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ABSTRACT OF THE DISSERTATION 
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Doctor of Philosophy, Graduate Program in Biochemistry and Molecular Biology 
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Dr. Bahman Anvari, Chairperson 

 

Erythrocyte-derived delivery platforms have potential for personalized 

theranostics. Key advantages of using this platform include: improved biocompatibility 

based on fabrication of the constructs from autologously-derived blood, extended in vivo 

circulation time, tunable size (ranging from nano- to micron-size scale) to provide 

capability for various clinical applications ranging from tumor to vascular imaging, 

encapsulation of various payloads (fluorescent probe and/or chemotherapeutic drug), and 

surface modification for targeted specific biomarkers. In particular, erythrocyte-derived 

nanoparticles can be doped with near infrared (NIR) chromophores, such as FDA-

approved indocyanine green (ICG) and functionalized with antibodies to provide dual 

capabilities for targeted near-infrared imaging and phototherapy. We demonstrate the 

synthesis and characterization of these structures, as well as, their capability for in vitro 

targeting of cancer cells. Furthermore, we studied the effects of particle size on 
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biodistribution and toxicological evaluation of erythrocyte-derived constructs in healthy 

mice. In addition, these erythrocyte-derived platforms can be customized for light-

triggered combined chemotherapy and phototherapy by co-loading doxorubicin (DOX) 

and ICG.
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Introduction 

My doctoral research involves the fabrication of biological nanoparticles for biomedical 

application. In particular, our group has engineered erythrocyte-derived nano-constructs 

which can be doped with near infrared (NIR) chromophores such as indocyanine green 

(ICG), currently the only FDA-approved NIR chromophore 1-3. We refer to these 

constructs as NIR Erythrocyte-derived Transducers (NETs), since once they are photo-

activated by NIR excitation, they can transduce light to emit fluorescence or generate 

heat. Use of NIR excitation wavelengths (≈700-1450 nm) is particularly advantageous 

since there is minimal light absorption and scattering by endogenous biomolecules, 

resulting in increased optical penetration depth on the order of ≈2-3 cm 4. As a NIR 

chromophore, ICG has been utilized in an array of medical diagnostics, ranging from 

ophthalmic angiography to biopsy of sentinel lymph nodes 5-9. Unfortunately, ICG is non-

specific, and short-lived in plasma (half-life on the order of ≈ 2-3 minutes) due to rapid 

clearance by hepatocytes. Therefore, it is important to develop techniques to sustain ICG 

circulation. One approach is to encapsulate ICG into erythrocyte-derived nanoparticles. 

Normal erythrocytes have long circulation times of ~90-120 days 10.  Therefore, 

encapsulation of chromophores such as ICG into nano-constructs that preserves the 

molecules (e.g., CD47) responsible for camouflaging of the carrier, can potentially lead 

to increase circulation time 10. Other key advantages of NETs are that they are potentially 

non-immunogenic, and non-toxic since they can be derived autologously or from the 

biocompatible blood types. Finally, the surface of NETs can be functionalized with 
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entities (e.g., antibodies) with molecular recognition capabilities to achieve site-targeted 

delivery.  

Most of my dissertation research focuses on the surface modification of NETs for 

active targeting of cancer cells for fluorescence imaging as well as combinatorial chemo-

phototherapeutics. In addition to this work, I contributed to studies elucidating the 

biodistribution and cytotoxicity of NETs in healthy mice which will not be highlighted in 

this proposal. 
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Chapter 1. Erythrocyte-derived nano-probes functionalized 

with antibodies for targeted near infrared fluorescence 

imaging of cancer cells 

1.1 Abstract 

Constructs derived from mammalian cells are emerging as a new generation of nano-

scale platforms for clinical imaging applications. Herein, we report successful 

engineering of hybrid nano-structures composed of erythrocyte-derived membranes 

doped with FDA-approved near infrared (NIR) chromophore, indocyanine green (ICG), 

and surface-functionalized with antibodies to achieve molecular targeting. We 

demonstrate that these constructs can be used for targeted imaging of cancer cells in 

vitro. These erythrocyte-derived optical nano-probes may provide a potential platform for 

clinical translation, and enable molecular imaging of cancer biomarkers. 

1.2 Introduction  

Fluorescence imaging using near infrared (NIR) wavelengths, particularly in the range 

between 700-1450 nm, continues to be an important imaging modality in clinical and 

biomedical applications. There are two key advantages to the use of NIR wavelengths. 

First, the NIR “transparency window” facilitates relatively deep penetration of light, on 

the order of 2-3 cm, due to the reduced absorption of photons by water and proteins, as 

well as the diminished scattering within the NIR spectral band 1-3. Second, given that 
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there is minimal auto-fluorescence in NIR spectral bands, the use of an exogenous 

fluorescent probe enhances the image contrast. 

Intraoperative NIR fluorescence imaging has gained entry into early clinical 

studies 1. By combining NIR fluorescent probes with molecular targeting agents, the 

specificity of such probes can be enhanced. One particular NIR exogenous chromophore 

is indocyanine green (ICG). To-date, ICG remains the only FDA-approved NIR dye for 

specific imaging applications, and one of the least toxic agents administered to humans 1. 

In addition to its current clinical imaging usage for specific indications such as choroidal 

circulation 4, ICG has been investigated for sentinel lymph node mapping in patients with 

various types of cancer 5-9, and imaging of intracranial aneurysm and cerebral 

arteriovenous malformations 10-11. 

Despite its use in such medical applications, the major drawbacks of ICG include 

its non-specificity, and short half-life within plasma (≈ 2-4 min). Encapsulation into 

nano-sized structures has been investigated as an approach to shield ICG from non-

specific interactions with plasma proteins, and extend its circulation time. To-date, ICG 

has been encapsulated into various nano-sized constructs including those composed of 

micelles, liposomes, synthetic polymers 12-15, calcium phosphate 16, and silica and silicate 

matrices 17-18. We have previously reported on encapsulation of ICG into polymeric 

nanoparticles, coated with poly ethylene glycol (PEG), as a technique to increase the 

blood circulation time of ICG and delay this hepatic accumulation up to an hour 19. 

 Mammalian cells such as erythrocytes, lymphocytes, and macrophages are receiving 

increased attention as new types of platforms for the delivery of therapeutic or imaging 
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agents 20-25. A particular feature of normal erythrocytes that distinguishes them from 

other cell types is their naturally long circulation time (≈ 90-120 days), attributed to the 

presence of “self-marker” proteins on their surface to inhibit immune response 23, 25. One 

putative self-marker is CD47 glycoprotein 26-27, which impedes phagocytosis through 

signaling with the phagocyte receptor, SIRPα (CD172a) 28-29 Therefore, a key potential 

advantage of erythrocytes as a delivery platform is that by making their cargo (e.g. ICG) 

available over a long time, imaging may be performed over an extended time.  

Our group recently reported the first successful engineering of nano-sized 

structures derived from erythrocytes doped with ICG, and their utility as light-activated 

theranostic agents for fluorescence imaging and photothermal destruction of human cells 

30. We refer to these constructs as NIR erythrocyte-derived transducers (NETs). 

Expanding on our previous work, in this paper we report for the first time the successful 

functionalization of the NETs surface with antibodies as molecular recognition 

biomolecules, and demonstrate the utility of antibody-functionalized NET as nano-probes 

for specific NIR fluorescence imaging of cancer cells in vitro. 

1.3 Materials and Methods 

1.3.1 NETs fabrication and functionalization with monoclonal antibodies  

Erythrocytes were separated from bovine whole blood (Rockland Immunochemicals, 

Inc., Limerick, PA) by centrifugation (1000×g, 5 min, 4°C). Plasma and the buffy coat 

were discarded, and the resulting packed erythrocytes were washed three times in 1x (≈ 

320 mOsm) phosphate buffer saline (PBS). Packed erythrocytes were then subject to 
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hypotonic treatment (1 ml of 0.25x PBS (≈ 80 mOsm), pH=8, 5 min, 4°C), after which 

they were centrifuged (20,000×g, 15 min, 4°C). The supernatant was discarded. 

Hypotonic treatment of erythrocytes in 0.25x PBS, and centrifugation was repeated until 

hemoglobin was removed, resulting in an opaque white pellet. The pellet was 

resuspended in 1 ml of 1x PBS. Upon completion of this step, hemoglobin-depleted 

micron-sized erythrocyte ghosts (EGs) were obtained. 

To demonstrate proof-of-principle, we chose antibodies against the human 

epidermal growth receptor (HER2) as the test antibody to functionalize the NETs. HER2 

is a clinically important receptor biomarker involved in carcinogenesis of various solid 

tumors, particularly breast, colorectal, non-small cell lung cancer, and ovarian cancer 31-

32. Nevertheless, our approach can be readily used to functionalize the NETs with other 

antibodies. 

The functionalization process was as follows, and shown in Figure 1.1. First, we 

activated the aldehyde functional groups on anti-HER2 (30 µg) (Santa Cruz 

Biotechnology, Inc., Dallas, TX) using oxidation with sodium periodate (10 µl of 100 

mM) (Sigma Aldrich, St. Louis, MO). Excess oxidizing agent was removed by filtering 

the activated anti-HER2 through 50k Amicon Ultra-4 centrifuge filter units (Millipore, 

Temecula, CA). Next, to covalently attach the activated anti-HER2 to the NETs surface, 

we used a linker molecule, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-

polyethylene glycol-amine (DSPE-PEG-NH2) (2000 Da) (Nanocs, Inc, New York, NY), 

connected to the surface of EGs through lipid insertion in water followed by filtration and 

exchange of buffer to 1x PBS through 50k Amicon Ultra-4 centrifuge filter units 
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(Millipore, Temecula, CA). A similar lipid insertion method of a linker molecule has 

been reported for functionalization of erythrocyte membrane-cloaked polymeric 

nanoparticles 33. 

We then extruded the EGs bearing lipid-inserted DSPE-PEG-NH2, and suspended 

in 1 ml of PBS containing 100 µM of ICG, 20 times through 400 nm polycarbonate 

porous membranes followed by 20 additional extrusions through 100 nm diameter 

membranes using an Avanti mini extruder (Avanti Polar Lipids, Inc., Alabaster, Al). This 

step results in loading of ICG into the EGs to form NETs. NETs bearing lipid-inserted 

DSPE-PEG-NH2 were mixed with activated anti-HER2 for five minutes, and then 

incubated with 5 µl of 20 mM sodium dithionite, as the reducing agent, for 30 minutes at 

4 °C to finally produce NETs functionalized with anti-HER2. Excess reducing agent was 

removed, and anti-HER2 functionalized NETs were isolated through ultra-centrifugation 

(≈53,000g, 1 hour, 4ºC). The supernatant was discarded. The pellet was washed three 

Figure 1.1: Schematic of the methodology to fabricate NETs functionalized with antibodies. The various steps are 

defined as follows: (1) hemoglobin depletion; (2) lipid insertion of linker molecule DSPE-PEG-NH2; (3) 

sequential extrusion through 400 nm and 100 nm porous membranes, and ICG loading; (4a) antibody oxidation to 

activate the aldehyde groups; and (4b) antibody conjugation by reductive amination.. 
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times, and resuspended in 1 ml of 1x PBS, and stored in the dark at 4 ºC. The procedure 

for fabrication of non-functionalized NETs was similar as above except that EGs without 

any additional surface modification were suspended in 1 ml of 1x PBS containing 100 

µM of ICG, and extruded. 

1.3.3 Characterization of NETs 

The hydrodynamic diameters of non-functionalized and anti-HER2 functionalized NETs 

were measured by dynamic light scattering (DLS) (Zetasizer Nanoseries, NanoZS90, 

Malvern Instruments, Malvern, UK). The absorption spectra of non-functionalized and 

anti-HER2 functionalized NETs 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 spectra of non-functionalized and anti-

HER2 functionalized NETs were acquired in response to photo-excitation at 650 nm 

excitation with a 450W xenon lamp, and recorded using a fluorometer (Fluorolog-3 

spectrofluorometer, Edison, NJ). 

To prepare samples for scanning electron microscopy (SEM) imaging, samples 

were fixed with 2.5% glutaraldehyde, overnight. Then, 10 µl of sample was added to 

poly-L-lysine coated slide for 5 minutes, dried (Critical-point-dryer Balzers CPD0202), 

sputter coated with platinum, and imaged with SEM FEI NNS450. To confirm successful 

antibody-functionalization, non-functionalized NETs (control) and anti-HER2 

functionalized NETs were incubated with FITC-labeled secondary rabbit antibody (30 

µg) (Life Technologies, Carlsbad, CA) for 1 hour. Excess secondary antibody was 

filtered through 100k Amicon Ultra-4 centrifuge filter (Millipore, Temecula, CA). The 
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FITC fluorescence spectra were acquired in response to photo-excitation at 488 nm with 

a 450W xenon lamp, and recorded using a fluorometer (Fluorolog-3 spectrofluorometer, 

Edison, NJ).  

1.3.4 Aggregation assessment 

To assess possible aggregation of the NETs, particularly after functionalization, both 

non-functionalized and functionalized NETs were pelleted and re-suspended in 1 ml of 

either 1x PBS, Rosewell Park Memorial Institute (RPMI) 1640 cell culture medium 

(Mediatech, Inc, Manassas, VA), or RPMI 1640 supplemented with 10% fetal bovine 

serum (FBS) (Thermo Fisher Scientific, Waltham, MA). The hydrodynamic diameter 

distributions were obtained by DLS within 1-2 hours of incubation of the particles with 

each of the three dispersion agents. 

1.3.5 Assessment of NETs absorption stability 

We used miron-sized (non-extruded) EGs to fabricate non-functionalized NETs. EGs 

were incubated with hypotonic buffer (Na2HPO4/ Na2H2PO4, 140 mOsm, pH 5.8), and 

ICG dissolved in water so that the ICG concentration in this loading solvent was 50 μM. 

Suspensions were then incubated for five minutes at 4 °C in dark, centrifuged at 

20,000g for 15 minutes, and washed twice with 1x PBS to remove any non-

encapsulated ICG. The resulting micron-sized NETs were re-suspended in cold 1x PBS 

buffer solution. We obtained the absorption spectra of the NETs suspended in 1 ml of 1x 

PBS immediately after fabrication (Day 0), and at every other day post-fabrication for up 

to 8 days.  
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1.3.6 Assessment of CD47 presence on NETs  

To access for the presence of CD47 on the surface of NETs, we incubated non-extruded 

(micron-sized) EGs (positive control), and non-functionalized nano-sized NETs 

fabricated after extrusion of the EGs (as described in section 2.1) with FITC-labeled anti-

CD47 (4 µg) (Santa Cruz Biotechnology, Inc, Dallas, TX) for one hour at 4 ºC. As the 

negative control sample, we used Texas Red-labeled liposomes (which lack CD47), and 

incubated them with FITC-labeled anti-CD47 in a similar manner as those used for 

incubation of EGs and NETs. Excess and unbound antibody were removed by 

centrifugation (≈53,000g, 1 hour, 4ºC). Fluorescence emission spectra of all samples 

were acquired in response to photo-excitation at 488 nm with a 450W xenon lamp, and 

recorded using the fluorometer.  

1.3.7 Targeted fluorescence imaging of cancer cells  

To validate the effectiveness of anti-HER2 functionalized NETs in targeting the HER2 

receptors, we used two types of human epithelial ovarian cancer cells, SKOV3 and 

OVCAR3, which have relatively high and low HER2 expression levels, respectively 34-35. 

We added 100 µl of SKOV3 or OVCAR3 cell suspension (≈106 cells/ml) in RPMI 1640 

medium supplemented with 1% Penicillin/Streptomycin, and 10% FBS (ATCC, 

Manassas, VA) to each well of a 96-well flat bottom micro-titer plate. Cell suspensions 

were plated in 5% CO2 overnight. On the following day, the old culture medium was 

replaced with fresh medium. We incubated the cells at 37 °C with 100 µl of 1x PBS 

(negative control), ≈ 9 µM free ICG (negative control), non-functionalized (positive 
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control), or anti-HER2 functionalized NET, in separate wells for two hours in the dark. 

Cells were subsequently washed twice with 1x PBS, and finally incubated with 4',6-

diamidino-2-phenylindole (DAPI) for 15 minutes to stain the nuclei for fluorescence 

imaging.  

NIR fluorescence emission (> 770 nm) in response to 740 ± 35 nm excitation by a 

Nikon halogen lamp was captured by an electron multiplier gained CCD camera (Quant 

EM-CCD, C9100-14 Hamamatsu, Shizuoka-ken, Japan). The camera exposure time was 

set at 0.7 s. Fluorescence emission from DAPI in the range of 435–485 nm was collected 

in response to 360 ± 20 nm excitation by a Nikon halogen lamp. We present falsely 

colored microscopic fluorescent images as the overlay of the NIR emission due to ICG 

(red channel), and visible emission due to DAPI-stained nuclei (blue channel). 

1.3.8 Calculations 

NETs per mL of blood: 

https://bionumbers.hms.harvard.edu/bionumber.aspx?s=n&v=2&id=107602 

Reference: Ballas SK. Erythrocyte concentration and volume are inversely related. Clin 

Chim Acta. 1987 Apr 30 164(2):243-4. p.243 top paragraph PubMed ID 3594914 

SRBC = 140 μM2  

NRBC = 5.0 x 106/μL  

Surface Area (S) = 4πr2 

rNET =  0.05 μM (dNET = 100 nm)  

https://bionumbers.hms.harvard.edu/bionumber.aspx?s=n&v=2&id=107602
https://bionumbers.hms.harvard.edu/redirect.aspx?pbmid=3594914&hlid=
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SNET = 0.0314 μM2 

NNET = SRBC * NRBC / SNET  ≈ 2.23 x 1013 NETs per mL of blood 

 

Max number ICG molecules per NET: 

𝑉 =
4

3
𝜋𝑟3 

rNET =  50 nm (dNET = 100 nm)  

dlipid membrane = 6 – 8 nm  

rNET interior = 42 nm  

VNET = 3.10 x 10-16 cm3 

# of molecules = N * density * volume / MW  

Density of water = 1 g/cm3 

Molecular Weight (MW) of ICG = 774 g/mol 

N (Avogadro’s number) 6.022 x 1023 molecules/mol  

ICG molecules per NET ≈ 2.41 x 105 ICG/NET 
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Effective number of ICG molecules 

Example 1: ID-NETs  

1xNETs = NETs fabricated from 1mL of whole blood  

Loading concentration ≈ 775 μM ICG  

Effective concentration ≈ 690 μM (10xNETs sample), estimated by calibration of ICG in 

water 

1ml of 1xNETs = 53.4 μg of ICG 

Neffective ICG = Meffective ICG x N/MWICG = 4.15 x 1016 molecules of ICG /mL of blood  

Neffective ICG/NET = Neffective ICG/NNET ≈ 1863 molecules of ICG/NET  

 

Example 2: NETs (Chapter 3)  

Loading concentration = 15 μM ICG (11.6μg/mL)  

Loading efficiency ≈ 25%  

Neffective ICG = Meffective ICG x N/MWICG = 2.26 x 1016 molecules of ICG /mL of blood  

Neffective ICG/NET = Neffective ICG/NNET ≈ 101 molecules of ICG/NET  
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1.4 Results and Discussion 

1.4.1 Characterization of NETs  

In Figure 1.2A, we present the diameter distributions for populations of non-

functionalized and anti-HER2 functionalized NETs, as determined by the DLS technique.  

