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The efficient delivery of anticancer agents into tumor microenvironments is critical for the success 

of cancer therapies, but it is a prerequisite that drug carriers should overcome tumor vasculature 

and possess high drug contents. Here, we found that photoinduced inflammation response caused 

the migration of neutrophils into tumor microenvironments and neutrophils transported neutrophil-

targeted nanoparticles (NPs) across the tumor blood barrier. The results showed that tumor 

delivery efficiencies of NPs were 5% ID/g, and they were independent of particle sizes (30–200 

nm) and their doses (108–1011 NPs). To efficiently deliver anticancer agents into tumors via 

neutrophils, we fabricated carrier-free paclitaxel nanocrystals (PTX NC). The results showed that 

neutrophil uptake of PTX NC did not impair neutrophil tumor infiltration, and the sustainable 

release of PTX from PTX NC in tumors was regulated by paclitaxel protein complexes, thus 

improving the mouse survival in two preclinical models. Our studies demonstrate that delivery 

of nanocrystal drugs via neutrophils is a promising method to effectively treat a wide range of 

cancers, and we have also identified a mechanism of drug release from neutrophils in tumors.
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The efficient delivery of anticancer agents into tumor microenvironments is essential to 

successfully treat cancers. To achieve this goal, nanoparticles (NPs) have been exploited 

to deliver anticancer agents into tumor microenvironments based on the enhanced 

permeability and retention (EPR)1–3 effect. However, three decades of nanomedicine 

research and development have shown its limited clinical translation in cancer treatments.4–6 

There are several reasons. For example, there is a high interstitial pressure in tumor 

microenvironments to prevent the accumulation of NPs in tumors.7 The tumor vasculature 

is heterogeneous and dependent on cancer types, their stages, and patient populations, 

therefore it is hard to predict the EPR effect in all tumors.8,9 The recent meta-analysis on 

cancer nanomedicine research in the past 10 years has shown that nanoparticle delivery to 

solid tumors was 0.7% (a median value) of injected dose,10 and the experimental studies 

show that the delivery of NPs to cancer cells was 0.0014% of injected dose.11 Furthermore, 

recent studies12 demonstrate that there are few endothelial gaps on tumor vasculature 
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and more than 90% of NPs enter tumors through the endothelium. Compelling studies 

and data indicate that tumor vasculature is a physical barrier to prevent the delivery of 

nanotherapeutics into tumors.

Inflammation is the immune response to infections or tissue injury.13 This process is 

involved with leukocyte infiltration across blood vasculature.14–16 Neutrophils are the most 

abundant leukocytes (50–75% in humans) and represent the first line of defense in response 

to inflammation that is associated with neutrophil transmigration across the blood barrier.17 

In situ nanoparticle targeting of circulating neutrophils could deliver NPs across tumor 

vasculature.18 The studies are focused on delivery of nontoxic agents via neutrophils, such 

as gold NPs and a photosensitizer.19–21 Although some studies delivered toxic agents using 

neutrophils for cancer therapies including either attaching of drug NPs to the surface of 

neutrophils22 or uptake of drug NPs in neutrophils,23 it remains unknown whether drug 

NPs impair neutrophil tumor tropism and how efficiently neutrophils deliver drug NPs. 

Neutrophils are potential carriers to overcome tumor vasculature; however, it is required that 

drug carriers should possess high drug content because neutrophils have a limited volume to 

lodge many drug carriers per cell. It is necessary to address these fundamental questions in 

neutrophil-mediated drug delivery.

Cancer nanomedicines are focused on engineering a wide range of NPs with different 

sizes and targeting ligands,24–26 and smaller NPs are used to enhance tumor targeted 

delivery.25,27–31 Most drug carriers possess less than 10% of an active drug, so 

administration of a large amount of carrier materials is needed to achieve a clinically 

relevant dose of a drug, resulting in the undesirable side effects of carrier materials.32 

Nanocrystal drugs are made of self-assembled drugs without carrier excipients and with 

nearly 100% drug loading efficiency; thus, nanocrystal drugs can be administered at a very 

low number of particles. Nanocrystal drugs have been used in clinics to treat infectious 

diseases and immune diseases because of their long acting therapy, high drug loading, easy 

clinical manufacture, and low production cost.33

Here, we designed paclitaxel nanocrystals (PTX NC) coated with anti-CD11b antibody 

(Ab) (Ab/PTX NC) that can specifically target activated neutrophils, and neutrophils take 

up and transport Ab/PTX NC across tumor vasculature. To assess the neutrophil-mediated 

delivery efficiency of NPs, we utilized gold NPs because we can precisely measure gold 

NPs in tumor tissues. We found that neutrophil-mediated delivery of NPs into tumors was 

independent of particle sizes (30–200 nm in diameter) and their doses (108–1011 NPs) and 

the tumor delivery efficiency was 5% ID/g. When we studied the tumor delivery of Ab/PTX 

NC, using intravital microscopy, we observed that neutrophils efficiently took up Ab/PTX 

NC in blood and transported Ab/PTX NC across tumor vasculature. The flow cytometry 

and confocal microscopy showed that the uptake of Ab/PTX NC did not inhibit neutrophil 

transmigration into tumor tissues. We identified a molecular mechanism in which Ab/PTX 

NC in neutrophils sustainably released PTX, and subsequently, PTX permeabilized the 

cell membrane and formed a PTX-protein complex for the killing of tumor cells in tumor 

microenvironments. Interestingly, we observed that the high drug loading of NPs is essential 

for neutrophil-mediated drug delivery to treat cancer compared to the low drug loading of 

liposomes. Figure 1 is the design of Ab/PTX NC for targeting activated neutrophils, the 
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hypothesis that Ab/PTX NC are delivered into tumor tissues through a neutrophil-mediated 

pathway, and the mechanism of PTX release from Ab/PTX NCs in neutrophils.

RESULTS AND DISCUSSION

Acute Inflammation Induces Neutrophil Tumor Infiltration.

To generate neutrophil migration into tumor microenvironments, we created an acute 

inflammation in tumor tissues via photosensitization.20,34 3LL tumor was chosen as it 

is a standard preclinical solid tumor model in laboratories35 and maintains tumor blood 

barriers.36,37 In the experiments, 3LL mouse tumor tissues were exposed to a laser at 650 

nm 45 min after intravenous (i.v.) injection of pyropheophorbide-a (Ppa) to tumor bearing 

mice. Ppa was a photosensitizer that increased local inflammatory signals after it absorbed 

the light.20 First, we measured inflammatory signals in tumor tissues after laser irradiation 

and observed that IL-6 and TNF-α temporally increased after laser irradiation (Figure 2a, 

b). Similarly, cytokines IL-6 and TNF-α significantly increased in blood at 6 h after the 

laser irradiation and reached the maximum value at 12 h (Figure. 2c, d). Furthermore, 

we measured neutrophil percentages in blood and tumor tissues after laser irradiation to 

tumors. It was shown that neutrophils rapidly rose in blood after laser irradiation and 

reached a peak at 12 h, in which neutrophils increased by 10-fold compared to those 

without laser irradiation (Figure 2e, f). Concurrently, we found that neutrophils in tumor 

tissues continuously increased from 5% at 0 h to 18% at 24 h (Figure 2g, h), revealing 

a quick neutrophil migration from blood into tumor tissues. The results indicate that laser 

irradiation induces an acute inflammatory response in tumor microenvironments to attract 

neutrophils from blood to tumor tissues; therefore neutrophils could be transporters to 

deliver therapeutics across blood vessels if NPs can specifically target these neutrophils. 

