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Abstract

Ischemic stroke is an acute and severe neurological disease, resulting in the disability and death. 

Reperfusion to an ischemic brain is a means to reverse brain damage after stroke; however, this 

causes secondary tissue damage induced by inflammation responses, called ischemia/reperfusion 

(I/R) injury. Adhesion of neutrophils to endothelial cells underlies the initiation of inflammation in 

I/R. Inspired by this interaction, we report a drug delivery system comprised of neutrophil 

membrane-derived nanovesicles loaded with Resolvin D2 (RvD2) that can enhance resolution of 

inflammation, thus protecting brain damage during ischemic stroke. In the study, the middle 

cerebral artery occlusion (MCAO) mouse model was developed to mimic ischemic stroke. Using 

intravital microscopy of live mouse brain, we real time visualized the binding of nanovesicles to 

inflamed brain vasculature for delivery of therapeutics to ischemic stroke lesions. We also 

observed that RvD2-loaded nanovesicles dramatically decreased inflammation in ischemic stroke 

and improved mouse neurological functions. Our study provides a strategy to inhibit 

neuroinflammation using neutrophil-derived nanovesicles for ischemic stroke therapy.
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Stroke is an acute and severe disease, resulting in the disability and death. It is reported that 

80% strokes are related to brain ischemia, which is the blood vessel occlusion leading to a 

sudden disruption of circulation in a partial brain.1,2 Reperfusion, a blood flow restoration, is 

a major tool to treat ischemic stroke to rescue brain functions. However, ischemia/

reperfusion (I/R) initiates several cellular responses in the brain. The responses include 
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accumulation of aerobic metabolites and production of radical oxygen species, such as O2
− 

and H2O2. In addition, inflammatory cytokines are upregulated, endothelial cells are 

activated and immune cells migrate from circulation to the brain tissues.3–6 These events 

cause cellular damage in the brain, so-called ischemia/reperfusion (I/R) injury.7 Interactions 

between blood vessel endothelial cells and neutrophils (most abundant leukocytes in blood) 

play a central role in cerebral I/R.8 For example, upregulation of cell adhesion molecules on 

endothelium mediates neutrophil transmigration to I/R lesions, leading to irreversible brain 

damage.9 To avoid inflammatory damage related to neutrophil infiltration, blocking 

endothelium via anti-ICAM-1 (intercellular adhesion molecule 1), and depleting neutrophils 

with antibodies were used to mitigate I/R injury in stroke.10,11 However, inhibiting 

neutrophil adhesion to blood vessels via anti-ICAM-1 is not sufficient to diminish 

inflammation to prevent I/R injury.12 In addition, systemic depletion of neutrophils may 

increase the host susceptibility to infections,13 and may also impair other immune cells, such 

as natural killer cells.14

Advances in nanoparticle-based drug delivery enable improved delivery efficiency to disease 

sites.15–21 Recently, several studies have shown that nanoparticle formulations can improve 

therapies to ischemic stroke,22–25 but cellular locations of therapeutic delivery in the brain 

are not well defined. In the cerebral I/R, neutrophils adhere to activated endothelium via 
membrane adherent proteins, such as integrin β2 on neutrophils and ICAM-1 expressed on 

endothelium.26 Targeting inflamed endothelium in the brain may be a promising approach to 

manage I/R-induced inflammation to prevent tissue damage. Lipid mediators derived from 

omega-3 polyunsaturated fatty acids (PUFA) have been shown to enhance inflammation 

resolution in inflammatory diseases.27, 28 Resolvins are classified to Resolvin D (RvD) and 

Resolvin E (RvE) derived from docosahexaenoic acid (DHA) and from eicosapentaenoic 

acid (EPA), respectively.29 The studies show that Resolvin D2 (RvD2) can decrease 

leukocyte-endothelium interactions, reduce cytokine production, and mitigate bacterial 

burden in a mouse sepsis model.30 In the mechanisms, RvD2 induces the generation of nitric 

oxide in endothelium for decreased neutrophil-endothelium interactions.30 RvD2 also binds 

a G-protein coupled receptor (GPR18) on neutrophils to inhibit neutrophil infiltration and 

stimulate neutrophil apoptosis, thus accelerating inflammation resolution.31 Resolvin D2 is 

prone to directly bind to plasma proteins, therefore its bioavailability is decreased after 

intravenous administration. Recently, we have generated nanovesicles from neutrophils and 

demonstrated that nanovesicles can target inflamed lung.32 Because of current insufficient 

therapies to ischemic stroke, here we proposed neutrophil nanovesicles to deliver RvD2 to a 

stroke lesion for improved treatment.

We report on a drug delivery platform comprised of neutrophil-membrane-derived 

nanovesicles loaded with RvD2. The nanovesicle-based delivery system would specifically 

target inflamed brain endothelium during I/R, and deliver RvD2 to prevent 

neuroinflammation. To test this hypothesis, we have developed intravital microscopy to real 

time visualize the binding of nanovesicles to inflamed endothelium in the live mouse brain 

in the cerebral I/R model. We have shown the usefulness of our nanovesicles in preventing 

the mouse neurological damage during reperfusion therapy to ischemic stroke.
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RESULTS AND DISCUSSION

Design of RvD2-loaded Neutrophil Nanovesicles Targeted to Inflamed Brain Endothelium.

In this study, HL-60 cells (human promyelocytic leukemia cells) are selected since they are 

like neutrophils after their differentiation.33,34 Inspired by the binding of neutrophils to 

endothelium during stroke, we proposed to generate nanovesicles derived from differentiated 

HL-60 cells using nitrogen cavitation. Nitrogen cavitation is a physical force to rapidly 

disrupt cells to generate nanoscale cell membrane-formed vesicles. 35

Figure 1 shows the design of neutrophil-derived nanovesicles for targeted delivery of RvD2 

to brain in a cerebral I/R mouse model. HL-60 nanovesicles (HVs) were generated from 

differentiated HL-60 cells induced by dimethyl sulfoxide (DMSO). Nitrogen cavitation 

followed by a series of centrifugation was used to generate nano-sized membrane vesicles.32 

RvD2 was selected because it may incorporate into the lipid bilayer of nanovesicles due to 

the lipid structure of RvD2. We hypothesized that the homing of RvD2-loaded nanovesicles 

(RvD2-HVs) in stroke lesions could diminish inflammation responses (such as neutrophil 

infiltration and cytokine release), thus preventing brain damage to rescue neurological 

functions in therapies to ischemic stroke. To examine this hypothesis, we established 

intravital microscopy of the live mouse brain to visualize delivery of nanovesicles to 

inflamed endothelium during ischemic stroke.