The estimated mean peak diameter of non-functionalized NETs was ≈ 162 nm with full 

width at half maximum (FWHM) diameter value of ≈ 85 nm. Upon functionalization with 

anti-HER2, the mean peak diameter increased to ≈ 252 nm, suggesting that the thickness 

of the DSPE-PEG-NH2 linker and the antibody grafted onto the NETs was ≈ 45 nm. The 

FWHM diameter value for population of anti-HER2-functionalized NETs increased to ≈ 

225 nm, suggesting possible aggregation among the particles. 

We present an SEM image of anti-HER2 functionalized NETs in Figure 1.2B. As 

demonstrated by this image, the morphology of the anti-HER2 functionalized NETs was 

Figure 1.2: (A) Diameter distributions of non-functionalized, and anti-HER2 functionalized NETs as determined by 

dynamic light scattering. We present the mean of three measurements on each of the samples with error bars 

representing the standard deviations from the mean. We fitted Lorentzian functions to the measured diameter 

distributions (solid curves). (B) Illustrative SEM image of anti-HER2 functionalized NETs. Scale bar = 500 nm. 
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nearly spherical, and the diameter values were consistent with those as determined by the 

DLS technique. 

We validated the functionalization of NETs using a secondary antibody labeled 

with FITC. As show in Figure 1.3A, the fluorescence emission spectrum of the NETs 

bearing the primary anti-HER2 and the secondary antibody showed a spectral peak at 520 

nm, associated with FITC, in response to photo-excitation at 488 nm, confirming the 

successful grafting of anti-HER2 onto the NETs.  

In Figure 1.3B, we present the extinction spectra, resulting from the combined 

effects of absorption and scattering, for non-functionalized and anti-HER2 functionalized 

NETs. The spectra in the 650-900 nm range were nearly identical, and attributed to the 

presence of ICG. Specifically, spectral peaks at ≈ 735 nm and 795 nm are associated with 

absorption by H-like aggregate and monomeric forms of ICG, respectively 36. The value 

at 280 nm is predominantly associated with the absorption of membrane proteins on 

NETs, and increased from ≈ 0.16 for non-functionalized NETs to ≈ 0.45 for anti-HER2 

functionalized NETs. We attribute this increase to the presence of the antibodies 

Figure 1.3: (A) Fluorescence emission spectra of non-functionalized NETs, and NETs functionalized with primary 

and FITC-labeled secondary antibodies. Photo-excitation wavelength was 488 nm, and fluorescence emissions > 508 

nm were recorded. (B) Extinction spectra of non-functionalized, and anti-HER2 functionalized NETs. (C) 

Fluorescence emission spectra of non-functionalized an anti-HER2 functionalized NETs. Photo-excitation wavelength 

was 650 nm, and fluorescence emissions > 665 nm were recorded. 
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successfully grafted onto the NETs. The overall increase in the extinction values 

associated with anti-HER2 functionalized NETs up to 600 nm is likely due to increased 

scattering by these particles, resulting from both an increase in diameter at the individual 

particle level after functionalization as well as possible aggregation among some of the 

particles. As demonstrated in Figure 1.3C, the fluorescence emission spectrum of anti-

HER2 functionalized NETs resembled that of the non-functionalized NETs, indicating 

that functionalization did not alter the emission characteristics of the NETs. In response 

to photo-excitation at 650 nm, there were spectral peaks at ≈ 700 and 798 nm, which 

correspond to the H-like aggregate and monomeric forms of ICG, respectively.  

1.4.2 Aggregation assessment 

As evidenced by the results shown in Figure 1.4A, the mean peak diameter for these 

populations of non-functionalized NETs increased from ≈ 197 nm to ≈ 278 nm when 

changing the incubation medium from 1x PBS to RPMI 1640. The FWHM diameter 

value correspondingly increased from ≈ 98 nm to 187 nm. These increased values in peak 

and FWHM diameters are suggestive of the aggregation of non-functionalized NETs in 

RPMI cell culture medium. Similar aggregation effects have been reported for gold 37 and 

TiO2 
38 nanoparticles when incubated in RPMI cell culture medium. The RPMI 1640 cell 

culture medium includes a variety of inorganic salts (e.g., sodium chloride, and sodium 

bicarbonate) in addition to various amino acids, vitamins, and glucose. The increased salt 

level reduces the electrostatic repulsion among the particles, leading to their aggregation 

38. When incubated in 10% FBS-supplemented RPMI cell culture medium, which is 

representative of physiological environment, the mean peak and FWHM diameter values 
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were reduced to ≈ 157 nm and 74 nm, respectively, suggesting a reduction in aggregate 

fractions within the population. Adsorption of FBS proteins (predominantly albumin) on 

the surface of NETs can possibly lead to steric stabilization to produce strong repulsions 

among the particles, leading to reduced agglomerate content 38-40.  

In Figure 1.4B, we present the diameter distribution profiles for anti-HER2 

functionalized NETs incubated in 1xPBS, RPMI 1640 cell culture medium, or RPMI 

1640 supplemented with 10% FBS. The mean peak diameter for these populations of 

anti-HER2 functionalized NETs was lowered from ≈ 307 nm to ≈ 272 nm when changing 

the incubation medium from 1x PBS to RPMI 1640. The FWHM diameter value 

correspondingly decreased from ≈ 176 nm to 167 nm. These decreased values in peak 

and FWHM diameters suggest that the presence of increased salt content within the 

RPMI 1640 cell culture medium was not sufficient to reduce electrostatic repulsions 

among the anti-HER2 functionalized NETs and cause further aggregation. However, 

Figure 1.4: Hydrodynamic diameter distributions for (A) non-functionalized, and (B) anti-HER2 functionalized NETs 

incubated in 1xPBS, RPMI 1640 cell culture medium, and RPMI 1640+10% FBS. Each symbol on the plots represents 

the average diameter value of three populations of either non-functionalized or anti-HER2 functionalized NETs. 

Measurements were fitted by Lorentzian functions (solid traces).  
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when incubated in the physiologically-relevant medium of RPMI 1640 supplemented 

with 10% FBS, the peak and FWHM diameter values correspondingly decreased to ≈ 173 

nm to 68 nm, indicating that there was considerable reduction in the aggregate fractions 

within the population of anti-HER2 functionalized NETs. Again, this reduced 

agglomerate content may result from adsorption of FBS serum proteins (mainly albumin) 

on the surface of anti-HER2 functionalized NETs. 

1.4.3 Absorption stability of NETs 

As shown in Figure 1.5, the absorption spectra of NETs remained nearly stable for at 

least 8 days post-fabrication. The absorbance value associated with the monomer form of 

ICG at 804 nm was reduced by only 5%, suggesting that this fraction of ICG may have 

leaked out over 8 days.  

1.4.4 Presence of CD47 

In Figure 1.6, we present the fluorescence emission spectra of micron-sized EGs (non-

extruded) (positive control), nano-sized NETs (extruded) conjugated with FITC-labeled 

Figure 1.5: Time-dependent absorption spectra of non-functionalized NETs post-fabrication 
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anti-CD47, and Texas Red-labeled liposomes (negative control).  The presence of CD47 

on both micron-sized (non-extruded) EGs and nano-sized NETs (formed after extruding 

the EGs) was confirmed by the fluorescence emission spectra, which showed spectral 

peaks associated with FITC at 520 nm.  These results also suggest that the membranes on 

NETs remained as the right-side-out to accommodate anti-CD47 binding. The liposomes 

only showed an emission peak associated with Texas Red at 609 nm, indicating that they 

did not bind to anti-CD47. 

1.4.5 Specific molecular targeting using functionalized NETs  

We investigated the specific molecular targeting capability of functionalized NETs by 

fluorescence imaging of OVCAR3 and SKOV3 cancer cells, which have relatively low 

and high expression levels of the HER2 receptor. The overlay of the visible fluorescence 

emission due to DAPI (falsely colored in blue) and NIR emission due to ICG (falsely 

Figure 1.6: Fluorescence emission spectra of micron-sized EGs (non-extruded) (positive control), nano-sized 

NETs (extruded) conjugated with FITC-labeled anti-CD47, and Texas Red-labeled liposomes (negative control). 

Emission spectra from EGs and NETs show FITC-associated spectral peaks at 520 nm (488 nm photo-excitation 

wavelength), indicating the presence of CD47. Liposomes exhibited an emission peak associated with Texas 

Red at 609 nm (488 nm photo-excitation wavelength). 
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colored in red), corresponding to OVCAR3 and SKOV3 cells, are shown in Figures 1.7A 

and 1.7B, respectively. There was minimal NIR emission from OVCAR3 cells following 

two hours of incubation with anti-HER2 functionalized NETs at physiological 

temperature (37 °C). However, NIR emission from SKOV3 was detected after two hours 

of incubation with anti-HER2 functionalized NETs, indicating the effectiveness of these 

nano-constructs in targeting HER2. We quantified the fluorescence emission from the 

cell images by integrating the emission over the spectral band > 770 nm. Results of such 

quantification are shown in Figure 1.7C. The integrated NIR emission from SKOV3 cells 

was nearly 11 times higher than that from OVCAR3 cells, indicating the effectiveness of 

anti-HER2 functionalized in targeted fluorescence imaging of SKOV3 cells that have 

high over-expression of HER2 receptors.   

To further validate the specificity of anti-HER2 functionalized NETs in targeting 

the HER2 receptors, we incubated the SKOV3 cells with 1x PBS and free (non-

encapsulated) ICG as negative controls, non-functionalized NETs (positive control), and 

Figure 1.7: Fluorescent images of (A) OVCAR3 cells (low HER2 expression), and (B) SKOV3 cells (high HER2 

expression) following two hours of incubation at 37 °C with anti-HER2 functionalized NETs. Images are falsely 

colored. Blue channel: DAPI. Red channel: NIR emission due to ICG. (c)  NIR fluorescence emission of images (a-b) 

integrated over the >770 nm spectral band. 
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anti-HER2 functionalized NETs for two hours at 37 °C. Results of these experiments are 

presented in Figure 1.8. As shown in Figures 1.8A-1.8D, while there were none or 

minimal NIR emission from SKOV3 cells incubated with the control agents, NIR 

emission was detected from these cells following incubation with anti-HER2 

functionalized NETs. NIR emission from these cell images was quantified as spectrally 

integrated emission values, and presented in Figure 1.8E, after subtracting the integrating 

emission from cells incubated in 1x PBS. The integrated NIR emission from SKOV3 

cells incubated with anti-HER2 functionalized NETs was nearly 2.5 times higher than 

that of the SKOV3 cells incubated with non-functionalized NETs. The fluorescence 

emission from SKOV3 cells incubated with free ICG and non-functionalized NETs can 

be attributed to non-receptor mediated endocytosis. Anti-HER2 functionalized NETs 

undergo receptor-mediated endocytosis, and can be fluorescently imaged within the 

SKOV3 cells. These results confirm that specific targeting of HER2 receptors at 

physiological temperature can be achieved with anti-HER2 functionalized NETs, and 

Figure 1.8: Fluorescent images of SKOV3 cells following two hours of incubation at 37 °C with (A) 1x PBS, (B) free 

ICG, (C) non-functionalized NETs, and (D) anti-HER2 functionalized NETs. Images are falsely colored. Blue channel: 

DAPI. Red channel: NIR emission due to ICG. (E) NIR fluorescence emission of images (A-E) integrated over the 

>770 nm spectral band. 
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demonstrate the potential of NETs equipped with molecular recognition biomolecules for 

targeted imaging of cancer cells.  

To the best of our knowledge, this is the first report of successful engineering of 

nano-sized optical vesicles derived from erythrocyte-derived and functionalized at the 

surface with antibodies for targeted NIR imaging of cancer cells. NETs offer several 

potential advantages: As constructs that can be engineered autologously, or from 

compatible blood types, NETs may potentially serve as non-immunogenic, and non-toxic 

platforms for optical imaging. In a previous in vitro study, we demonstrated human cells 

remained viable after incubation with NETs 30. While the biocompatibility of NETs needs 

to be ultimately established, Flower et al. reported no immune or allergic responses, even 

after multiple injections of ICG-loaded human-derived EGs into monkeys and rabbits 41. 

While the in vivo circulation kinetics of NETs has yet to be determined, Hu et al., 

reported that 80 nm diameter nano-constructs, composed of a poly (lactic-co-glycolic 

acid) core coated with erythrocyte-derived membranes, were retained in mice blood for 

three days with circulation half-life of nearly 40 hrs 42. Rahmer et al. demonstrated that 

EGs loaded with superparamagnetic iron oxide nanoparticles were detectable in mice 

blood 24 hrs after tail vain injection 43. A mean circulation half-life of 21.6 days has been 

reported for unloaded autologously-derived EGs in healthy humans 44. Bossa et al. 

reported detectable levels of autologously-derived EGs containing dexamethasone in 

plasma of humans at 14 days post-infusion 45. In a recent study, Rao et al. demonstrated 

that erythrocyte-membrane coated Fe3O4 nanoparticles were retaind in mice circulation at 

48 hours post injection 46. 
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NETs are constructed easily at non-extreme temperatures (in the range of 4-25°C) 

without the use of any major chemical synthesis procedures. They are also are highly cost 

effective and fabricated without the need for expensive equipment. Currently, only a few 

liposomal drugs, none with targeting capability and none with imaging capability, have 

been approved by the FDA for different clinical applications 47. Other presently non-FDA 

approved nano-based platforms are in various phases of clinical studies, 48-49 emphasizing 

the importance of such constructs in biomedicine. NETs provide a new class of optical 

nano-constructs, and may have widespread implications in medicine, particularly in 

relation to imaging of different cancer types. Moreover, NETs offer the potential to 

overcome the existing limitations of ICG (i.e., short half-life and lack of targeting 

ability). Given the existing FDA-approved status of ICG as well as humanized antibodies 

(e.g., Herceptin, Perjeta, and Kadcyla which target the HER2 receptor) antibody-

functionalized NETs may provide an excellent platform for clinical translation. 

The focus of this study has been to show that the NETs could be functionalized with 

antibodies as targeting moieties, and subsequently, demonstrate the proof-of-principle 

that such functionalized NETs could be used for targeted NIR imaging of cancer cells 

expressing particular receptors (e.g., HER2). For ultimate in vivo applications, further 

important studies are needed. In particular, the concentration of ICG utilized in 

fabrication of the NETs will need to be optimized in order to maximize the fluorescence 

emission of the NETs. Another important step in that direction is to determine the 

circulation kinetics and biodistribution of NETs. Finally, the effectiveness of 

functionalized NETs for cancer imaging will need to be validated in animal models. We 
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are currently pursuing such studies, and will be reporting the results as they become 

available. 

1.5 Conclusion 

We have demonstrated the successful engineering of erythrocyte-derived nanoparticles 

doped with ICG, and their surface functionalization with antibodies. Our experimental 

results demonstrate the effectiveness of NETs functionalized with anti-HER2 in targeted 

imaging of HER2 expressing cancer cells in vitro.  
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Chapter 2. Erythrocyte-Derived Optical Nano-Probes Doped 

with ICG-Bound Albumin: Material Characteristics and 

Preliminary Evaluation for Cancer Cell Imaging 

2.1 Abstract 

Nano-sized structures activated by near infrared (NIR) photo-excitation can provide an 

optical platform for image-guided removal of small tumor nodules. We have engineered 

nanoparticles derived from erythrocytes that can be doped with NIR fluorophore, 

indocyanine green (ICG). We refer to these constructs as NIR erythrocyte-derived 

transducers (NETs). The objective of this study was to determine if ICG bound albumin 

(IbA), as the doping material, could enhance the fluorescence emission of NETs, and 

evaluate the capability of these nano-probes in imaging cancer cells. Erythrocytes were 

isolated from bovine whole blood and depleted of hemoglobin to form erythrocyte ghosts 

(EGs). EGs were then extruded through nano-sized porous membranes in the presence of 

10-100 µm ICG or ICG:albumin (1:1 molar ratio) to form ICG- or IbA-doped NETs. The 

resulting nano-sized constructs were characterized for their diameters, zeta potentials, 

absorption, and fluorescence emission spectra. We used fluorescence microscopic 

imaging to evaluate the capability of the constructs in imaging SKOV3 ovarian cancer 

cells. Based on dynamic light scattering measurements, ICG- and IbA-doped NETs had 

similar diameter distributions (z-average diameter of 236 and 238 nm, respectively) in 

phosphate buffer saline supplemented with 10% fetal bovine serum, which remained 

nearly constant over the course of two hours at 37°C. Despite a much lower loading 
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efficiency of IbA (≈ 0.7 – 8%) as compared to ICG (10 – 45%), the integrated normalized 

fluorescence emission of IbA-NETs was two to sixfold higher than ICG-doped NETs. 

IbA-NETs also demonstrated an enhanced capability in fluorescence imaging of SKOV3 

ovarian cancer cells, and can serve as potentially effective nano-probes for fluorescence 

imaging of cancerous cells. 

2.2 Introduction 

Near infrared (NIR) fluorescent molecules and nano-sized structures can provide a 

capability for use in image-guided surgery, particularly as applied to removal of tumors.1-

3 To-date, indocyanine green (ICG) remains as the only FDA-approved NIR fluorophore. 

The utility of ICG in sentinel lymph node mapping, and cancer staging and imaging is 

under studies by many investigators.4-6 

Despite its usage in clinical practice, two key drawbacks of ICG are: (1) its short 

plasma half-life (≈ 2-3 minutes), resulting from interactions with blood proteins, 

particularly albumin, and other macromolecules;7-10 and (2) relatively weak fluorescence 

emission. To shield ICG from binding to blood macromolecules, and subsequently, 

increase its circulation time, ICG has been encapsulated into a variety of nano-sized 

structures composed of such materials as liposomes,11-12 silica,13 plant-virus,14 and 

polymers.15 

As an alternative to such encapsulating materials, mammalian cells including 

erythrocytes, stem cells, and lymphocytes are receiving increasing interest as a delivery 

platform for therapeutics or imaging agents.16-25 Erythrocytes, in particular, are 
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advantageous because of their naturally long circulation time of 90-120 days.26-27 The 

plasma membrane of erythrocytes contains particular moieties such as the CD47 protein 

which can impede recognition by cells of the immune system.26-28 Therefore, autologous 

erythrocytes or those obtained from compatible blood types may present a promising 

biocompatible platform for encapsulation of ICG to increase its circulation time and 

bioavailability. For example, Hu et al., reported that polymeric nano-constructs, coated 

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

circulation half-life of nearly 8 hours.29 Domenech et al. reported that circulating 

erythrocytes loaded with L-asparaginase were still detectable within the vasculature at 24 

days following the first injection.30 Bossa et al. reported detectable levels of 

autologously-derived EGs containing dexamethasone in plasma of humans at 14 days 

post-infusion.31 

A second drawback of ICG is related to its relatively low fluorescence emission. 

