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RBC-Derived Optical Nanoparticles Remain Stable After a 
Freeze–Thaw Cycle

Jack C. Tang,

Raviraj Vankayala,

Jenny T. Mac,

Bahman Anvari

Department of Bioengineering, University of California, Riverside, California 92521, United States

Abstract

Nanosized carriers engineered from red blood cells (RBCs) provide a means for delivering various 

cargos, including drugs, biologics, and imaging agents. We have engineered nanosized particles 

from RBCs, doped with the near-infrared (NIR) fluorochrome, indocyanine green (ICG). An 

important issue related to clinical translation of RBC-derived nanocarriers, including these NIR 

nanoparticles, is their stability postfabrication. Freezing may provide a method for long-term 

storage of these and other RBC-derived nanoparticles. Herein, we have investigated the physical 

and optical stability of these particles in response to a single freeze–thaw cycle. Nanoparticles 

were frozen to −20 °C, stored frozen for up to 8 weeks, and then thawed at room temperature. Our 

results show that the hydrodynamic diameter, zeta potential, optical density, and NIR fluorescence 

emission of these nanoparticles are retained following the freeze–thaw cycle. The ability of these 

nanoparticles in NIR fluorescence imaging of ovarian cancer cells, as well as their biodistribution 

in reticuloendothelial organs of healthy Swiss Webster mice after the freeze–thaw cycle is similar 

to that for freshly prepared nanoparticles. These results indicate that a single cycle of freezing the 

RBC-derived nanoparticles to −20 °C followed by thawing at room temperature is an effective 

method to retain the physical and optical characteristics of the nanoparticles, and their interactions 

with biological systems without the need for use of cryoprotectants.
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INTRODUCTION

Nanosized carriers engineered from red blood cells (RBCs) provide a means of delivering 

cargo to desired sites within the body. These delivery systems can be used to enhance the 

circulation time of the cargo by concealing it within an immuno-privileged construct.1,2 The 

RBC membrane contains several immunomodulatory proteins including CD47,3 CD235a,4 

and CD55,5,6 which contribute to shielding the cells from phagocytosis and prolonging 

their circulation.7 Additionally, animal studies indicate that RBC-derived constructs are 

potentially nontoxic and biocompatible.1,2

Biomedical cargos can range from drugs and biologics8-11 to optical and magnetic resonance 

agents.2,12-15 A particular optical agent is the near-infrared (NIR) dye, indocyanine green 

(ICG). ICG is currently the only NIR fluorochrome approved by the FDA for specific usage 

including assessment of cardiac output,1,17 liver function,18-20 and retinal angiography.21-24 

There is also an extensive history of ICG usage in investigational clinical studies, including 

applications in image-guided sentinel lymph node biopsy25-28 and fluorescence-guided 

surgery.29-31

We provided the first report in encapsulating ICG into nanosized constructs derived from 

RBCs.32 We refer to these ICG-loaded RBC carriers as NIR erythrocyte-derived transducers 

(NETs) since they can transduce the absorbed NIR photons to emit fluorescence, produce 

reactive oxygen species, or generate heat.14 In this manner, they serve as potentially useful 

platforms for broad biomedical imaging and phototherapy of tissue malformations, such as 

port wine stain,33 or cancer.14,32,34

An important issue related to clinical translation of RBC-derived nanocarriers, including 

NETs, is their physical and optical stability postfabrication. We previously determined 

Tang et al. Page 2

Langmuir. Author manuscript; available in PMC 2023 January 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



that NETs fluorescence remained stable for up to at least 12 when maintained at 37 °C 