Generation and Characterization of RvD2-loaded Nanovesicles.

After HL-60 cells were differentiated to neutrophil-like cells, the cell suspension was placed 

in a vessel under nitrogen cavitation to generate nanovesicles followed by a series of 

centrifugation.32 We measured size and zeta potential of nanovesicles using dynamic light 

scattering. We found that nanovesicles were 190 nm in diameter and their polydispersity 

index (PDI) was 0.21. It is unlikely that the vesicular size was dependent on RvD2 loading 

(Figure 2A). To confirm the membrane structure of nanovesicles, we performed cryo-

electron microscopy (cryo-EM) to visualize intact nanovesicles in suspension (Figure 2B). 

The result showed that a vesicle was made of a thin layer, whose thickness was same as that 

of cell membrane. The sizes of nanovesicles were studied in Hanks’ Balanced Salt solution 

(HBSS) and in HBSS with 20% of fetal bovine serum (FBS) at room temperature, 

respectively (Figure S1). We observed that nanovesicles did not change their size in serum 

compared to those in HBSS, suggesting that nanovesicles may be stable in vivo. It is 

interesting to observe that the zeta potential of nanovesicles was −10.1 mV, but it increased 

to −14 mV after RvD2 was added to nanovesicles, implying that RvD2 may be incorporated 

in the lipid bilayer of nanovesicles (Figure 2C). In addition, the mass of RvD2 has been 

determined by mass spectrometry (MS) (Figure S2) after RvD2 was extracted from 

nanovesicles using ethanol. This is consistent with the zeta potential changes of nanovesicles 

after RvD2 was loaded. We measured RvD2 release from nanovesicles using high-

performance liquid chromatography (HPLC) (Figure S3). The result (Figure 2D) showed 

that RvD2 was able to release from nanovesicles and almost 80% RvD2 was released in 24 

h. Adding 20% FBS in the nanovesicle suspension did not change the RvD2 release rate, 

suggesting that RvD2 may tightly be incorporated in nanovesicles when they are used for in 
vivo studies. Collectively, our results show that we have successfully generated nanovesicles 
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from cell membrane of HL-60 cells and have loaded the therapeutics in nanovesicles. In 

addition, nanovesicles are very stable with 20% of serum, implying that the nanovesicles 

may be good carriers for drug delivery.

Surface Proteins of Nanovesicles and Their Binding to Inflamed Endothelium.

Next, we determined whether nanovesicles had the similar membrane proteins to their parent 

cells. Since interactions between neutrophils and endothelial cells are mainly regulated by 

cell membrane proteins,36 we have studied four major surface proteins, including integrin 

β2, platelet endothelial cell adhesion molecule-1 (PECAM-1), P-selectin glycoprotein 

ligand-1 (PSGL-1), and integrin α4β1 (VLA-4) (Figure 3A). Figure 3B shows the 

quantification of proteins in nanovesicles made from differentiated HL-60 cells (HVs), naïve 

HL-60 cells (NVs) (non-differentiated), and differentiated HL-60 cell lysis. It was found that 

the expression of integrin β2 and PSGL-1 was increased by 2 and 7 folds in HVs, compared 

to those of NVs, respectively. These two proteins are required to facilitate the binding of 

neutrophils to inflamed endothelium.37 The increased integrin β2 and PSGL-1 in HVs were 

associated with the features of activated neutrophils after HL-60 cells were differentiated. 

Compared to the resource cells, the expression of integrin β2 and PSGL-1 was dramatically 

increased in nanovesicles, while the intracellular (GAPDH) marker was decreased (Figure 

3A) when we loaded the same amount of proteins for Western blot experiments. The result 

shows that nanovesicles contained less intracellular proteins after nitrogen cavitation, 

suggesting that our nanovesicles may be good drug carriers, consistent with the cryo-TEM 

image of nanovesicles (Figure 2B).

To determine the binding of nanovesicles to inflamed endothelium, we first investigated 

whether ICAM-1, a ligand of integrin β2, was upregulated after human umbilical vein cells 

(HUVECs) were activated. The upregulation of ICAM-1 was observed 3 h after HUVECs 

were treated with TNF-α (100 ng/ml) (Fig. 3C). Confocal laser scanning microscopic 

images (Figure 3D) showed the interaction between nanovesicles and HUVECs after their 

co-culture. After we incubated DiO (Benzoxazolium, 3-octadecyl-2-[3-(3-octadecyl-2(3H)-

benzoxazolylidene)-1-propenyl]-, perchlorate 34215–57-1)-fluorescently-labeled 

differentiated nanovesicles (HVs) with TNF-α-treated HUVECs, we imaged HUVECs, 

finding strong green fluorescence of HVs around the nuclei. In the control experiments, we 

incubated DiO-labeled non-differentiated nanovesicles (NVs) with TNF-α-treated HUVECs 

or incubated DiO-labeled HVs with normal HUVECs. In both cases, we observed weak 

fluorescence from nanovesicles, suggesting that the interaction between nanovesicles and 

HUVECs requires the adhesion molecules expressed on neutrophils and endothelium. To 

quantitatively analyze the interaction, we collected HUVECs to perform flow cytometry 

(Figure S4). The result is consistent with confocal fluorescence images (Figure 3D). 

Together, we demonstrate that HVs possess the membrane proteins of their parent cells 

required for binding to activated endothelial cells.

