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ABSTRACT: Erythrocyte-based carriers can serve as theranostic platforms for delivery of 

imaging and therapeutic payloads. Engineering these carriers at micro- or nano-scales makes them 

potentially useful for broad clinical applications ranging from vascular diseases to tumor 

theranostics. Longevity of these carriers in circulation is important in delivering a sufficient 

amount of their payloads to the target. We have investigated the circulation dynamics of micro 

(~4.95 µm diameter) and nano (~91 nm diameter) erythrocyte-derived carriers in real time using 

near-infrared fluorescence imaging, and evaluated the effectiveness of such carrier systems in 

mediating photothermolysis of cutaneous vasculature in mice. Fluorescence emission half-lives of 

micro- and nano-sized carriers in response to a single intravenous injection were ~49 and ~15 

minutes, respectively. A single injection of micro-sized carriers resulted in threefold increase in 

signal to noise ratio that remained nearly persistent over one hour of imaging time. Our results also 

suggest that a second injection of the carriers seven days later can induce a transient inflammatory 

response, as manifested by the apparent leakage of the carriers into the perivascular tissue. The 

administration of the carriers into the mice vasculature reduced the threshold laser fluence to 

induce photothermolysis of blood vessels from >65 to 20 J/cm2. We discuss the importance of 

membrane physicochemical and mechanical characteristics in engineering erythrocyte-derived 

carriers, and considerations for their clinical translation.

KEYWORDS: cancer, erythrocyte engineering, delivery systems, laser dermatologic surgery,

 near-infrared imaging, phototherapy, port wine stain 
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INTRODUCTION

Theranostic carrier systems offer a capability for delivery of imaging and therapeutic payloads to 

sites of interest. These delivery systems are often introduced into the body through vasculature. 

Carriers on a micro-size scale normally remain confined to the vasculature and, as such, can be 

useful for the imaging and treatment of vascular disease. Nano-sized carriers with dimensions 

<200 nm are relevant for the delivery of imaging and/or therapeutic agents to tumors since such 

carriers can extravasate out of the vasculatures and accumulate at tumor sites by the enhanced 

permeability and retention effect resulting from leaky tumor vasculature and impaired lymphatic 

drainage.1

Various carrier systems such as polymeric particles,2-3 liposomes,4 genome-depleted brome 

mosaic virus,5-6 and inorganic nanoplatforms7 have been investigated.8 For conventional non-

stealth particles, opsonin proteins present in the blood serum bind to the particles, resulting in 

recognition and removal of the particles by the reticuloendothelial system and shortening their 

blood circulation time.9 To address this issue, the surface of particles can be coated with 

polyethylene glycol (PEG).10 PEGylation can prolong systemic circulation time of the particles to 

a certain degree and increase their accumulation in a tumor site to enhance imaging or therapeutic 

efficacy. However, studies have shown that repeated administration of PEGylated particles results 

in accelerated blood clearance due to the production of anti-PEG antibodies.11-12 Moreover, dense 

and larger PEG chains hinder their interactions with the tumor microenvironment, inducing poor 

tumor penetration and uptake of particles.13 Therefore, researchers have been motivated to explore 

other materials as carrier systems for theranostic applications.14-15

Erythrocytes are under extensive investigation as carrier systems for the delivery of various 

payloads including pharmaceutical agents, imaging probes, and photo-activated materials.16-18 Key 
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advantages of erythrocyte-based delivery systems are attributed to their potential biocompatibility 

and presence of specific membrane proteins, such as CD47 and decay-accelerating factor (CD55) 

that can impede phagocytosis and prolong circulation.19 A particular feature of an erythrocyte-

derived delivery platform is that their diameter can be engineered from micro- to nano-scale based 

on appropriate mechanical manipulation of erythrocytes, thereby providing a capability to develop 

a versatile platform for broad biomedical and clinical applications.20

A key issue pertaining to biomedical carrier systems, including those derived from erythrocytes, 

is their longevity within the vasculature. In the context of vasculature imaging and photo-

therapeutics, the circulation lifetime of the carrier system determines the time window in which 

the vasculature can be imaged with sufficient contrast, or irradiated with sufficient absorption. In 

the context of cancer theranostics, increased circulation time of nano-carriers can result in greater 

accumulation of the carriers within the tumors, which can enhance the efficacy of imaging or 

therapy.21 While normal erythrocytes have circulation times on the order of 3-4 months, to the best 

of our knowledge, real-time circulation dynamics of erythrocyte-derived optical carriers, 

particularly as related to their diameters, have not been previously reported in the literature. Herein, 

we report the first results on circulation dynamics of micro- and nano-sized erythrocyte-derived 

optical carriers based on real-time fluorescence imaging of the particles within the sub-dermal 

vasculature of healthy mice.

The erythrocyte-derived carriers in this study are doped with indocyanine green (ICG), 

currently the only near-infrared (NIR) absorbing dye approved by the United States Food and Drug 

Administration. ICG is an amphiphilic, water-soluble tricarbocyanine dye with a molecular mass 

of 775 Da. Since tissue autoflourescence emission is dramatically reduced in NIR spectral band 

(700-1700 nm), use of ICG can provide high signal-to-background ratio for biomedical imaging 
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applications. Another inherent advantage of ICG is that the NIR light used to excite ICG can 

penetrate deeply into biological tissues (at least 1 cm depending on tissue type and wavelength) as 

there is minimal photon absorption and scattering by endogenous molecules.22 Doping the 

erythrocyte-derived particles with ICG serves two important purposes. First, ICG is used as an 

optical tracer to fluorescently visualize the particles in real time. In doing so, time-dependent 

recordings of ICG fluorescence signal provides pertinent information applicable to circulation 

dynamics of erythrocyte-based delivery systems for various biomedical applications. Second, ICG 

itself can endow the particles with phototheranostic capability so that these particles can be used 

as materials for optical imaging and photo-therapeutic purposes.18 When activated by absorption 

of an appropriate NIR wavelength, the particles can transduce the absorbed photon energy to emit 

light (e.g., fluorescence emission) or generate heat18,23, or mediate production of reactive oxygen 

species.18 We refer to these optical particles as NIR erythrocyte-derived transducers (NETs) as 

they can transduce the absorbed energy as described above. Another novel aspect of this study is 

that for the first time, we demonstrate that in addition to their vascular fluorescence imaging 

capability, NETs can also mediate photothermolysis of the vasculature in response to pulsed NIR 

laser irradiation, particularly at lower light fluences when compared to laser irradiation of the 

vasculature without exogenous chromophores. These results have relevance to the therapeutic 

utility of NETs by mediating photothermolysis of cutaneous capillary malformations known as 

port wine stains (PWSs).