(physiological temperature) or stored at 4 °C.35 RBCs can be stored at 4 °C for up to 6 

weeks with the appropriate additives such as saline-adenine-glucose-mannitol.36 However, 

refrigerated storage can induce a variety of physicochemical changes to RBCs to affect their 

function and survival. Freezing of RBCs at −80 °C with the addition of cryoprotectants has 

been reported as an alternative method to refrigerated storage.37,38

Freezing at −20 °C can potentially enable the long-term storage and rapid administration of 

nanosized NETs (nNETs) for an intended clinical application. Compared to −80 °C storage, 

facilities for −20 °C storage are inexpensive and readily available in most laboratories and 

clinical settings. In a previous study, Kuo et al. exposed bovine-derived “nanoerythrosomes” 

to −20 °C and room temperature (RT) freeze–thaw cycles up to five times and found that 

these particles had stable diameters upon freeze–thaw cycling.39

Herein, we investigate the physical and optical properties of nNETs after a single cycle 

of frozen storage at −20 °C for various durations up to 8 weeks, followed by subsequent 

thawing at RT. The eight-week storage time of nNETs at −20 °C is important since it 

exceeds the current refrigerated storage limitation of 6 weeks for RBCs in the presence 

of additive solutions.40 We also evaluate the ability of frozen–thawed nNETs for NIR 

fluorescence imaging of SKOV3 ovarian cancer cells. We have previously used this cell line 

to demonstrate the utility of freshly prepared nNETs in cancer cell imaging.41,42 Finally, 

we compare the biodistribution of frozen–thawed nNETs (stored at −20 °C overnight) with 

that of fresh nNETs in healthy Swiss Webster (SW) mice. Our results indicate that the 

physical and optical characteristics of nNETs, their capability for NIR fluorescence imaging 

of ovarian cancer, and biodistribution profiles in SW mice are retained after a single cycle of 

freezing at −20 °C and thawing at RT without using cryoprotectants.

MATERIALS AND METHODS

Fabrication of Nanosized RBC-Derived Particles.

RBCs were isolated from whole human blood (Biological Specialty Company) by 

centrifugal washing in cold (4 °C) isotonic (~300 mOsm) phosphate-buffered saline (PBS) 

(referenced as 1× PBS) three times (5 min at 800g). Isolated RBCs were then washed 

repeatedly in cold 0.25× PBS (20 min, 20,000g) until the supernatant was colorless. The 

resulting hemoglobin-depleted microsized erythrocyte ghosts (μGs) were then resuspended 

in 1× PBS, centrifuged once more (20 min, 20,000g), and resuspended in the same volume 

(1 mL) as the RBCs used.

TheμEGs were diluted 1:10in 1× PBS and serially extruded through polycarbonate 

membranes with track-etched pore diameters of 800, 400, and 200 nm (Whatman, 

GE Healthcare) using nitrogen gas pressure in a 10 mL Lipex extruder (Transferra 

Nanosciences). The samples were passed through each pore size at least three times before 

reducing the pore size to the next smaller pore diameter. The resulting nanosized EGs 

(nEGs) were then concentrated 10-fold, back to their original concentration in 1× PBS. 

nEGs were loaded with ICG by combining 500 ^L of nEGs with 500 μL of 0.1 M Sørensen 

buffer at pH 7.4 (prepared by combining 19 mL of 0.2 M NaH2PO4 with 81 mL of 0.2 M 
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Na2HPO4) and then adding 500 μL of 75 μMICG. The final ICG loading concentration in 

this loading buffer was 25 μM. As control samples, isolated RBCs extruded using the above 

procedure to form nanosized RBCs (nRBCs), and nEGs without ICG loading were used.

Freeze–Thaw Cycle and Characterizations.

Nanosized RBC-derived particles were cooled from RT at the rate of approximately −1 

°C/min in a −20 °C freezer and stored for up to 8 weeks. At biweekly intervals (2, 4, 6, and 

8 weeks), frozen aliquots of nNETs were thawed at RT (22 °C) at a warming rate of ≈1.6 

°C/min) and characterized within 1 h of thawing. Each aliquot thawed for measurement was 

not reused. Therefore, each measurement was performed on samples that were stored frozen 

for the indicated durations, and samples were exposed to only one freeze–thaw cycle prior to 

characterization.