Nanovesicles Bind to Brain Endothelium in Cerebral I/R Model.

To address whether nanovesicles can target injured brain in stroke, we established the middle 

cerebral artery occlusion (MCAO) mouse model to mimic I/R injury in ischemic stroke. 

Lipid dye DiR (1,1’-Dioctadecyl-3,3,3’,3’-tetramethylindotricarbocyanine iodide) was used 
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to label nanovesicles since DiR emits the light in near infrared and can be incorporated in 

the bilayer of nanovesicles.32 Ischemia/reperfusion in the brain was performed in a mouse 

by inserting a monofilament to the middle cerebral artery, and 1 h later, the monofilament 

was withdrawn to restore the circulation (reperfusion). 1 h after reperfusion, we 

intravenously (i.v.) administered nanovesicles to the mouse. 1h and 11h after the injection, 

the mouse brain was imaged using in vivo imaging system (IVIS) (Figure 4A). The results 

showed that injured brain (the right brain) had a higher fluorescent intensity when DiR-

labeled nanovesicles (DiR-HVs) were administered compared to the controls (free DiR in 

MCAO mice, DiR-labeled non-differentiated nanovesicles (DiR-NVs) in MCAO mice, and 

DiR-HVs in sham mice), indicating increased accumulation of HVs in the damaged brain. 

To quantitatively measure the accumulation of nanovesicles in the brain, we homogenized 

the left brain (no damage from MCAO surgery) and right brain (damage from MCAO 

surgery), respectively. The results (Figure 4B) showed that the fluorescence signals of dye 

molecules in the left brain were similar after administering free fluorescent dyes and 

fluorescently-labeled nanovesicles, indicating that nanovesicles did not selectively target 

non-damaged brain tissues. In contrast, the right brain tissues showed the different 

trafficking of nanovesicles. We observed that fluorescence of DiR-HVs significantly 

increased compared to that of DiR-NVs, and the fluorescence of DiR-HVs was not 

decreased in 11 h, which indicates that DiR-HVs can sustain in injured brain for several 

hours. Therefore, nanovesicles can efficiently deliver therapeutics to stroke lesions to 

improve therapeutic outcomes. When DiR-HVs were administered to sham mice, we 

observed that the fluorescence signal in the right brain was markedly diminished compared 

to that in MCAO mice. The results clearly indicate that HVs can selectively target injured 

brain tissues via adhesion proteins on HVs to facilitate their accumulation in inflamed brain. 

These data are consistent with the western blot results (Figure 3A and B), where the high 

expression of adhesion proteins on HVs required for binding to activated endothelium.

Furthermore, we studied the tissue deposition of nanovesicles in several organs using IVIS 

and also quantitatively measured fluorescence of dyes after tissues were homogenized 

(Figure S5). Although liver and spleen took up many nanovesicles, we still observed the 

marked nanovesicles in brain tissues. Collectively, the result indicates that trafficking of 

nanovesicles strongly depends on damaged brain tissues. Although we have shown that HVs 

accumulated in damaged brain (Figure 4A and 4B), it is not clear what cells interact with 

nanovesicles. To address this question, we established a cranial window to real time 

visualize trafficking of nanovesicles in a live mouse brain. Cranial window allows to image 

live brain microvasculature.38 In the study, the partial mouse skull was removed, and a 

coverslip was applied on the damaged brain one week before the MCAO surgery. The mouse 

was placed in a special holder to reduce mouse movements during confocal microscopy 

(Figure 4C). The photograph of cranial window showed the intact brain vasculature under 

the cranial window (Figure 4C). 1 h after reperfusion, we i.v. injected BSA-Cy5 to 

fluorescently label blood vessels. Subsequently, nanovesicles fluorescently labeled with Dil 

((1,1’-Dioctadecyl-3,3,3’,3’-Tetramethylindocarbocyanine Perchlorate) (Dil-HVs) were i.v. 

injected into the mouse. It was observed that initially Dil-HVs (red) circulated, and then they 

were adherent to inflamed brain blood vessel (the top panel of Figure 4D and its video as 

shown in Movie 1). However, neither Dil-labeled non-differentiated nanovesicles (Dil-NVs) 
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in MCAO model (the middle panel of Figure 4D and its video as shown in Movie 2) nor Dil-

HVs in healthy mice (the bottom panel of Figure 4D and its video as shown in Movie 3) 

were observed to bind to the brain vasculature. Compared with the traditional ex vivo brain 

straining, intravital microscopy offers the clear evidence of how nanovesicles interact with 

brain vasculature during ischemic stroke. Together, the results demonstrate that our 

nanovesicles could specifically target to inflamed endothelium in the brain, thus providing a 

tool to deliver therapeutics to stroke lesions.

RvD2-loaded Nanovesicles Diminish Neutrophil Infiltration in the Brain

Cytotoxicity of nanovesicles was examined before we asked whether we can exploit 

nanovesicles to deliver therapeutics to the brain. Normal human fibroblasts (NHFs) were 

incubated with HVs and RvD2-HVs for 24 h and 48 h respectively, and cell viability was 

examined using cell counting kit-8 (CCK-8) assay. We observed the high cell viability of 

NHFs after they were incubated with nanovesicles (Figure S6), showing that nanovesicles 

are not toxic when they are used for therapies since nanovesicle doses used in the MCAO 

mouse model were much lower than 100 mg/L.