Based on our in vivo real-time NIR fluorescence imaging results, we found that the average 

emission half-life of micro-sized NETs (µNETs, ~4.95 µm diameter) in response to a single retro-

orbital injection was ~49 minutes, as compared to ~15 and 12 minutes for nano-sized NETs 

(nNETs, ~91 nm diameter) and free ICG, respectively. µNETs mediated threefold increase in 
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signal-to-noise ratio (SNR) for blood vessels that remained nearly persistent over the one hour of 

imaging time post-injection. Furthermore, our imaging results suggest that the second injection of 

µNETs or nNETs seven days after the first injection induced a transient inflammatory response as 

manifested by apparent vasodilation and vascular leakage of the contrast agent into the 

perivascular tissue. We discuss the physicochemical and biomechanical factors that are related to 

our findings. These factors are important for the engineering of a safe and effective erythrocyte-

derived carrier platform for clinical translation. 

RESULTS

Absorption, Fluorescence, and Diameter of NETs. NETs and nNETs suspended in 310 

mOsm phosphate buffered saline (PBS) showed dominant peaks at 803 and 802 nm (Figure 1a), 

respectively, attributed to the monomeric form of ICG.24 In comparison, the absorption spectrum 

of 18 µM free ICG dissolved in 310 mOsm PBS exhibited a dominant peak at 697 nm, which is 

attributed to the H-like aggregate form of ICG.24 In response to photo-excitation at 785 nm, the 

fluorescence emission intensity values divided by the quantity of absorbed light (see Equation 1) 

were higher for NETs than that for free ICG up to ~855 nm (Figure 1b). Encapsulation-enhanced 

emission can be attributed to electrostatic interactions of amphipathic ICG molecules with NETs 

constituents (e.g., phospholipids, proteins) which hinder the mobility of ICG, thus reducing non-

radiative relaxation from an excited electronic state. We have previously reported comprehensive 

characterization studies related to physical and optical properties of µNETs and nNETs.24 These 

properties included ICG concentration-dependent zeta potentials, absorption and emission spectra, 

loading efficiency, excitation-emission maps, relative fluorescence quantum yield and 

photostability, are not repeated here. As an example, we point out that the spectrally-integrated 
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fluorescence emissions of µNETs, and nNETs formed by mechanical extrusion, are not altered in 

a statistically significant manner when stored at 4 or 37 °C for up to 12 hours.24

The estimated mean peak hydrodynamic diameters of nNETs, as measured by dynamic light 

scattering (DLS), was ~91 nm (n = 4 measurements on each sample, Figure 1c). Lognormal fits to 

the DLS-based profiles yielded the mean peak ± standard deviation (SD) diameters of 93 ± 1 nm. 

In Figure 1d, we present a representative confocal microscopy image of NETs. Based on the 

analysis of 30 µNETs from this image, the estimated mean ± SD diameters of NETs were 4.95 ± 

0.63 m. The z-stack of the confocal images of µNETS (Figure S1, Supporting Information) 

further demonstrates that ICG was localized in both the interior core and membrane shell of µNETs. 

Figure 1. Characterization of NETs. (a) Absorption and (b) fluorescence emission intensity divided by the 
quantity of the absorbed light (see Equation 1) for µNETs, nNETs and 18 µM free ICG in 310 mOsm PBS 
and in response to 785±2.5 nm excitation. (c) Hydrodynamic diameter distribution of nNETs suspended in 
310 mOsm PBS as estimated by dynamic light scattering (DLS). The mean and standard deviation of the 
measurements (n = 4) are represented as circles and error bars, respectively. The estimated mean value of 
the peak diameter as determined from the lognormal fits (solid curves) is  93 nm. (d) Fluorescence image 
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8

of µNETs obtained by confocal microscopy. NIR emission is falsely colored in red. Scale bar corresponds 
to 5 µm. NETs were fabricated from bovine erythrocytes. 

Intravital fluorescence imaging of microvasculature using NETs as optical contrast agents. 

Co-registration of a photographic image of mouse dermal microvasculature within the window 

chamber, obtained by white light illumination (Figure 2a), with a NIR fluorescence image 

mediated by µNETs (Figure 2b), demonstrates improved resolution to visualize both major and 

minor blood vessels attained by using µNETs. Dynamic angiography-like video in the first 37 s 

after injection of µNETs provides a clear presentation of the filling of µNETs in the vasculature 

(Video S1, Supporting Information). Representative dynamic changes in fluorescence intensity in 

the vasculature over the 60 minutes imaging period after µNETs injection is provided as Video 

S2, Supporting Information. A corresponding montage of the same imaging sequence is presented 

in Figure 2c.

 a  b
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9

Figure 2. Intravital imaging of mouse skin microvasculature in window chamber. (a) Representative bright-
field image and (b) its corresponding NIR fluorescent image at 6 minutes post µNETs administration. (c) 
Montage demonstrating the dynamic changes in fluorescence intensity in the vasculature over the 60 
minutes imaging period after µNETs administration. White bars in Panels a, b and c represent 1 mm. White 
bar on the 60 mins panel applies to all images shown in Panel C. NIR images are falsely-colored. NETs 
were fabricated from bovine erythrocytes.

Intravital fluorescent images of blood vessels in the window chamber at different time points 

after NETs, nNETs, or free ICG administration are shown in Figure 3. The highest mean emission 

from blood vessels  was observed at three minutes post injection for both µNETs and nNETs 

(Figures 3a, d), and at 47 seconds for free ICG (Figure 3g) (the region of interests (ROI) for 

measuring fluorescence intensity are illustrated by the yellow outlines in Figure S2, Supporting 

Information). The difference in the peak fluorescence time could be related to the different transit 

times of µNETs, nNETs and free ICG in arteries, veins, and capillaries. It also could be caused by 

the different elimination rates from the vasculature for the three agents. The maximum raw 

fluorescence intensity value for nNETs was significantly higher (p<0.05) than those for NETs 

and free ICG (values of raw fluorescence intensity are provided in Figure S3, Supporting 

Information). At 30 minutes post-injection (Figures 3b, e), fluorescence intensity in the blood 

vessels was still high in response to either NETs or nNETs administration, but very low at the 

 c
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10

same time after free ICG injection (Figure 3h). At 60 minutes post-injection (Figures 3c, f), blood 

vessels could still be clearly visualized in response to both NETs and nNETs administration. 

However, blood vessels injected with free ICG (Figure 3i) were barely distinguishable from the 

background, thus confirming that free ICG was eliminated from the vasculature.
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11

Figure 3. Intravital NIR fluorescent images of mouse skin microvasculature in the window chamber after 
single injection of NETs, or free ICG. (a-c) µNETs, (d-f) nNETs, and (g-i) free ICG. Note that the scales 
in Panels a, d, g are different from each other. Panels a, d, and g correspond to the time at which the highest 
mean emission from blood vessels were observed for µNETs, nNETs, and free ICG, respectively. White 
bar shown on panel i represents 1 mm, and applies to all images. NIR images are falsely-colored. NETs 
were fabricated from bovine erythrocytes.