To verify that the photoinduced inflammation response was an acute process, we measured 

blood neutrophils in the mice. We found that neutrophils dropped to the basal level 48 h after 

laser irradiation (Figure S1), indicating that the photoinduced inflammation is acute and 

can be resolved. Therefore, laser irradiation may not affect mouse homeostasis in long-term 

studies in cancer therapies.

Tumor Delivery Efficiencies of NPs via Neutrophil-Mediated Pathway.

Specifically targeting activated neutrophils in situ is a critical step to deliver NPs into 

tumors via a neutrophil-mediated pathway. CD11b is a membrane protein highly expressed 

on activated neutrophils and is upregulated during acute inflammation.20,38 Importantly, 

human neutrophils also increase the expression of CD11b in the inflammation response,39,40 

therefore there is the potential for clinical translation if we specifically target activated 

neutrophils via CD11b. We first addressed whether CD11b was highly expressed on 

activated neutrophils compared to that on other types of leukocytes in blood after tumor 

laser irradiation. Without laser exposure to tumors, CD11b expression levels on neutrophils 

were 4 times higher than those on monocytes (Figure S2, S3). In addition, laser irradiation to 

the tumors increased the expression of CD11b on activated neutrophils by 8-fold compared 

to that on monocytes and 160-fold compared to other types of leukocytes (Figure 3a and 

Figure S3). Furthermore, after laser exposure to tumors, the number of neutrophils was 

4 times higher than that of monocytes in the blood (Figure S3). The results indicate that 
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neutrophils dominated in blood after laser priming of tumors and upregulated CD11b on 

neutrophils compared to other leukocytes including monocytes. Therefore, CD11b is a target 

to design NPs that specifically target activated neutrophils.

We conjugated Ab to gold NPs (Ab-Au), thus gold NPs selectively bound to activated 

neutrophils in blood and subsequently were internalized. Since gold NPs are inert in 
vivo,41–43 we can accurately measure nanoparticle delivery efficiencies via neutrophils 

into tumor tissues. Gold NPs were coated by PEG (PEG-Au) as the control for 

neutrophil targeting and PEG coating can also reduce nanoparticle opsonization.44,45 In the 

experiments, Ab-Au NPs or PEG-Au NPs were prepared through the binding of biotin-Ab 

or biotin-PEG to neutravidin functionalized on spherical gold NPs (Figure 3b). We prepared 

two sizes of gold NPs (30 and 200 nm) and two types of coating (PEG and Ab). Their 

hydrodynamic diameters, zeta potentials and polydispersity indices were measured (Table 

S1). The data showed that the coating of PEG or Ab did not change the surface charges of 

NPs and their sizes, suggesting that PEG-Au and Ab-Au have similar physical properties. 

The coating of Ab on gold NPs was quantified by SDS-PAGE analysis, and it was shown 

that there were 19.7 and 3.1 μg of Ab per mg of gold 30 and 200 nm NPs (Figure 3c and 

Figure S4), respectively. When we calculated the surface areas of gold NPs, we found that 

there was similar density of Ab on 30 and 200 nm gold NPs. Next, we performed cellular 

uptake of NPs using HL-60 cells because they showed neutrophil-like functions.46,47 We 

found that CD11b was highly expressed on HL-60 cells, and it was upregulated after HL-60 

cells were differentiated (Figure S5) consistent with the previous results.47 The studies 

on the uptake of gold NPs in differentiated HL-60 cells showed that Ab coating to NPs 

increased the cellular uptake of NPs compared to PEG-coated NPs, suggesting that CD11b 

on the cell surface promoted the uptake of NPs (Figure S6).

Neutrophil-mediated delivery efficiencies of gold NPs into tumors were measured in a 3LL 

subcutaneous tumor mouse model. The inflammation was generated in tumor tissues by 

laser. Three h after laser irradiation, 30 nm Ab-Au NPs at 1.2 mg/kg or 200 nm Ab-Au NPs 

at 6 mg/kg were i.v. injected into mice via a tail vein. At these doses, 30 nm-sized NPs had 

the similar surface areas to 200 nm-sized NPs, thus both NPs possessed the similar number 

of Ab. Twenty-four h after administration of NPs, we collected tumor tissues and quantified 

the percentages of administered NPs in tumors (Figure 3d, e). Without laser exposure, tumor 

delivery efficiencies did not depend on the coating of either PEG or Ab. However, laser 

exposure to tumor tissues dramatically increased the delivery efficiencies of Ab-Au NPs 

for both sizes of NPs, indicating that an increased tumor delivery of NPs was associated 

with laser irradiation. Furthermore, when we depleted neutrophils using anti-Ly6G antibody 

(Figure S7), we observed that Ab-coated NPs were dramatically decreased in tumors, and 

tumor uptake of NPs was similar to that without laser tumor irradiation. This indicated that 

neutrophils played a central role in the delivery of NPs into tumors. It was also observed 

that Ab coating to NPs was the prerequisite for increased tumor delivery when we compared 

them to PEG-coated NPs (Figure 3d, e). Finally, we isolated neutrophils from inflamed 

tumor tissues 24 h after administration of gold NPs, and then, we quantitatively measured 

NPs in neutrophils using inductively coupled plasma mass spectrometry (ICP-MS). We 

found that neutrophils took up similar amounts of administered NPs for both sizes of 

NPs (Figure 3f), indicating that neutrophil uptake of NPs was not dependent on NP size. 

Su et al. Page 5

ACS Nano. Author manuscript; available in PMC 2024 August 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Together, the data show that NPs can in situ selectively target activated neutrophils, and 

subsequently, neutrophils mediate the delivery of NPs into tumor microenvironments.

Furthermore, we studied whether the size and dose of NPs affected neutrophil-mediated 

tumor delivery. We measured tumor delivery efficiencies of NPs with or without laser 

priming of tumor tissues in a wide range of doses (108–1012 of NPs) (Figure S8). We 

observed that laser irradiation of tumors increased tumor delivery of NPs. The increased 

tumor delivery was associated with the neutrophil-mediated pathway; therefore, we 

subtracted the delivery efficiencies of the NPs without laser exposure to tumors. The results 

(Figure 3g) showed that neutrophil-mediated delivery of NPs into tumors was independent 

of the particle sizes (30–200 nm) and doses (108 to 1011). Interestingly, increased numbers 

of NPs beyond 1012 (such as 30 nm NPs at 30 mg/kg) decreased the tumor delivery 

efficiency by neutrophils, which may be related to the saturation of neutrophil nanoparticle 

uptake due to the limited cell volume.

Neutrophils Deliver PTX NC Across Tumor Vasculature.

Neutrophil-mediated drug delivery in tumors requires that drug carriers have a high drug 

loading because of a limited cell volume to house drug carriers. Small molecule drugs are 

self-assembled to form nanocrystals that are carriers free with almost 100% drug loading 

and nanocrystal drug formulations possess the sustainable and slow release of a drug.48 

Here, we hypothesized that neutrophils transported nanocrystal drugs across the tumor 

vasculature to increase the tumor delivery of drugs.