ICG in aqueous solution tends to aggregate (at concentrations ≈ >15 µM), and exhibits 

self-quenching, resulting in relatively low fluorescence quantum yield (≈ 2.5% in 

water).32-33 The binding of ICG to albumin has been exploited as a method to reduce self-

aggregation and increases fluorescence by two to threefold.5, 16, 33-35 

Our group previously reported the first results in the engineering of erythrocyte-

derived nanoparticles doped with ICG as theranostic agents for targeted fluorescent 

imaging36 and photothermal destruction of human cells.37 We refer to these constructs as 

NIR Erythrocyte-derived Transducers (NETs). As a method to increase the fluorescence 

emission of NETs, herein we investigate the effects of ICG-bound albumin (IbA) as the 
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doping material. We refer to these constructs as IbA-NETs, and evaluate their 

performance in fluorescence imaging of ovarian cancer cells in vitro. To the best of our 

knowledge, this is the first study to quantitatively compare the fluorescence 

characteristics and cancer cell imaging capability of NETs doped with ICG or IbA. We 

emphasize that this is not an in vivo study of using IbA-NETs in fluorescence imaging of 

tumors implanted in animal models. Instead, our objectives in this manuscript are to: (1) 

demonstrate the engineering and fabrication of these nano-sized probes doped with IbA; 

(2) present some of their key physical and optical properties; (3) provide quantitative 

information on their fluorescence characteristics, particularly as a function of the 

concentration of IbA as the doping agent; (4) quantify the enhancement in fluorescence 

emission of IbA-NETs as compared to NETs doped with ICG; and (5) demonstrate their 

capability in enhanced fluorescence imaging of tumor cells in vitro as compared to NETs 

doped with ICG alone. These nano-probes fabricated with appropriate material properties 

and characteristics can subsequently be investigated for their potential in tumor imaging 

in relevant animal models. This study is the first step in that direction.  

2.3 Materials and Methods 

2.2.1 Reagents and Cell Lines 

We obtained the following reagents from commercial sources: bovine whole blood 

(Rockland Immunochemicals, Inc., Limerick, PA), phosphate buffered saline (PBS) 

(Fisher BioReagents, Hampton, NH), indocyanine green (ICG) (MP Biomedicals, Santa 

Ana, CA), bovine serum albumin (BSA) (Sigma–Aldrich, St. Louis, MO), 
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Penicillin/Streptomycin (ATCC, Manassas, VA), Tween-20 (Sigma–Aldrich, St. Louis, 

MO), 4',6-diamidino-2-phenylindole (DAPI) (Thermo Fisher Scientific, Waltham, MA). 

We used SKOV3 Ovarian Cancer Cell line (ATCC®, Manassas, VA) grown in Roswell 

Park Memorial Institute (RPMI 1640) medium supplemented with 10% fetal bovine 

serum (FBS), and 1% Penicillin/Streptomycin (Corning Inc., Corning, NY). 

2.2.2 Fabrication of NETs and IbA-NETs  

Erythrocytes were isolated from whole bovine blood and washed in ≈310 mOsm PBS 

(referred to as the 1X PBS solution). Packed erythrocytes were subject to hypotonic (≈80 

mOsm) treatment to deplete the hemoglobin content of the cell, resulting in erythrocyte 

ghosts (EGs). EGs were stored in 1X PBS at 4°C up to two weeks until NETs fabrication. 

EGs were mixed with prepared concentrations of ICG in the range of 10 – 100 µM, or 

IbA complex (using the same ICG concentration range and in 1:1 molar ratio), and 

extruded sequentially through 400, 200 and 100 nm diameter porous membranes (Avanti 

Polar Lipids, Inc., Alabaster, Alabama). We define the loading buffer during extrusion as 

9 parts 1X PBS containing EGs, and 1 part ICG or IbA in water where the overall 

solution is nearly isotonic at 0.9X PBS. The resulting NETs or IbA-NETs suspensions 

were then centrifuged and washed twice with 1X PBS (Figure 2.1). 

2.2.3 Time-Dependent Measurements of NETs Diameters 

NETs and IbA-NETs were incubated in 1X PBS supplemented with 10% FBS in PBS for 

up to two hours at 37°C. At specific time (t) points (t = 0+, 20, 40, 60, 120 minutes), 

samples were drawn and their diameters were measured using the dynamic light 
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scattering (DLS) method (Zetasizer Nanoseries, NanoZS90, Malvern Instruments, 

Malvern, UK). Measurements were repeated three times for each sample. We report the 

Z-average diameter, which is the intensity-based harmonic mean of the light-scattering 

particles, and the Lognormal fits to the measurements. 

2.2.4 Characterization of NETs and IbA-NETs 

The zeta potentials of NETs and IbA-NETs suspended in 1X PBS were determined by 

electrophoretic light scattering (Zetasizer Nanoseries, NanoZS90, Malvern Instruments, 

Malvern, UK). Absorption spectra of NETs and IbA-NETs were obtained using a UV-

Visible spectrophotometer (Cary 50 UV-Vis spectrophotometer, Agilent Technologies, 

Santa Clara, CA) with optical path length of 1 cm. Each individual absorption spectrum 

was normalized to its absorbance value at 280 nm to account for the loss of erythrocyte 

membrane materials during fabrication process.  

Figure 2.1: NETs fabrication. ICG was mixed with BSA (1:1 molar ratio) prior to encapsulation into IbA-NETs. 

 

Figure 2.2: Hydrodynamic diameters of NETs and IbA-NETs incubated at 37 °C PBS supplemented with 10% FBS 

measured by DLS method. (A) Diameter profiles of NETs and IbA-NETs fabricated using 50 µM ICG or IbA 

immediately after incubation (t = 0). Profiles were fitted by Lognormal functions. (B) Z-average diameters as a 

function of incubation time (t = 0, 20, 40, 60, 120 minutes) for NETs and IbA-NETs fabricated using 50 µM and 100 

µM ICG or IbA. Inset shows the Z-average diameter values normalized to the respective values for NETs and IbA-

NETs fabricated at 50 and 100 μM at t = 0. DLS measurements were done in triplicates for each sample. Error bars 

represent standard deviations associated with each measurement.Figure 2.1: NETs fabrication. ICG was mixed with 

BSA (1:1 molar ratio) prior to encapsulation into IbA-NETs. 
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The fluorescence spectra of NETs and IbA-NETs were acquired in response to 

photo-excitation at 720 ± 2.5 nm wavelength using a 450W xenon lamp, and recorded by 

a fluorimeter (Fluorolog-3 spectrofluorometer, Edison, NJ). We obtained the normalized 

fluorescence spectra  () as:  
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where F() is the recorded emission intensity at wavelength , and A(ex) is the absolute 

absorbance value of the sample at excitation wavelength ex. We quantified the integrated 

normalized fluorescence emission * as:  
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Finally, we present the fluorescence enhancement of IbA-NETs, E, as: 
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2.2.5 Effective Concentration and Encapsulation Efficiency 

We define the effective concentration of ICG or IbA as the concentration of these agents 

loaded into a given population of NETs. Thus, the effective concentration of ICG or IbA 

within NETs is an estimate of the concentration of ICG or IbA that would be dispersed in 

solution if NETs were disintegrated to release their ICG or IbA content. We estimated 

these values by comparing the monomeric peak absorbance values of NETs or IbA-NETs 

to an absorbance vs. concentration calibration curve of ICG or IbA in water. We chose 
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water as the solvent used in calibration since the absorption spectrum of ICG 

encapsulated in erythrocyte-derived nanoparticles closely resembles that of free ICG in 

water at low concentrations (≈ < 14 µM) as opposed to that of ICG in 1X PBS. We 

calculated encapsulation efficiency, η (%), as:  

[ ]
(%) 100

[ ]

effective

loading

ICG

ICG
 =    (4) 

where [ICG]loading is the concentration of ICG within the loading buffer during extrusion. 

2.2.6 Fluorescence Imaging  

We incubated NETs and IbA-NETs with SKOV3 ovarian cancer cells as model cancer 

cells. We added 200 µl of SKOV3 cell suspension (≈ 106 cells/ml) in RPMI 1640 

medium supplemented with 10% FBS, and 1% Penicillin/Streptomycin to each well of a 

96-well plate. Cell suspensions were plated in 5% CO2 overnight. All samples were 

diluted to have absorbance value of one at the spectral peak. On the following day, the 

cells were washed and incubated with various agents consisting of 1X PBS, free ICG 

(≈13.1 µM), free IbA (≈14.2 µM), NETs, or IbA-NETs, in separate wells for two hours in 

the dark at 37 °C. After incubation, cells were subsequently washed twice with 1X PBS 

and fixed using 4% paraformaldehyde, permeabilized with 2% Tween-20, and finally 

incubated with DAPI for 5 minutes to stain the nuclei for fluorescence imaging.  

NIR fluorescence emission (> 770 nm) in response to 740 ± 30 nm excitation by a 

Nikon halogen lamp was captured by an electron multiplier gained CCD camera (Quant 

EM-CCD, C9100-14 Hamamatsu, Shizuoka-ken, Japan). The camera exposure time was 
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set at 0.7 s. Fluorescence emission from DAPI-stained nuclei in the range of 435–485 nm 

was collected in response to 360 ± 20 nm excitation by the Nikon halogen lamp. We 

present falsely-colored microscopic fluorescent images as the overlay of the NIR 

emission due to ICG (red channel), and visible emission due to DAPI (blue channel). 

2.2.7 Quantification of Fluorescence Imaging 

The acquired fluorescence images were analyzed using ImageJ software. Background 

baseline fluorescence emission intensity of SKOV3 cells in media without incubation 

with NETs or IbA-NETs was subtracted from the those associated with cells in media but 

incubated with NETs or IbA-NETs. The resulting mean total fluorescence emission 

intensity Ī values were then calculated as: 

1 1

n m
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i j
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where m is the total number of pixels in an image, Ij is the fluorescence emission intensity 

at the jth pixel of an image, and n corresponds to the number of images acquired.  

2.3 Results  

Hydrodynamic distribution profiles of NETs and IbA-NETs fabricated using 50 µM ICG 

or IbA in the loading buffer, and measured in 37 °C PBS supplemented with 10% FBS 

immediately after incubation are presented in Figure 2.2A. The Z-average diameters for 

these NETs and IbA-NETs were ≈ 236 nm and 238 nm, respectively. 
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Figure 2.2: Hydrodynamic diameters of NETs and IbA-NETs incubated at 37 °C PBS supplemented with 10% FBS 

measured by DLS method. (A) Diameter profiles of NETs and IbA-NETs fabricated using 50 µM ICG or IbA 

immediately after incubation (t = 0). Profiles were fitted by Lognormal functions. (B) Z-average diameters as a 

function of incubation time (t = 0, 20, 40, 60, 120 minutes) for NETs and IbA-NETs fabricated using 50 µM and 

100 µM ICG or IbA. Inset shows the Z-average diameter values normalized to the respective values for NETs and 

IbA-NETs fabricated at 50 and 100 μM at t = 0. DLS measurements were done in triplicates for each sample. Error 

bars represent standard deviations associated with each measurement. 

 

Figure 2.2: Hydrodynamic diameters of NETs and IbA-NETs incubated at 37 °C PBS supplemented with 10% FBS 

measured by DLS method. (A) Diameter profiles of NETs and IbA-NETs fabricated using 50 µM ICG or IbA 

immediately after incubation (t = 0). Profiles were fitted by Lognormal functions. (B) Z-average diameters as a 

function of incubation time (t = 0, 20, 40, 60, 120 minutes) for NETs and IbA-NETs fabricated using 50 µM and 

In Figure 2.2B, we present the Z-average diameter of NETs and IbA-NETs as a 

function of incubation time in 37 °C PBS supplemented with 10%, fabricated using 

fabricated using 50 µM and 100 µM ICG or IbA in the loading buffer.  There were no 

statistically significant differences in Z-average diameter values among the samples at a 

given incubation time point, or as a function of incubation time. The Z-average diameter 

values normalized to the respective values for NETs and IbA-NETs fabricated at 50 and 

100 µM at time t = 0 remained at nearly one for all samples (inset Figure 2.2B).   

The mean ± standard deviation (SD) zeta-potential values for erythrocytes, EGs, 

free IbA, NETs and IbA-NETs were ≈ -12.37±1.70 mV, -11.07±0.66 mV, -12.77± 2.63 

mV, -11.87±0.40 mV and -11.57±0.30 mV, respectively. Statistical analysis showed that 

the mean values of the zeta potentials for these populations were not significantly 

different from each other.  
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Normalized absorption spectra for NETs and IbA-NETs fabricated at various 

respective concentrations of ICG or IbA are presented in Figure 2.3A. We attribute the 

absorption at 280 nm to tyrosine and tryptophan residues in membrane proteins and BSA. 

Absorbance values in the range of 600-900 nm increased as higher concentrations of ICG 

were used to fabricate the NETs. The primary peak at 800 nm is associated with the 

monomer form of ICG encapsulated in NETs.36-38 The normalized absorbance values at 

808 nm spectral peak is associated with the monomeric form of ICG in NETs, and 

increased from 0.1 to 0.9 as the ICG concentration in the loading buffer increased from 

10 µM to 100 µM. For ICG loading concentrations greater than 20 µM, a shoulder in the 

spectral range of 650-750 nm emerged for NETs. Absorption over this shoulder is 

associated with H-like aggregate forms of ICG.35-38 With increasing ICG concentrations 

above 20 µM, the absorbance values over the spectral shoulder increased, suggesting that 

progressively higher fractions of H-like aggregates were within the NETs.  

The normalized absorbance values of the monomer form of ICG in IbA-NETs on 

the other hand, reached a maximum normalized absorbance of 0.15 regardless of IbA 

concentration in the loading buffer increasing from 50 µM to 100 µM. The absence of a 

pronounced spectral shoulder suggests that there were none or minimal levels of H-like 

aggregate forms of ICG in IbA-NETs. This result further suggests that ICG molecules 

were bound onto albumin, preventing formation of aggregates.  
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The normalized fluorescence emission spectra, , of NETs and IbA-NETs were 

recorded in response to 720±2.5 nm photo-excitation (Figure 2.3B). The emission peak at 

798 nm for NETs is associated with the monomeric form of ICG, and was 

 

Figure 2.3: (A) Absorption spectra with each spectrum normalized to its 280 nm absorbance value, (B) normalized 

fluorescence emission spectra () (see equation 1), (C) Spectrally integrated values of the normalized fluorescence 

emission spectra (*) (see equation 2), and (D) fluorescence enhancement value (E) by IbA-NETs (see equation 3). 

Excitation wavelength for the results shown in Figures 2B-2D was 720±2.5 nm. 
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bathochromically shifted to 804 nm for IbA-NETs. There was a non-linear change in the 

peak value of  when encapsulating increasing amounts of ICG alone, with maximal 

values observed when using ICG concentration of 20 µM ICG in the loading buffer.  

Depending on the IbA concentration in the loading buffer, the peak value of  for IbA-

NETs was two to three times higher than those NETs fabricated using the same ICG 

concentration (with the exception of when using 20 µM ICG and 20 µM IbA) (Figure 

2.3B). Except for 20 µM ICG or 20 µM IbA, IbA-NETs showed higher values of * 

(Figure 2.3C). Highest values of * for NETs and IbA-NETs were obtained when using 

ICG and IbA concentrations of 10 and 75 µM, respectively. For IbA-NETs fabricated 

using 100 µM IbA, a sixfold enhancement in * was achieved as compared to NETs 

fabricated at the same ICG concentration (Figure 2.3D).  

The encapsulation efficiency (η) of ICG in NETs increased from ≈ 10 to 45%, and 

appeared to approach a saturating value when using ICG concentration of 100 µM in the 

loading buffer (Figure 2.4A). Values of η ranged between 0.7 – 8 % for IbA-NETs, and 

Figure 2.4: (A) Encapsulation efficiency (η) of NETs and IbA-NETs. (B) Effective ICG concentration loaded 

into NETs or IbA-NETs. Insets show the results for IbA-NETs on a smaller scale. 
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showed a decreasing trend with increased values of ICG concentration in the loading 

buffer. Correspondingly, the effective ICG concentration in NETs increased from ≈ 1 to 

44 µM as the ICG concentration in loading buffer increased from 10 to 100 µM (Figure 

2.4B). The effective ICG concentration loaded into IbA-NETs did not vary much (≈ 0.7 – 

2 µM), regardless of ICG concentration in the loading buffer.  

We performed in vitro fluorescence microscopic imaging of SKOV3 ovarian cancer 

cells. SKOV3 cells were incubated with control, free ICG, free IbA, NETs and IbA-NETs 

for two hours at 37°C (Figure 2.5A). There was minimal NIR fluorescence emission from 

SKOV3 cells incubated with free ICG or free IbA. Increased NIR fluorescence emission 

was detected from SKOV3 cells incubated with NETs and IbA-NETs. According to these 

images, NETs and IbA-NETs appeared to be localized within the cytosol of the cells.  

Results of our quantitative analyses of the fluorescent images based on equation 

Figure 2.5: (A) Fluorescent images of SKOV3 cells incubated with media containing PBS, free ICG, free IbA, 

NETs and IbA-NETs at 37°C for two hours. Images were analyzed using ImageJ where DAPI was falsely-

colored in blue and NIR fluorescence in red. (Scale bars = 50 µm) (B) Values of mean total fluorescence 

emission intensity obtained from images of SKOV3 cells incubated with the indicated agents. Asterisks indicate 

statistically significant differences among the indicated pairs (p <0.001). Values of Ī are multiplied by 106, but 

not shown the Figure. 
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(5) are shown in Figure 5b. Value of mean total fluorescence emission intensity, Ī, based 

on imaging by IbA-NETs was ≈ 2 times greater than that associated with NETs (p < 

0.001).  