In vivo emission dynamics and quantitative fluorescence analysis. Spatially-averaged 

emission intensities within the blood vessels (illustrated by yellow outlined ROIs in Figure S2, 

Supporting Information) from three animals were averaged first (Figure S4, Supporting 

Information). Normalized intensity values were calculated by dividing the raw fluorescence 

 a b c
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12

intensities in each ROI by the maximum value in the corresponding ROI. Average normalized 

values from three animals for each agent indicated that NETs emission decayed more slowly as 

compared to those for nNETs and ICG (Figure 4a).

To obtain additional quantitative information from the fluorescent images associated with 

different agents, we determined the signal-to-noise ratio (SNR) between the blood vessels and the 

background noise in the perivascular tissue (see Equation 2). Mean SNR reached a maximum value 

of ~3 following injection of µNETs and remained nearly persistent with only 18% reduction at one 

hour post injection (Figure 4b). Maximum values of SNR associated with nNETs and free ICG 

were similar (~3.2) and were reduced by 36 and 89%, respectively, at one hour post injection. 

Figure 4. Quantiative fluorescence dynamics in response to a single injection of NETs or free ICG. 
Temporal characteristics of (a) normalized fluorescence intensity and (b) SNR (see Equation 2) in the blood 
vessels after single injection of NETs or free ICG. Each trace is the average of three experiments. Error 
bars represent the standard deviations from the mean values. NETs were fabricated from bovine 
erythrocytes. 

The emission half-life was calculated as the time when the normalized fluorescence intensity 

value in the ROI was reduced from 1 to 0.5 (Figure 4a). Specifically, half-lives for NETs, nNETs, 

and ICG in the ROI were 49, 15, and 12 minutes, respectively. For µNETs and nNETs, the 

normalized intensity could be fitted with exponential functions (Figure S5, Supporting Information) 

using either one-phase decay (Figures S5a,c) or two phase decay models with smaller residuals 

 a b
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13

(Figures S5b,d). However, for ICG, the normalized intensity curve could only be fitted with a two-

phase decay model (Figure S5f, Supporting Information) but not a one-phase decay model (Figure 

S5e, Supporting Information). This difference implies that the elimination mechanisms for NETs 

or ICG are different.

In vivo emission dynamics of NETs in response to dual injection. Seven days after the first 

injection, we confirmed that there was no remaining fluorescence in the blood vessels, and 

administered a second injection of μNETs or nNETs. While brightest emission was still observed 

at 3 minutes after the second injection of µNETs (Figure 5a), some glowing spots around capillary 

tips appeared as early as 10 minutes (Video S3, Supporting Information), pointed by white arrows 

in Figures 5b, e, f. We also studied dual-injection of µNETs fabricated from mice erythrocytes 

(n=3) in addition to those fabricated from bovine erythrocytes. Glowing spots around capillary tips 

were also observed after the second injection (Figure S6, Supporting Information). At later time 

points (30, and 60 minutes), bright stationary particles were observed in the main vessels and 

smaller vessels (Figures 5c-d). Besides stationary particles adherent to the vessel wall, there were 

also large particles flowing in the vessels that seemed to be aggregated μNETs (Video S4, 

Supporting Information). These stationary and flowing large particles disappeared from the 

vasculature 24 hours after the second injection. All animals receiving dual injections recovered 

without any apparent problem. 

 a b c
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Brightest (3 minutes) 13 minutes 30 minutes

60 minutes 12 minutes (2nd animal) 10 minutes (3rd animal)

Figure 5. Intravital NIR fluorescent images of mouse skin microvasculature in the window chamber in 
response to second injection of µNETs (7 days after first injection). (a-d) Fluorescent images acquired at 3, 
13, 30, and 60 minutes for one mouse. (e-f) Fluorescent images at 12 and 10 minutes post-injection, 
respectively, for a second and third mouse. In Panels (b), (e) and (f), bright spots are visible in the regions 
around the tips of the capillaries (white arrows). In Panels (c) and (d), there are large and bright particles 
on the vessel wall. White bar represents 1 mm and applies to all panels. NIR images are falsely-colored. 
NETs were fabricated from bovine erythrocytes.

The average normalized fluorescence intensity (Figure 6a) associated with the second injection 

of µNETs (n=4 animals) decayed more slowly as compared to those associated with the single 

injection of µNETs (Figure 4a). The emission half-life in response to the second µNETs injection 

was longer than one hour (Figure 6a). However, the presence of highly fluorescent aggregates 

adherent to the vessel walls (Figure 5d and Video S4) could skew the measured fluorescence 

intensity towards a slower decay rate and consequently a longer emission half-life. While the same 

maximum value of SNR (~3) was reached after the second injection of µNETs, there was a more 

rapid decay in the SNR profile (Figure 6b). Reductions in SNR can be attributed to the presence 

of the glowing spots in the capillary regions (Figures 5e, f).

 d e f
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Figure 6. Quantiative fluorescence dynamics in response to the second injection of µNETs (designated as 
µNETs-7) seven days after the first injection. Temporal characteristics of (a) normalized fluorescence 
intensity and (b) SNR (see Equation 2) in the blood vessels after the second injection of µNETs. Each trace 
is an average of four experiments. Error bars represent the standard deviations from the mean values. NETs 
were fabricated from bovine erythrocytes.

In response to the second injection of nNETs seven days after the initial injection, there was a 

progressive increase in background fluorescence (Figures 7a-c). Although, the fluorescence 

intensity in the ROIs was high, the image’s SNR decayed substantially during the one hour time 

course after injection (Figure 7e). For the second injection of nNETs, the emission half-life was 

not consistent among the animals, ranging from 25 to >60 minutes (Figure 7d).
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Brightest (1 minutes) 30 minutes 60 minutes

Figure 7. Intravital NIR fluorescent images of the microvasculature in the window chamber and quantiative 
fluorescence dynamics in response to second injection of nNETs (designated as nNETs-7). (a-c) 
Fluorescent images at one minute (time of maximum emission intensity), 30 and 60 minutes after second 
injection. Note that background tissue fluorescence intensity at 30 and 60 minutes after injection is quite 
high (Panels b, c). White bar in panel c represents 1 mm, and applies to all images. NIR images are falsely-
colored.  Temporal characteristics of (d) normalized fluorescence intensity and (e) SNR (see Equation 2) 
in the blood vessels after the second injection of nNETs. Each trace is the average of three experiments. 
Error bars represent the standard deviations from the mean values. NETs were fabricated from bovine 
erythrocytes.

