body.172 Nanoerythrosomes with diameters <100 nm have been reported to 

accumulate in both Kupffer cells and hepatocytes.175 

 

 

Figure 5.9 Mean and SD of estimated percent of ICG with respect to the initial dose injected 

using quantitative organ analysis for both mice with (n=5) and without tumors (n=3). 

Statistically significant differences are indicated as *p < 0.05 **p < 0.01. 

 

Conclusion 

In this study, we have presented the first demonstration of the use of NETs in 

conjunction with structured illumination to fluorescently detect ovarian tumor nodules. Our 
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results showed high accumulation of NETs within tumors 24 hours post-IP injection. We 

demonstrate enhanced contrast through the use of frequency modulations over 

conventional constant illumination. Lastly, our imaging results showed similar trends of 

concentration of ICG delivered by NETs when compare those values to quantitative organ 

analysis. These findings suggest that NETs can be used in conjunction with structured 

illumination for potential tumor imaging applications. 
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Conclusions 

These theoretical and experimental studies have revealed that has erythrocyte derived 

particles doped with indocyanine green may be used for potential biomedical imaging and 

therapeutic applications of cancer and port wine stains. We reported, for the first time, the 

optical properties of NETs as a function of their diameters and the ICG concentration level 

used in fabricating them. Our results demonstrate that for a given NETs diameter, values 

of µa increased over the approximate spectral band of 630 – 860 nm with increasing ICG 

concentration. Micron-sized NETs produced the highest peak value of µa when using ICG 

concentrations of 10 and 20 µM as compared to nano-sized NETs. For these NETs, spectral 

profiles of µsˈ were minimally affected by ICG concentration used in fabricating the NETs. 

Micron-sized NETs had higher values of µsˈ as compared to nano-sized NETs. Knowledge 

of the NETs optical properties establishes a framework for development of mathematical 

models aimed at predicting the optical response of biological tissues containing NETs. 

Additionally, optical properties of NETs are important in guiding the selection of 

appropriate light dosimetry parameters for various light-based biomedical application of 

NETs.  

Using theoretical models, we have demonstrated that NETs can be beneficial for 

NIR laser treatment of PWS. NETs can be fabricated with patient-specific optical 

properties to allow for a personalized treatment based on the size and depth of the blood 

vessels as well as the pigmentation of the individual’s skin. The use of NIR lasers in 

combination with NETs addresses key challenges in vascular phototherapy by reducing 

epidermal damage and increasing penetration to deeper blood vessels.   
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We have demonstrated the photo-theranostic capabilities of NETs for fluorescence 

imaging and photo-destruction of cancer cells, and subcutaneous xenograft tumors in mice. 

NETs are internalized by cancer cells, and localized to the lysosomes. NETs remain 

available within tumors at 24 hours post intravenous injection, and mediate the destruction 

of cancer cells and xenograft tumors through synergistic photochemical and photothermal 

effects at the irradiation parameters investigated. Our results indicate that NETs are capable 

of mediating photo-induced tumor destruction initiated by their localization to lysosomes 

with subsequent activation of Caspase-3, and culminated in tumor apoptosis.  

In this study, we have presented the first demonstration of the use of NETs in 

conjunction with structured illumination to fluorescently detect ovarian tumor nodules. Our 

results showed high accumulation of NETs within tumors 24 hours post-IP injection. We 

demonstrate enhanced contrast through the use of frequency modulations over 

conventional constant illumination. Lastly, our imaging results showed similar trends of 

concentration of ICG delivered by NETs when compare those values to quantitative organ 

analysis. These findings suggest that NETs can be used in conjunction with structured 

illumination for potential tumor imaging applications. 
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