2.4 Discussion 

NETs and IbA-NETs have similar diameter distribution profiles and Z-average diameter 

values that do not differ significantly with respect to each other or as a function of 

incubation time in 37 °C PBS supplemented with 10% FBS for up to two hours (Figure 

2.2). The fact that the Z-average diameter of NETs and IbA-NETs were independent of 

the ICG or IbA concentration in the loading buffer (50 or 100 µM) suggests that these 

agents were localized within the interior of these nanoparticles. Considering that albumin 

is nearly 80 times larger than ICG (respective molecular weights of 65 kDa and 775 Da), 

membrane embedment of IbA would otherwise suggest an increase in the particle 

diameter. 

 Adsorption of albumin to erythrocyte membrane is a weak interaction that is 

easily reversible by the washing steps.39 Therefore, any non-encapsulated IbA is likely 

removed during washing steps of the fabrication process. Since the Z-average diameter 

values of NETs and IbA-NETs did not significantly vary for up to two hours when 

incubated at 37 °C PBS supplemented with 10% FBS suggests that there were no 

aggregation effects at physiologically relevant conditions.. Another group has shown  

stability of nano-erythrosomes in serum for up to 96 hours.40 Our results are also 

consistent with another study where a hard protein corona was not formed around 
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erythrocyte-derived nanoparticles after four hours of incubation in plasma, and that the 

diameter of particles remained stable when stored in serum for up to 15 days.41  

An important physical feature influencing the biodistribution of nanoparticles is 

their surface charge.18, 42 The zeta potential is related to the surface charge of the particle 

when dispersed in a  particular medium. The zeta potential of erythrocytes, EGs, free 

IbA, NETs and IbA-NETs all fall around -11 mV in PBS, suggesting that the overall 

distributions of membrane constituents responsible for the surface charge remain 

unaltered despite the extrusion and loading processes. The negative zeta potential creates 

repulsive forces that prevent erythrocyte-erythrocyte and erythrocyte-macromolecules 

interactions.43 The similar zeta potential of NETs and IbA-NETs suggest IbA is not 

exposed to the extracellular environment as it would alter the surface charge of IbA-

NETs, further substantiating that IbA complex is not embedded within the membrane, but 

localized to the interior of the particle.  

Maintaining the erythrocyte membrane composition responsible for surface 

charge has implications for extended circulation time of erythrocyte-derived constructs. 

The negative charge of erythrocytes prevents opsonization by serum proteins and further 

recognition by mononuclear phagocyte system (MPS).22 Most of this negative charge is 

attributed to the membrane sialic acid constituents.44-46  

A particular membrane protein that contributes to evading of erythrocytes by cells 

of the immune system is CD-47, commonly referred to as the “don’t eat me” protein.26-28, 

47-48 In a previous study, we showed evidence to support that CD47 remains present on 

the surface of NETs.36 With their potential ability to evade the immune system as well as 
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the ability to functionalize their surface with targeting moieties,36 NETs present a 

promising biomimetic platform for nanotheranostics.  

Upon increasing the ICG concentration from 10 to 100 µM within the loading 

buffer, the absorption in the 600-900 spectral band for the fabricated NETs progressively 

increased. This result suggests that the NETs were able to continue accommodating the 

relatively small molecules of ICG (774 Da). As more ICG was introduced into the NETs, 

a spectral shoulder around 710 nm becomes more prominent, indicating the presence of 

greater H-like aggregate forms of ICG. For IbA-NETs, ICG was predominantly in its 

monomeric form as evidenced by a single spectral peak at 805 nm (Figure 2.3A). IbA-

NETs exhibited a narrow NIR band with a bathochromic shift, suggesting that ICG 

existed in an altered conformation when bound to albumin. 

We have previously reported on the absorption and fluorescence of ICG in water, 

cell culture medium, and cell culture medium supplemented with fetal bovine serum.35  

Here, we show that encapsulation of ICG or IbA into NETs results in peak absorptions at 

798 and 804 nm, respectively. These spectral peaks represent bathochromic shifts of ≈ 7 

and 13 nm with respect to peak absorption of free ICG in cell culture medium 

supplemented with fetal bovine serum. These nano-encapsulation induced shifts can be 

attributed to the amphipathic nature of ICG that result in its interactions with the 

phospholipid tails, phospholipid polar heads within the inner leaflet, and membrane 

proteins of the erythrocyte-derived particles. Nano-encapsulation could also induce 

conformational changes to the IbA complex. Such interactions and structural changes can 
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ultimately alter the electronic states of ICG and IbA to result in the observed 

bathochromic shifts.       

The reported values of ICG binding constant to BSA or HSA at 1:1 molar ratio 

are in the range of 5.5-5.7 x 10-5 M-1
, indicating a strongly bound dye to albumin. 49-51 

Assuming that ICG binds to the hydrophobic pocket of albumin (site IIA), molecular 

docking experiments have suggested that the most favorable ICG conformation is the 

trans configuration.49-50 This tight configuration likely affects the photoisomerization 

behavior of ICG. In response to photo-excitation, IbA cannot undergo photoisomerization 

to the cis conformation, a configuration where ICG exhibits aggregation, such as π-π 

stacking,35 thereby stabilizing the ICG to achieve higher fluorescence quantum yield.  

As the amount of ICG in the loading buffer increased, we observed the maximum value 

of  when using 20 µM ICG (Figure 2.3B). Despite an increasing trend in η with higher 

values of ICG concentration in the loading buffer, the decrease in  for NETs is likely 

due to the presence of the aggregated forms of ICG within NETs. In general, IbA-NETs 

showed higher peak values of  (Figure 2.3C). We observed a two to sixfold 

enhancement in * for IbA-NETs when compared to the values associated with NETs 

formed at corresponding ICG concentrations (Figure 2.3D) despite the lower loading 

efficiency of IbA as compared to that of ICG (Figure 2.4A). We attribute this 

enhancement to ICG’s binding to the hydrophobic pocket of BSA.33, 50-51 ICG likely 

exists in the trans-configuration when tightly bound to albumin such that it cannot 

interact with other molecules of ICG to form aggregates. Herein, we have demonstrated 
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fluorescence enhancement in NETs as a result of using an IbA complex as the NIR-

activated agent. Such an enhancement may make IbA-NETs as sensitive and effective 

nano-probes for tumor imaging. In order to achieve maximum fluorescence emission, 

IbA concentration level used in fabrication of NETs needs to be optimized. Our results 

(Figures 2.3B-2.3C) suggest that IbA concentration of 75 µM may be an optimum 

concentration in fabrication of IbA-NETs to produce maximum fluorescence emission in 

response to 720 nm photo-excitation. Even at suboptimal concentration of 50 μM IbA 

where a threefold increase in fluorescence emission was observed (Figure 2.3D), we still 

achieved ≈ twofold enhancement in emission intensity when imaging the cells with IbA-

NETs as compared with NETs (Figure 2.5B). Although fluorescence imaging of cells was 

not performed using 75 µM IbA, we would expect even greater emission intensity.  

Since NETs were not functionalized with any molecular targeting agents, their 

cellular internalization can result from non-receptor mediated endocytosis,52 which can 

include clathrin-mediated endocytosis53 as well as non-clathrin mediated endocytic 

mechanisms through caveolae and macropinosomes.54 Our future studies will include 

surface functionalization of IbA-NETs to achieve specific molecular targeting, and 

evaluation of their imaging capabilities in animal model systems.  

2.5 Conclusion   

We report the engineering and characterization of erythrocyte-derived optical 

nanoparticles with ICG and ICG bound albumin (IbA). Our results demonstrate that use 

of IbA as the NIR-activated optical agent can enhance the fluorescence emission of these 
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nanoparticles by approximately two to sixfold depending on the ICG concentration used 

to fabricate the particles. These constructs may ultimately serve as effective nano-probes 

tumor imaging.  
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Chapter 3.  Biodistribution and toxicological evaluation of 

micron- and nano-sized erythrocyte-derived optical particles in 

healthy Swiss Webster mice     

3.1 Abstract 

Particle-based systems provide a capability for the delivery of imaging and/or therapeutic 

payloads. We have engineered constructs derived from erythrocytes, and doped with the 

FDA-approved near infrared dye, indocyanine green (ICG). We refer to these optical 

particles as NIR erythrocyte-mimicking transducers (NETs). A particular feature of NETs 

is that their diameters can be tuned from micron- to nano-scale. Herein, we investigated 

the effects of micron- (≈ 2.6 µm diameter), and nano- (≈ 145 nm diameter) sized NETs 

on their biodistribution, and evaluated their acute toxicity in healthy Swiss Webster mice. 

Following tail vein injection of free ICG and NETs, animals were euthanized at various 

time points up to 48 hours. Fluorescence analysis of blood showed that nearly 11% of the 

injected amount of nano-sized NETs (nNETs) remained in blood at 48 hours post-

injection as compared to ≈ 5% for micron-sized NETs (μNETs). Similarly, at this time 

point, higher levels of nNETs were present in various organs including the lungs, liver, 

and spleen, indicating that nano-encapsulation of ICG in these constructs provided a 

method to prolong its circulation. Histological analyses of various organs, extracted at 24 

hours post-injection of NETs, did not show pathological alterations. Serum biochemistry 

profiles, in general, did not show elevated levels of the various analyzed biomarkers 

associated with liver and kidney functions. Values of various hematological profiles 
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remained within the normal ranges following the administration of µNETs and nNETs.  

Results of this study suggest that erythrocyte-derived particles can potentially provide a 

non-toxic platform for delivery of ICG.  

3.2 Introduction 

Particle-based systems play a prominent role in the field of clinical medicine as they 

provide a capability to deliver imaging or therapeutic agents to specific sites within the 

body.1-2 In relation to particles that deliver optical agents for imaging or phototherapeutic 

applications, the use of materials that are photo-activated by near infrared (NIR) 

excitation wavelengths (≈700–1300 nm) is especially advantageous since at this optically 

transparent window there is minimal light absorption by water and proteins, and 

diminished scattering by biological components, leading to increased depth of penetration 

on the order of a few centimeters.3 Furthermore, given that there is negligible tissue 

autofluorescence over this spectral window, the use of exogenous fluorescent materials 

can enhance the image contrast.  

One particular NIR exogenous dye is indocyanine green (ICG). It is a 

tricarbocyanine molecule with maximum spectral peak in the range of ≈ 780 – 810 nm, 

depending on the solvent and concentration.4-5 To date, ICG remains as the only NIR-

activated agent approved by United States Food and Drug Administration for specific 

applications such as ophthalmic angiography, and assessment of liver and cardiovascular 

functions.6 Additionally, considerable efforts have been devoted to utilize ICG as a 

photothermal therapy  reagent and photosensitizer for photodynamic therapy.7-10 
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Despite its effective usage in clinical medicine, the major limitations of ICG are 

its short half-life within plasma (2~4 minutes), with nearly exclusive uptake by 

hepatocytes and elimination from the body through the hepatobiliary mechanism.11-12 

Encapsulation of ICG has been used as a strategy to reduce its non-specific interactions 

with plasma biomolecules, and increase its circulation time.13 Previously, we reported the 

encapsulation of ICG into a synthetic polymer, poly (allylamine) hydrochloride cross-

linked to sodium phosphate.14 When coated with 5 kDa poly (ethylene) glycol, these 

ICG-containing nanoparticles with peak diameter of ≈ 80 nm remained detectable within 

the circulation at 90 minutes post intravenous injection in mice.  

Apart from synthetic polymers,14-15 and liposomes 16 attention has been given to 

the use of mammalian cells as carriers for delivery of imaging/contrast reagents or 

therapeutic payloads.16-17 We previously provided the first report on the engineering of 

erythrocyte-derived nano-sized vesicles loaded with ICG, and their utility for 

fluorescence imaging and photo-destruction of human mammalian cells.18 We refer to 

these constructs as NETs (NIR erythrocyte-derived transducers) as they can convert the 

absorbed NIR light to emit fluorescence, generate heat, or induce photochemistry.19 

Recently, other investigators have encapsulated ICG or other agents such as gold 

nanoparticle and doxorubicin into erythrocytes-derived nano-constructs.20-24 For example, 

nano-constructs (≈ 80 nm diameter) composed of poly (lactic-co-glycolic acid) (PLGA) 

core fused with erythrocyte-derived membranes were retained in mice blood at two days 

post tail vein injection.25 Piao et al have reported that gold nanocages cloaked with 

erythrocyte membranes (≈ 90 nm diameter) were present in mice blood 24 hours after tail 
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vein injection.23 Godfrin et al have demonstrated the half-life of L-asparaginase 

encapsulated into erythrocytes as ∼28 days for treatment of acute lymphocytic 

leukemia.26 Hence, constructs derived from erythrocytes may offer a promising approach 

for increased circulation time within the vasculature.  

A particular feature of NETs is that their diameters can be tuned from nano- to 

micron-scale levels based on appropriate mechanical manipulation methods.27 The nano-

sized NETs (nNETs) have relevance to optical imaging and phototherapy of tumors since 

particles with diameters < ≈ 200 nm are effective for extravasation into tumors by the 

enhanced permeability and retention effect resulting from leaky tumor vasculature and 

impaired lymphatic drainage.28-29 Micron-sized NETs (µNETs) have relevance to 

phototherapy of vasculature. An example of abnormal vasculature is associated with 

cutaneous capillary malformations such as port wine stain lesions where NETs can 

potentially serve as the target of laser irradiation to induce photo-destruction of the 

abnormal vasculature plexus.30 To the best of our knowledge, there have not been prior 

studies to investigate the effects of the diameter of erythrocyte-derived constructs such as 

NETs on their resulting circulation kinetics. Additionally, we investigate the effects of 

NETs diameter on toxicology profiles of these particles in healthy mice. Results of this 

study provide important information not only towards identifying the window of time 

over which NETs-based optical imaging or phototherapy can be performed, but may also 

be useful for investigators interested in various optical sensing, imaging, or photo-

therapeutic applications of erythrocyte-derived platforms.  
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3.3 Materials and Methods 

3.3.1 Fabrication of µNETs and nNETs 

A schematic of the NETs fabrication process is presented in Figure 3.1. Erythrocytes 

were separated from bovine whole blood (Rockland Immunochemicals, Inc., Limerick, 

PA, USA) by centrifugation process. Approximately, 1 ml of bovine whole blood was 

taken in an eppendorf, and centrifuged for 10 minutes (1600g at 4 oC). The supernatant 

containing the plasma and buffy coat were discarded, and the resulting packed 

erythrocytes were washed twice with 310 mOsm, phosphate buffer solution (PBS) 

(referred to as the 1x solution) (Fisher Scientific, Hampton, NH, USA) at pH ~ 8.0.  The 

erythrocytes were then subjected to sequential hypotonic treatment with 0.5 (155 

mOsm, pH ~ 8.0) and 0.25 (80 mOsm, pH ~ 8.0) PBS, respectively. The centrifugation 

process (20,000g, 15 minutes, 4 oC) was repeated until all the hemoglobin was depleted, 

resulting in an opaque white pellet. The obtained pellet containing micron-sized 

erythrocyte ghosts (µEGs) were resuspended in 1 ml of 1x PBS. To obtain nano-sized 

Figure 3.1: Schematic representation for fabrication of µNETs and nNETs. 

 

 

Figure 3.2: (A) Confocal laser scanning microscopy image of µNETs. A 633 nm laser was used for photo-excitation 

and a long-pass filter transmitting λ > 650 nm was used to collect the emitted NIR fluorescent light, falsely-colored in 

red. (B) Scanning electron microscopy (SEM) image for nNETs. Panels (C) and (D) represent the dynamic light 

scattering-based measurements of diameter distributions for μNETs and nNETs in 1x PBS, respectively. We present 

the mean of each measurement with errors bars representing standard deviations from the mean values. We fitted 

Lognormal functions to the measured diameter distributions. (E) Zeta-potentials for RBCs, µEGs, nEGs, µNETs and 

nNETs recorded in 1x PBS. Error bars represent the standard deviation for the three independent measurements.Figure 

3.1: Schematic representation for fabrication of µNETs and nNETs. 
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erythrocyte ghosts (nEGs), µEGs were extruded 20 times through 400 nm polycarbonate 

porous membranes, followed by 20 more extrusions through 100 nm polycarbonate 

porous membranes using an extruder (Avanti mini extruder, Avanti Polar Lipids, 

Alabaster, AL, USA). 

To load ICG (MP Biomedicals, Santa Ana, CA, USA) into micron/nano-sized 

EGs, 350 μl of µEGs or nEGs suspended in 1x PBS were incubated with 23 μl of ICG 

stock solution (645 μM), 350 μl of Sorenson’s buffer (Na2HPO4/NaH2PO4, 140 mOsm, 

pH ~8.0) and 280 μl nanopure water for 5 minutes at 4 oC in the dark. Resulting 

concentration of ICG in this loading buffer was 15 μM. Suspension was then centrifuged 

and washed twice with 1x PBS at 20,000g for 20 minutes at 4 oC, or 100,000g for 60 

minutes to form µNETs and nNETs, respectively. The resulting µNETs and nNETs 

formulations were then re-suspended in 1 ml of 1x cold PBS. We note that the use of 15 

µM ICG in the loading buffer can result in production of µNETs and nNETs with near 

maximum values of spectrally-integrated fluorescence emission.27 

3.3.2 Characterizations 

Absorption spectra of free 15 µM ICG, µNETs and nNETs suspended in 1x PBS were 

obtained using a UV-visible spectrophotometer (Jasco-V670 UV-vis spectrophotometer, 

JASCO, Easton, MD, USA) with optical path length of 1 cm. Fluorescence emission 

spectra of NETs in response to 720 ± 2.5 nm excitation light, spectrally filtered from a 

450 W xenon lamp, were recorded in the range of 735–900 nm using a fluorometer 
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(Fluorolog-3 spectrofluorometer, Horiba Jobin Yvon, Edison, NJ, USA). We normalized 

the fluorescence emission spectra as:  

where A and F are the respective wavelength (λ)-dependent absorbance and intensity of 

the emitted fluorescence light, and λex is the excitation wavelength. The hydrodynamic 

diameters and zeta potentials of µNETs and nNETs suspended in 1x PBS were measured 

by dynamic light scattering (DLS) (Zetasizer Nano ZS90, Malvern Instruments Ltd, 

Westborough, MA, USA). We fitted lognormal functions to the DLS-based estimates of 

NETs’ hydrodynamic diameters. 