Neutrophil infiltration plays a central role in stroke, so inhibiting neutrophil brain infiltration 

is a means to prevent secondary tissue damage during stroke treatment. Here, we addressed 

whether RvD2-loaded nanovesicles (RvD2-HVs) can inhibit neutrophil infiltration. We first 

used intravital microscopy to image neutrophil trafficking in the mouse brain in MCAO 

model. 3 h after reperfusion, BSA-Cy5 and Alexa Fluor 488 anti-mouse Ly-6G antibody 

were intravenously injected to mark blood vessels and neutrophils, respectively. We 

observed that neutrophils moved slowly in bloodstream, and a large number of neutrophils 

appeared outside of the brain vasculature (Figure 5A, and Movie 4 shows a 3D image taken 

by intravital microscopy). When RvD2-HVs were i.v. administered 1 h after reperfusion in 

the MCAO model, 2 h later we injected BSA-Cy5 and Alexa Fluor 488 anti-mouse Ly-6G 

antibody, and we found that neutrophil infiltration was dramatically decreased (Figure 5B, 

and Movie 5 shows a 3D image taken by intravital microscopy). Quantification of intravital 

microscopic images showed that RvD2-HVs decreased neutrophil infiltration by 10 folds 

compared to that without treatment (Figure 5C). The result indicates that RvD2-HVs can 

inhibit neutrophil infiltration in the mouse brain after reperfusion in ischemic stroke.

Furthermore, we studied the effect of RvD2-loaded nanovesicles on migration of human 

neutrophils using transmigration assay to mimic neutrophil transmigration in vivo. Human 

neutrophils were isolated from human donors, and 1×105 neutrophils were used per assay. In 

the normal condition (without any cytokine or chemokine added), neutrophils showed the 

low permeability to a monolayer of endothelial cells as 5% neutrophils were observed in the 

lower chamber. When 100 U of TNF-α and 10 nM of fMLP were added in the lower 

chamber, 89% neutrophils migrated to the lower chamber. After the treatment with RvD2-

HVs (with 1nM RvD2), we observed a dramatic reduction of neutrophil transmigration to 

26% (Figure 5D). We also observed that free RvD2 (1nM) showed the decrease of 

neutrophil transmigration (Figure 5D), implying that RvD2 regulates neutrophil movements. 

Interestingly, we observed that HVs alone can also prevent neutrophil transmigration, but the 

effect was not significant. The binding of HVs to endothelium may inhibit neutrophil 
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adhesion to endothelium for transmigration. Collectively, both in vitro and in vivo 
experiments demonstrate that the binding of RvD2-HVs to inflamed endothelium enhances 

the delivery of RvD2 in the brain to prevent neutrophil infiltration in ischemic stroke lesions.

RvD2-loaded Nanovesicles Increase Inflammation Resolution in MCAO Model

Next, we addressed whether RvD2-loaded nanovesicles increased inflammation resolution in 

ischemic stroke. We measured myeloperoxidase (MPO) activity in the brain, a marker of 

neutrophil tissue infiltration.39 Mice were administered with therapeutics 1 h after 

reperfusion in the ischemic mouse. Brain tissues were obtained 22 h after administration of 

therapeutics for inflammation analysis. We found that RvD2-HVs dramatically reduced 

MPO content compared to several controls (free HVs, free RvD2 and RvD2-NVs) (Figure 

6A). In addition, we analyzed the expression of ICAM-1 in inflamed brain in the MCAO 

model using Western blot. The result showed that the expression of ICAM-1 in brain 

increased in MCAO mice. However, the treatment with RvD2-HVs inhibited ICAM-1 

expression in the damaged brain 3h after administration of therapeutics (Figure S7). The 

results indicate that RvD2-HVs can regulate both neutrophils and endothelium in the brain. 

To better elucidate the neuroprotective effect of RvD2-HVs in I/R injury, pro-inflammatory 

cytokines including TNF-α, IL-6 and IL-1β were assessed because cytokines play a central 

role in neuroinflammation and causes brain damage. ELISA (enzyme-linked immunosorbent 

assay) results showed that RvD2-loaded nanovesicles diminished all the three cytokines in 

the injured half brain (Fig. 6B-D) compared to several controls. Our results indicate that 

RvD2-loaded nanovesicles can enhance delivery of RvD2 in inflamed brain caused by I/R, 

thus mitigating neuroinflammation.

RvD2-loaded Nanovesicles Protect Brain Injury Induced by Stroke

Reperfusion therapy to ischemic stroke is to restore circulation in the brain, but it 

spontaneously activates inflammation pathways that may damage brain tissues. Here, we 

asked whether RvD2-loaded nanovesicles can protect the brain damage and improve mouse 

neurological functions after stroke. The brain was sliced 22 h after the treatment with several 

formulations, and the brain slices were stained using 1% triphenyltetrazolium chloride 

(TTC) solution to quantify infarcted brain tissues (Figure 7A, and a full panel of brain 

sections as shown in Figure S8). TTC is a redox indicator to differentiate dead and living 

tissues. It is enzymatically reduced to show red color in normal tissues, but it remains white 

color in an area of necrotic tissues.40 The normal brain tissues showed red, but the I/R 

injured brain showed pale color, indicating that MCAO damaged brain tissues. When mice 

were treated with RvD2-HVs, the brain tissues (left side of the image) injured due to MCAO 

showed red similar as that of sham mice. The result indicates that RvD2-HVs prevented the 

infarction formation in the brain during MCAO. Quantification of infarcted brain using 

ImageJ showed that RvD2-HVs decreased the infarct volume to 16% compared to 46% 

when the mouse was treated with PBS treatment (Figure 7B). Compared to RvD2-NVs, 

RvD2-HVs still showed the significant reduction of infarct volume, suggesting that targeted 

delivery of RvD2 using HVs showed more benefit. Furthermore, mouse neurological deficit 

scores were recorded (the videos shown in Movie 6–11). The scores were given by two 

independent people following the instructions adopted from Bederson,41,42 and the average 

scores were shown in Figure 7C. Treatment with RvD2-HVs significantly ameliorated 
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neurological deficit induced by I/R compared to free nanovesicles, free RvD2 and RvD2-

NVs. The results indicate that specifically delivering RvD2 to the mouse brain using our 

nanovesicles combined to reperfusion therapy of ischemic brain can improve current stroke 

treatments.