The cooling rate was calculated based on the known temperature drop from RT 22 

to 0 °C and the measured time to freeze the nNETs samples (~20 min).Warming rate 

was determined from the air-thawing temperature curves reported by Baboo et al.43 We 

characterized the RBCs and particles before and after freeze–thawing, as described below.

We acquired UV–vis-NIR spectral data in the range of 230–1000 nm using a 

spectrophotometer (JASCO V-670, Tokyo, Japan) in transmission mode. Each formulation 

was diluted 8-fold in 1× PBS prior to the measurements. Samples were placed within a 

quartz microcuvette (1 cm path length) (Starna Cells, Atascadera, CA) before and after 

the freeze–thaw cycle. The recorded measurements represent the optical density (OD) of 

the particle suspension and are a measure of the intensity of the transmitted light after 

absorption and scattering of the incident light by the particles.

The fluorescence emission spectrum of each formulation was recorded after diluting it 5-fold 

in 1× PBS. Spectra were acquired using a Horiba Jobin Yvon FluoroLog 3 (Kyoto, Japan) 

with samples placed within a quartz microcuvette before and after freeze–thaw cycling. 

The excitation wavelength was 720 nm, selected from a 450 W xenon arc lamp using a 

monochromator with a slit width of 5 nm. The emission was collected in the range of 

735–900 nm.

Using dynamic light scattering (DLS), we quantified the hydrodynamic diameter (Z-

average) and the zeta potential (ζ) of RBC-derived nanoparticles (nNETs, nEGs, nRBCs), 

RBCs, and μEGs using a Malvern Zetasizer NanoZS (Malvern, United Kingdom). DLS has 

been used to determine the size distributions of RBCs,44,45 cell lysates,46 and cell-derived 

nanoparticles.47,48 We have previously cross-validated DLS-based measurements of nNETs 

diameter with electron microscopy measurements and found good agreement between the 

two methods.32,41 For DLS-based measurements, samples were suspended in 1 mL of 1× 

PBS within disposable polystyrene cuvettes (1 cm path length). The Z-average diameters, 

which are the intensity-weighted harmonic average of the light-scattering particles,49,50 were 

estimated at a 90° scattering angle. Each sample was measured eight times, and the average 

and standard deviation (SD) of these measurements were determined.
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Values of ζ were estimated using the Smoluchowski approximation, which assumes the 

Debye radius to be much smaller than the particle radius.51 Each measurement was done in a 

folded capillary cell at 22 °C. The value of ζ for each sample was measured eight times, and 

the average and SD were determined.

In Vitro NIR Fluorescence Imaging and Uptake by SKOV3 Ovarian Cancer Cells.

SKOV3 ovarian cancer cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 

medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin 

at 37 °C in a 5% CO2 atmosphere until confluency. For the uptake study of fresh and 

frozen–thawed nNETs (stored at −20 °C overnight, thawed at RT), adherent SKOV3 cells 

were detached using trypsin and seeded at ≈1 × 104 cells per well in a 96-well plate. The 

cells were then incubated for 2 h at 37 °C with 100 μL of either fresh nNETs (positive 

control), frozen–thawed nNETs, or isotonic PBS (negative control), and an additional 100 

μL of serum-free RPMI 1640.

After incubation, SKOV3 cells were fixed with 4% paraformaldehyde (PFA) and their nuclei 

were stained with 4′,6-diamidino-2-phenylindole (DAPI). The procedure for fixing SKOV3 

cells and nuclear staining was similar to the procedure reported in a prior study.41 We first 

removed the media and rinsed the cells in the 96-well plate with 100 μL 1× PBS at 37 °C. 

We then removed the 1× PBS and incubated the cells in 100 μL 4% PFA for 5 min. The PFA 

was then removed, and cells were again rinsed with 100 μL of 1× PBS. We again removed 

the 1× PBS and permeabilized the SKOV3 cells by incubating them in 100 μL of 2% Tween 

20 for 5 min. The Tween 20 was removed, and cells were rinsed again with 100 μL 1× PBS. 