We used a high-pressure homogenization method to produce PTX NC. During the high-

pressure homogenization, we coated nanocrystals with mPEG-DSPE and biotin-PEG-DSPE 

for the bioconjugation of Ab to the nanoparticle surface. The SEM images (Figure S9) 

showed a rod-like nanostructure of PTX NC and PEG-coated PTX NC (PEG/PTX NC). We 

measured the X-ray diffraction of PEG/PTX NC powders, and the X-ray spectrum exhibited 

the crystalline structures of the PTX NC (Figure S10). The measurement is consistent with 

the previous studies.49 Figure 4a shows the morphology of the PTX NC coated with Ab 

(Ab/PTX NC). The Ab/PTX NCs showed homogeneous rodlike structures with 350 nm 

diameter determined by dynamic light scattering, and the sizes were increased compared to 

the nanocrystals coated with PEG or bare nanocrystals (Table S2). The size increase was 

associated with the coating of Ab, consistent with the SDS-PAGE result showing that Ab 

was successfully coated to nanocrystals (Figure 4b). We evaluated the targeting ability of 

Ab/PTX NCs for differentiated HL-60 cells. The studies on in vitro uptake of nanocrystals 

showed that cellular uptake of Ab/PTX NC was 3 folds higher than that of PEG/PTX NC 

(Figure S11), suggesting that CD11b on HL60 cells promoted nanocrystal uptake.

As PTX is a cytotoxic drug, PTX NC may impair neutrophil trafficking after neutrophils 

take up nanocrystals. We employed an acute lung inflammation model to investigate 

whether the uptake of PTX NC mitigated neutrophil transmigration in vivo. In acute lung 

inflammation, intratracheal administration of lipopolysaccharide (LPS) causes neutrophil 

transmigration from blood to the airspace of the lung.50,51 This process allows us to 

quantitatively analyze neutrophil-mediated delivery of NPs across the blood vessel barrier 

in vivo. We collected neutrophils in bronchoalveolar lavage (BAL) after we administered 
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PTX NC, and then we imaged them using confocal microscope. It was clear to observe the 

fluorescence of Ab/PTX NCs in neutrophils compared to that of PEG/PTX NC (Figure 

S12a). Flow cytometry analysis showed that 42% of infiltrated neutrophils contained 

Ab/PTX NC. In contrast, there was less than 11% infiltrated neutrophils containing 

PEG/PTX NC (Figure S12b, d). The results indicated that coating of Ab to NPs increased 

the neutrophil targeting, and neutrophils transported PTX NC across the blood vessel barrier 

in vivo. Furthermore, we measured the total of neutrophils in the lung lavage, and we 

observed that the total neutrophils were independent of the coating of Ab or PEG to 

nanocrystals (Figure S12c, e). This showed that even though neutrophils carried PTX NC, 

the neutrophils still migrated from blood to the airspace in the lung. Together, the results 

show that neutrophil uptake of PTX NC does not inhibit neutrophil trafficking. This allows 

us to investigate the delivery of PTX NC into tumor microenvironments via neutrophils.

First, we visualized neutrophil transport of PTX NC in tumor microenvironments in real-

time using intravital microscopy. In the experiments, 45 min after 3LL subcutaneous tumor 

was exposed to laser, FITC-labeled PEG/PTX NC or Ab/PTX NC was i.v. administered. 

Thirty minutes later, Alexa fluor 647-labeled antimouse Ly6G antibody was i.v. injected 

to mark neutrophils. One h later, Cy3-BSA was injected to visualize the blood vessels. 

After tumor tissues were exposed to the laser, it was observed that neutrophils transmigrated 

into tumor parenchyma (Figure S13). When Ab/PTX NC were i.v. administered, it was 

shown that the nanocrystals colocalized with infiltrated neutrophils in the extravascular 

space (Figure 4c). However, most PEG/PTX NC were found in intravascular areas when 

they were administered to mice, and neutrophils did not take up nanocrystals (Figure 4c). 

The real-time 3D intravital microscopic imaging showed that Ab/PTX NC laden neutrophils 

adhered to the vessel walls (Supplementary Video S1), transmigrated across the vascular 

walls, and formed a cluster of neutrophils (Supplementary Video S2). We also observed 

that neutrophils carrying PTX NC were moving in tumor tissues (Supplementary Video S3). 

The intravital microscopy demonstrated that neutrophils took up Ab/PTX NC in blood and 

transported them into tumor microenvironments.

We further validated whether neutrophils were dominant in mediating the delivery of 

Ab/PTX NC. We analyzed the flow cytometry data of circulating leukocytes and their uptake 

of nanocrystals under or without laser irradiation (Figure S14). The uptake efficiencies of 

nanocrystals were calculated by the mean fluorescence intensities of nanocrystals multiplied 

with the leukocyte percentages, and then they were normalized relative to monocyte uptake 

of nanocrystals. The results (Figure 4d) showed that laser irradiation increased neutrophil 

uptake of nanocrystals compared with monocytes and other leukocytes, and the neutrophil 

uptake efficiency of nanocrystals was more than 13 times higher than other circulating 

leukocytes when the tumor was exposed to the laser. The data clearly indicate that 

neutrophils are major cells in circulation to take up nanocrystals after laser exposure to 

tumors, consistent with our observation by using intravital microscopy (Figure 4c).

We next quantitatively studied the neutrophil transport of PTX NC into tumor 

microenvironments. FITC-labeled PEG/PTX NC or Ab/PTX NC was i.v. administered 

to 3LL tumor mice 3 h after laser irradiation to tumors. Neutrophils in tumor tissues 

were isolated 6 h after administration of nanocrystals, and confocal imaging showed that 
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most neutrophils contained nanocrystals when Ab was coated to nanocrystals, but few 

neutrophils possessed PEG-coated nanocrystals (Figure 4e). The results are consistent 

with the observation using intravital microscopy, indicating that neutrophils transport 

nanocrystals into the tumor microenvironments.

Furthermore, neutrophils were isolated from tumor tissues 24 h after administration of 

nanocrystals, and neutrophil uptake of nanocrystals and their trafficking were analyzed 

by using flow cytometry. Without laser exposure to tumors, there were less than 2% 

tumor neutrophils containing PEG/PTX NC or Ab/PTX NC. However, 7.7% tumor 

neutrophils contained Ab/PTX NC after laser exposure to the tumors. When PEG-coated 

nanocrystals were administered, there were only 3.5% neutrophils containing nanocrystals 

that were comparable to the neutrophil uptake of nanocrystals without laser exposure to 

tumors (Figure 4f and Figure S15). The results showed neutrophil-mediated transport of 

nanocrystals into the tumor via light-induced acute inflammation. Next, we measured total 

neutrophils in tumor tissues (Figure 4g). Without the laser exposure to tumors, we observed 

around 7% neutrophils in tumors, and the percentages were independent of administration of 

PEG-coated or Ab-coated nanocrystals. However, when the laser was exposed to the tumors, 

neutrophil percentages increased by 2–3 times compared to those in the case of without laser 

irradiation. This increase was associated with neutrophil tumor infiltration. Interestingly, the 

number of neutrophils in tumors was independent of administered nanocrystals, indicating 

that neutrophil uptake of NPs did not impair neutrophil tumor infiltration. Together, the data 

clearly show that neutrophils mediate the delivery of PTX NC to tumor microenvironments, 

and uptake of NPs does not inhibit neutrophil transmigration.

We also measured the dynamics of the biodistribution of PTX NC (Figure S16). While 

liver and spleen took up most administered nanocrystals, we observed that laser exposure to 

tumors enhanced the delivery efficiency of PTX NC in tumors. It was shown that the area 

under the curve (AUC) of PTX in tumors mediated by the neutrophil pathway was 2.4 times 

higher than that of conventional delivery (Figure 4h). The data are consistent with delivery 

of gold NPs as shown in Figure 2.

Dissolution of PTX NC Is Regulated by a PTX-Protein Complex for Sustainable Drug 
Release to Kill Tumor Cells.