We have shown that neutrophil-membrane-derived nanovesicles can specifically target 

inflamed brain endothelium during I/R, and this process is regulated by adhesion molecules 

expressed on neutrophil membrane. We found that integrin β2 and PSGL-1 are highly 

expressed on nanovesicles, and they facilitate the binding of nanovesicles to inflamed 

endothelium. Liposomes can be loaded with a wide range of drugs and they have been tested 

in clinic,43 thus it is possible that membrane adhesion molecules discovered in our 

nanovesicles may be linked to liposome surfaces to target activated endothelium. But 

incorporating cell membrane proteins to liposomes may be challenging because controlling 

the orientation of proteins is required to bind inflamed endothelium. In addition, our 

nanovesicles are directly derived from cells, so the nanovesicles have the natural features 

that liposomes do not possess. We expect that our nanovesicles would be better than bio-

functionalized liposomes in nanomedicine, but the reproducibility and quality of 

nanovesicles should be considered when they are used in clinic.

CONCLUSION

Here, we report on a drug delivery system made from neutrophil nanovesicles that can 

specifically target inflamed brain endothelium in ischemic stroke mouse model. Our 

approach is inspired by the interaction between neutrophils and brain endothelium occurred 

in the pathogenesis of ischemic stroke. We proposed neutrophil membrane-formed 

nanovesicles containing their parent cell properties may facilitate the delivery of therapeutics 

to stroke tissues. We have demonstrated this concept using HL-60 cell membrane-derived 

nanovesicles that can specifically target inflamed brain vasculature and deliver RvD2, thus 

enhancing resolution of inflammation during ischemic stroke therapy. Most importantly, we 

have established intravital microscopy of the live mouse brain to real time visualize the 

binding of neutrophil-derived nanovesicles to inflamed vasculature during reperfusion 

therapy to ischemic stroke. Compared to conventional brain imaging (such as magnetic 

resonance imaging), our intravital microscopy is a powerful tool to image subcellular 

locations of nanotherapeutics in diseased tissues. Most strokes are related to ischemic brain, 

and reperfusion is a major means to treat ischemic stroke by restoration of blood flow in the 

brain, but it causes neuroinflammation. We have shown that our nanovesicles can deliver 

RvD2 to resolve neuroinflammation. Combining this nanovesicle delivery system with 

current stroke therapies may be a synergistic approach to improve patient outcomes. 

Furthermore, neutrophils are the most abundant white blood cells in humans, therefore, our 

nanovesicles made from neutrophils could be potential in developing personalized 

nanomedicine in clinic to treat various inflammation-related diseases.
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MATERIALS AND METHODS

Biological and Chemical Agents:

Human HL-60 cell lines were obtained from ATCC (Manassas, VA, Catalog No. CCL-240). 

Human umbilical vein endothelial cells (HUVECs, Catalog No. CC-2517) were obtained 

from Lonza (Walkersville, MD). Resolvin D2 was purchased from Cayman Chemical 

(Michigan, MI, Catalog No. 10007279). Anti-ICAM-1 antibody (Catalog No. sc-390483), 

anti-integrin-β2 antibody (Catalog No. sc-393790), anti-PECAM-1 antibody (Catalog No. 

sc-376764), anti-VLA-4 antibody (Catalog No. sc-365569), anti-PSGL-1 antibody (Catalog 

No. sc-13535) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Dil (3 H-

Indolium, 2-(3-(1,3-dihydro- 3,3-dimethyl-1-octadecyl-2 H-indol-2-ylidene)-1-

propenyl)-3,3-dimethyl-1-octadecyl-, perchlorate) [(Ex(549 nm)\Em(565 nm)] (Catalog No. 

D282), DiR (1,1’-Dioctadecyl-3,3,3’,3’-Tetramethylindotricarbocyanine Iodide) [Ex(750 

nm)\Em(780 nm)] (Catalog No. D12731), DAPI (4,6-diamidino-2-phenylindole) (Catalog 

No. P36931), Penicillin streptomycin (pen strep, Catalog No. 15140–122) and glutamine 

(100×) (Catalog No. 25030–081) were purchased from Life Technologies (Grand Island, 

NY). Recombinant human TNF-α (Catalog No. 570109), Alexa Fluor 488 anti-mouse 

Ly-6G antibody (Catalog No. 127626) and ELISA kits for TNF-α (Catalog No. 430904), 

IL-6 (Catalog No. 431304) and IL-1β (Catalog No. 432604) were purchased from 

Biolegend (San Diego, CA). 2,3,5-Triphenyltetrazolium chloride and o-Dianisidine 

dihydrochloride were purchased from Sigma-Aldrich (St. Louis, MO, Catalog No. D3252–

5G).

Preparation and Characterization of Membrane-derived Nanovesicles.

Human HL-60 cells were cultured in RPMI1640 with 10% (v/v) FBS and 1% (v/v) pen 

strep/glutamine. To differentiate HL-60 cells, 1.25% (v/v) DMSO were added in the medium 

and cells were cultured for 4–6 days.44 Differentiated HL-60 cells were re-suspended in 

HBSS, and then nitrogen cavitation at a pressure of 350–400 psi was used to disrupt cells. 

The resulting suspension was centrifuged at 2,000 g for 30 min to remove nuclei. The 

supernatant was centrifuged at 100,000 g for 30 min to obtain nanovesicles, and this process 

was repeated twice. Nanovesicles were lyophilized and stored at −20oC for future use. 

Nanovesicles were imaged using cryo-electron microscopy (cryo-EM). Particle size and zeta 

potential of nanovesicles and RvD2-vesicles were measured using Malvern Zetasizer Nano 

ZS90 (Westborough, MA).

Preparation of RvD2-loaded and Dil/DiO/DiR-labeled Nanovesicles.