Then we stained the SKOV3 nuclei by first removing 1× PBS and replacing it with 100 μL 

of 300 nM DAPI dissolved in 1× PBS for 5 min. Following DAPI staining, cells were rinsed 

twice in 1× PBS and then imaged in 100 μL 1× PBS. We repeated this procedure in four 

separate wells for imaging and statistical analysis.

In each well (n = 4), we recorded fluorescence images of SKOV3 cells that were 

incubated with either fresh nNETs, frozen–thawed nNETs, or PBS using a Nikon Eclipse 

Ti microscope (100× magnification) coupled to an electron-multiplying charge-coupled 

device (Hamamatsu Quant EM-CCD, C9100). We recorded images of the blue-fluorescent 

nuclei using a Semrock BrightlineDAPI-5060B-NTE filter set and NIR-fluorescent cell 

bodies using a Chroma 41037 filter set (excitation: 740 ± 17 nm, emission: >780 nm) and 

superimposed the coregistered images. Average cell fluorescence (Fcells) was quantified by 

first summing the NIR signal in the entire field of view (512 × 512 pixels) in a given image, 

dividing the summed NIR signal by the number of cells counted by DAPI staining, and then 

averaging among the number of images:

Fcells = 1
n ∑

n = 1

4 ∑x = 1
512 ∑y = 1

512 FNIR
ncells

(1)

where FNIR is the pixel fluorescence intensity in the near-infrared channel, ncells is the 

number of cell nuclei counted in the DAPI channel, and n = 4 (total of four images, one 

from each well). For each sample (fresh nNETs, frozen–thawed nNETs, or PBS), Fcells was 
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calculated and the standard deviation of Fcells was computed and presented as error bars in 

Figure 4d.

Biodistribution of Fresh and Frozen–Thawed nNETs in Healthy SW Mice.

Healthy female SW mice (≈20–25 g; ≈8–10 weeks old) were procured (Taconic) 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. We then administered ≈100 μL of either fresh or frozen–thawed 

nNETs (stored at −20 °C overnight, thawed at RT) via tail-vein injection while animals 

were still under anesthesia (n = 3 for each of the administered agents). Eighteen hours 

postinjection, the mice were euthanized by CO2 inhalation, and a sample of blood (>500 

μL) was immediately drawn from each animal via cardiac puncture. The mice were then 

dissected and the reticuloendothelial system (RES) organs (liver, lungs, and spleen) were 

harvested for analysis by fluorescence spectroscopy.

The procedure for measuring the mass-normalized fluorescence of each organ was similar to 

the procedure detailed in a prior study.2 Each organ was weighed in a tared microcentrifuge 

tube and then incubated in 1 mL of 5% sodium dodecyl sulfate (SDS) for 30 min 

before being homogenized using an Omni Tissue Homogenizer. After homogenization, an 

additional 4 mL of 5% SDS was added, and the homogenized organs were then incubated 

for 30 min to allow the release of ICG from cells. The homogenate was centrifuged at 

16,000g for 45 min to remove the crude tissue solids from the liquid organ homogenate. 

Fluorescence spectra of the supernatants were acquired in the range of 735–900 nm in 

response to 720 nm excitation from a 450 W xenon arc lamp (5 nm slit width).

For each organ, we spectrally integrated the emission spectra and normalized this quantity 

by the mass of the organ measured. We then divided the result by the number of animals to 

define the quantity I*:

I∗ = 1
n ∑

j = 1

n ∫735nm
900nmF(λem)dλem

morgan
(2)

where F(λem) is the fluorescence intensity at a given emission wavelength λem and morgan is 

the mass of the organ. On the basis of this quantity, we obtained the average amount of NIR 

signal per gram of organ.

The blood samples were treated using the same homogenization protocol and quantitative 

fluorescence analysis as the organs. After acquisition of the NIR signals generated by 

the supernatants of homogenized organs or blood, we performed a two-way analysis of 

variants (ANOVA) to determine if any statistically significant differences in biodistribution 

originated from freeze–thaw cycling.