It is not clear how PTX NC is released from neutrophils to kill cancer cells in tumor 

microenvironments. We first studied the drug release and cytotoxicity of PTX NC in vitro. 

The PTX release was determined using a dialysis method against a PBS buffer (pH 7.4). 

The PTX release profile from PEG/PTX NC or Ab/PTX NC was similar, and the release 

sustained for 48 h (Figure 5a) consistent with the dissolution process of nanocrystal drugs.52 

Ab/PTX NC were incubated with 3LL cells for 24 or 48 h, respectively, and the cell 

viability was quantified by MTT assay (Figure 5b). PTX NC were able to kill tumor cells, 

and cellular killing was dependent on incubation time, implying that PTX NC sustainably 

released free PTX to kill cancer cells, consistent with their release profile (Figure 5a).

To address how PTX NC in neutrophils was released to kill tumor cells, we designed in 
vitro experiments as shown in Figure 5c. In the experiment, Ab/PTX NC were incubated 

with differentiated HL-60 cells for 1 h, and then the cells were purified and were 
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subsequently lysed. The HPLC results showed that PTX in the cell lysate was 16 μg of 

PTX per 106 HL-60 cells, indicating that HL60 cells took up nanocrystals. Next, a series 

of concentrations of Ab/PTX NC-laden cells were cultured in fresh media for 24 or 48 h, 

and then the culture media were collected and subsequently incubated with tumor cells to 

measure cell viability (Figure 5d). In the control, the same experiment as shown in Figure 

5c was performed at the same number of HL-60 cells without PTX NC. We found that 

the culture media of HL-60 cells alone did not affect the cell viability of 3LL tumor cells 

(Figure S17). However, the culture media of HL-60 cells containing Ab/PTX NC killed 

tumor cells (Figure 5d), and the cell viability was strongly dependent on the PTX amounts 

loaded inside HL-60 cells and the incubation time. The results indicated that the culture 

media contained PTX to kill tumor cells, but it is unclear how PTX NC released from cells.

We hypothesized that HL-60 cells may die via the apoptosis pathway to release PTX NC. 

We measured the cell apoptosis, but we did not observe that many cells died within 24 h 

(Figure S18). To further address the release of PTX NC from cells, the cells were cultured 

for 24 h in a fresh medium after the cells took up PTX NC. Then we removed the cells 

to obtain the culture media. We centrifuged the media again to acquire the supernatant 

and pellet. We measured particle sizes in the supernatant and pellet using dynamic light 

scattering. We observed 17 nm particles in the supernatant and 345 nm particles in the pellet 

(Table S3). The HPLC studies showed that the supernatant contained PTX. We hypothesized 

that 17 nm-sized particles in the supernatant may be associated with the binding of PTX 

to proteins because there is the high protein binding affinity of PTX.53 To address this 

question, we employed a 30 kDa filter to separate free PTX and PTX-protein complexes in 

the supernatant and quantified them using HPLC (Figure S19a). We found that the majority 

of PTX was in the form of PTX-protein complexes in the supernatant. To further confirm 

PTX-protein complexes, we incubated PTX NC with BSA or mouse serum, collected the 

supernatant, and measured free PTX and PTX-protein complexes after the supernatant was 

centrifuged using a 30 kDa filter. The results were similar to the data in (Figure S19a), 

showing that PTX formed the protein complexes. We also observed PTX in the pellet 

obtained from the culture medium (Figure S19b). Next, we measured the time course of 

the PTX contents in the supernatant (Figure 5e) and the pellet (Figure 5f) of culture media. 

The results showed that it is unlikely that PTX nanocrystals were directly released from 

cells. However, most PTX was in the form of PTX-protein complexes, suggesting that PTX 

was dissolved from PTX NC in the cells, crossed cell membrane, and subsequently formed 

PTX-protein complexes in culture media.

However, it is unclear how PTX-protein complexes crossed the cell membrane after its 

dissolution from PTX NC. To address this question, we loaded PTX/BSA complexes 

inside liposomes (PTX/BSA LP) and measured how PTX released from the liposomes 

(Figure 5g). This was designed to simulate the PTX release from cells. PTX/BSA LP 

was suspended in PBS, and then we collected the supernatant after we centrifuged the 

liposome suspension. We measured the supernatant and observed a small signal of PTX 

(Figure S20a). However, when the PTX/BSA LP was suspended in a buffer containing 

BSA, the PTX signal dramatically increased (Figure S20b), and the majority of PTX was 

in the form of PTX-protein complexes. Furthermore, we studied the dynamics of PTX 

release from PTX/BSA LP in PBS (Figure 5h) and PBS containing BSA (Figure 5i). We 
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observed that there was limited release of PTX in 24 h when PTX/BSA LP was dispersed 

in PBS. However, the PTX release was temporally increased when PTX/BSA LP was 

dispersed in a buffer containing BSA. The increase of PTX release may be associated with 

increased diffusion rate of PTX from liposomes because BSA increased the solubility of 

PTX compared to that in PBS. Together, we demonstrated a molecular mechanism by which 

PTX was released from PTX NC in the cells. The process enabled the sustainable release of 

PTX after neutrophils delivered PTX NC in tumor microenvironments.

Neutrophil-Mediated Delivery of PTX NC Improves Mouse Survival in Cancer Models.

We next addressed whether neutrophil-mediated delivery of PTX NC enhanced cancer 

therapies in mouse models. In the mouse lung cancer model, mice were injected with 

Ppa, and 1 h later, the mouse tumor was exposed to the laser at 650 nm. Different drug 

formulations containing the same 5 mg/kg PTX were i.v. administered 3 h after laser 

exposure to the tumor, and the second dose was administered on Day 6 following the 

same procedure. It was observed that Ab/PTX NC or laser irradiation alone did not inhibit 

the tumor growth (Figure 6a and Figure S21) compared to the control (PBS treatment). 

However, the combination therapy of Ab/PTX NC and laser irradiation significantly delayed 

the tumor growth and dramatically prolonged the mouse survival compared to all controls 

(Figure 6b). During the experiments, we monitored mouse behaviors and measured mouse 

body weights (Figure 6c). We did not observe the weight loss of mice and their health issues. 

We also performed the H&E staining of the major organs after the treatment (Figure S22). 

There were no noticeable histological changes, indicating that mice were tolerable to the 

combinatory therapy of PTX NC and laser irradiation. Furthermore, we tested PTX NC in a 

glioma mouse model following the same procedure as in Figure 6a–c. Glioma is a malignant 

solid tumor showing a tight tumor vascular barrier,54–56 thus it is the good model to further 

test our hypothesis on neutrophil-mediated drug delivery. The results showed that delivery 

of PTX NC via neutrophil pathway delayed the tumor growth (Figure 6d and Figure S23), 

increased the mouse survival (Figure 6e) and did not change the mouse weight (Figure 6f). 

The tumor inhibition in the glioma model was less efficient than in the 3LL model, which 

may be associated with the efficacy of PTX depending on cancer types.