Nanovesicle suspensions were heated to 37°C and the pH value was adjusted to 4.5 for drug 

loading. RvD2 and nanovesicles were quickly mixed at a ratio of 2 μg (RvD2)/ml and 200 

μg/mL of nanovesicles, followed by sonication for 2 min on ice, and incubated at 37 °C for 

30 min. The suspension was centrifuged at 100,000 g to remove free RvD2. Finally, the 

RvD2 loading efficiency was 10% determined by HPLC. In the release study, prepared 

RvD2-HVs were equally divided in several tubes, and at different time points, the samples 

were centrifuged at 100,000 g to obtain the pellets. Then ethanol was used to extract RvD2 

from the pellets. Extracted RvD2 was analyzed by mass spectrometry (MS) and high 

performance liquid chromatography (HPLC). In HPLC experiment, the mobile phase 
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(methanol:water:acetic acid = 62:38:0.01) was used at a flow rate of 1.0 ml/min.31 The 

fluorescent labeling method was similar as the preparation of RvD2-loaded nanovesicles. 

Nanovesicle suspensions were heated to 37°C. Dil/DiO/DiR and nanovesicles were quickly 

mixed at a ratio of 100 mM (Dil/DiO/DiR) and 4 mg nanovesicles, followed by sonication 

for 2 min on ice, and incubated at 37 °C for 30 min. The suspension was centrifuged at 

100,000 g to remove free Dil/DiO/DiR.

Western Blot.

Differentiated HL-60 cell lysis, non-differentiated nanovesicles and differentiated 

nanovesicles were studied using western blot. Integrin β2, platelet endothelial cell adhesion 

molecule (PECAM-1), P-selectin glycoprotein ligand-1 (PSGL-1) and integrin α4 (VLA-4) 

were studied using western blot. Quantification of western blots was performed relative to 

GAPDH using Bio-Rad image analysis software.

Culture of Human Umbilical Vein Endothelial Cells (HUVECs).

HUVECs were cultured in EBM medium supplemented with a commercial kit including 

FBS, rhEGF, hydrocortisone, GA-100, bovine brain extract, and ascorbic acid. 100 ng/ml of 

tumor necrosis factor-α (TNF-α) was added to the cells and 3 h later, ICAM-1 expression 

was determined by Western blot.

In vitro Binding of Nanovesicles to Inflamed Endothelium.

1.5 × 105/well of HUVECs were seeded on a cover slip in a small dish. After the treatment 

of TNF-α, 60 μl of DiO-labeled nanovesicles (2 mg/ml) were added into each well and 

incubated for 30 min at 37oC under continuous agitation to mimic in vivo conditions. Cells 

were washed twice with PBS and fixed with 4% PFA for 20 min on ice. Next, the mounting 

reagent containing DAPI (4’,6-diamidino-2-phenylindole) was added to the cells, and they 

were imaged using a confocal microscope (Nikon A1R+).

Cytotoxicity Assessment in vitro.

Human normal fibroblasts (NHFs) were cultured in DMEM medium with 10% (v/v) FBS 

and 1% (v/v) pen strep/glutamine. Cells were cultured in 96-well plates for 24 h to reach a 

confluence of 90%. Then, the medium was changed with fresh medium containing HVs or 

RvD2-HVs at different HVs concentrations (0, 1, 5, 10 and 100 mg/L). At 24 h or 48 h, 10 

μL of CCK-8 solutions were added to each well and incubated for 2 h. The absorbance of 

formazan was measured at 450 nm by microplate reader.

Cranial Window.

All animal experiments have been approved by the Institutional Animal Care and Use 

Committee (IACUC) in Washington State University. C57 mice were anesthetized by 

intraperitoneal injection of a mixture of 100 mg/kg ketamine and 5 mg/kg xylazine. The 

mouse body temperature was maintained at 37°C throughout the experiment. The fur was 

shaved on the top of a head, and the skin was disinfected with iodine and 75% ethanol. A 

dorsal midline incision was made to expose the skull. The skull surface was treated with a 

bonding agent and binding glue. A high-speed drill was used to drill a circle area to remove 
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the skull bone on the right brain. The exposed brain was moistened with saline throughout 

the experiment. A 3 mm (diameter) glass window was placed onto the circle area, and a 

super glue was used to hold the glass.45 In the final step, a bar was mounted on the head for 

intravital microscopy. After the experiment, the mouse was individually caged and treated 

with a mixture of buprenorphine and antibiotics for pain relief and anti-infection. 7 days 

after recovery from the surgery, mice were imaged using an intravital microscope (Nikon 

A1R+ laser confocal microscope with a resonant scanner).

Middle Cerebral Artery Occlusion (MCAO) Model.

All animal experiments have been approved by IACUC. Male C57 mice (24–28 g) were 

used following the previous studies.46 Mice were anesthetized by intraperitoneal injection of 

100 mg/kg of ketamine and 5mg/kg of xylazine. They were positioned on a heating pad in 

the supine position. The skin was disinfected with iodine and 75% ethanol. A midline neck 

incision was made to expose a carotid artery (CA). The external carotid artery (ECA) was 

then separated and occluded with two knots. Next, the internal carotid artery (ICA) was 

isolated, and the CA and ICA were clipped by microvascular clip. A small hole was cut in 

ECA between a knot and the bifurcation point. A silicon rubber-coated 6–0 medium MCAO 

suture was then introduced into ICA, until it stops at the clip. The clipped arteries were 

opened while the suture was inserted to occlude the vessel. The third knot on RICA was 

closed to hold the suture in position. The mouse was kept for 60 min after occlusion in a 

heated cage and the wound was closed with a small suture clip. The third knot was loosened 

and the filament was withdrawn for reperfusion. Finally, the skin was closed and the mouse 

was returned to an individual cage.

Ex vivo Brain and Other Organs Imaging and Quantification.

Mouse brain tissues (left and right brain tissues), and other organs (heart, spleen, lung, 

kidney and liver) were collected at 1h and 11h post-injection of free DiR dye, DiR-labeled 

HVs and DiR-labeled NVs after MCAO surgery, and DiR-labeled HVs in sham groups. The 

tissues were imaged under in vivo imaging system (IVIS). Afterwards, tissues were 

collected and homogenate in PBS buffer, and fluorescent signals of DiR were measured by a 

microplate reader.

In vivo Real-time Imaging of Nanovesicles in I/R Mice.