We imaged the µNETs by confocal laser scanning microscopy (CLSM). Sample 

solution (~ 10 µl) was added to Poly-L-lysine coated glass slide, followed by placing a 

coverslip on the top of the glass slide, and then imaging it with a confocal microscope 

(ZEISS 510, Carl Zeiss AG, Oberkochen, Germany). We imaged the nNETs by scanning 

electron microscopy (SEM). nNETs  were fixed with 2.5% glutaraldehyde (Sigma 

Aldrich, St. Louis, MO, USA) overnight. Subsequently, 10 µl of the nNETs solution was 

added to Poly-L-lysine coated slide and dried (Critical-point-dryer, Balzers CPD0202) 

for 30 minutes followed by sputter coating with platinum for 20 s, and then imaging with 

SEM (FEI NNS450).  
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3.3.3 Assessment of ICG leakage from µNETs and nNETs under physiological 

temperature 

Approximately, 2 ml of µNETs and nNETs suspensions were transferred into various 

eppendorf tubes, and incubated at 37 °C in the dark. After specific incubation times (0, 2, 

4, 6, 24 and 48 hours), the NETs suspensions were centrifuged, and the pellet was then 

resuspended in 1 ml of fresh 1x PBS. Subsequently, the absorption spectra of re-

suspended pellet and supernatant were recorded and compared to those for day 0 to assess 

the ICG leakage from µNETs or nNETs. The percentage of ICG leakage () in µNETs 

and nNETs as a function of time were calculated as:   

where Apellet and Asupernatant are the absorbance values of the pellet and supernatant 

recorded at 804 nm for each specific time point. Results of these experiments are 

presented as Electronic Supplementary Information (Figure 3.S1).  

3.3.4 Biodistribution experimental design 

Female Swiss Webster mice (≈ 20–25 g; ≈ 8–10 weeks old) were procured from Taconic 

Biosciences (Rensselaer, NY, USA) and utilized in this study under a protocol approved 

by the University of California, Riverside Institutional Animal Care and Use Committee. 

Animals were anesthetized by inhalation of 2% isoflurane in oxygen. Free ICG, µNETs 

or nNETs were administered intravenously via tail-vein injection while the animal was 

anesthetized. The injection volume for all samples was ≈ 100 μl. Injected dosages of ICG 

in our experiments were estimated as ≈ 58, 26.16, 14.5 μg/kg weight of the mouse for 
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free ICG, μNETs, and nNETs respectively. For example, the injection dosage of free ICG 

used was estimated as follows: based on the molecular weight of ICG (775 Da), injection 

concentration of 15 µM free ICG corresponds to ≈ 11.6 μg/ml. Given the injection 

volume of ≈ 0.1 ml into each mouse, and an average mouse weight of ≈ 20 g, dosage of 

free ICG administered into an animal was ≈ 0.058 μg/g (11.6 μg/ml × 0.1 ml)/20 g, or ≈ 

58 μg/kg. Taking into account the respective loading efficiency of 15 µM ICG into 

μNETs and nNETs as ≈ 45% and 25%,27 the administered dosage of ICG in µNETs and 

nNETs formulations were estimated as ≈ 26.16 μg/kg and 14.5 μg/kg, respectively. These 

injected dosages of ICG were much lower than the lethal dosage in 50% of animals 

(LD50) of ~ 62 mg/kg in mice.31 We also note that loading efficiency of ICG is not the 

only metric that constitutes the ideal preparation of NETs. Other important metrics are 

the relative fluorescence quantum yield of NETs and their total fluorescence emission 

over a spectral band of interest. As we have reported previously, concentration of ICG in 

the loading buffer, ICG loading efficiency, and NETs’ fluorescence quantum yield and 

total emission are inter-related parameters.27 Increased levels of the indicated optical 

metrics can be associated with lower values of ICG loading efficiency.27 

Mice were euthanized with compressed CO2 gas at various times (5 minutes, 45 

minutes, 2, 6, 24, and 48 hours) following injection with free ICG, µNETs or nNETs. 

Three mice were used for 5 minutes, 45 minutes and 2 hours time points, whereas, five 

mice were used for 6, 24 and 48 hours time points for each of the imaging agents, giving 

a total of 72 animals for the biodistribution studies.  
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3.3.5 Fluorescence imaging and analysis of extracted organs 

Following euthanasia, liver, spleen, kidney (single), stomach, intestine, heart and lungs 

(two) were extracted and imaged fluorescently in a luminescence dark box. Two light 

emitting diodes (LEDs) delivering excitation light in the range of 700 ± 30 nm were used 

for illumination. Fluorescence emission from the organs was captured using a charge-

coupled device (CCD) camera (Pixis 1024B, Roper Scientific, Trenton, NJ, USA) 

equipped with a long pass filter transmitting wavelengths greater than 810 nm. Camera 

exposure time was set to 90 s. Acquired fluorescent images were analyzed using ImageJ 

software. Regions of interests (ROIs) were selected for each organ. The mean intensity 

(Ī) values per gram of each organ acquired from a given ROI at different post-injection 

times were calculated as:  

where p is the total number of pixels in the ROI, m is the mass of a given organ, n is the 

numbers of a given organ, and Ij is the pixel intensity at the jth pixel of a given image.   

3.3.6 Biodistribution analysis  

Extracted organs were grinded using Omni Tissue Homogenizer (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. We also collected 300 μl of blood from the heart by 

cardiac puncture. The blood sample was mixed with 1 ml of SDS solution and incubated 
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for 30 minutes. This approach would ensure that any ICG or NETs uptaken by blood cells 

would also be released. Lysed organs and blood samples were centrifuged in the SDS 

solution at 16,000g for one hour at 10 oC. Then the supernatants of the blood samples 

and homogenized organs were collected, and the corresponding fluorescence emission 

spectra in response to 720 ± 2.5 nm excitation wavelength were recorded using the 

fluorometer. 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. Specifically, we present the percentage of 

ICG recovered from each organ with respect to the initial dose (ID) injected per gram of 

organ (%ID/g). 

For blood samples, the calibration curve related the spectrally-integrated 

fluorescence emission over the same wavelength range to various concentrations of ICG 

and blood in SDS solution. The integrated fluorescence emission value of whole blood in 

SDS solution without free ICG or NETs was subtracted from the integrated fluorescence 

emission values obtained for blood samples containing free ICG or NETs. The 

fluorescence profiles of ICG extracted from SDS-treated organs closely resembled that of 

free ICG dissolved in SDS (data not shown). This result validated that the fluorescence of 

ICG extracted from the various organs was not degraded in the presence of 5% SDS, and 

that autofluorescence was not a contributor to fluorescence emission at 720 ± 2.5 nm 

excitation wavelength.  
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3.3.7 Hematological, enzymatic, and histological evaluations  

We injected ≈100 µl of µNETs or nNETs solutions via the tail-vein into anesthetized 

mice. At 24 hours post-injection, mice were euthanized, and blood samples were 

collected for serum biochemistry and enzymatic evaluations. This included three assays 

of hepatic function (Alanine Aminotransferase (ALT), Aspartate Aminotransferase 

(AST) and Alkaline Phosphatase (ALP)), and two renal assays (Urea nitrogen and 

creatinine) performed by a blood biochemical autoanalyzer (Roche Integra 400 Plus, 

Roche, Basel, Switzerland). A complete blood count (CBC) was also performed, which 

included white blood cells (WBCs) count, red blood cells (RBCs) count, mean 

corpuscular volume (MCV), hemoglobin, hematocrit, and platelets performed by a blood 

count analyzer (Drew HemaVet 950 FS, Drew Scientific, Miami Lakes, FL, USA).  

A complete necropsy was performed and major organs including heart, liver, 

spleen, lungs and kidneys were collected. Tissues were fixed in 10% neutral buffered 

formalin (Fisher Scientific, Waltham, MA, USA), processed routinely into paraffin 

blocks and sectioned at 4 μm. These sections were stained with hematoxylin and eosin 

(H&E), and examined histologically for toxicity changes including thrombosis, 

inflammation, and necrosis. Ten mice were used for each agent for CBC and serum 

biochemistry, giving a total of 30 animals. Out of these, five mice were used for each 

agent for histological evaluations. 



66 

3.3.8 Statistical analysis 

Statistical analyses were conducted using the Graphpad Instat 3.0 software by the one-

way ANOVA analysis. We defined statistically significant differences at *p < 0.05. 

3.4 Results and Discussion 

3.4.1 Characterizations 

Based on the analysis of CLSM images (Figure 3.2A), average diameter of µNETs was ~ 

3 μm. The SEM image of nNETs demonstrated the nano-sized dimensions of these NETs 

Figure 3.2: (A) Confocal laser scanning microscopy image of µNETs. A 633 nm laser was used for photo-excitation 

and a long-pass filter transmitting λ > 650 nm was used to collect the emitted NIR fluorescent light, falsely-colored in 

red. (B) Scanning electron microscopy (SEM) image for nNETs. Panels (C) and (D) represent the dynamic light 

scattering-based measurements of diameter distributions for μNETs and nNETs in 1x PBS, respectively. We present 

the mean of each measurement with errors bars representing standard deviations from the mean values. We fitted 

Lognormal functions to the measured diameter distributions. (E) Zeta-potentials for RBCs, µEGs, nEGs, µNETs and 

nNETs recorded in 1x PBS. Error bars represent the standard deviation for the three independent measurements. 

 

 

Figure 3.3: Representative (A) Absorption and (B) normalized fluorescence emission spectra of 15 μM free ICG, 

µNETs, and nNETs. Both µNETs and nNETs were fabricated using 15 µM ICG in the loading buffer. Spectra for 

µNETs and nNETs were recorded in 1x PBS, and in nanopure water for free ICG. Prior to absorption and fluorescence 

spectral recordings, ICG and NETs solution were diluted by 50 and 10 times, respectively. Emission spectra were 
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(Figure 3.2B). The estimated mean peak values of hydrodynamic diameters for μNETs 

and nNETs, as estimated by the DLS method were 2.6 μm and 145 nm, respectively 

(Figures 3.2C – 3.2D).  

The mean ± standard deviation (SD) zeta-potential values for red blood cells 

(RBCs), µEGs, nEGs, µNETs and nNETs formulations in 1x PBS (pH ~ 7.4) were -11.03 

± 1.91 mV, -10.2 ± 1.93 mV, -9.96 ± 1.74 mV, -10.7 ± 1.42 mV and -11.4 ± 1.13 mV, 

respectively (Figure 3.2E). Statistical analysis showed that the mean values of these zeta-

potentials were not significantly different from each other. The similar zeta-potential 

values of µEGs, nEGs, µNETs and nNETs suggest that the sulfonate portions of ICG 

molecules, which carry the negative charge of ICG, were not exposed to the extracellular 

environment, but rather localized within the membrane or within the interior core of 

NETs. The overall negative charge of erythrocyte-derived constructs can be attributed to 

the presence of the carboxylic groups of the sialic acid on erythrocytes membranes,32-34 

suggesting that these groups were preserved on both EGs and NETs.  

The peak of the absorption spectrum for 15 µM free ICG dissolved in nanopure 

water was at 780 nm, and is associated with the monomeric form of ICG (Figure 3.3A).4 

The absorption peak at 280 nm for µNETs and nNETs corresponds to the membrane 

proteins present on the surface of the NETs. The absorption spectra of µNETs and nNETs 

showed bathochromic (red) shifts in the monomeric peak of ICG from 780 nm to 804 nm, 

compared to free ICG.  

We attribute this shift to encapsulation-induced changes in ICG including the 

formation of membrane protein-bound and phospholipid-bound forms with altered 
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electronic states as compared to free form of ICG.18, 27  Normalized fluorescence 

emission spectra of 15 µM free ICG, μNETs and nNETs in response to 720 nm excitation 

wavelength are presented in Figure 3.3B. The respective spectral peak emission values 

for free ICG, µNETs and nNETs were at 793 nm, 809 nm, and 806 nm, corresponding to 

the monomeric forms of ICG.4, 18  

Absorption spectra of µNETs and nNETs and supernatant after centrifugation at 

physiological temperature in dark over a period of 48 hours are shown in Figures 3.S1A 

and 3.S1B. Using equation (2), we estimate the percentage leakage of ICG from µNETs 

and nNETs as ≈ 9.1% and 5.6%, respectively, at physiological temperature over time 

period of 48 hours (Figure 3.S1C). 

Figure 3.3: Representative (A) Absorption and (B) normalized fluorescence emission spectra of 15 μM free ICG, 

µNETs, and nNETs. Both µNETs and nNETs were fabricated using 15 µM ICG in the loading buffer. Spectra for 

µNETs and nNETs were recorded in 1x PBS, and in nanopure water for free ICG. Prior to absorption and fluorescence 

spectral recordings, ICG and NETs solution were diluted by 50 and 10 times, respectively. Emission spectra were 

obtained in response to photo-excitation at 720 ± 2.5 nm. 

 

 

Figure 3.4: Fluorescence images of organs extracted from healthy mice at 6, 24 and 48 hours post tail-vein injection 

with (a) indocyanine green (ICG) (15 μM), (b) µNETs, and (c) nNETs. Scale bar on the right (in arbitrary units) 

corresponds to fluorescence emission intensity. (d-f) Mean ROI fluorescence intensities per gram of extracted organ 

(see equation 3) from healthy mice at (d) 6, (e) 24, and (f) 48 hours post tail-vein injection of ICG (15 μM), µNETs and 

nNETs. Error bars represent standard deviation and the single asterisks denote statistically significant differences (p < 

0.05) between the indicated pairs.Figure 3.3: Representative (A) Absorption and (B) normalized fluorescence emission 

spectra of 15 μM free ICG, µNETs, and nNETs. Both µNETs and nNETs were fabricated using 15 µM ICG in the 

loading buffer. Spectra for µNETs and nNETs were recorded in 1x PBS, and in nanopure water for free ICG. Prior to 

absorption and fluorescence spectral recordings, ICG and NETs solution were diluted by 50 and 10 times, respectively. 

Emission spectra were obtained in response to photo-excitation at 720 ± 2.5 nm. 
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3.4.2 Quantitative fluorescence imaging of extracted organs  

Fluorescence emission from extracted liver was relatively weak at 6 hours post-injection 

of free ICG (Figure 3.4A). This result suggests that by this time most of ICG was 

eliminated from the liver, its primary accumulation site. The weak fluorescence emission 

from the stomach could be due to the presence of chlorophyll (alfalfa) in the rodent diet,35 

or from the ICG eliminated from the liver and excreted into the intestine via bile.36 At 24 

and 48 hours post-injection, negligible fluorescence emission from the liver and 

intestines, and none from the remaining harvested organs were detected, suggesting that 

free ICG was eliminated from the body.  

Figure 3.4: Fluorescence images of organs extracted from healthy mice at 6, 24 and 48 hours post tail-vein injection 

with (a) indocyanine green (ICG) (15 μM), (b) µNETs, and (c) nNETs. Scale bar on the right (in arbitrary units) 

corresponds to fluorescence emission intensity. (d-f) Mean ROI fluorescence intensities per gram of extracted organ 

(see equation 3) from healthy mice at (d) 6, (e) 24, and (f) 48 hours post tail-vein injection of ICG (15 μM), µNETs and 

nNETs. Error bars represent standard deviation and the single asterisks denote statistically significant differences (p < 

0.05) between the indicated pairs. 

 

 

Figure 3.5: (A) Fluorescence emission spectra of blood collected from healthy mice at 6 and 48 hours post tail-vein 

injection with µNETs and nNETs (λex = 720 ± 2.5 nm) after baseline subtraction of blood emission spectra in SDS. (B) 

Estimated percentages of ICG recovered from mice blood after tail vein injection of ICG (circles ), µNETs (triangles 
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µNETs and nNETs showed higher fluorescence signals from the extracted liver, 

intestine, and stomach at 6 hours post-injection (Figures 3.4B-3.4C), suggesting a lower 

clearance rate of these particles from systemic circulation. Fluorescence emissions 

associated with µNETs and nNETs were detectable in liver up to 48 hours post-injection, 

suggesting that NETs had prolonged the availability of ICG within the body.  

The mean fluorescence intensity (Ī) values per gram of each extracted organ for 

free ICG, µNETs, and nNETs at 6, 24, and 48 hours post-injection time points are shown 

in Figs. 3.4D-F. When compared to free ICG and µNETs, nNETs showed statistically 

significant (p < 0.05) higher values of Ī in all extracted organs at 6 hours post-injection 

(Figure 3.4D), indicating the higher accumulation of nNETs in these organs. At 24 hours 

post-injection, value of Ī associated with nNETs was significantly higher in spleen, lungs, 

intestine, heart and liver as compared to free ICG and µNETs (Figure 3.4E).  

At 48 hours post-injection, value of Ī associated with nNETs remained 

significantly higher in spleen, lungs, heart, and stomach than those for free ICG and 

µNETs (Figure 3.4F). In contrast, there were no statistically significant differences 

between free ICG and µNETs at 48 hours in all organ samples.  

3.4.3 Quantification of ICG content in blood 

Fluorescence emission spectra of blood collected from healthy mice at 6 and 48 hours 

post-injection with µNETs and nNETs are presented in Figure 3.5A. Fluorescence 

emission intensity of µNETs at 6 hours post-injection was higher than that at 48 hours 

post-injection over the spectral band 735–900nm, indicating that the fraction of these 
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particles in the bloodstream was reduced between 6–48 hours. Nano-encapsulation 

improved the longevity of ICG in bloodstream as compared to micro-encapsulation as 

evidenced by higher fluorescence emission intensity of nNETs at 48 hours post-injection 

when compared to that of µNETs at 48 hours post-injection (Figure 3.5A). Fluorescence 

emission spectrum of nNETs at 48 hours post-injection was comparable to that of µNETs 

at 6 hours post-injection.  

We estimated the relative ICG content of blood at 5 min, 45 min, 2, 6, 24 and 48 h 

post-injection of free ICG, µNETs and nNETs formulations (Figure 3.5B). nNETs 

showed higher levels of retention in blood than µNETs. Specifically, the relative ICG 

content of blood at 6 hours post-injection for nNETs was ≈ 21.6% as compared ≈ 12.5% 

for µNETs. At 48 hours post-injection, the relative amounts of ICG for nNETs and 

µNETs were ≈ 11.3% and 5.3%, respectively. The lower circulation time of µNETs as 

Figure 3.5: (A) Fluorescence emission spectra of blood collected from healthy mice at 6 and 48 hours post tail-vein 

injection with µNETs and nNETs (λex = 720 ± 2.5 nm) after baseline subtraction of blood emission spectra in SDS. 

(B) Estimated percentages of ICG recovered from mice blood after tail vein injection of ICG (circles ), µNETs 

(triangles ) and nNETs (diamonds ◆) as a function of time. The inset represents the estimated percentages of 

ICG recovered from mice blood for the three agents at 0 min, 5 min, 45 min, 2 and 6 hours respectively. Error bars 

represent standard deviations, and the single asterisk denotes statistically significant differences (p < 0.05) between 

the indicated pairs for all the time points. 