Tang et al. Page 6

Langmuir. Author manuscript; available in PMC 2023 January 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



RESULTS AND DISCUSSION

Hydrodynamic Diameter and Zeta Potential (ζ) of Frozen–Thawed Particles.

RBCs and μEGs showed a statistically significant reduction in Z-average diameter in 

response to a single freeze–thaw cycle (Figure S1). Specifically, the mean Z-average of 

fresh RBCs was reduced from 1826 ± 211 to 648 ± 224 nm after one freeze–thaw cycle. 

These values underestimate the diameter of RBCs because the Z-average diameter is based 

on the diffusional velocity of a hypothetical hard sphere due to Brownian motion; the thin 

cross-section of the RBC causes its Brownian motion to be faster than that of a hard sphere 

with equal diameter.52,53 For μEGs, the mean Z-average was reduced from 1454 ± 92 to 

565 ± 12 nm after one freeze–thaw cycle. We attribute the reduced mean Z-average diameter 

values for frozen–thawed RBCs and μEGs to the respective lysates formed from these 

particles in response to the freeze–thaw cycle. It has been established that RBCs lyse after 

being frozen and thawed in isotonic saline.54

Lysis is often attributed to the accompanying osmotic effects during freezing and thawing.54 

When freezing slowly in an isotonic solution, the solutes (salts) are concentrated as more 

water is converted to ice, creating a hypertonic extracellular environment. It has been 

proposed that hemoglobin can be released from RBCs incubated in a hypertonic milieu 

through modifications made to the actin-spectrin network to cause hemoglobin leakage.55 

The hypertonic conditions experienced by the RBCs during freezing can concentrate 

hemoglobin within shrunken RBCs. Concentrated hemoglobin may precipitate and form 

a gel that creates local tensions in the membrane, leading to punctures in the membrane, 

causing cell lysis.56,57

Given that μEGs lack hemoglobin, gelation of hemoglobin would not be a basis for lysis of 

μEGs. During the thawing process, the intracellular expansion of ice crystals and subsequent 

recrystallization (where large ice crystals grow larger at the expense of smaller ones) at slow 

thawing rates may play a role in the freezing-induced lysis of μEGs and RBCs.58,59 Briard et 

al. found that the size of the enlarged crystals that form during recrystallization can exceed 

50 μm when RBCs are frozen in PBS.58

The diameters of ice crystals are also inversely proportional to the cooling rate in the 

range of about 0.06–300 °C/min (i.e., formation of larger crystals on the orders of tens of 

microns is associated with smaller cooling rates).60,61 Given that our samples were cooled 

at a relatively slow rate (≈ −1 °C/min), we expect formation of large ice crystals that can 

span across multiple RBCs or μEGs, which may become even larger due to recrystallization 

during the thawing phase.43,62,63 The formation of such large ice crystals may contribute to 

the severe disruption to the membranes of RBCs and μEGs.

The mean Z-average diameter of fresh nNETs (236.7 ± 5.7 nm) (Figure 1a) (referred to as 

the 0 week) was larger than that of fresh nEGs (212.4 ± 3.5 nm), and the mean diameters 

for these two types of particles were smaller than that of nRBCs (244.5 ± 4.4 nm). Although 

these differences were not statistically significant, the presence of ICG intercalated in the 

membrane bilayers of nNETs may give rise to a larger diameter when compared to nEGs,2,35 

and the depletion of hemoglobin from nNETs and nEGs prior to mechanical extrusion may 
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be the basis for their smaller diameters when compared to nRBCs.35 In a previous study, 

Kuo et al. subjected “nanoerythrosomes” to five freeze–thaw cycles; each cycle consisted 

of freezing for 24 h at −20 °C followed by 2 h of thawing at room temperature.39 Using 

DLS, they also found that the diameters of nanoerythrosomes were not affected by the cyclic 

freeze–thawing.