Cranial window was first placed on the mouse right brain. At least 7 days after the operation, 

intravital microscopy was performed using a Nikon A1R+ laser scanning confocal 

microscope with a water immersion objective (20x) and 4 lasers (4005nm/488nm/560nm/

640nm) from Coherent. MCAO was performed on the mouse with a cranial window. 

Ischemia was operated on right artery to induce the injury in the right brain. 1 h later, the 

mouse was re-perfused after the filament in the artery was withdrawn. Fluorescently labeled-

nanovesicles were administrated 1h after reperfusion. Half an hour later, BSA-Cy5 was i.v. 

injected to label bloodstream, and circulating and binding of nanovesicles were observed 

using intravital microscopy. A healthy mouse (without I/R) was used as control. During 

imaging, all mice were under anesthesia with 100 mg/kg of ketamine and 5mg/kg of 

xylazine, on a heating pad.
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In vivo Real-time Imaging of Neutrophils in I/R Mice.

Cranial window was first placed on a mouse head. At least 7 days after the surgery, intravital 

microscopy was performed. MCAO was performed on the mouse with a cranial window. 

RvD2-nanovesicles or PBS buffer (as a control) were administrated 1h after reperfusion. 2 h 

later, BSA-Cy5 and Alexa Fluor 488 anti-mouse Ly-6G antibody were administrated to label 

bloodstream and neutrophils, respectively. Neutrophil trafficking was observed in the brain 

using intravital microscopy. During imaging, all mice were under anesthesia with 100 mg/kg 

of ketamine and 5mg/kg of xylazine, on a heating pad.

Human Neutrophil Isolation.

Institutional review board (IRB) in Washington State University has approved our protocol 

to use human neutrophils. Human blood was obtained from volunteers following the signed 

consent. Polymorphonuclear leukocytes (PMNs) were isolated using a density gradient 

technique.47 Whole blood was carefully added into a mixture of Histopaque-1077 and 

Histopaque-1119. Samples were centrifuged at 900 g for 30 min at room temperature. The 

upper layer was carefully aspirated to the opaque interface that contains mononuclear cells. 

The opaque interface was carefully transferred into a clean tube. The cells were washed by 

10 mL of phosphate buffered saline (PBS). In the final step, the cells were centrifuged at 250 

g for 10 min, re-suspended in RPMI-1640 media supplemented with 10% FBS (v/v), 

counted, and incubated at room temperature until use.

Transmigration Assay.

The experiment was performed following the previously established method.48 Transwell 

plates with pores of 3-μm in diameter, 12-mm diameter membrane was first coated with 

fibronectin for 2 h at room temperature. HUVECs were added (1×105 cells/well) to 

transwells and cultured in a 24-well plate overnight until 95% confluence. Prior to 

transmigration assays, a HUVEC monolayer was pretreated with 100 ng/ml TNF-α for 3h to 

activate HUVECs. Six groups were investigated: 1) No cytokines or chemokines added in 

the lower chamber. 2) Treatment with PBS buffer. 3) Treatment with nanovesicles only (40 

μg/assay). 4) Treatment with RvD2 only (1nM). 5) Treatment with RvD2-NVs (with 1nM 

RvD2). 6) Treatment with RvD2-HVs (with 1nM RvD2). Cytokines and chemokines were 

added to the bottom well in groups 2, 3, 4, 5 and 6, with 100U of TNF-α and 10nM of N-

formyl-methionyl-leucyl-phenylalanine (fMLP) in 0.6 mL of cell culture medium as the 

chemo-attractants. Human neutrophils (1×105 cells/well) were placed in the upper transwell 

chamber. Transmigration assay was performed for 3 h at 37°C. Neutrophils were collected 

from the top and bottom chambers and gently washed with PBS buffer for cell counting.

Myeloperoxidase (MPO) Activity and Cytokine Levels.

Mouse brains were collected at 22 h post-injection of therapeutics (24 h after MCAO 

surgery) in MCAO model. They were weighed and homogenized in 50mM potassium 

phosphate buffer containing 5% hexadecyltrimethylammonium bromide (HTAB). The 

homogenate was sonicated three times for 1 min on ice, and centrifuged at 10,000 rpm for 

10 min at 4°C. Next, 10 μL of the supernatant was loaded into each well of a 96-well plate. 

A solution of o-Dianisidine dihydrochloride with 0.0005% hydrogen peroxide in 190 μL of 
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potassium phosphate buffer was added to the samples. Absorbance was measured at 450 nm 

every 1 minute for 3 minutes. MPO activity was expressed as a change in absorbance per 

minute per gram of tissue.49 Cytokines (TNF-α, IL-1β and IL-6) were quantified in brain 

homogenate (in PBS buffer) using commercial ELISA kits as three replicates.

ICAM-1 Expression in Brain.

Mouse brain tissues were collected at 3 h post-injection of therapeutics (5 h after MCAO 

surgery). They were weighed and homogenized in PBS buffer. ICAM-1 expression was 

analyzed using western blot.

Assessment of I/R injury by Neurological Deficit and Infarct Volume.

Mouse neurological functions were measured based on mouse behaviors after analysis of 

videos taken at 22 h post-injection of therapeutics (24 h after MCAO surgery) in MCAO 

model. The neurological deficit scores were recorded blindly by two people. The scores 

were divided to five grades: Grade 0: normal and no neurological defect; Grade 1: mild 

circling movements when picked up by a mouse tail, and attempts to rotate to the 

contralateral side; Grade 2: consistent strong and immediate circling, or an animal only 

turned to the surgery contralateral side while the animal was suspended by holding the tail; 

Grade 3: severe rotation progressing into loss of walking or righting reflex; Grade 4: an 

animal did not walk spontaneously and had some degree of consciousness. In addition, 

mouse brains were collected and sectioned into 2 mm-thick coronal slices. Slices was 

stained with 1% of 2, 3, 5-triphenyltetrazolium chloride (TTC) at 37oC for 30 min. TTC-

stained sections was photographed and the digital images were analyzed using ImageJ. The 

percentage of infarction (infarct ratio) was calculated using the following formula: Infarct 

ratio (%) = infarct volume (mm3) / total coronal section (mm3) x100%.50

Statistical Analysis.