The current nanoparticle-based drug carriers have the drug loading at less than 10% (w/w).57 

It is not known whether the neutrophil-mediated delivery pathway is useful for this type 

of drug carrier. We first prepared PTX-loaded liposomes and functionalized them with Ab 

(Ab/PTX LP). The PTX loading efficiency is 2.5% in liposomes. The particle sizes and 

Zeta potentials of Ab/PTX LP were about 200 nm in diameter and −9.7 mV, respectively 

(Table S4). We labeled liposomes with a 3,3′-dioctadecyloxacarbocyanine perchlorate (DIO) 

fluorescent dye, and the liposomes were i.v. administered to 3LL tumor mice following the 

protocol as shown in Figure S24a. After we collected tumor tissues, we analyzed neutrophils 

using flow cytometry. It was shown that neutrophils were significantly increased after laser 

irradiation of tumors (Figure S24b), which was consistent with the data as shown in Figure 

2h. We also observed that administration of Ab/PTX LP did not change the neutrophil 

migration into tumors (Figure S24c). Further analysis showed that 7.5% of intratumoral 

neutrophils contained liposomes (Figure S24d). Together, the results indicated that Ab/PTX 

LP was taken up by neutrophils in vivo and neutrophils transported liposomes into tumors. 
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Next, we investigated whether the liposomal formulations could enhance cancer therapy. We 

i.v. injected Ab/PTX LP to 3LL tumor bearing mice at 5 mg/kg of PTX after laser exposure 

to tumors or without laser treatment. Interestingly, the combination of administration of 

Ab/PTX LP and laser exposure to tumors did not inhibit the tumor growth (Figure S24e) 

and did not improve the mouse survival (Figure S24f). The results (Figure S24c–f) indicated 

that neutrophil-mediated delivery of PTX-loaded liposomes did not show the therapeutic 

outcome because liposomes had a low drug content per particle. We also found that mice 

were tolerant of laser treatment and liposomal formulations (Figure S24g).

To address why neutrophil-mediated delivery of low drug-loaded liposomes did not improve 

the therapeutic outcome, we studied the particle uptake by neutrophil-like HL-60 cells. We 

incubated Ab/PTX NC or Ab/PTX LP with the cells at the same concentration of PTX, 

and then we measured the uptake of PTX. The results showed that the cells took up more 

PTX when they were incubated with Ab/PTX NC compared to Ab/PTX LP (Figure S25a). 

We further analyzed the cell uptake efficiencies of PTX (Figure S25b). At the low dose of 

NPs, the cell uptake efficiency of PTX for Ab/PTX NC was 2 times higher than that of 

Ab/PTX LP. With the increased dose of NPs, Ab/PTX LP showed a sharp decrease in PTX 

uptake efficiencies, but Ab/PTX NC showed a gradual decrease. At the high dose of NPs 

(PTX at 300 μg/mL), the cell uptake efficiency of PTX for Ab/PTX NC was 10 times higher 

than Ab/PTX LP. The results clearly indicated that the cell uptake efficiencies of PTX for 

Ab/PTX LP rapidly saturated compared to Ab/PTX NC. This may be associated with the 

low drug loading in liposomes and the limited cell volume to contain NPs per cell. In the 

3LL mouse model, we administered Ab/PTX NC or Ab/PTX LP at the same concentration 

of PTX to the mice, and then isolated neutrophils in blood to quantify PTX (Figure S25c). 

We found that the PTX in neutrophils for Ab/PTX NC was 9 times higher than Ab/PTX LP, 

consistent with the in vitro studies on the uptake of PTX (Figure S25a, b). While several 

studies have shown neutrophil-mediated delivery of low drug-loaded liposomes had the 

therapeutic benefit,58 our data clearly show that the high drug loading of drug carriers is 

essential to design cell-mediated drug delivery including neutrophils.

CONCLUSION

The tumor heterogeneity in tumor types, stages, and patient populations are challenging to 

develop nanomedicines based on the EPR effect. Blood vasculature is a biological barrier 

that inhibits the delivery of nanotherapeutics into tumor tissues. Here, we have demonstrated 

that circulating neutrophils can mediate delivery of NPs across the tumor blood vessel 

barrier into tumor tissues, and the tumor delivery efficiency is 5% ID/g. Our studies further 

show that the neutrophil-mediated drug delivery pathway is independent of particle sizes, 

doses, and material properties (gold NPs, liposomes, and nanocrystals), demonstrating a 

general drug delivery platform to develop the next generation of cancer nanomedicines 

by targeting neutrophils. Although photosensitization is used to induce the inflammation 

response in tumor tissues in our studies, there are many methods available in clinics for 

neutrophil tumor targeting,19 such as surgery,58 radiation therapy,59 and photodynamic 

therapy.60 Therefore, the combination of nanocrystal drugs and neutrophil tumor targeting 

induced by clinic cancer therapy tools (radiation therapy) may provide opportunities in 

translating cancer nanomedicines to treat a wide range of cancers.
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MATERIALS AND METHODS

Biological and Chemical Agents.

Neutravidin functionalized spherical gold NPs (diameter: 30 and 200 nm) were purchased 

from Nanopartz (Loveland, CO). Biotin-PEG (5k) (cat. no. MPEG-Biotin-5000–1g) was 

purchased from Laysan Bio (Arab, AL). Biotin antimouse/human CD11b antibody (Ab, cat. 

no. 101203), FITC-labeled antimouse CD11b antibody (cat. no. 101205), PE/Cy7-labeled 

antimouse CD45 antibody (cat. no. 157614), PE/Dazzle 594-labeled antimouse Ly6C 

antibody (cat. no. 128044), antimouse Ly6G antibody (cat. no. 127649), FITC-labeled 

antimouse Ly6G antibody (cat. no. 127606), and Alexa Fluor 647-labeled antimouse 

Ly6G antibody (cat. no. 127610) were obtained from Biolegend (San Diego, CA). 

Pyropheophorbide-a (Ppa, cat. no. 50–983-032) was purchased from Fisher Scientific 

(Waltham, MA). Lipopolysaccharide (LPS, cat. no. L2880–100MG, lot no. 039M4004 V) 

was purchased from Sigma (St. Louis, MO). Paclitaxel (PTX) was provided by Norzer 

Pharmaceutical (Beijing, China). FITC-PEG-DSPE 5k (cat. no. PLS-9929), Biotin-PEG-

DSPE 5k (cat. no. PLS-9953), and mPEG-DSPE 5k (cat. no. PLS-2044) were purchased 

from Creative PEGWorks (Chapel Hill, NC). Cy3-BSA (cat. no. B3S) was purchased from 

Protein Mods (Madison, WI).

Cell Lines.

Lewis lung carcinoma (3LL) cells were provided by Dr. Hui Zhang (Department of 

Pharmaceutical Sciences, Washington State University, Spokane, WA) and glioma 261 

(GL261) cells were obtained from Division of Cancer treatments and Diagnostics, National 

Cancer Institute, NIH. The cells were cultured in a high glucose DMEM medium 

supplemented with fetal bovine serum (FBS, 10%, v/v), sodium pyruvate (2.5 mM), 

streptomycin (100 μg/mL) and penicillin (100 U/mL). Human HL-60 cells purchased from 

ATCC (Manassas, VA, cat. no. CCL-240) were cultured in RPMI1640 with FBS (10%, 

v/v), streptomycin (100 μg/mL), and penicillin (100 U/mL). All cells were maintained in a 

humidified 5% CO2 atmosphere at 37 °C.

Mice.

Wild type C57BL/6 mice (8–10 weeks, 22–24 g) and wild type CD1 mice (5–6 weeks, 

22–24 g) were purchased from Jackson Laboratory (Bar Harbor, Maine) and Envigo 

(Indianapolis, Indiana), respectively. The mice were maintained in polyethylene cages at 

20 °C with a 12 h light/dark cycle and were allowed to access food and water ad libitum. All 

animal experiments have been approved by Washington State University IACUC and were 

performed under anesthesia using intraperitoneal (i.p.) injection of the mixture of ketamine 

(120 mg/kg) and xylazine (6 mg/kg) in saline.