The size-stability of nanosized RBC-derived particles is likely due to their small size. It has 

been reported that smaller RBCs are more resistant to the osmotically driven lysis that can 

result from freezing.56,64 Betticher and Geiser found that the osmotic perturbation required 

to release 3.5–4% of hemoglobin from RBCs was three times higher for small RBCs (31 

μm3 for sheep RBCs) when compared to larger RBCs (113 μm3 for human newborns 

RBCs).56 Similarly Peinado et al. found that the osmolality value for 50% hemolysis was 

about twice as high for Capra pyrenaica (Iberian wild goat) RBCs (4.3 μm mean cell 

diameter) as compared to that for Rattus norvegicus (Brown rat) RBCs (7.7 μm mean cell 

diameter).64 Due to their smaller diameters, the nanosized RBC-derived particles have a 

larger surface-to-volume ratio than RBCs or μEGs, making them more resistant to changes 

in membrane tension (and ultimately rupture) in response to a change in volume.

The ζ values of fresh nEGs, nRBCs, and nNETs (Figure 1b) were not statistically different 

from that of fresh bovine RBCs (−12.1 ± 1.0 mV, data not shown). Sialoglycoproteins 

are associated with much of the negative charge of RBCs.65,66 In particular, the negative 

surface charge can be attributed to the carboxyl groups of sialic acid (SA). Presence of 

SA on the membrane surface is relevant to the survival of RBCs in circulation. It has 

been reported that a 20–30% reduction in SA is sufficient for recognition and subsequent 

clearance by the reticuloendothelial system.67,68 Storage at −20 °C for up to 8 weeks did 

not result in any statistically significant differences in ζ values for nEGs, nRBCs, and 

nNETs, when compared to their ζ values when fresh (p > 0.05). Therefore, our measured 

ζ values suggest that the negatively charged SA residues remained on the surface of RBC-

derived nanoparticles even after hypotonic treatment, mechanical extrusion, and subsequent 

freezing/thawing.

Optical Density and Fluorescence Characteristics of Fresh and Frozen–Thawed Particles.

Spectra of frozen–thawed RBCs showed reductions in OD values as compared to those for 

fresh RBCs (Figure 2a). We attribute this reduction to the presence of RBC lysate after 

freeze–thawing, which scatters the incident light less than fresh RBCs. These results are 

consistent with our previous results where higher values of scattering coefficient in the 

spectral range of 400–1000 nm were associated with microsized NETs as compared to 

nanosized NETs.69 The spectra of frozen–thawed RBCs indicated that the light-absorbing 

components of the RBC remained in the lysates.

The OD spectra of both fresh (0 weeks) and frozen–thawed RBCs indicated the 

presence of oxygenated hemoglobin as evidenced by the characteristic Q-band peaks for 

oxyhemoglobin at 542 and 575 nm (Figure 2a), which are respectively attributed to the 

fundamental absorption band (Q0) and its vibronic tone (Qv) for a single porphyrin π→ π* 

transition.70,71 The strong Soret peak centered at 412 nm is also associated with porphyrin 

π → π* transition.70 The value of OD at this peak reached a saturating level during our 
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spectral recording for fresh RBCs and was >4 for the frozen–thawed RBCs. Other spectral 

features between 230 and 380 nm are also related to electronic transitions associated with 

hemoglobin absorption.72,73

Fresh and frozen–thawed nRBCs (positive control samples) formed by extrusion, exhibited 

nearly identical spectra (Figure 2b). These samples did not show or had minimal spectral 

peaks at the Q-band, and had a greatly reduced OD at the Soret peak, indicating that most 

of the hemoglobin was removed during mechanical extrusion. Centrifugal pelleting of the 

freshly extruded nRBCs yielded a red-colored supernatant, which indicated expulsion of 

hemoglobin from the nRBCs after passage through the extruder.