 

 

Figure 3.6: Estimated percentage of ICG recovered from organs of mice with respect to the initial dose injected per 

gram of organ at 6, 24 and 48 hours post tail-vein injection with indocyanine green (ICG) (15 μM), µNETs and 

nNETs for (a) heart, (b) lungs, (c) kidney, (d) intestine, (e) spleen, and (f) liver. Error bars represent standard 

deviations, and the single asterisks denote statistically significant differences (p < 0.05) between the indicated 

pairs.Figure 3.5: (A) Fluorescence emission spectra of blood collected from healthy mice at 6 and 48 hours post 

tail-vein injection with µNETs and nNETs (λex = 720 ± 2.5 nm) after baseline subtraction of blood emission spectra 

in SDS. (B) Estimated percentages of ICG recovered from mice blood after tail vein injection of ICG (circles ), 

µNETs (triangles ) and nNETs (diamonds ◆) as a function of time. The inset represents the estimated 

percentages of ICG recovered from mice blood for the three agents at 0 min, 5 min, 45 min, 2 and 6 hours 

respectively. Error bars represent standard deviations, and the single asterisk denotes statistically significant 

differences (p < 0.05) between the indicated pairs for all the time points. 
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compared to nNETs can result from the increased uptake of µNETs in circulation by the 

mononuclear phagocytic system (MPS) that include the spleen and liver macrophages. 

3.4.4 Biodistribution profiles 

We quantified the relative amounts of free ICG, µNETs and nNETs in various organs at 

6, 24 and 48 hours post-injections after homogenizing the organs (Figure 3.6). In all 

organs, there were significantly greater levels of nNETs than µNETs and free ICG at 48 

hours post-injection (p < 0.05). For example, at 48 hours post-injection, ≈ 18.8%, 12.8%, 

and 8% ID/g of nNETs, µNETs, and free ICG were present in the heart, respectively 

(Figure 3.6A).  

Lungs were another organ site for significantly higher accumulation of nNETs 

(Figure 3.6B). The higher accumulation level of the nNETs in the lungs can be attributed 

due to their effective entrapment in the pulmonary capillaries. It is believed that 

endocytosis process by endothelial cells of the lungs capillaries is more effective in 

Figure 3.6: Estimated percentage of ICG recovered from organs of mice with respect to the initial dose injected per 

gram of organ at 6, 24 and 48 hours post tail-vein injection with indocyanine green (ICG) (15 μM), µNETs and nNETs 

for (a) heart, (b) lungs, (c) kidney, (d) intestine, (e) spleen, and (f) liver. Error bars represent standard deviations, and 

the single asterisks denote statistically significant differences (p < 0.05) between the indicated pairs.  

 

 

Figure 3.7: (A) Representative H&E stained images of major organs collected from healthy mice at 24 hours post tail-

vein injection with PBS, µNETs, and nNETs derived from bovine blood. Scale bars indicate 100 µm. (B) Levels of 

Alanine Aminotransferase (ALT), Aspartate Aminotransferase (AST) and Alkaline Phosphatase (ALP), associated with 

hepatic function. (C) Levels of Urea nitrogen and creatinine associated with renal function. Error bars represent 

standard deviations and the single asterisks denote statistically significant differences (p < 0.05) between the indicated 

pairs.Figure 3.6: Estimated percentage of ICG recovered from organs of mice with respect to the initial dose injected 

per gram of organ at 6, 24 and 48 hours post tail-vein injection with indocyanine green (ICG) (15 μM), µNETs and 

nNETs for (a) heart, (b) lungs, (c) kidney, (d) intestine, (e) spleen, and (f) liver. Error bars represent standard 

deviations, and the single asterisks denote statistically significant differences (p < 0.05) between the indicated pairs.  
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internalization of nano-sized particles as compared with micron-sized particles.13, 37 At 48 

hours post-injection time point, as compared to µNETs and free ICG, statistically 

significantly higher levels of nNETs were also detected in kidney (≈ 15% ID/g) and 

intestine (9% ID/g) (Figures 3.6C-3.6D).  

At 48 hours post-injection, there were ≈ 27% and 15% ID/g of nNETs in spleen 

and liver, respectively. In contrast, at this time point, there were only about ≈ 18% and 

3.6% ID/g of µNETs, and ≈ 9% and 3% ID/g of free ICG in spleen and liver, respectively 

(Figures 3.6E-3.6F). A higher level of nNETs in spleen at 48 hours post-injection 

suggests that nNETs were still within the circulation and passing through the spleen. 

In addition to filtering foreign body materials, spleen is also involved in removal 

of and damaged or aged erythrocytes from the blood.38 In the open blood circulation 

system of spleen, the arterial blood arrives into cords in the red pulp, which contain the 

splenic macrophages. Blood from the cords enters the venous sinuses of the red pulp 

through interendothelial slits with an average width of ≈ 650 nm.39-40 Due to their smaller 

diameters, nNETs (~ 145 nm mean peak diameter) can pass through these slits, and  gain 

re-entry into the circulatory system. Some fraction of nNETs may also be uptaken by 

splenic macrophages of the red pulp located in the cords. 

The circulation time of red blood cells (RBCs) depends on various biochemical 

and physical characteristics. For example, the presence of key membrane glycoproteins 

such as CD47, decay-accelerating factor (DAF), CD59, and CR1 on the RBC surface can 

impede phagocytosis and prolong the circulation time of RBCs.41-44 Our previous results 

indicate that CD47 remains on the surface of µEGs and nNETs, suggesting that CD47 
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can survive the mechanical extrusion of µEGs,45 and contribute to the extended 

circulation time of NETs by keeping  them shielded from phagocytosis. 

In addition to the presence of appropriate biochemical markers, healthy RBCs 

also have appropriate mechanical properties that allow them to deform and pass through 

the splenic slits. In contrast, senescent RBCs have reduced deformability.46-47 For 

example, nearly 35% increase in membrane surface viscosity is reported for aged RBCs 

as compared to young cells.48 A reduction in deformability of senescent RBCs impairs 

their capability to pass through interendothelial slits. Aged RBCs are eventually 

phagocytosed by the red pulp macrophages,39 and eliminated from circulation. Similarly, 

µNETs (~ 2.6 µm mean peak diameter) may have reduced deformability to allow them to 

squeeze through splenic slits. This reduced deformability may be partially due to loss of 

hemoglobin during the fabrication process of NETs. Nash and Meiselman have reported 

that fresh micron-sized EGs with average reduction of approximately 125 times in 

cellular hemoglobin content had nearly 68% increase in average elastic shear modulus as 

compared to young intact RBCs.48 With compromised mechanical integrity, specifically 

due to lowered deformability, µNETs are likely to remain within the cords and ultimately 

phagocytosed by the splenic macrophages. Combined with slowed blood flow rate in 

spleen,40 resident red pulp macrophages can efficiently recognize μNETs and remove 

them from circulation. Changes in the deformability of NETs, as compared to RBCs, can 

also arise from alterations in membrane integral proteins such as the sialic acid-rich 

glycophorin A and B and 3 to affect their interactions with the membrane lipids and 
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major cytoskeletal proteins, spectrin, actin and ankyrin, as well as alterations in 

cytoskeletal cross-linking itself.49-50  

Liver is another site for the elimination of foreign agents. Blood from both hepatic 

artery and portal vein are mixed together in the hepatic sinusoids before draining out of 

the liver to the heart through the central vein. Endothelial cells in liver sinusoids form a 

fenestrated lining containing pores with diameter of ≈ 170 nm,51 which allow for passage 

of blood plasma to interact with hepatocytes.52 A fraction of nNETs with diameters less 

than the pores’ diameter are likely to leave the sinusoids and extravasate into the space of 

Disse where they can go undergo endocytosis by hepatocytes, and subsequently, secreted 

into the bile ducts, passaged into duodenum, and finally eliminated from the body. This 

mechanism of nNETs elimination is consistent with the hepatobiliary clearance of 

nanoparticles with diameters in the range of 150-200 nm,52 and resembles hepatocytes-

mediated elimination of liposomes and lipid-coated PLGA nanoparticles with similar 

characteristics consisting of mean diameters in the range of ≈ 150-195 nm and average 

zeta potentials between ≈ -19 to -10.6 mV.53-55 Nanoerythrosomes with diameters <100 

nm have also been reported to accumulate in hepatic parenchymal cells.56 

In addition to hepatocytes, hepatic stellate cells located in the space of Disse 

between parenchymal and sinusoidal endothelial cells, can also uptake the nNETs 

extravasated out of the sinusoids. This mechanism of nanoparticles elimination has been 

reported for liposomes with average diameter of 92 nm and zeta potential of ≈ -20 mV.57 

The fraction of nNETs with diameters greater than the diameter of sinusoid pores, and 

µNETs can be uptaken by the Kupffer cells, macrophages adherent to the endothelial 
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lining of the liver sinusoids.52 This phagocytic uptake is consistent with the reported 

accumulation of nanoerythrosomes in Kupffer cells.56  

A particular hydrodynamic phenomenon resulting from the high (≈ 50%) 

occupancy of blood volume by RBCs is the margination of particles to the vessels wall.42 

Under this phenomenon, RBCs avoid the micron-scale marginal layer of the blood that 

directly contacts the vessel wall and allow for other circulating particles to come in 

contact with the wall.58-59 It has been reported that 2 µm diameter hydrogel particles had 

enhanced margination when compared to their 500 nm diameters counterparts.60 In 

relation to NETs, the margination phenomenon implies that µNETs may be in closer 

approximately to Kupffer and endothelial cells that line the sinusoids, resulting in greater 

uptake of these particles as compared to nNETs. Ultimately, degradation of µNETs by 

the splenic and hepatic MPS can result in their reduced circulation time  

3.4.5 Pathology, serum biochemistry and hematology  

H&E stained sections of heart, liver, spleen, lung and kidney after 24 hours post 

intravenous injection of µNETs and nNETs were similar to PBS-injected (control) mice 

(Figure 3.7A), indicating that NETs did not induce pathological alterations in these 

organs. The levels of blood biomarker enzymes (ALP, ALT, and AST) associated with 

the liver, and urea nitrogen and creatinine, associated with kidney functions are presented 

in Figures 3.7B-3.7C, respectively. Given that less than 20% of the injected dosages of 

NETs per gram of liver were detected at 48 hours (Figure 3.6F), there may not be 

concerns with chronic toxicity to liver parenchyma that may otherwise arise as a result of 

prolonged retention of particles in liver. In contrast, nearly 53% of the injected dose of 20 



77 

nm diameter zinc oxide,61 and 80% of 30 nm diameter superparamagnetic iron oxide 

nanoparticles62 were retained in liver for at least 21 and 84 days, respectively.  

ALT and AST levels for µNETs and nNETs were similar to those for PBS-

injected (control) mice (Figure 3.7B). However, ALP levels were higher (p < 0.05) for 

nNETs when compared to those for PBS and µNETs. Levels of urea nitrogen and 

creatinine did not statistically differ as a function of the administered agent (Figure 3.7C).  

While the values for various hematological parameters can vary with the mouse 

strain, age, sex, and other factors, our measurements are within the normal ranges 

reported for these parameters,63-64 regardless of the administered agent (Table 1). Values 

Figure 3.7: (A) Representative H&E stained images of major organs collected from healthy mice at 24 hours post tail-

vein injection with PBS, µNETs, and nNETs derived from bovine blood. Scale bars indicate 100 µm. (B) Levels of 

Alanine Aminotransferase (ALT), Aspartate Aminotransferase (AST) and Alkaline Phosphatase (ALP), associated with 

hepatic function. (C) Levels of Urea nitrogen and creatinine associated with renal function. Error bars represent 

standard deviations and the single asterisks denote statistically significant differences (p < 0.05) between the indicated 

pairs. 
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of RBCs, MCV, hemoglobin and % hematocrit did not statistically differ as a function of 

the administered agent (Table 1). Despite our results that the levels of WBCs and 

platelets were significantly lower (p < 0.05) in response to administration of µNETs, as 

compared to those following the administration of PBS and nNETs, they were still within 

the normal ranges. Similarly, Marshall et al. have also reported a reduction in WBCs and 

platelets counts, but still within the normal range, upon injection of 20 mg/kg of free ICG 

into Sprague-Dawley rats (Table 1), 65 a dosage substantially higher than our estimated 

dosages of 58 µg/kg for free ICG, and 26.16 and 14.5 µg/kg of ICG in µNETs and 

nNETs formulations, respectively.  

Activation of Kupffer cells through interaction with NETs in the liver can induce 

the secretion of various cytokines for recruitment of circulating neutrophils to engulf 

NETs and become activated apoptotic cells. Kupffer cells then recognize and 

phagocytose apoptotic neutrophils expressing phosphatidylserine through P-selectin-

medicated hepatic sequestration.66 These endocytosed apoptotic cells are then degraded 

Table 3.1: Hematology profiles of mice at 24 hours post tail vein injection of PBS (control), µNETs, and nNETs 

derived from bovine blood. Each experiment was repeated five times. Values represent the mean ± standard deviations. 

WBCs: white blood cells; RBCs: red blood cells; MCV: mean corpuscular volume. K denotes 1000. Single asterisks 

denote statistically significant differences of p < 0.05 between the indicated pairs. Reported ranges from reference 63 

are based on values from various mouse strains, sex, and age. Reported ranges from reference 64 are for 16 weeks 

female Swiss Webster mice from Charles River Laboratories, Inc. Reported values from reference 65 are in response to 

20 mg/kg of free ICG injection into Sprague-Dawley rats. 

 

 

Figure 4.1: (A) Schematic illustration of preparation procedure of F-NETs and F-IDNETs. (B) Schematic illustration 

of NIR pulsed laser triggered combinational chemo-PTT therapy through intravenous injection.   Table 3.1: 

Hematology profiles of mice at 24 hours post tail vein injection of PBS (control), µNETs, and nNETs derived from 

bovine blood. Each experiment was repeated five times. Values represent the mean ± standard deviations. WBCs: white 

blood cells; RBCs: red blood cells; MCV: mean corpuscular volume. K denotes 1000. Single asterisks denote 

statistically significant differences of p < 0.05 between the indicated pairs. Reported ranges from reference 63 are based 

on values from various mouse strains, sex, and age. Reported ranges from reference 64 are for 16 weeks female Swiss 

Webster mice from Charles River Laboratories, Inc. Reported values from reference 65 are in response to 20 mg/kg of 

free ICG injection into Sprague-Dawley rats. 
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through phagosome maturation.67-68 This process results in elimination of neutrophils 

from circulation, corresponding to a decrease in WBCs count. Based on our results, this 

mechanism for elimination of neutrophils, which includes activation of Kupffer cells and 

interaction of neutrophils with NETs, appears to be more sensitive to µNETs as 

compared to nNETs.  

Platelets interact with leukocytes in liver and spleen.69 They bind to the hepatic 

sinusoidal endothelium in an integrin-dependent manner, leading to platelet and 

endothelial activation and leukocyte recruitment.70 Activated platelets overexpress p-

selectin glycoprotein ligand-1 (PSGL-1) can bind to leukocytes, neutrophils and 

monocytes resulting in platelet aggregation followed by the release of pro-inflammatory 

cytokines leading to clearance by the macrophages present in the complement system.69, 

71-72 Our findings appear to suggest that the mechanisms leading to platelets activation, 

aggregation, and their ultimate clearance may have been more prone to µNETs as 

compared to nNETs. It is also possible that platelets aggregation and clumping, which 

may have been more prevalent in response to presence of µNETs, could have led to a 

decrease in the automated platelets count, as suggested in literature.73 Finally, our 

findings are consistent with another study where noticeable signs of toxicity as 

determined by blood biochemical, hematological and histological assays were not 

observed in mice at 15 days post tail-vein injection of upconversion nanoparticles coated 

with RBC membranes.22 
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3.5 Conclusions  

We have engineered erythrocyte-derived optical particles doped with ICG. The diameter 

of these constructs, referred to as NETs, can be adjusted from micron to nano scale. 

Nano-sized NETs were retained at higher levels in blood and various organs at 48 hours 

post tail vein injection as compared to free ICG and micron-sized NETs. Histological 

analyses of various organs, extracted at 24 hours post intravenous injection of NETs, did 

not show any pathological alterations. Serum biochemistry, in general, did not show 

elevated levels of the various analyzed biomarkers associated with liver and kidney 

functions. Values of various hematological profiles remained within the normal ranges 

following the administration of µNETs and nNETs.   Results of this study suggest that 

erythrocyte-derived particles can potentially provide a non-toxic platform for delivery of 

payloads, and when constructed at nano-size scale, can extend the circulation time of 

their cargo. As optical platforms, NETs offer a great potential for clinical translation for 

light-based theranostic applications.  
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3.6 Appendix A. Electronic Supplementary Information  

 

 

Absorption spectra of µNETs and nNETs and their supernatants after centrifugation at 

physiological temperature in dark over a period of 48 hours are shown in Figure 3.S1A 

and 3.S1B, respectively. Using equation 2 (see manuscript text), the percentage leakage 

of ICG from µNETs and nNETs were calculated as ≈ 9.1% and 5.6%, respectively, at 48 

hours post fabrication (Fig. 3.S1C).  

 

 

 

Figure 3.S1: Time-dependent absorption spectra of (A) µNETs, and (B) nNETs and the corresponding 

supernatant solutions at 37 °C. (C) % ICG leakage () from µNETs and nNETs as a function of time. 
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Chapter 4: Folate-Functionalized Erythrocyte-Derived 

Nanoparticles Co-loaded with Indocyanine Green/Doxorubicin 

Hydrochloride for Near-infrared (NIR) 808 nm Pulsed-laser 

Combined Chemo-Phototherapy of Ovarian Cancer   

4.1 Abstract  

Remotely controlled, localized drug delivery is highly desirable for potentially 

minimizing the systemic toxicity induced by administration of chemotherapy drugs. 

Nanoparticle-based drug delivery systems provide a highly promising approach for 

localized drug delivery and are an emerging field of interest in cancer treatment. Here, we 

demonstrate near-IR light-triggered release of chemotherapeutic drug that have been co-

encapsulated with NIR chromophore in erythrocyte-derived nanoparticles. 

Chemotherapeutic drug, doxorubicin HCl, and NIR chromophore, indocyanine green, 

were delivered to SKOV3 ovarian cancer cells. Using a pulse-laser, combination of 

photothermal heating and chemotherapy induced cancerous cell death and increase 

survivability of SKOV3-tumor bearing mice. This method provides localized treatment 

and release of chemotherapy drugs deliverable at a specific treatment site over a specific 

time window, with the potential for greatly minimized side effects. Histological 

evaluation of subcutaneous tissue revealed minor thermal damage, apoptosis and necrosis 

in laser/saline group and substantial damage in the laser/F-IDNETs group. The laser/F-

IDNETs group showed a significant tumor reduction compared to laser/saline.  
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4.2 Introduction 

Ovarian cancer is the most lethal malignancy affecting the female reproductive 

system. Nearly 75% of individuals with ovarian cancer are first diagnosed with 

disseminated intraperitoneal disease (stage III). While some tumors can be removed 

surgically, others may not be resectable due to their locations. For example, procedures 

such as diaphragm stripping, splenectomy, distal pancreatectomy, liver resection, or 

cholecystectomy may be required during surgical removal of ovarian peritoneal tumors. 