Photoinduced Acute Inflammation in Tumor Tissues.

The hair on the right back thigh of a C57BL/6 mouse was removed by Nair (Church & 

Dwight, Ewing, NJ). 2 × 106 3LL cells in 0.1 mL of PBS were then subcutaneously (s.c.) 

injected to the right back thigh. Tumors were measured every other day by caliper, and the 

tumor volumes were calculated as width2 × length/2. The light-induced acute inflammation 
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in tumor tissues was generated when the tumor volume reached 400 mm3. Mice were 

anesthetized and retro-orbitally (r.o.) injected with Ppa at 0.6 mg/kg in 0.1 mL PBS 

containing 5% DMSO (v/v) and 10% Tween 20 (v/v). 0.75 h later, tumors were exposed 

to 650 nm laser at 150 mW/cm2 for 2 min. 6, 12, 24, 48, and 72 h after irradiation, blood 

was collected from the submandibular vein and centrifuged at 800g for 10 min to separate 

blood cells and serum. The blood cells were washed with PBS for 3 times, incubated with 

PE/Cy7-labeled CD45 antibody and FITC-labeled Ly6G antibody for flow cytometry (FCM, 

Beckman Coulter, Brea, CA) analysis. Cytokines in serum were measured using IL-6 and 

TNF-α ELISA MAX Deluxe Sets (Biolegend, San Diego, CA). The CD11b expression 

levels on circulating leukocytes were studied without laser exposure to tumors or 3 h after 

laser irradiation. Mice were sacrificed after blood collection. The blood cells were stained 

by PE/Cy7-labeled CD45 antibody, PE/Dazzle 594-labeled Ly6C antibody, Alexa fluor-647-

labeled Ly6G antibody, and FITC-labeled CD11b antibody for flow cytometry. Mouse 

tumors were isolated, cut into small pieces, and digested for 1 h in 1 mg/mL collagenase 

type IV in PBS containing 100 μg/mL of DNase I. The cell suspensions were passed through 

40 μm cell strainer (Pluriselect, Spring Valley, CA), followed by centrifugation at 800g for 

10 min to collect single cells. Neutrophil percentages in tumor tissues were analyzed by flow 

cytometry after incubation with PE/Cy7-labeled CD45 antibody and Alexa fluor-647-labeled 

Ly6G antibody. Tumor tissues were also lysed using Cell Extraction Buffer (Invitrogen, 

Eugene, OR) according to the manufacturer’s instruction. The supernatants of the lysates 

were obtained after centrifugation at 20000g for 20 min. The concentrations of IL-6 and 

TNF-α in the supernatants were determined using ELISA MAX Deluxe Sets (Biolegend, 

San Diego, CA).

Preparation of PEG-Au and Ab-Au NPs.

0.5 mL of Biotin-PEG 5k (at 10 μg/mL, PBS, pH 7.4) or 0.5 mL of Ab (at 100 μg/mL, 

PBS, pH 7.4) was dropped into 1 mL of neutravidin functionalized spherical gold NPs (at 

2 mg/mL, PBS, pH 7.4) under electromagnetic stirring (1000 rpm) at room temperature 

(RT). The suspension was stirred for 3 h. Then, the PEG-Au NPs and Ab-Au NPs were 

collected by centrifugation for 30 nm gold NPs at 10000g and for 200 nm gold NPs 

at 1500g for 20 min at 4 °C, respectively. The unbound PEG or Ab was removed by 

resuspension-centrifugation cycles in PBS. The PEG-Au NPs and Ab-Au NPs were kept in 

PBS at 4 °C. The particle sizes and Zeta potentials were measured in PBS at 25 °C by using 

Malvern Zetasizer Nano ZS90 (Westborough, MA). The amounts of Ab on Ab-Au NPs were 

analyzed by SDS-page and quantified by ImageJ software.

Uptake of Gold NPs by Differentiated HL-60 Cells.

Differentiated HL-60 cells were obtained by adding 1.3% DMSO to the medium and 

culturing for 5 days. The CD11b expression levels were determined by staining the 

cells with FITC-labeled antimouse CD11b antibody and analyzed by flow cytometry. The 

differentiated cells were transferred to a six-well plate at 1.5 × 106 cells/well. PEG-Au 

and Ab-Au (sizes of 30 and 200 nm) were added to each well at dose of 30 μg/mL. The 

cells were incubated with gold NPs for 45 min and washed with PBS 3 times to remove 

the unbound NPs. The cell samples were then predigested in 4 mL of concentrated HNO3 

overnight. Two mL of 30% H2O2 was added to the samples before heating the samples on 
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a hot plate at 150 °C. After the samples were diluted to 1 mL and cooled, 1.5 mL of aqua 

regia was added. The samples were reheated to 150 °C until the volume became 0.5 mL. 

Afterward, 7.5 mL of mixed acid solution containing 1.5% HNO3 and 1% HCl was added to 

dilute the samples. The concentrations of gold in the samples were determined by an Agilent 

7700 inductively coupled plasma mass spectrometry (ICP-MS, Agilent Technologies, Santa 

Clara, CA).

Delivery of Gold NPs into Inflamed Tumors.

Tumors were exposed to a laser at 650 nm when the tumor volume reached 400 mm3. Three 

hours after the irradiation, PEG-Au NPs or Ab-Au NPs were intravenously (i.v.) injected to 

mice via a tail vein at different doses (1.2 6, and 30 mg/kg). The mice were sacrificed 24 h 

after the injection. The tumors and major organs (liver, lung, and spleen) were isolated. The 

concentrations of gold in tissues were analyzed by ICP-MS after treating the tissue samples 

with acid, as previously described. To deplete neutrophils, antimouse Ly6G antibody at 10 

mg/kg was i.v. injected to mice at 24 h prior to laser irradiation. To determine the gold 

contents in neutrophils from tumor tissues, tumor tissues were prepared into single cell 

suspensions as previously described, and neutrophils in tumors were extracted by Pluriselect 

antimouse-Ly6G S-pluribeads (Pluriselect, Spring Valley, CA). The gold concentrations in 

neutrophils were analyzed by ICP-MS after the cells were treated with acid.

Preparation of PEG/PTX NC and Ab/PTX NC.

Fifteen mg of PTX in 1.5 mL of chloroform was blown by steady nitrogen gas to form 

a thin film of PTX crystals. Ten mL of deionized water containing 2 mg of mPEG-DSPE 

5k or 2 mg of Biotin-PEG-DSPE 5k was added to the film and sonicated using a tip 

sonicator (Branson Sonofoer 450) at 10% duty cycle and 20% output for 30 min. Then, the 

suspension was subjected to a homogenizer (M-110L, Micro-fluidizer) at 18000 psi until 

the desired particle sizes were achieved. The PEG-coated PTX nanocrystals (PEG/PTX NC) 

were obtained by centrifugation at 20000g for 25 min. To prepare Ab/PTX NC, 0.2 mg of 

neutravidin and 0.5 mg of Ab were added to Biotin-PEG/PTX NC suspension and stirred for 

2 h at RT. The FITC-labeled PEG/PTX NC and FITC-labeled Ab/PTX NC were prepared by 

adding 0.5 mg of FITC-PEG-DSPE to the suspension before homogenization. The particle 

sizes and Zeta potentials were measured in PBS at 25 °C by using Malvern Zetasizer 

Nano ZS90 (Westborough, MA). To study their morphology, PTX NC, PEG/PTX NC and 

Ab/PTX NC were vacuum-dried onto a silicon wafer and sputter-coated with a conductive 

layer of gold palladium (Au/Pd) for 1 min. The samples were imaged by using a scanning 

electron microscope (SEM, FEI Quanta 200F). The crystalline structure of PEG/PTX NC 

was characterized by powder X-ray diffraction (PXRD) on a Bruker D8 Venture CPAD 

diffractometer using graphite monochromatic Cu Ka (λ = 1.54178 Å) radiation. Data sets 

were collected at a detector distance of 6 cm using 2 Phi scans with 10° increments in 2θ 
(−20° → −50°). The amounts of Ab on Ab/PTX NC were analyzed by SDS-PAGE and 

quantified by ImageJ software.