Student’s t-test or two-way analysis of variance (ANOVA) were performed to analyze data 

using GraphPad Prism 6.0. Values were expressed as means ± SD and p < 0.05 is considered 

statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic shows the design on Resolvin D2 loaded-nanovesicles (RvD2-HVs) that 

specifically bind to inflamed brain endothelium to mitigate neuroinflammation after 

reperfusion therapy of ischemic stroke. Generation of RvD2-HVs follows three steps: 1) 

nitrogen cavitation breaks cells to form nanovesicles; 2) purification of nanovesicles through 

a series of centrifugations; 3) loading RvD2 in nanovesicles. After intravenous (i.v.) 

administration, RvD2-HVs can specifically bind to inflamed brain endothelium in stroke 

lesions to increase delivery of RvD2 that can enhance inflammation resolution, such as 

inhibition of endothelial activation, cytokine release and neutrophil infiltration in ischemic 

sites of brain.
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Figure 2. 
Characterization of HVs and RvD2-HVs. (A) Size distribution of HVs and RvD2-HVs. (B) 

Cryo-EM of cell membrane-formed vesicles made from HL-60 cells. (C) Zeta potentials of 

nanovesicles. (D) Release profiles of RvD2 from nanovesicles. All data expressed as Mean ± 

SD, n=3–6.
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Figure 3. 
In vitro studies on the binding of HVs to endothelial cells. (A) Western blot of integrin β2, 

PECAM-1, PSGL-1 and VLA-4 on HL-60 nanovesicles (HVs), non-differentiated HL-60 

nanovesicles (NVs) and differentiated HL-60 cells lysis (Cells). (B) Ratios of protein 

expression levels in HVs, NVs and cells lysis relative to GAPDH (n=3). (C) ICAM-1 

expression in normal HUVECs and inflamed HUVECs induced by TNF-α. (D) 

Fluorescence confocal images show the binding of DiO-labeled nanovesicles (green) to 

inflamed HUVECs stained by DAPI (blue). (Scale bar=100 μm). HUVECs were activated by 

TNF-α, followed by incubation with HVs or NVs.
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Figure 4. 
Binding of nanovesicles to inflamed mouse brain is required for activation of endothelial. 

(A) Ex vivo brain images at 1 h and 11 h after injection of free DiR, DiR-vesicles (DiR-

HVs) or non-differentiated DiR-vesicles (DiR-NVs) in MCAO model, and DiR-HVs in 

normal mice. (B) Quantification of DiR in the brain tissues in (A) after they were 

homogenized. All data represent as mean ± SD (n=3). (C) Cranial window is used for live 

mouse brain imaging. A mouse was placed on a holder during confocal microscopy (a) and a 

photograph shows cerebral blood vessels under cranial window (b). (D) Real-time confocal 

images of live mouse brain microcirculation. After MCAO surgery, several Dil labeled-HVs 

(red) bound to inflamed brain vasculature (top panel), while Dil-NVs were barely observed 

to bind to inflamed brain vasculature (middle panel). In a healthy mouse (without MCAO 

surgery), it was not observed that Dil-HVs bound to the brain vasculature (bottom panel). 

BSA-Cy5 was i.v. administered to label blood vessels (pink). Scale bar=20 μm. Two-sample 

Student’s t test was performed (*p < 0.05).
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Figure 5. 
RvD2-HVs reduce neutrophil infiltration in vivo and in vitro. Intravital microscopic 3D 

images of mouse brain show neutrophils infiltrated into inflamed brain tissues 4 h after the 

MCAO surgery (A) and neutrophil infiltration was significantly decreased at 2 h post-

injection of RvD2-HVs (4 h after the MCAO surgery) (B). BSA-Cy5 (pink) and Alexa 

Fluor-488 anti-mouse Ly-6G (green) were used to label blood stream and neutrophils, 

respectively. Scale bar=20 μm. (C) Quantification of experiments (A) and (B). (D) 

Transmigration of human neutrophils studied using transwell assay after treatment with 

PBS, free HVs (40 μg/per assay), free RvD2 (1nM), RvD2-NVs (at 1nM RvD2) and RvD2-

HVs (at 1nM RvD2). All data represent mean ± SD (n=3–6). Two-sample Student’s t test 

was performed (*p < 0.05 and ***p < 0.001).
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Figure 6. 
RvD2-nanovesicles inhibit neutrophil infiltration and enhance inflammation resolution in 

brain tissues. The diagram above shows the experimental protocol. (A) MPO activity in the 

injured brain at 22 h post-injection of therapeutics (24 h after the MCAO surgery). 

Treatment with RvD2-HVs and RvD2-NVs was at RvD2 8μg/kg as same as free RvD2. Pro-

inflammatory cytokines of TNF-α (B), IL-6 (C) and IL-1β (D) in injured half of brain 

tissues were measured. All data represent mean ± SD (n=3–6). Two-sample Student’s t test 

was performed (*p < 0.05, **p < 0.05 and ***p < 0.001).
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Figure 7. 
RvD2-nanovesicles reduce cerebral infarct sizes and protect neurological damage from 

ischemic stroke at 22 h post-injection of therapeutics (24 h after the MCAO surgery). (A) 

Representative mouse brain sections stained with 1% of TTC in sham mice, and MCAO 

mice treated with PBS, HVs, RvD2, RvD2-NVs and RvD2-HVs, respectively. RvD2 was 

used at 8 μg/kg. Normal brain tissues appear red, but the infarct tissues appear white. (B) 

Infarct sizes quantified by ImageJ from Figure S8. (C) Mouse neurological deficit scores 

measured at 22 h post-injection of different therapeutics (24 h after the MCAO surgery). All 

data represent mean ± SD (n=3–6). Two-sample Student’s t test was performed (*p < 0.05 

and ***p < 0.001).
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