Despite non-specific toxicity and multi-drug resistance problems, chemotherapy and  

surgery remain as gold standards in treating cancer.1-2 For example, Doxorubicin HCl 

(DOX), an anthracycline ring antibiotic, is a highly effective anti-neoplastic agent used in 

leukemia chemotherapy. However, the severe toxic side-effects such as cardiotoxicity, 

alopecia, vomiting, leucopenia, and stomatitis have hindered the successful use of DOX.3-

5 One strategy for reducing the side effects and systemic toxicity of chemodrugs and 

improving therapeutic efficacy is to combine with other treatment modalities.  

Nanoparticle-based anticancer drug delivery promises a disruptive technology to 

accommodate multiple drug molecules or therapeutic modalities to achieve synergistic 

therapeutic effects.6-8 To improve drug delivery and bioavailability, nanoparticles 

responding to external stimulations (e.g., light, magnetic field, ultrasound) or internal 

stimulations (e.g., reduction/oxidation, pH, and enzymatic activity) have been developed 

with excellent efficacies.8 These stimuli can provide excellent spatiotemporal and dosage 

control for drug release in tumor tissues with reduced systemic toxicity. Recently, 

phototherapy has attracted considerable attention as a powerful technique for treating 
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cancers as well as malignant tumors with minimal invasiveness. One such 

phototherapeutic approach is photothermal therapy (PTT) which require absorption of 

incoming light by an agent to generate heat for killing cancer cells.9-10  NIR laser-

mediated thermal therapy using wavelengths in the range of ≈ 700-900 nm (spectral 

window of biological transparency)11 has been investigated to induce release of drug 

molecules to target sites. To date, indocyanine green remains as the only FDA-approved 

NIR-activated agent for clinical applications ranging from ophthalmic angiography, 

cardiocirculatory measurements, assessment of hepatic function, and blood flow 

evaluation. ICG has also been investigated for potential applications in mapping sentinel 

lymph nodes to imaging intracranial aneurysm and cerebral arteriovenous 

malformations.12-14 ICG has also been investigated as a photosensitizer for phototherapy 

due to its ability to generate heat and singlet oxygen upon laser irradiation.15-16 However, 

the drawbacks of using ICG include its short half-life within plasma (2 – 4 minutes), with 

nearly exclusive uptake by hepatocytes and elimination through the hepatobiliary 

mechanism.  

Encapsulation of ICG and DOX into a nanocargo can provide a method to shield 

the non-specific interactions with blood plasma proteins and ultimately extend the 

circulation times of both the agents, so that higher amounts of drug payload can be 

accumulated at specific target sites and also facilitate excellent therapeutic efficacies.17-18 

Furthermore, molecular targeting strategy can also enhance the drug payload 

accumulation at the specific target sites. For example, a particularly promising target for 

ovarian cancer is FRα, which is over-expressed in both primary tumor tissue and in 
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metastatic tumor deposits.19-23 The tumor specificity and high levels of FRα expression 

provide the basis to target FRα as a biomarker associated with ovarian cancer. 

For example, liposomes co-encapsulating ICG and DOX activated by NIR light 

have shown enhanced drug accumulation at the tumor site when compared with free 

drugs, and eradicated tumors by mediating synergistic chemo-photothermal effects.24 In 

another recent study, anti-HER2 functionalized ICG-DOX encapsulated in polymeric 

constructs (PEG-PLGA diblock copolymeric nanoparticles) exhibited cytotoxicity in 

MDA-MB-453/HER2(+) cells upon 6 W/cm2 continuous wave (CW) 808 nm light 

irradiation for 5 minutes, with  resulting cell death being higher than when the dosages of 

encapsulated DOX or ICG alone were twice as much.25 However, the poor circulation 

times of liposomes and polymeric nanoparticles as well as the use of CW lasers which 

will increase the overall treatment time can severely restricts their usage in biomedical 

clinics.  

Erythrocyte-derived drug delivery systems have been investigated as a 

biomimetic coating for nanomaterials with various functions.26-30 We reported the first 

demonstration on the engineering of nanosized red blood cell derived vesicles loaded 

with ICG for fluorescence imaging and photodestruction of human dermal microvascular 

endothelial cells.31 We refer to these constructs as NIR erythrocyte-mimicking 

transducers (NETs). Upon NIR light activation, NETs are capable to transduce the 

absorbed photons energy to emit fluorescence, generate heat or mediate production of 

reactive oxygen species (ROS).32 The blood circulation kinetics of NETs in healthy mice 
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show that 11% of initial injection still remain in blood for at least 48 hours post tail-vein 

injection.33  

In this study, we have engineered erythrocyte-derived nanosized vesicles which 

can encapsulate both ICG and DOX (IDNETs). We show for the first time that IDNETs 

can be successfully functionalized with folate moieties to achieve molecular targeting of 

FR-α receptors over-expressed on the surface of SKOV3 ovarian cancer cells. IDNETs 

induced a significant temperature in response to 808 nm pulsed laser irradiation which 

further triggered the release of chemotherapeutic drug payload, DOX within the specific 

target site. We demonstrate the therapeutic effectiveness of folate functionalized IDNETs 

by combining NIR light-triggered photothermolysis along with the delivery of DOX on 

the destruction of subcutaneous xenograft ovarian tumors in mice with shorter irradiation 

times (in the order of ms as opposed to minutes for CW laser) and improved survival 

rates. 

4.3 Materials and Methods 

4.3.1 Fabrication of F-NETs/F-IDNETs 

Erythrocytes were isolated from whole human blood (Biological Specialty Corporation, 

Colmar, PA) and washed in ≈310 mOsm PBS (referred to as the 1X PBS solution, Fisher 

Scientific, Hampton, NH, USA) at ≈ (4178 x g) 4200 x g at 4°C for 10 mins. Packed 

erythrocytes were subject to hypotonic (≈80 mOsm, 0.25X PBS) treatment to deplete the 

hemoglobin content of the cell, resulting in erythrocyte ghosts (EGs), 46419 x g at 4°C 

for 20 mins. Micron-sized EGs were subject to sonication for: (1) making nano-sized EGs 
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and (2) functionalization of folate (folate-DSPE-PEG, Nanosoft Polymers, Winston-

Salem, NC, USA) using tip-sonicator (FB705, Fisher Scientific, Hampton, NH, USA). 

Folate functionalized nano-EGs were concentrated down prior to loading in 

ultracentrifuge at 76974 x g at 4°C for 1 hour. To make folate-functionalized NETs (F-

NETs), 10mL of nEGs were concentrated and resuspended in 1mL 1XPBS, 3mL of 2mg 

ICG, 3mL Sorenson’s buffer. To make F-IDNETs, Doxorubicin HCl (VWR 

International, Radnor, PA, USA) and Indocyanine green (MP Biomedicals, Santa Ana, 

CA, USA) were mixed at a 1:1 molar ratio for 5 minutes prior to loading. 10 mL of nEGs 

were concentrated and resuspended in 1mL 1xPBS, 3 mL of 2 mg ICG, 3 mL of 1 mg 

DOX, and 3mL Sorenson’s buffer. Loading concentration was ≈ 775μM. NETs samples 

were centrifuged at 76974xg at 4°C for 1 hour and washed twice. NETs fabrication 

depicted in Figure 4.1A.  

4.3.2 Characterization 

The hydrodynamic diameters and zeta potentials were measured by dynamic light 

scattering (DLS) (Zetasizer Nano ZS90, Malvern Instruments Ltd, Westborough, MA, 

USA). We fitted lognormal functions to the DLS-based estimates of NETs’ 

hydrodynamic diameters. Absorption spectra were obtained using a UV-visible 

spectrophotometer (Jasco-V670 UV-vis spectrophotometer, JASCO, Easton, MD, USA) 

with optical path length of 1 cm. Fluorescence emission spectra of ICG-containing 

samples in response to 720 ± 2.5 nm excitation light, spectrally filtered from a 450 W 

xenon lamp, were recorded in the range of 735–900 nm using a fluorometer (Fluorolog-3 

spectrofluorometer, Horiba Jobin Yvon, Edison, NJ, USA). DOX emission was collected 
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from 485 – 700 nm with 470 ± 2.5 nm excitation light and folate emission was collected 

from 365 – 650 nm with 350 ± 2.5 nm excitation light.  

4.3.3 Temperature Rise Measurements 

Figure 4.2 depicts schematic drawing of photovoltaic detector set-up for temperature rise 

calculations. Blackbody emission in the range 3-7 μm was measured by photovoltaic 

detector (PVD): PVI-4TE-6 (Vigo Systems, Poland) with 25 mm f/1 lens (Edmund 

Optics, 69649, BBAR 3-5μm) placed 25 mm from detector. A 5 mm aperture was used 

during calibration to match a 5 mm laser spot size for pulsed laser irradiations. An 

aluminum block was painted black with black india Higgins ink (Chartpak, Leeds, MA, 

USA) used as blackbody mimic. The Al block was heated on hotplate and transferred to 

measurement surface, 12.4 cm from detector (Figure 4.S1A). Surface temperature in 

Figure 4.1: (A) Schematic illustration of preparation procedure of F-NETs and F-IDNETs. (B) Schematic illustration 

of NIR pulsed laser triggered combinational chemo-PTT therapy through intravenous injection.    

 

Figure 4.2: Physical Characterization of NETs (A) Zeta Potential, (B) Diameter Distributions. Figure 4.1: (A) 

Schematic illustration of preparation procedure of F-NETs and F-IDNETs. (B) Schematic illustration of NIR pulsed 

laser triggered combinational chemo-PTT therapy through intravenous injection.    
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cooling phase was measured using a thermocouple (Item#:HYPO-33-1-K-G-60-SMPW-

M, Omega Engineering, Stamford, CT), connected to Vernier LabQuest. Temperature 

and voltage were plotted in Mathworks MatLab and fitted to a exponential decay for 

temperature calibration. A representative temperature calibration plot is shown in Figure 

4.S1B. 

4.3.4 Laser Irradiation  

For pulsed-laser irradiations, we used Lumics LuOcean Mini 4 808 ±10 nm coupled to a 

10-mm aperture collimator VIS-NIR, SMA 88170 (Edmund Optics, NJ, USA). Laser 

energy was determined using Ophir Energy Meter (3(150)-HE-SH) (Ophir Optronics, 

Jerusalem, Israel). A laser energy calibration was generated to determine energy 

densities. 

 Samples were irradiated with Do = 50 and 90 J/cm2, tp = 500 ms, laser spot size = 

5 mm  in a glass-bottomed Petri dish (MatTek Corporation, Ashland, MA, USA) and 

voltages were measured by PVD detector as shown in Figure 4.S1C. Data was analyzed 

in MathWorks MatLab.  

4.3.5 Photostability of ICG in NETs 

After irradiation, samples containing ICG were measured by UV-Vis to determine ICG 

degradation after exposure to laser dosages Do = 50 and 90 J/cm2. Percentage of ICG 

remaining was calculated as:   

808 ( )

808 ( )

% ICG Remaining =  100 (1)
light

dark

A

A
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4.3.6 Effects of pH and light on DOX release  

To investigate the effects of pH and light-triggered release of DOX, IDNETs and F-

IDNETs were diluted in PBS (pH 5.5 or pH 7.6) and irradiated using Do = 25 J/cm2. 

NETs were diluted to A808 = 10 in PBS (pH 5.5 or pH 7.6) and irradiated using fluence of 

25 J/cm2 in 20 μL samples. 50 μL of irradiated sample was diluted with 450 μL of PBS 

(A808 = 1) and filtered using Amicon Ultra-4 filter tubes (EMD Millipore, Burlington, 

MA, USA) at 4k rpm for 10 mins. For dark controls, NETs were diluted to A808 = 1 in 

PBS (at pH 5.5 or pH 7.6) and 500 μL was filtered using Amicon Ultra-4 filter tubes. 

 After filtration, 200 μL of supernatant was collected into 96-well plate. 

Additionally, pellet was resuspended to original volume of 500 μL and 200 μL of sample 

was collected into 96-well plate. DOX fluorescence was observed at excitation 470 nm 

and emission 590 nm (peak DOX emission) using Molecular Devices SpectraMax M3 

plate reader (Molecular Devices, San Jose, CA, USA). Percentage of DOX release was 

quantified by the following equation:   

% DOX release =   100 (2)
Sup

Sup Pellet

Fl

Fl Fl


+
 

4.3.7 Cell Culture  

SKOV3 ovarian 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., 
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Corning, NY, USA) at 37°C in 5% humidified CO2. Cells were used for in vitro 

experiments and implanted in Nu/J female nude mice to induce tumors.  

4.3.8 Fluorescence Imaging  

We incubated NETs, IDNETs, F-NETs and F-IDNETs with SKOV3 ovarian cancer cells. 

We added 4 x 105 cells in 200 μL of RPMI 1640 medium supplemented with 10% FBS, 

and 1% Penicillin/Streptomycin to each well of a 96-well plate. Cell suspensions were 

plated in 5% CO2 overnight. All samples were diluted to have same absorbance at 808 

nm. On the following day, the cells were washed and incubated with various agents 

consisting of 1X PBS, free ICG, free DOX, free ICG-DOX, NETs, ID-NETs, F-NETs or 

F-IDNETs in separate wells for four hours in the dark at 37 °C. After incubation, cells 

were subsequently washed twice with 1X PBS and fixed using 4% paraformaldehyde 

(Electron Microscopy Sciences, Hatfield, PA, USA) permeabilized with 2% Tween-20 

(Sigma Aldrich, St. Louis, MO, USA), and finally incubated with 300 nM DAPI for 5 

minutes to stain the nuclei for fluorescence imaging.  

NIR fluorescence emission (> 770 nm) in response to 740 ± 30 nm excitation by a 

Nikon halogen lamp was captured by an electron multiplier gained CCD camera (Quant 

EM-CCD, C9100-14 Hamamatsu, Shizuoka-ken, Japan). The camera exposure time was 

set at 0.1 s. Fluorescence emission from DOX in the range 524 ± 24 nm was collected in 

response to 485 ± 35 nm excitation by the Nikon halogen lamp. Fluorescence emission 

from DAPI-stained nucleiin the range of 435–485 nm was collected in response to 360 ± 

20 nm excitation by the Nikon halogen lamp. We present falsely-colored microscopic 
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fluorescent images as the overlay of the NIR emission due to ICG (red channel), DOX 

emission (green channel) and visible emission due to DAPI (blue channel). 

4.3.9 Cell Viability Assay MTT 

SKOV3 cells were plated in 96-well plate for standard curve. SKOV3 cells incubated 

with 1XPBS, free ICG, free DOX, free ICG-DOX, NETs, ID-NETs, F-NETs, or F-

IDNETs were plated in a 24-well plate in triplicate. Dark controls were subject to similar 

treatment, in absence of pulsed laser irradiation. SKOV3 cells were plated and left 

overnight. On the following day, SKOV3 cells were washed with 1XPBS and incubated 

with 250μL RPMI 1640 supplemented with 10% FBS and 1% Penicillin/Streptomycin 

and 250μL of sample were incubated for 4 hours at 37°C, supplemented with 5% CO2. 

Cells were then washed twice with 1XPBS and trypsinized. Cells were concentrated to 

50μL samples for irradiation. After irradiation (Do = 50 or 90 J/cm2, tp = 500 ms), cells 

were returned to plate and incubated overnight at 37°C, in presence of 5% CO2. On the 

following day, MTT reagent (Thiazolyl Blue Tetrazolium Bromide, Sigma Aldrich, St. 

Louis, MO, USA) was added and incubated for 4 hours, at 37°C, in presence of 5% CO2. 

After 4 hour incubation, the solution was aspirated and formazan crystals were dissolved 

in 100% DMSO (Corning Inc., Corning, NY, USA). Absorbance was measured at 572 

nm using Molecular Devices SpectraMax M3 plate reader (Molecular Devices, San Jose, 

CA, USA). Cell viability was determined using calibration curve.  



98 

4.3.10 Animal Study 

Female Nu/J mice (20-25 g, 6-8 weeks) were purchased from Jackson Laboratory (Bar 

Harbor, Maine, USA) and utilized in this study under a protocol approved by the 

University of California, Riverside Institutional Animal Care and Use Committee (A-

20170038). We injected ≈ 1 x 107 SKOV3 cancer cells subcutaneously into the thighs. 

Mice were monitored until the tumor sizes reached approximately 15mm3. The tumor 

volume was calculated as D x d2 / 2, where D and d were the larger and smaller diameter 

of each tumor.  

 Tumor-bearing mice were randomly divided into six groups with six animals in 

each group. Group 1 received PBS with laser irradiation, Group 2 received free ICG 

(2.67 mg/kg) with laser irradiation, Group 3 received free DOX with laser irradiation 

(0.76 mg/kg), Group 4 received ICG+DOX with laser irradiation (2.67 mg/kg ICG and 

0.76 mg/kg DOX), Group 5 received F-NETs (2.67 mg/kg ICG) with laser irradiation and 

Group 6 received F-IDNETs (2.67 mg/kg ICG and 0.76 mg/kg DOX) with laser 

irradiation, respectively. We administered 100 μL of the agent (PBS, free ICG, free 

DOX, free ICG+DOX, F-NETs, or F-IDNETs) intravenously via tail vein injection while 

the animal was anesthetized. Laser irradiation was performed at 24 h post injection with a 

beam diameter of 5 mm using Do = 90 J/cm2. A representative schematic of animal study 

is shown in Figure 4.1B. We measured the temperature change in response to the 808 nm 

laser irradiation with PVD calibrated with temperature probe measuring the surface of a 

heated black-painted aluminum block as shown in Figure 4.S1A and 4.S1D. Following 

the experimental procedures, animals were allowed to recover. We assessed the efficacies 
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of different NETs formulations mediating chemo-photothermal destruction in tumor size 

by measuring the tumor volumes following each treatment at every alternate day and for 

up to 14 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 by the initial tumor volume (Vo) on the day of the laser irradiation. All the animals 

were subsequently euthanized on day 14.   