Fresh and frozen–thawed nEGs (negative control samples) (Figure 2c) had similar OD 

spectra compared to nRBCs, but lacked both the Q-band and Soret peak features associated 

with oxyhemoglobin that were present in RBCs and nRBCs. Therefore, the resulting spectra 

represent the OD due to scattering by these particles.

Similar to nEGs’ spectra, the OD spectra of nNETs also lacked the absorption peaks 

associated with oxyhemoglobin (Figure 2d). However, nNETs spectra showed a prominent 

NIR peak at 807 nm due to absorption by the monomeric form of ICG and a secondary peak 

centered at 740 nm attributed to absorption by aggregated ICG.35 Upon freezing-thawing, 

nNETs retained these NIR spectral characteristics.

In response to 720 nm photoexcitation, NIR fluorescence emitted from RBCs and nRBCs 

were in the noise floor (Figure 3a,b). For nNETs (Figure 3c), there was a prominent NIR 

fluorescence peak centered at 808 nm, associated with the monomer form of ICG. nNETs 

retained their NIR fluorescence for the duration of storage at −20 °C (up to 8 weeks) and 

upon thawing. Retention of OD and fluorescence emission over the NIR spectrum upon the 

freeze–thaw cycle of nNETs provide further evidence that ICG did not degrade or leak from 

the particles and that the particles did not lyse upon thawing. We also provide results that 

demonstrate that the fluorescence characteristics of nNETs remain stable in the presence of 

serum proteins (Figure S2).

In Vitro NIR Fluorescence Imaging and Uptake by SKOV3 Ovarian Cancer Cells.

There was minimal NIR emission from cells incubated with PBS (negative control) (Figure 

4a). Fresh and frozen–thawed nNETs offered similar capability in NIR fluorescence imaging 

of SKOV3 ovarian cancer cells (Figure 4b,c). Both sets of particles showed similar spatial 

uptake by the cancer cells where they were localized at the peripheries of the cells’ nuclei 

(stained in blue by DAPI). There were not any statistically significant differences in average 

NIR fluorescence emission between SKOV3 ovarian cancer cells incubated with fresh or 

frozen–thawed nNETs for 2 h (Figure 4d).

Biodistribution of nNETs and Frozen–Thawed nNETs in Healthy SW Mice.

In a previous study, we evaluated the biodistribution of fresh nNETs in healthy SW mice 

at 6, 24, and 48 h postadministration of the particles.2 We found that accumulation of 

fresh nNETs in liver, spleen, lungs, and kidney continued to increase between 6 and 48 h. 

Therefore, in this study, we chose 18 h as a time point that would for nNETs accumulation 
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in these organs; hence, allowing us to determine if the biodistribution of the frozen–thawed 

nNETs would be significantly different from that of freshly prepared nNETs.

For both groups, there was statistically significantly higher I* values from the spleen, 

which is the primary organ responsible for removing senescent RBCs from the vasculature 

(Figure 5).74 The flipping of phosphatidylserine (PS) from the inner to the outer membrane 

leaflet of nNETs can serve as a biomarker for recognition and subsequent removal of 

nNETs by the macrophages spleen.74 Using PS fluorescence immunostaining and flow 

cytometry, we have found that PS can become localized to the outer leaflet of nNETs, 

likely due to the hypotonic treatment of RBCs.34 While nNETs with surface-exposed PS 

can also be recognized by the liver macrophages (Kupffer cells), they may also escape via 

the fenestrated endothelial lining of the liver sinusoids, then extravasate into the space of 

Disse, where they are eliminated from the body via the hepatobiliary system. This route 

of elimination may result in a lower level of nNETs (as quantified by the metric I*) in 

the liver when compared to that in spleen. The alveolar and interstitial macrophages in the 

lungs may also uptake nNETs with surface-exposed PS, but these macrophages primarily 

serve to defend against pathogens, which may explain the reduced I* in lungs, compared 

to spleen.75,76 The relatively lower amount of nNETs in blood at 18 h postadministration 

when compared to the values for the RES organs suggests that most of the nNETs had been 

cleared from the vasculature by this time and had accumulated in these organs.