We also studied dual injection of ICG or injection of NETs following ICG injection and vice 

versa (Table S1, Supporting Information). Emission dynamics of the second ICG injection was 

nearly the same as the first ICG injection. Emission dynamics of the µNETs injection seven days 

following first ICG injection was similar to the first injection of µNETs.

 a b c

 d e
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NETs-mediated photothermolysis of blood vessels in conjunction with pulsed NIR laser 

irradiation. We investigated the effectiveness of µNETs in mediating photothermolysis of the 

microvasculature using laser speckle contrast (LSC) imaging, which characterizes blood flow 

dynamics.25 Without any exogenous agents, 755 nm pulsed laser irradiation (3 ms, 10 mm spot 

size) at a fluence as high as 65 J/cm2 was insufficient to induce photothermolysis of all the 

irradiated blood vessels (Figures 8a, c). Following retro-orbital administration of NETS, blood 

vessels were irradiated at 100 s after injection, the time at which peak fluorescence intensity was 

approximately achieved. When the fluence was 20 J/cm2, photothermolysis of most blood vessels 

occurred (Figures 8b, e). Fluence of 30 J/cm2 was sufficient to induce photothermolysis of all the 

irradiated blood vessels (Figures 8c, f).

  

 
Laser only Laser+μNETs Laser+μNETs
65 J/cm2 20 J/cm2 30 J/cm2

Figure 8. Blood flow maps of skin microvasculature within the window chamber obtained by laser speckle 
contrast (LSC) imaging. (a-c) Before, and (d-f) ~5 minutes after 755 nm laser irradiation at various fluences 
without (d) or with (e, f) administration of NETS. Laser pulse duration and spot size were 3 ms, and 10 
mm, respectively. White bar represents 1 mm and applies to all images. Images are falsely-colored. NETs 
were fabricated from bovine erythrocytes.
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DISCUSSION

Encapsulation of imaging or therapeutic payloads into erythrocyte-derived carrier systems has 

gained increasing attention.16, 18-19 An important consideration in relation to these carriers is their 

longevity within the vasculature as it has relevance to the bioavailability of the encapsulated cargo 

for an intended clinical application. In this study, we investigated the vascular longevity of 

erythrocyte-derived carriers by real time fluorescence imaging, and utilized quantitative metrics 

(SNR) to assess the in vivo imaging capability of the carriers as a function of their diameters. We 

have also demonstrated the effectiveness of these carriers when doped with ICG in mediating 

photothermolysis of blood vessels. We discuss inter-related factors that can provide the 

mechanistic basis for our observations and guide further design and development of these particles 

for clinical translation. We also discuss the relevance of these particles to laser treatment of 

cutaneous capillary malformations. 

Membrane physicochemical characteristics and role of phosphatidylserine in clearance of 

NETs. The membrane bilayer of normal red blood cells (RBCs) is composed of phospholipids, 

cholesterol and an array of transmembrane proteins involved in transport, adhesion and signaling, 

as well as those defining the various blood group antigens.26 Similar to other eukaryotic cells, the 

four major phospholipids of RBCs lipid bilayer are asymmetrically distributed where 

phosphatidylcholine and sphingomyelin are predominantly confined in the outer leaflet, whereas 

phosphatidylethanolamine and anionic phosphatidylserine (PS) are located in the inner leaflet. 

Localization of PS in the inner leaflet of normal RBCs is achieved by an ATP-dependent 

aminophospholipid translocase (flippase) that can rapidly shuttle PS from outer to inner leaflet. 

This activity is dependent on intracellular concentration of Ca+2, and presumably associated with 

a P-type Mg2+-ATPase27 with ATP11C identified as a flippase.28 Redistribution of PS to the 

Page 18 of 42

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



19

external leaflet is considered as a hallmark of RBCs undergoing apoptosis, and their phagocytosis 

by macrophages, which contain PS receptors that recognize surface-exposed PS on apoptotic 

RBCs.29-31 Furthermore, PS surface exposure is associated with removal of senescent normal 

RBCs by spleen macrophages.32-33 

Our results indicate that the fractions of PS-positive, micro-sized erythrocyte ghosts (µEGs) 

and nano-sized EGs (nEGs) were comparable, and significantly higher than that for RBCs (Figure 

9). This result suggests that display of PS on the outer leaflet can be induced by hypotonic 

treatment of RBCs,34 and before the subsequent mechanical extrusion of hemoglobin-depleted 

µEGs to form nEGs. NETs with surface-exposed PS can then be recognized and engulfed by 

macrophages and, subsequently, removed from the vasculature.

Figure 9. PS quantification for RBCs, µEGs, and nEGs as determined by flow cytometry. (a-c) 
Representative dot plots of forward scattering vs. fluorescence emission of Alexa Fluor 488-labeled annexin 
V to target PS on RBCs, µEGs, and nEGs. Boxed regions correspond to PS-positive RBCs and EGs. (d) 
Mean fraction of PS-positive RBCs, μEGs, and nEGs populations. Error bars represent one standard 
deviation from the mean (n=3 samples for each indicated material). **** indicates statistically difference 
(p <0.0001) between the mean value for RBCs vs those for µEGs and nEGs. Note that some fraction of 
nEGs may have been too small to be detected and do not appear on the dot plot. 

In response to a single injection, nNETs have a lower average half-life in blood (~15 min) as 

compared to µNETs (~49 min) (Figures 4a, b). Since nearly the same fractions of µNETs and 

nNETs were PS-positive, the shorter half-life of nNETs in blood suggests that the removal rate of 

nNETs from the vasculature by macrophages is more efficient than the removal rate of µNETs. 

Given that the mean peak diameter of nNETs (~91 nm) is smaller than the average width of splenic 
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interendothelial slits (~650 nm).35 they can gain re-entry into the circulatory system; however, they 

can also be recognized by splenic macrophages within the cords of the red pulp (e.g., due to PS 

surface exposure), and subsequently removed from circulation. The shorter emission half-life of 

nNETs suggests that they may be more efficiently moved out of circulation by the spleen. The rate 

of a single phagocytosis event has been shown to be faster for engulfment of smaller particles, 

whereas large or irregularly shaped particles, such as μNETs, may be phagocytosed at a slower 

rate.36 In a recent study of biodistribution of NETs in healthy Swiss Webster mice, we found that 

a statistically significant (p <0.05) higher level of nNETs (~26% of the injected amount per organ 

mass) were in mice spleens extracted 6 hours post injection, as compared to ~19% for µNETs.37

Both nNETs and µNETs with surface-exposed PS can also be recognized by Kupffer cells, 

macrophages adherent to the endothelial lining of liver sinusoids. Remaining nNETs escaping the 

liver Kupffer cells can then pass through the pores (~170 nm diameter38) between the fenestrated 

endothelial lining in liver sinusoids, extravasate into the space of Disse, and be eliminated from 

the body through the hepatobiliary mechanism, as mediated by hepatocytic uptake and subsequent 

secretion into the bile ducts. 