Uptake of PTX NC by Differentiated HL-60 Cells.

2 × 106 differentiated HL-60 cells were incubated with 15 μg/mL FITC-labeled PEG/PTX 

NC or FITC-labeled Ab/PTX NC at 37 °C for 30 min. The cells were collected by 
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centrifugation at 400g for 5 min and washed with PBS 3 times to remove the unbound 

NPs. The cell uptake of PTX NC was analyzed by flow cytometry and the cells without NPs 

treatment were as control. The cells were also centrifuged onto glass slides and stained by 

DAPI for confocal microscopy.

Neutrophils Transport PTX NC Across Blood Vessel Barrier in Acute Lung Inflammation 
Model.

CD1 mice were anesthetized and placed in a supine position head up on a board tilted 

at 15°. Fifteen mg/kg of LPS from Escherichia coli in 50 μL of PBS was intratracheally 

administrated using an FMJ-250 High Pressure Syringe (Penn-Century, Wyndmoor, PA). 

The mice were kept in a supine position for 2 min after administration to promote LPS 

delivery to the lung. Four hours after the LPS challenge, FITC-labeled PEG/PTX NC or 

FITC-labeled Ab/PTX NC at 5 mg/kg were i.v. injected to mice. Four hours later, mice 

were anesthetized. Bronchoalveolar lavage (BAL) was collected by tracheal intubation and 

BAL was withdrawn with 3 sequential 0.9 mL of PBS. The BAL was first treated with 

red blood cell (RBC) lysis buffer for 30 min at room temperature to remove RBC. The 

amounts of leukocytes were counted on a hemocytometer under a bright field microscope. 

The cells were incubated with 2.5 μL of Alexa fluor 647-labeled Ly6G antibody for flow 

cytometry analysis. The cells were also transferred to a coverslip using cytocentrifuge and 

the cells were fixed with a mounting medium containing DAPI for 1 h before imaging using 

a confocal microscope (A1R plus, Nikon, Japan).

Uptake of Ab/PTX NC by Leukocytes in Blood.

Three hours after 3LL tumors were exposed to the laser (650 nm) or without laser exposure, 

mice were i.v. injected with FITC-labeled Ab/PTX NC at 5 mg/kg of PTX. One hour 

later, blood was collected, and cells were stained with PE/Cy7-labeled CD45 antibody, 

Alexa fluor-647-labeled Ly6G antibody, and PE/Dazzle 594-labeled Ly6C antibody for 

flow cytometry analysis. The amount of Ab/PTX NC taken up by different leukocytes was 

calculated by mean fluorescence intensity of FITC-labeled Ab/PTX NC in cells multiplied 

with leukocyte percentages in blood and was normalized to that of monocytes when tumor 

was not exposed to the laser.

Preparation of Ab/PTX LP.

One mg of biotin-PEG-DSPE 5k, 2.5 mg of cholesterol, 6.5 mg of DSPC and 1 mg of 

PTX were dissolved in 1 mL of chloroform in a round-bottom flask and subjected to rotary 

evaporation to form a uniform lipid film. Three mL of PBS (pH 7.4) was added, and the 

lipid film was hydrated under electromagnetic stirring (1000 rpm) at 40 °C for 2 h. The 

suspension was sonicated by a tip (Branson Sonofoer 450) at 10% duty cycle and 10% 

output for 1 min. 0.2 mg of neutravidin and 0.5 mg of Ab were added to the suspension, 

and the mixture was stirred (1000 rpm) at RT for 1 h. The Ab/PTX LP was collected by 

centrifugation at 20000g for 50 min. Free PTX and unbound antibody were removed by 

twice washing with PBS. The particle sizes and Zeta potentials were measured in PBS at 25 

°C using a Malvern Zetasizer Nano ZS90 (Westborough, MA). The PTX loading efficiency 

was determined by adding acetonitrile to extract PTX from liposomes and analyzed by high 

performance liquid chromatography (HPLC). The HPLC was performed by a C18 150 × 
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4.6 mm column (Restek) in a mobile phase of acetonitrile/deionized water (60/40, v/v) at 1 

mL/min at 25 °C. The absorbance was detected at 227 nm.

Neutrophil-Mediated Delivery of PTX-Loaded Liposomes and PTX NC into Tumors.

Three hours after 3LL tumors were exposed to the laser or without laser exposure, mice 

were i.v. injected with FITC-labeled PTX-loaded liposomes or FITC-labeled PTX NC at 5 

mg/kg of PTX. The tumor tissues were isolated 24 h after the injection and the tissues were 

prepared into single cell suspension using collagenase IV. The cells were analyzed by flow 

cytometry after staining by PE/Cy7-labeled CD45 antibody and Alexa fluor-647-labeled 

Ly6G antibody. To image the NPs-laden neutrophils, the tumor tissues were prepared into 

single cells 6 h after NP injection. The cells were stained by Alexa fluor-647-labeled Ly6G 

antibody and DAPI for confocal microscopy.

Intravital Microscopy of Neutrophil Mediated Delivery of PTX NC to Tumor 
Microenvironments.

Acute inflammation in the tumor tissues was generated when the tumor volume reached 

400 mm3. 0.75 h after the laser exposure to tumors at 650 nm, FITC-labeled PEG/PTX 

NC and Ab/PTX NC at 5 mg/kg were i.v. injected. 0.5 h later, mice were i.v. injected 

with 5 μg of Alexa fluor 647-labeled Ly6G antibody to mark neutrophils. One h later, 40 

μg of Cy3-BSA were r.o. injected to visualize the blood vessels. After the tumor skin was 

removed to expose tumor tissues under intravital microscope. The images were recorded 

using confocal microscopy (A1R plus, Nikon, Japan) with a water immersion objective and 

a resonance scanner (Melville, NY).

In Vivo PTX Distribution.

Ppa at 0.6 mg/kg was ro injected to mice when the tumor volume reached 400 mm3 under 

anesthetization. 0.75 h later, tumors were exposed to a 650 nm laser at 150 mW/cm2 for 

2 min. Ab/PTX NC at 7.5 mg/kg were i.v. injected to mice at 3 h after laser irradiation to 

tumors. Mice were sacrificed at 1, 3, and 6 h after the injection. Liver, spleen, and tumor 

tissue were isolated, cut into small pieces and homogenized with a Dounce homogenizer. 

The homogenate was mixed with an equal volume of chloroform for PTX extraction. After 

centrifugation at 20000g for 10 min, the chloroform layer was collected, and the sample was 

dried. The sample was dissolved in acetonitrile for HPLC analysis.

In Vitro Drug Release.

PEG/PTX NC or Ab/PTX NC containing 0.2 mg of PTX in 1 mL of PBS were sealed in a 

dialysis bag with the molecular weight cut off at 20 kDa. The dialysis bag was immersed in 

50 mL of PBS (pH 7.4). The release was performed by a reciprocating shaker (Incu-shaker 

IOL, Benchmark, NJ) under 100 rpm at 37 °C. At predetermined time points, a 10 μL 

suspension from a dialysis bag was withdrawn and mixed with 10 μL of acetonitrile for 

HPLC analysis.
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Drug Release from Differentiated HL-60 Cells.