Using a two-way analysis of variants (ANOVA), we found no statistically significant 

differences between the values of I* for fresh or frozen–thawed nNETs in blood or in the 

RES organs (p < 0.05) (see Figure 5). On the basis of their similar biodistribution profiles, 

as well as similar size and surface characteristics, frozen–thawed nNETs likely involve the 

same mechanisms for interaction with the RES as fresh nNETs.

Our results indicate that a single cycle of freezing at −20 °C followed by thawing at room 

temperature provides an effective method to retain the physical and optical characteristics 

of RBC-derived nanoparticles and their interactions with biological systems without the 

need for use of cryoprotectants. This freeze–thaw method may eliminate the need for 

just-in-time manufacturing of RBC-derived nanosized carriers and enable rapid deployment 

of the particles for intended clinical applications.

CONCLUSIONS

We have demonstrated that freezing of RBC-derived NIR nanoparticles, without the use 

of cryoprotectants, and subsequent thawing at room temperature does not alter their 

physical and optical properties consisting of diameter, zeta potential, optical density, and 

fluorescence emission. The ability of nNETs for fluorescence imaging of SKOV3 cancer 

cells is preserved with this storage method. We have also shown that a single cycle of 

freezing the nNETs to −20 °C followed by thawing at room temperature does not affect 

their biodistribution profile in the reticuloendothelial organs of healthy Swiss Webster mice. 

This widely available freeze–thaw method may provide a means for preservation and rapid 

deployment of RBC-derived nanoparticles for intended clinical applications.
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ICG indocyanine green

DAPI 4′,6-diamidino-2-phenylindole

nEGs nanosized erythrocyte ghosts

NIR near-infrared

nNETs nanosized NIR erythrocyte-mimicking transducers

OD optical density

RBCs red blood cells
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Figure 1. 
Mean values of the (a) Z-average diameters, and (b) the zeta potentials (ζ) for fresh (frozen 

for 0 weeks) and frozen–thawed nNETs, nEGs, and nRBCs for various durations of frozen 

storage at −20 °C. In all panels, error bars are the standard deviations associated with eight 

independent measurements of the same sample. All measurements were made in 1× PBS.
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Figure 2. 
Optical density spectra for fresh and frozen–thawed samples of (a) RBCs, (b) nRBCs, (c) 

nEGs, and (d) nNETs after −20 °C storage for up to 8 weeks. All spectra were obtained with 

samples suspended in 1× PBS. Legends shown on panel (b) apply to all panels.
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Figure 3. 
Fluorescence emission of (a) RBCs, (b) nRBCs, and (c) nNETs after storage for up to 8 

weeks at −20 °C. The legend in panel (a) applies to all panels. Excitation wavelength was 

720 nm and spectral recordings were made with samples suspended in 1× PBS.
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Figure 4. 
Fluorescence images of SKOV3 ovarian cancer cells after 2 h of incubation at 37 °C with (a) 

1× PBS, (b) fresh nNETs, and (c) frozen–thawed nNETs. Blue and red channels represent 

DAPI and ICG emission, respectively. In panel (d), we show the average cell fluorescence 

(Fcells, see eq 1) of SKOV3 cells incubated with 1× PBS, fresh nNETs, or frozen–thawed 

nNETs (n = 4 sets of images). n.s. indicates no statistically significant difference between 

fresh and frozen–thawed nNETs (p > 0.05). Double asterisk symbol indicates significance 

level of p < 0.01 for 1× PBS compared to either fresh or frozen–thawed nNETs.
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Figure 5. 
Values of I* (see eq 2) associated with blood, liver, lungs, and spleen of healthy SW mice at 

18 h post tail-vein injection of fresh or frozen–thawed nNETs (n = 3). Error bars represent 

standard deviations from the mean values of I*. Asterisk indicates that the values of I* 

associated with spleen in response to injection of both fresh and frozen–thawed nNETs were 

significantly higher (p > 0.05) than the values in blood and other organs.
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