While the mechanisms of NETs removal by macrophages remain to be fully understood, several 

factors influence the rate of the phagocytic activity induced by µNETs and nNETs. These factors 

include variations between the surface physicochemical characteristics of µNETs vs. nNETs such 

as differences in PS surface distribution, including the degree of PS spatial heterogeneities and 

surface density of exposed PS; differences in the presence and/or conformation of phagocytic 

impeding glycoproteins induced during fabrication (e.g., by mechanical extrusion to form nNETs) 

or possibly resulting from the greater surface curvature of nNETs; and differences in opsonization 

of µNETs and nNETs in terms of the conformation of the opsonized proteins on the surface of 
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NETs due to surface curvature variations. One PS-binding opsonin is lactadherin (milk fat globule 

epidermal growth factor 8), a glycoprotein secreted by activated macrophages,39 that binds to v3 

and v5 integrins on macrophages and epithelial cells, respectively.40-41 Lactadherin opsonization 

is also known to be size-dependent,42 which may contribute to the difference between emission 

half-lives of NETs and nNETs.

Increased longevity of µNETs in blood vessels may be a resultant of their more effective 

localization to the vessel walls as compared to nNETs. It has been reported that particles with 

diameters < 100 nm move with RBCs in the mainstream of the blood vessel lumen whereas larger 

particles (~1 µm diameter) tend to preferentially localize near the wall.43 In another study, hydrogel 

particles with diameter of ~2 µm had enhanced margination to the wall when compared to particles 

with 500 nm diameters.44 Hence, nNETs may move with RBCs in the mainstream of the vessel 

lumen whereas µNETs may be located in close proximity to the endothelial cells, giving rise to 

increased longevity in the blood vessels and subsequently increased emission half-life.

The mechanisms underlying our observations with the second injection of NETs may be related 

to some type of induced “priming” effects in response to the first injection. One observation was 

the presence of bright stationary spots on the vessel wall (Figures 5c-d, Video S4, Supporting 

Information) and glowing regions around the capillary tips (Figures 5b, e, f, Video S3, Supporting 

Information) after the second injection of µNETs. RBCs (and potentially NETs) with surface-

exposed PS can bind to PS receptors on the endothelial cells of the vasculature.45-46 These receptors 

include V3 integrins and CD36,47 and CXCL16,48 a chemokine that can also be present as a 

transmembrane protein to act as a scavenger receptor and bind to PS. It has been demonstrated that 

both the PS receptor mRNA and the receptor levels in endothelial cells reach their respective 

maximum values at 4 and 6 hours in response to interleukin (IL)-1 induced activation in vitro.46 
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Binding of PS-exposed RBCs to the endothelial PS receptor has also been reported as a basis for 

the adhesion of RBCs to the endothelium of the central retinal vein.49 Lactadherin-mediated 

phagocytosis of PS-exposed RBCs by endothelial cells through the V integrin pathway has been 

indicated.50

After the first injection of NETs, the endothelial cells may be primed in a way to interact more 

effectively with the PS on the surface of the second-injected NETs through the activated PS 

receptors. Although it is not known if the first injection of NETs with PS surface exposure can 

induce up-regulation of the PS receptor mRNA and expression of the receptor on endothelial cells, 

it may represent a priming effect, leading to binding of the NETs to endothelial cells upon the 

second injection which is manifested by the adherent fluorescent particles to the vessel wall and 

the glowing regions around the capillary tips. Other types of priming effects resulting from the 

first injection of NETs may lead to the production of cytokines, including tumor necrosis factor 

(TNF)- by macrophages, and activation of the complement system such as the production of C3a 

and C5a fragments to cause dilation of small blood vessels after the second injection of NETs. 

Such dilated small vessels could accommodate the µNETs, a mechanism consistent with the 

observed glows from the capillary regions in Figures 5b, e, f. The priming responses may also 

represent a sensitization effect that involves the production of immunoglobulin E (IgE) after the 

first injection of NETs. The second injection may subsequently trigger the activation of IgE 

binding cells, such as basophils and mast cells. 

Another observation was the increase in fluorescence emission from perivascular areas after the 

second injection of nNETs (Figures 7b, c). These results seem to suggest that there was 

extravasation of nNETs from the microvasculature after its second injection. Increased 

permeability of blood vessels, leading to vascular leakage, is associated with an inflammatory 
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response and may have been induced by a priming effect after the first injection of nNETs. 

Cytokines, such as TNF-, IL1, and IL6, released during inflammation act on endothelial cells, 

leading to increased vascular permeability.51 Vascular endothelial growth factor (VEGF) is also a 

contributor to increased vascular permeability by uncoupling endothelial cell-cell junctions and 

inducing endothelial fenestrations.52-53 Several growth factors, including epidermal growth factor 

and transforming growth factor- can upregulate VEGF mRNA expression. Additionally, 

inflammatory cytokines, such as IL1- and IL-6, can induce the expression of VEGF in various 

cell types.54

The integrity of endothelial cell-cell junction is regulated by the adherens, tight, and gap 

junctions comprised of different adhesion molecules.55 At adherens junctions, the VEGFR2 

receptor associates with vascular endothelial (VE)-cadherin to regulate the cell-cell junction 

integrity and provide a mechanism for VEGF-mediated vascular disruption.52 It has been 

demonstrated that Src family protein tyrosine kinases are required for VEGF-induced 

phosphorylation of adherens junctions proteins, which leads to vascular leakage in vivo.52 Once 

these paracellular pathways have become leaky, nNETs with diameters on the order of ~91 nm 

can extravasate out of the vasculature through the induced endothelial gaps as compared to µNETs 

with substantially larger diameters (~4.95 µm diameter). Leakage of negatively-charged 

mecaptoundeonic acid-capped silver nanoparticles after a single injection56 and titanium dioxide 

nanoparticles following repeated injections in mice have been reported.57

Biomechanical characteristics. Normal RBCs are highly deformable structures. The discoid 

biconcave shape of normal RBCs endows them with a high surface-to-volume ratio (~1.5) and 

facilitates remarkable reversible deformations that allows their repeated passages through narrow 

capillaries as they transverse from the splenic cord to splenic sinus without significant changes in 
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their surface area. The excess surface area (~40% higher than a sphere of the same volume), 

coupled with the structural organization of normal RBCs, are the key determinants of the 

mechanical characteristics of RBCs. The strong adhesion between the membrane bilayer and the 

cytoskeleton is essential in maintaining the membrane surface area. This adhesion is provided by 

the linkages between the intracellular domains of membrane proteins and spectrin-based 

cytoskeleton network.26 Particularly important linkages are provided by membrane proteins Band 

3 and RhAG that link to the spectrin network via Ankyrin, and glycophorin C, XK, Rh, and Duffy, 

which provide the linkage via protein 4.1R.58-59 Binding of PS to cytoskeletal proteins and the 

spectrin network is also an important contributor to the mechanical stability and deformability of 

normal RBCs.60-61

Rupturing the PS linkages to cytoskeletal proteins, in addition to structural changes in the 

spectrin network, may occur during the mechanical extrusion steps when fabricating the nNETs. 