4.3.11 Histological and Caspase 3 staining:  

A subset of mice from each group was euthanized at day 0 post laser irradiation for 

histological analysis. Tumor, liver, spleen, kidney, lung and heart were dissected and 

embedded in OCT-blocks followed by sectioning at a depth of 10 μm per each slice using 

a cryostat microtome (CM1950 cryostat, Buffalo Grove, Illinois, USA). The sections 

were subjected to H&E (hematoxylin and eosin) staining to monitor the extent of necrotic 

tissue damage.  Tumor tissue sections were also stained with fluorescein isothiocyanate 

(FITC)-labeled caspase 3 antibody (BD Biosciences, San Diego, USA) to measure the 

extent of apoptotic damage. 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 0.1 s. Mean and SDs of the image intensities (n = 3 images) 

were quantified using ImageJ. The H&E stained slides were examined under a light 

microscope (Nikon Eclipse Ti-S).  
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4.4 Results and Discussion 

Zeta potentials of NETs, F-NETs, ID-NETs, and F-IDNETs as -14.52 ± 1.39,-12.68 ± 

0.64, -15.12 ± 0.82, -12.26 ± 0.92 mV, respectively (Figure 4.2A). Folate 

functionalization, results in statistically significant (* p < 0.05) increased zeta potential of 

F-NETs and F-IDNETs compared to its nonfunctionalized counterpart. Hydrodynamic 

distribution profiles of NETs, F-NETs, ID-NETs, and F-IDNETs fabricated using 775 

μM ICG ± DOX were 92.98, 87.38, 91.15, and 93.01 nm, respectively (Figure 4.2B). No 

significant changes in size distribution observed between samples. 

 The absorption spectra of free formulations of ICG (17.3 μM), DOX (2.6 μM) and 

ICG+DOX (17.6 μM and 2.6 μM) dissolved in 1XPBS are shown in Figure 4.3A. The 

peaks of ICG at 690 and 776 nm correspond to H-like aggregate and monomeric forms of 

ICG, respectively.34 DOX absorbs in the visible region with a peak absorbance at 480 

nm. Upon mixing the ICG and DOX together, ICG peaks shift to 700 and 782 nm along 

with the emergence of a spectral shoulder around 850 nm indicating J-like aggregates.35 

Figure 4.2: Physical Characterization of NETs (A) Zeta Potential, (B) Diameter Distributions.  
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Interaction of DOX and ICG indicated by J-like aggregates as well as decreased both 

DOX and ICG fluorescence (Figure 3B) when compared to their individual counterparts.   

ICG in NETs and IDNETs formulations is predominantly in monomeric form 

around 800 nm (Figure 4.3C). A bathochromic (red) spectral shift in the monomeric 

absorption of free ICG from 776 to 800 nm in NETs is consistent with our previous 

results.31 This shift can be attributed to the binding of ICG molecules to phospholipids 

and membrane proteins of the NETs, causing a change in molecular energy levels of ICG, 

as well as the local solvent environment surrounding ICG within the NETs. IDNETs and 

F-IDNETs have increased H-like aggregate compared to NETs and F-NETs as well as the 

appearance of a J-like aggregate shoulder at 860 nm, similar to that of ICG+DOX. 

Figure 4.3: Optical Characterization. (A) Absorbance and (B) Fluorescence of ICG, DOX, ICG+DOX (conc), (C) 

Absorbance and (D) Fluorescence of NETs, IDNETs, f-NETs, f-IDNETs. DOX Fluorescence (Left-Y Axis, λex = 470 

nm). ICG Fluorescence (Right-Y Axis, λex = 720 nm)   

  

 

Figure 4.4: Temperature Rise (A) Samples in solution at Do = 50 J/cm2 (B) 90 J/cm2. Absorbance of samples in dark 

(no light), 50 J/cm2, and 90 J/cm2 (C) Average max temperature rise, (D) Percentage of ICG remaining after 

irradiation, (E) DOX leakage in response to light and pH.Figure 4.3: Optical Characterization. (A) Absorbance and 

(B) Fluorescence of ICG, DOX, ICG+DOX (conc), (C) Absorbance and (D) Fluorescence of NETs, IDNETs, f-

NETs, f-IDNETs. DOX Fluorescence (Left-Y Axis, λex = 470 nm). ICG Fluorescence (Right-Y Axis, λex = 720 nm)   
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Absorbance values in the NIR range of 600-900 nm indicate ICG absorbance. Presence of 

peak around 470 nm are from DOX, indicating successful encapsulation of both ICG and 

DOX within NETs. 

DOX (left Y-axis) and ICG (right Y-axis) fluorescence in response to shown in 

Figure 3D as a double-Y axis. DOX fluorescence in response to 470 nm excitation. ICG 

fluorescence for ID-NETs is slightly quenched due to interactions with DOX similar to 

that of ICG+DOX in 1XPBS. Additional confirmation of folate-functionalization 

measured by weak folate fluorescence, indicating a spectral peak around 440 nm in 

response to 350 nm photo-excitation (Figure 4.S2).   

 Figure 4A and 4B show representative temperature rise profiles at Do = 50 J/cm2 

and 90 J/cm2 of samples. The average temperature rise of NETs was 13.12 ± 0.86 °C 

Figure 4.4: Temperature Rise (A) Samples in solution at Do = 50 J/cm2 (B) 90 J/cm2. Absorbance of samples in dark 

(no light), 50 J/cm2, and 90 J/cm2 (C) Average max temperature rise, (D) Percentage of ICG remaining after irradiation, 

(E) DOX leakage in response to light and pH. 

 

 

Figure 4.5: (A) Fluorescence Imaging of SKOV3 Cells after 4 hours incubation with various samples.Images 

processed in ImageJ and channels falsely-colored. Blue: DAPI, Green: DOX, and Red: ICG. Scale corresponds to 50 

μm, Temperature Rise (B) Cells in suspension at Do = 50 J/cm2 (C) 90 J/cm2, (D) Average max temperature rise of 
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whereas IDNETs had about 20.97 ± 0.16 °C in solution (Figure 4C). Larger temperature 

rise from samples containing ICG and DOX attributed to spectral shift and J-like 

aggregate resulting in increased total absorption for pulsed laser (808 ± 10 nm). In 

general, non-ICG containing samples had minimal temperature rise (2 – 5 °C) in response 

to pulsed laser irradiation whereas ICG containing samples had 13 – 22 °C (Do = 50 

J/cm2) and 20 – 40 °C (Do = 90 J/cm2) temperature rise. Absorption at 808 nm of ICG-

containing samples after laser irradiation indicate 30-60 % ICG degradation as a result of 

light.  

 Effects of pH and laser irradiation of DOX release shown in Figure 4.4E. IDNETs 

and F-IDNETs had leaked 4.3 ± 1.2 and 6.6 ± 0.8% at pH 5.5 (acidic conditions 

mimicking lysosomes and tumor microenvironment) compared to 3.1 ± 2.0 and 2.8 ± 2.4 

% at pH 7.6 (normal conditions). In response to laser irradiation, IDNETs and F-IDNETs 

leaked 28.8 ± 13.9 and 40.3 ± 7.2 % at pH 5.5 and 39.8 ± 6.7 and 43.3 ± 6.8 % at pH 7.6. 

Minimal leakage observed in response to changes in pH whereas light triggered ~30 – 45 

% DOX release in solution at 25 J/cm2 in all conditions.  

Fluorescent microscope images were obtained after 4 hours of sample incubation 

with SKOV3 cells are shown in Figure 4.5A. Minimal to no fluorescence observed by 

controls. Higher NIR fluorescence through folate-functionalized targeting of SKOV3 

cells. Higher DOX fluorescence observed in SKOV3 cells incubated with F-IDNETs 

compared to IDNETs due to specific targeting, combined with slow release of DOX leads 

to increased cell death in the dark. Cell death and fragmentation can be seen more easily 

for F-IDNETs in NIR channel. Representative temperature rises for each sample shown 
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in Figure 4.5B and 4.5C for Do = 50 J/cm2 and Do = 90 J/cm2
. MTT Cell viability assay 

was performed to determine cell viability after pulsed irradiation. Figure 4.5E shows the 

percentage cell viability with respect to control (PBS, dark). Pulsed laser induced 

photothermal cellular death in cells incubated with ICG-containing samples. A larger 

temperature rises is correlated to greater cell death. Cytotoxic cellular death contribution 

from DOX can be seen in absence of pulsed laser irradiation, can further contribute to 

increased cellular death as pulsed laser irradiation results in DOX release. Uptake of 

Figure 4.5: (A) Fluorescence Imaging of SKOV3 Cells after 4 hours incubation with various samples.Images 

processed in ImageJ and channels falsely-colored. Blue: DAPI, Green: DOX, and Red: ICG. Scale corresponds 

to 50 μm, Temperature Rise (B) Cells in suspension at Do = 50 J/cm2 (C) 90 J/cm2, (D) Average max 

temperature rise of SKOV3 cells incubated with various samples, (E) Cell viability assessment in response to 

laser irradiation. 

 

 

Figure 4.6: (A) Experimental timeline for animal study, (B) Representative temperature rise profiles in mice 

irradiated with Do = 90 J/cm2, tp 500 ms at 24 hours post-injection, (C) Relative tumor growth taken up to 14 

days after irradiation, (D) Photographs of harvested tumors at Day 14, (E) H&E-stained tumor tissues taken 

immediately after laser treatment, 10 magnification, scale bar = 200 μm, (F) FITC-labeled caspase-3 staining 

of tumor tissues taken immediately after laser treatment, 40 magnification, scale bar = 50μm. (G) Mean 

fluorescence intensity quantification of caspase-3 activation. (*p<0.05).    

Figure 4.5: (A) Fluorescence Imaging of SKOV3 Cells after 4 hours incubation with various samples.Images 

processed in ImageJ and channels falsely-colored. Blue: DAPI, Green: DOX, and Red: ICG. Scale corresponds 

to 50 μm, Temperature Rise (B) Cells in suspension at Do = 50 J/cm2 (C) 90 J/cm2, (D) Average max 

temperature rise of SKOV3 cells incubated with various samples, (E) Cell viability assessment in response to 

laser irradiation. 
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NETs by SKOV3 cells through lysosomal pathways corresponding to acidic conditions 

may aid with the slow release of DOX killing cells and inducing more uptake of ID-

NETs compared to NETs alone.  

As a proof-of-concept study, in vivo experiments were performed to evaluate the 

efficacies of the combination of chemo and photothermal effects mediated by F-IDNETs 

on the destruction of SKOV3 ovarian xenograft tumors-implanted in subcutaneously Nu/J 

nude mice. Pulsed laser irradiation (808 nm) was done 24 h after intravenous injection of 

F-IDNETs, F-NETs, free ICG-DOX, free DOX and free ICG formulations via tail vein. 

The timeline for in vivo experiments were shown in Figure 4.6A. To investigate if there 

was a photothermal effect during the pulse laser irradiation, we recorded the temperature 

rise profiles from the tumor bearing mice using a photovoltaic detector (Figure 4.6B). 

Figure 4.6: (A) Experimental timeline for animal study, (B) Representative temperature rise profiles in mice 

irradiated with Do = 90 J/cm2, tp 500 ms at 24 hours post-injection, (C) Relative tumor growth taken up to 14 

days after irradiation, (D) Photographs of harvested tumors at Day 14, (E) H&E-stained tumor tissues taken 

immediately after laser treatment, 10 magnification, scale bar = 200 μm, (F) FITC-labeled caspase-3 staining 

of tumor tissues taken immediately after laser treatment, 40 magnification, scale bar = 50μm. (G) Mean 

fluorescence intensity quantification of caspase-3 activation. (*p<0.05).    

 

 

Figure 4.S1: (A) Photovoltaic detector-temperature calibration set-up. (B) Pulse-laser/Photovoltaic Detector 

set-up for samples and cells and (C) Pulse-laser/Photovoltaic detector set-up for animal studies.   

 Figure 4.6: (A) Experimental timeline for animal study, (B) Representative temperature rise profiles in mice 

irradiated with Do = 90 J/cm2, tp 500 ms at 24 hours post-injection, (C) Relative tumor growth taken up to 14 

days after irradiation, (D) Photographs of harvested tumors at Day 14, (E) H&E-stained tumor tissues taken 

immediately after laser treatment, 10 magnification, scale bar = 200 μm, (F) FITC-labeled caspase-3 staining 

of tumor tissues taken immediately after laser treatment, 40 magnification, scale bar = 50μm. (G) Mean 

fluorescence intensity quantification of caspase-3 activation. (*p<0.05).    
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Laser irradiation at 90 J/cm2 and at a tp = 500 ms resulted in a temperature rise of ≈ 54 oC 

and 30 o C, for F-IDNETs and F-NETs injected mice, respectively. On the other hand, the 

free formulations, ICG, DOX and ICG-DOX resulted a temperature rise of ≈ 15 oC. The 

tumor growth curves for mice intravenously injected with various formulations and 

subjected to pulse laser irradiation are presented in Figure 4.6C. In response to laser 

irradiation, we have observed significant reductions in the relative tumor volumes (V/Vo) 

of F-IDNETs when compared to that F-NETs. In addition, F-NETs and F-IDNETs 

exhibited statistically significant reduction in their tumor volumes when compared to the 

control treatment group (PBS injected mice and treated with laser). The residual tumors 

of representative mice at day 14 clearly reveal that F-IDNETs injected mice has the 

smallest tumors when compared to other treatment groups. The combination of chemo-

photothermal therapy mediated by F-IDNETs results in significant delayed tumor growth, 

whereas a single treatment modality, such as chemotherapy alone or photothermal 

therapy alone resulted only in partial suppression. The mice body weights did not induce 

any noticeable changes for all the treatment groups during the treatment period (Figure 

4.S4). To examine the extent of damages in other organs, we further performed 

hematoxylin & eosin (H&E) staining for the histological tissue sections of tumor, liver, 

kidney, lung, heart and spleen (Figure 4.6D and 4.SI 5). There were not any noticeable 

damages observed in liver, kidney, lung, heart and spleen in any of the treatment groups, 

whereas necrosis was clearly observed from the tumor tissue dissected from the F-

IDNETs and F-NETs treated mice when compared to PBS control group and other free 

formulation groups. To investigate the presence of cellular apoptosis in response to 808 
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nm pulse laser irradiation, some of the tumors were extracted immediately after laser 

irradiation and imaged by fluorescence immunostaining to detect the presence of caspase-

3. As evidenced by the FITC green fluorescence emission, there was caspase-3 activation 

in mice injected with F-NETs and F-IDNETs (Figure 6F). Analysis of these images 

confirmed that F-IDNETs were effective in inducing the apoptotic pathway of 

programmed cellular deaths via activation of caspase-3. F-IDNETs induced statistically 

significant higher values of FITC fluorescence intensity associated with Caspase-3 when 

compared to that of F-NETs, respectively (Figure 4.6G). Nevertheless, F-IDNETs can 

potentially be used as an effective theranostic nanoprobe in mediating combined chemo-

photothermal therapeutic effects in destructing ovarian tumors. 

4.5 Conclusion 

In summary, we have demonstrated using NETs for NIR pulsed laser treatment of ovarian 

tumors in animal model. Encapsulation of ICG and DOX can allow for increased 

absorption of light from pulsed laser irradiation and subsequently higher temperature 

rises. Cellular death and slowed tumor growth as contributed by photothermal component 

(ICG) and chemotherapeutic (DOX) has means to treat ovarian tumors. The use of pulsed 

laser has clinical relevance such that it can reduce procedural time and trigger thermal 

release of DOX at localized area.  
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4.6 Appendix A. Electronic Supplementary Information 

Figure 4.S1: (A) Photovoltaic detector-temperature calibration set-up. (B) Pulse-laser/Photovoltaic Detector set-up for 

samples and cells and (C) Pulse-laser/Photovoltaic detector set-up for animal studies.   

  

 

Figure 4.S2: Folate fluorescence in response to 350 nm excitation. Figure 4.S1: (A) Photovoltaic detector-temperature 

calibration set-up. (B) Pulse-laser/Photovoltaic Detector set-up for samples and cells and (C) Pulse-laser/Photovoltaic 

detector set-up for animal studies.   
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Figure 4.S2: Folate fluorescence in response to 350 nm excitation.  
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Figure 4.S3: Absorbance spectra of samples in dark (-) or light (+) at 50 and 90 J/cm2. (A) ICG, (B) ICG+DOX, (C) 

NETs, (D) F-NETs, (E) IDNETs, and (F) F-IDNETs. 

 

 

Figure 4.S4: Mice body weight over time. Measurements taken every day for 1 week and every other day for week 

2.Figure 4.S3: Absorbance spectra of samples in dark (-) or light (+) at 50 and 90 J/cm2. (A) ICG, (B) ICG+DOX, (C) 

NETs, (D) F-NETs, (E) IDNETs, and (F) F-IDNETs. 
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Figure 4.S4: Mice body weight over time. Measurements taken every day for 1 week and every other day for week 2. 

 

Figure 4.S5: H&E staining histological images of different groups obtained from tissues including liver, spleen, 

kidney, lung and heart of SKOV3 tumor-bearing mice immediately after laser irradiation. Scale bar = 200 μm. 

Figure 4.S4: Mice body weight over time. Measurements taken every day for 1 week and every other day for week 2. 
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Figure 4.S5: H&E staining histological images of different groups obtained from tissues including liver, 

spleen, kidney, lung and heart of SKOV3 tumor-bearing mice immediately after laser irradiation. Scale 

bar = 200 μm. .  
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Conclusion 

This research aimed to develop an erythrocyte-derived delivery platform for 

phototheranostics. Surface modification of NETs with against cell biomarkers allows for 

active targeting of cancer cells. Due to limitations of ICG’s fluorescence quantum yield, a 

new doping material ICG-bound albumin was investigated for its enhanced fluorescence. 

This resulted in 2 to 6-fold fluorescence enhancement when compared to its ICG 

counterpart. Fabrication of NETs using a top-down approach from erythrocytes increased 

circulation time of ICG in healthy mice. μNETs remain in circulation less than nNETs 

likely due to size and altered mechanics similar to aged/damaged erythrocyte. Hence, 

more rapidly cleared compared to its smaller counterpart. 11% of nNETs remain in blood 

circulation up to 48 h post-injection. At 24h post-injection, no acute toxicity observed in 

major organs. Lastly, the addition of a chemotherapeutic drug was utilized to test a 

combination chemotherapeutic photothermal therapy triggered by a pulsed laser. The 

advantages to pulsed laser include decreased treatment times and driving a photothermal 

response. This study shows the significant reduction of tumor growth from F-NETs and 

F-IDNETs when compared to PBS treated with laser with a measurable temperature rise 

in vivo with corresponding H&E and Caspase-3 staining for necrosis and apoptosis, 

respectively. Additionally, the combination of ICG and DOX in F-IDNETs showed 

significant delay in tumor growth compared to individual treatment modalities.  

 

 