It is possible that such physical changes to the architecture of nNETs may alter their mechanical 

properties. However, in comparison to PS surface exposure as a mechanism for removal of nNETs 

from the vasculature, the mechanical characteristics of nNETs may not play a major role in their 

circulation dynamics since nNETs are sufficiently small to pass through splenic interendothelial 

slits and be re-introduced into circulation (if escaping the splenic macrophage cells).

For µNETs, their mechanical properties and induced sphericity can play an impactful role in 

influencing their circulation dynamics. Loss of membrane surface area and the resulting shape 

change from discoids to spheres compromises the ability of µNETs to effectively transverse 

through the splenic slits so that they may become trapped within the cords and phagocytosed by 

macrophages.62 The resultant shape change of µNETs also implies that structural changes to the 

spectrin network as well as membrane-cytoskeletal adhesion could occur which ultimately affect 
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the mechanical characteristics of µNETs. In a recent study, we reported that the membrane 

stiffness of µNETs is higher than that of RBCs by about 28%-62%,63 therefore, indicating a 

reduction in deformation capability of µNETs for effective splenic passage. 

While the depletion of hemoglobin from RBCs during the formation of µNETs can contribute 

to the resulting shape changes, the ensuing mechanical changes are likely not a contributing factor 

in influencing the longevity of µNETs in circulation as compared to PS-mediated removal that 

results from the hypotonic treatment of RBCs. Cytoplasmic viscosity of RBCs increases with 

increased levels of intracellular hemoglobin concentration,64-65 hence, reducing the deformation 

capability of RBSs. However, in the case of µNETs, a reduction in cytoplasmic viscosity is actually 

expected due to hemoglobin depletion.

The various factors described above, including PS surface exposure, changes in shape, lowered 

surface-to-volume ratio, reduced deformability and increased membrane stiffness, can possibly 

induce prothrombotic effects by NETs. In particular, in response to the second injection of µNETs, 

we observed bright particles flowing in the vessels that appeared to be aggregated (Video S4, 

Supporting Information). These aggregates may be a composite of µNETs and platelets. Formation 

of µNETs aggregates is consistent with the reported formation of stacked rouleaux of RBCs.66 

While the mechanisms of RBC rouleaux formation is not fully understood, proposed mechanisms 

that may also be relevant to NETs, including the role of specific plasma proteins (particularly 

fibrinogen) adsorbed on adjacent RBCs to mediate bridging of the RBCs,67 or conversely, a lower 

localized protein concentration near the surface of RBCs (as compared to the surrounding medium), 

leading to an osmotic gradient and attractive forces.68 Since the formation of RBCs rouleaux is 

reversible as the shear rate increases, it is also possible that a similar reversible process takes place 
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with µNETs aggregates. In the course of our study, the observed μNETs aggregates disappeared 

within 24 hours after injection. 

In relation to toxicological assessment of NETs, results of our recent study in Swiss Webster 

mice indicated that values of various hematological profiles (including white blood cell count, 

RBC count, platelets, hemoglobin, and hematocrit) at 24 hours post-injection of µNETs or nNETs 

were either within the normal range or not changed in a statistically significant manner.37 Similarly, 

there were no statistically significant changes in levels of alanine aminotransferase and aspartate 

aminotransferase, enzymes associated with liver function, or any changes in levels of urea nitrogen 

and creatinine associated with kidney function. Furthermore, histological analysis of various 

organs (heart, liver, spleen, lung, and kidney) did not show any pathological alterations. 

Example of clinical application and outlook. A particular application of µNETs relates to 

laser treatment of port wine stain (PWS) birthmarks. PWSs are currently treated by laser irradiation 

using visible wavelengths in the range of 585-595 nm which are preferentially absorbed by 

hemoglobin, an endogenous chromophore in blood. Conversion of the absorbed light to heat causes 

thermal damage to the blood vessels and subsequent PWS clearance. However, melanin within the 

melanocytes, located in the basal epidermal layer of skin and residing over the abnormal plexus of 

dermal capillaries, has a relatively strong optical absorption over the current laser treatment 

spectral band. As such, photons intended to reach the dermal vasculature are partially absorbed 

within the epidermis. The outcome can be non-specific thermal injury to the epidermis and 

insufficient heat generation within the vasculature to provide an adequate treatment.

An alternative phototherapeutic approach can potentially be developed by using NIR 

wavelengths in conjunction with intravascular administration of µNETs. For example, by changing 

the treatment wavelength from 585 to 755 nm, a nearly threefold reduction in the absorption 
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coefficient of a single melanosome can be achieved.69 This approach offers several advantages: 

(1) reduced risk of non-specific thermal injury to the epidermis to potentially allow treatment of 

individuals with moderate to heavy pigmentation;70 (2) increased depth of optical penetration to 

reach deeply-seated blood vessels (e.g., > 500 m below the skin surface);70 and (3) heat 

generation within the blood vessels resulting from the absorption of ICG within µNETs to induce 

photothermolysis of the abnormal vasculature plexus. Our results demonstrate that by 

encapsulating ICG within µNETs, its retention time within the vasculature is prolonged (~12 

minutes half-life for free ICG vs ~49 minutes for µNETs). Therefore, µNETs can potentially 

extend the therapeutic window of time during which laser therapy of PWS can be performed, as 

compared to free ICG.

In consideration of the aforementioned physicochemical and biomechanical factors associated 

with NETs, it is important that these factors are taken into account during the fabrication process 

of erythrocyte-derived carriers with the aim of not only prolonging the retention time of the 

particles within the vasculature but also overcoming potentially adverse effects. As suggested by 

our imaging results, the second injection of erythrocyte-derived carriers after one week following 

the first injection can lead to an inflammatory response. Therefore, adequate injection interval 

protocols, as well as fabrication protocols, need to be developed to avoid undesirable inflammatory 

responses.

CONCLUSION

We have investigated the circulation dynamics of micron and nano-sized erythrocyte-derived 

carriers in real time by near infrared fluorescence imaging of mice vasculature. The average 

emission half-lives of micro- and nano-sized carriers in blood vessels in response to a single 

intravenous injection were ~49 and 15 minutes, respectively. Second injection of the particles 

Page 27 of 42

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



28

seven days after the first injection increased the average emission half-life to > 1 hour for micro-

sized, with variable half-life ranging from ~25 minutes to >60 minutes for nano-sized carriers. 

Surface exposure of phosphatidylserine on the surface of these carriers can be an important 

mechanism for their removal from circulation.  The shorter emission half-life of the nano-sized 

particles in blood after the first injection suggests that macrophages may be more efficient in 

removal of these particles when mediated through a phosphatidylserine surface exposure 

mechanism. Shape and deformation characteristics of micro-sized carriers can also contribute to 

the circulation time of these particles. Such biochemical and biomechanical characteristics are 

important considerations towards the engineering of erythrocyte-derived platforms for clinical 

translation in a safe and effective manner.

MATERIALS AND METHODS

Fabrication of NETs. Erythrocytes were separated from bovine whole blood (Rockland 

Immunochemicals, Inc., Limerick, PA) by centrifugation (1,300xg, 5 minutes, 4 °C) and the 

plasma and buffy coat were discarded. Isolated erythrocytes were washed twice with 310 mOsm 

phosphate buffer saline (PBS) (referred to as the 1X solution) (pH ~8.0), and then subjected to 

hypotonic treatment using 0.25X PBS (80 mOsm, pH ~8.0) and centrifuged (20,000xg, 15 minutes, 

4 oC). This process was repeated until an opaque pellet containing micro-sized hemoglobin-

depleted erythrocyte ghosts (EGs) was formed. To obtain nano-sized EGs (nEGs), the micro-sized 

EGs (µEGs) were extruded 40 times through 400 nm polycarbonate porous membranes (Track-

Etched Membranes, Whatman, Florham Park, NY), followed by 40 more extrusions through 200 

nm polycarbonate membranes, and another 40 times through 100 nm polycarbonate membranes 

using an Avanti mini extruder (Avanti Polar Lipids, Inc., Alabaster, AL).
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We concentrated the µEGs and nEGs 10 times by centrifugation (20,000xg, 15 minutes, 4 oC 

for µNETs; 98,800xg, 1 hour, 4 oC for nNETs) and re-suspended the EGs pellet in 1 ml of 1X 

PBS. To form µNETs or nNETs, 1 ml of concentrated µEGs or nEGs were incubated in loading 

buffer consisting of 3 ml of 2.58 mM free ICG dissolved in water and 3 ml of hypotonic buffer 

(Na2HPO4/ Na2H2PO4, 140 mOsm, pH ~5.8) for 10 minutes (final ICG concentration in loading 

buffer ~1.11 mM). After incubation, the resulting NETs suspensions were centrifuged (20,000xg, 

15 minutes, 4 oC for µNETs; 74,000xg, 30 minutes, 4 oC for nNETs) and supernatants were 

removed. The pellets were washed two more times using 1X PBS to remove any remaining non-

encapsulated ICG, and the final µNETs and nNETs were suspended in 1X PBS and stored at 4°C 

in the dark. 

Characterization of NETs. Absorption spectra of NETs and 18 M free ICG suspended in 1X 

PBS were obtained using a UV-visible spectrophotometer (Cary 50 UV-Vis spectrophotometer, 

Agilent Technologies, Santa Clara, CA) with an optical path length of 1 cm. To avoid saturation 

in measurements of NIR absorbance values during spectral recordings, solutions of µNETs and 

nNETs were further diluted by a factor of 100 using 1X PBS. 

 Fluorescence emission spectra of NETs and 6.5 µM free ICG in 1X PBS were acquired in 

response to 785±2.5 nm excitation with a 450W xenon lamp and recorded over the 820 - 870 nm 

spectral band using a fluorimeter (Fluorolog-3 spectrofluorometer, Edison, NJ). Fluorescence 

emission spectra () scaled to the quantity of the absorbed light were determined as: 

 ()= F()

110A(ex )





(1)

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

fluorescence light, respectively, and λex is the excitation wavelength. Hydrodynamic diameters of 
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NETs suspended in 310 mOsm PBS was measured by dynamic light scattering (Zetasizer 

NanoZS90, Malvern Instruments Ltd, Malvern, United Kingdom).

Confocal Microscopy of µNETs. A small suspension of µNETs in 1X PBS was seeded on 

poly-l-lysine coated slides and imaged using a confocal microscope (Zeiss LSM 510, Carl Zeiss, 

Inc., USA). Samples were photo-excited at 633 nm, and fluorescence emissions greater than 650 

nm were collected. We present falsely colored microscopic images of the ICG fluorescence 

emission (red channel).

Phosphatidylserine characterization by flow cytometry. RBCs, µEGs and nEGs were 

assayed for PS exposure using annexin V labeled with Alexa Fluor488 (AF488) (Invitrogen, 

Carlsbad, CA). Prior to analysis, each sample was incubated for 30 minutes at room temperature 

with annexin V conjugate in the presence of a binding buffer, which contained 10 mM HEPES, 

140 mM NaCl, and 2.5 mM CaCl2 (pH 7.4). Fluorescence was measured using a BD LSR II flow 

cytometer (excitation laser: 488 nm, emission filter: 515-545 nm), and the PS-positive populations 

were quantified using FlowJo V10.

Animal model. All experiments were conducted under a protocol approved by the Institutional 

Animal Care and Use Committee, University of California, Irvine (Protocol number AUP-17-074). 

We implanted a dorsal skinfold window chamber on male mice (25–30 g, C3H strain). Details of 

the chamber structure and surgical procedure can be found elsewhere.71 In brief, a mouse was 

anesthetized with a combination of ketamine and xylazine (2:1 ratio, 0.1/100 g body weight) 

administered by intraperitoneal injection. A pair of thin titanium window frames (0.4 mm in 

thickness) was attached to the front and back sides of a dorsal skinfold with 3 screws of 1.5 mm 

in diameter and 2 sutures. The front layer of the skinfold within the 10 mm circular observation 

window was removed to expose the subdermal blood vessels in the back layer of the dorsal skinfold, 
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which was kept intact to minimize inflammations in the imaging area. Sterile isotonic saline 

solution was applied onto the exposed skin, followed by placement of a glass cover slip and a 

retention ring to seal the chamber and protect the subdermis from dehydration and contamination.

The animal was allowed to recover from anesthesia and surgery on a heating pad. One day after 

placement of the window chamber, the animal was anesthetized using a mixture of oxygen and 1.5% 

isoflurane. This method allows a consistent level of anesthesia during the experiment as compared 

to injection of ketamine and xylazine. The mouse was then placed on the translational stage of an 

inverted fluorescence microscope (see next subsection for details). Once the animal’s body 

temperature, measured with an NIR thermometer, and respiratory rate were stabilized, a 150μL 

ICG solution or NETs suspension was delivered via retro-orbital injection using a 27.5-gauge 

insulin syringe. Recording of fluorescence images from the window chamber started immediately 

before the retro-orbital injection.

This model permits in vivo longitudinal visualization of blood flow dynamics in sub-dermal 

blood vessels.72-73 It also allows direct determination of the circulation dynamics of a carrier 

system in blood, such as NETs, in real time without sacrificing the animals at a given time point 

post-injection. The blood vessels in the window remain visible over an extended time, on the order 

of two weeks. Therefore, the same animal can be used repeatedly for multiple injections after the 

injected substance is cleared to minimize data variability when different animals are used. 

In vivo fluorescence imaging. The experimental setup used to record the fluorescence emission 

from either free ICG or NETs circulating in the vasculature included a custom-built microscopy 

system consisting of: (1) an inverted microscope (Diaphot, Nikon Instruments, Melville, NY); (2) 

an EMCCD camera (QuantEM 512SC, Photometrics, Tucson, AZ); (3) a filter set (49030 ET-

INDO GR, Chroma Technology, Bellows Falls, VT); and (4) a 785 nm diode laser (BWF-785-
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450E, B & W Tek, Newark, DE) with a maximum power of 500 mW. The laser beam was 

expanded to a 25 mm diameter spot on the window chamber and the optical intensity was 0.1 

W/cm2. The filter set passed emission wavelengths between 815 and 845 nm. The animal was 

placed on a layer of insulation material on the microscope stage, and an air stream incubator (ASI 

400, Nevtek, Williamsville VA) was used to maintain the normal body temperature at 37±1°C. A 

customized fixture with two metal plates was used to hold the window chamber on the translational 

stage. The dermal side of the window faced the objective lens and the epidermal side was 

illuminated with the laser beam.

Fluorescence images were acquired over an interval of 60 minutes. During the first 5 minutes, 

images were acquired every second in order to capture the rapid changes in fluorescence intensity. 

During the next 10 minutes, image acquisition interval was every minute. During the final 45 

minutes, images were acquired every five minutes. Spatially-averaged fluorescent intensity in the 

blood vessels (shown as regions of interest (ROI) enclosed by yellow outlines in Figure S2, 

Supporting Information), and the area surrounding the blood vessels within the window chamber 

were quantified using ImageJ. To trace blood vessels, a fluorescence image was first analyzed by 

ImageJ’s “Tubeness” plug-in which produces an intermediate image showing how "tube-like" each 

point in the original image is.74 Then a threshold was applied to the “Tubeness” image to select 

most of the blood vessels in the image and convert to blood vessel ROI. ROI for the surrounding 

tissue was created by inverting the blood vessel ROI. To evaluate image quality, we quantified the 

signal-to-noise ratio (SNR) by the following expression: 

SNR =
𝐼BV ― 𝐼T

σT
               (2)
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where IBV is the mean fluorescence intensity in the blood vessels, IT is the mean fluorescence 

intensity in tissue surrounding the blood vessels, and  is the standard deviation of fluorescence σT

intensity in the tissue surrounding the blood vessels.

The diode laser was kept on during the initial 5 minutes of imaging and the window skin 

temperature was monitored with an infrared camera (A325sc, FLIR, Nashua, NH). The average 

skin temperature in the window increased slightly from 35.2°C to 35.7°C after 5 minutes of 

continuous illumination. When the imaging interval was one or five minutes, the diode laser was 

blocked between each image acquisition to avoid potential skin heating or ICG photobleaching. 

The total time of laser illumination was approximately 6 minutes. We performed an experiment to 

confirm that this total time of laser illumination, accumulated intermittently over the course of an 

experiment, had a negligible effect on the fluorescence intensity (Figure S7, Supporting 

Information). However, our previous study shows that 3 minutes of cyclic laser irradiation at a 

much higher intensity (19.7 W/cm2), as compared to the intensity of 0.1 W/cm2 used in this study, 

can result in photo-degradation of NETs.23

Since the window chamber model allows imaging of the blood vessels over a two weeks period, 

a single mouse can be used for multiple injections of different or same type of agents. The left or 

right retro-orbital sinus was used alternatively. Before each injection, a background fluorescence 

image was recorded to confirm that previously injected fluorophores were eliminated from blood 

circulation. The injection scheme used in this study is shown in Table S1, Supporting Information. 

For the images corresponding to dual injection of µNETs (Figure 5), window chambers were 

installed on the mouse one day before the second injection. For all other animals receiving two or 

more injections, window chambers were installed on the mouse one day before the first injection.
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Laser irradiation of the microvasculature. Laser irradiation was performed on the window 

(subdermal) side of the preparation. The animal was anesthetized using a mixture of 1.5% 

isoflurane and oxygen. After anesthesia, blood flow maps were acquired by laser speckle contrast 

(LSC) imaging, followed by 150 L injection of NETs into the retro-orbital sinus for the 

laser+µNETs group. At 100 seconds post injection, blood vessels were irradiated with an 

alexandrite laser (GentleLASE, Candela Corp, Wayland, MA) at a wavelength of 755 nm and 

pulse duration of 3 ms. The spot size was 10 mm which covered the entire window. Only one laser 

pulse was delivered to irradiate the blood vessels in the window. For the laser-only group, laser 

irradiation was performed after blood flow maps were obtained by LSC imaging. Laser pulse 

energies were measured using an energy meter (FL250A-SH with Nova display, Ophir, Logan, 

UT). 

LSC imaging was used to determine blood flow dynamics in the window  before and ~5 minutes 

after laser irradiation. During this imaging procedure, the window was trans-illuminated with a 

continuous wave HeNe laser (632.8 nm, 30 mW), and the resulting speckle pattern produced by 

the interference of the light waves that scatter from various tissue and blood components in the 

window was imaged by a CCD camera (10 ms integration time). When blood flow is present, 

speckle pattern varies with time, resulting in areas of low contrast in the time-integrated images; 

otherwise, the speckle pattern is static and contrast is high. Ten speckle images were collected, 

and the contrast was calculated with a sliding-window-based algorithm.75 Average contrast was 

converted to a blood flow index map.76
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electron multiplying charge-coupled devices; ICG: indocyanine green; IgE: immunoglobulin E; 
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NIR erythrocyte-derived transducers; µNETs: micro-sized NETs; nNETs: nano-sized NETs; PBS: 

phosphate buffered saline; PS: phosphatidylserine; PWSs: port wine stains; RBCs: red blood cells; 

RhAG: Rh-associated glycoprotein; ROI: regions of interest; SD: standard deviation; SNR: signal-

to-noise ratio; TNF: tumor necrosis factor; VEFG: Vascular endothelial growth factor; VEGFR2: 

VEFG receptor 2; 
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