106 number of differentiated HL-60 cells was incubated with 120 μg/mL Ab/PTX NC for 

cellular uptake for 45 min. The excessive Ab/PTX NC was removed by centrifugation at 

400g for 3 min. To determine the amounts of Ab/PTX NC internalized by differentiated 

HL-60 cells, 100 μL chloroform was added to the cells and then the sample was centrifuged 

at 20000g for 10 min. Subsequently, the chloroform layer was collected and dried. Then 

the sample was dissolved in acetonitrile for HPLC analysis. To determine PTX release from 

the cells, the cells were cultured in a fresh medium containing 10% FBS. At predetermined 

time, the medium was withdrawn and centrifuged at 20000g for 50 min to obtain the 

supernatant and the pellet. The supernatant was further centrifuged at 2500g using a 30 kDa 

ultrafiltration tube to obtain free PTX and PTX-protein complexes. Then PTX was extracted 

by chloroform ready for HPLC analysis.

To investigate the release mechanism of PTX from cells, a liposome loaded with PTX/BSA 

complexes (PTX/BSA LP) was employed. 0.5 mg of PTX dissolved in 40 μL of ethanol was 

dropped into 1 mg of BSA dissolved in 3 mL of PBS with stirring (1000 rpm), followed by 

sonication for 1.5 h to form PTX/BSA complexes. 0.4 mg of biotin-PEG-DSPE 5k, 1 mg of 

cholesterol, and 2.6 mg of DSPC were dissolved in 1 mL of chloroform in a round-bottom 

flask and subjected to rotary evaporation to form a uniform lipid film. PTX/BSA complexes 

were added, and the lipid film was hydrated under electromagnetic stirring (1000 rpm) at 

40 °C for 2 h. The suspension was sonicated for 1 min. The PTX/BSA LP was collected 

by centrifugation at 20000g for 50 min. The PTX/BSA LP containing 20 μg of PTX 

was incubated in 2 mL of PBS or BSA or serum at 37 °C. At predetermined times, the 

medium was withdrawn and centrifugated at 20000g for 50 min. The supernatant was further 

centrifuged at 2500g using a 30 kDa ultrafiltration tube to obtain free PTX and PTX-protein 

complexes, and PTX was extracted by chloroform and ready for HPLC analysis.

In Vitro Cytotoxicity.

3LL cells were seeded in a 96-well plate at 3000 cells per well and cultured for 24 

h. PEG/PTX NC or Ab/PTX NC was added to the 96-well plate at a series of PTX 

concentrations. The cells were further cultured for 24 or 48 h before adding the MTT 

solution to a final concentration of 0.5 mg/mL. Four hours later, the culture media were 

removed. 0.2 mL of DMSO was added and the plates were transferred in a microplate 

reader (Synergy Neo, BioTek). Ten min later, the absorbance at 570 nm was measured. The 

cell viability was calculated as (Asample – Ablank)/(Acontrol – Ablank) × 100%, where 

Asample, Acontrol, and Ablank represent the absorbance at 570 nm for the cells treated with 

PTX formulations, the cells without treatment and the wells without cells, respectively. To 

simulate the PTX NC release from neutrophils to kill cancer cells, differentiated HL-60 cells 

containing a series of PTX contents were cultured in fresh medium for 24 or 48 h. The 

culture medium was transferred to 3LL cells and cultured for 24 or 48 h before the MTT 

assay. The culture medium from differentiated HL-60 cells without PTX was set as control.

Determination of PTX Loading Efficiency in HL-60 and Neutrophils.

106 differentiated HL-60 cells were incubated with Ab/PTX NC or Ab/PTX LP containing 

the same PTX for 1 h. The incubation was performed at a series of PTX concentrations. 
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The cells were collected by centrifugation at 400g for 3 min and washed with PBS twice 

to remove the untaken Ab/PTX NC or Ab/PTX LP. 200 μL of chloroform was added to 

the cells to extract the PTX followed by HPLC analysis. To determine the PTX loading 

in neutrophil in vivo, 10 mg/kg of PTX in Ab/PTX NC or Ab/PTX LP was i.v. injected 

to 3LL tumor mice at 3 h after laser irradiation. One hour later, blood was collected 

by heart puncture. Neutrophils were isolated by Pluriselect antimouse-Ly6G S-pluribeads 

(Pluriselect, Spring Valley, CA) and counted on a hemocytometer. 100 μL of chloroform was 

added to the cells to extract the PTX followed by HPLC analysis.

In Vivo Therapeutic Efficacy.

To establish the GL261 tumor model, 2 × 106 GL261 cells in 0.1 mL of PBS were then 

subcutaneously (s.c.) injected to the right back thigh of C57BL/6 mice. Therapeutic studies 

started when the tumor volume was less than 100 mm3. To investigate whether neutrophil-

mediated delivery of PTX-loaded liposomes improves therapeutic efficiency, 3LL tumor 

bearing mice were randomly divided into 2 groups and treated with Ab/PTX LP or laser 

irradiation plus Ab/PTX LP. To investigate the therapeutic efficiency of neutrophil-mediated 

delivery of PTX NCs, 3LL or GL261 tumor bearing mice were randomly divided into 

4 groups and treated with PBS, laser irradiation, Ab/PTX NC, and laser irradiation plus 

Ab/PTX NC, respectively. the laser at 650 nm irradiated the tumor tissues 0.75 h after r.o. 

injection with Ppa at 0.6 mg/kg, and the laser power was at 150 mW/cm2 for 2 min. The 

drug formulations were administered at 5 mg/kg of PTX 3 h after laser irradiation. The 

second dose of drug formulations was on Day 6 following the same protocol as the first 

dose. The mouse tumor volumes and body weights were recorded every 2 days. Mice were 

euthanized when the tumor volume reached over 2500 mm3. The H&E staining of major 

organs in 3LL tumor mice was also performed after two rounds of laser exposure and drug 

administration.

Statistical Analysis.

Data are expressed as mean ± SD. Statistical analysis was performed by two-tailed Student’s 

t test or one-way ANOVA. Statistical significance was indicated as *P < 0.05, **P < 0.01, 

or ***P < 0.001. Significance of survival rates between treatment groups was assessed by 

log-rank test with 95% CIs using IBM SPSS software (Version 26).
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Design of nanocrystal drugs (paclitaxel nanocrystals, PTX NC) for targeting activated 

neutrophils in blood to enhance cancer therapies. (a) Preparation process of Ab/PTX NC 

including production of nanocrystals and bioconjugation of anti-CD11b for neutrophil 

targeting. (b) Neutrophil-mediated delivery of Ab/PTX NC into tumor microenvironments. 

After Ab/PTX NC are intravenously administered to a tumor bearing mouse, they are 

specifically taken up by activated neutrophils in blood, and subsequently, the neutrophils 

transport Ab/PTX NC across tumor vasculature. PTX releases from PTX NC in neutrophils 

and binds to proteins to form a PTX-protein complex for the sustainable killing of tumor 

cells.
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Figure 2. 
Laser irradiation induces an acute inflammation response in tumor microenvironments. 

Laser exposure to tumor tissues produced (a) IL-6 and (b) TNF-α in tumor tissues, as well 

as (c) IL-6 and (d) TNF-α in plasma determined by ELISA. (e) Dynamics of neutrophils 

in blood analyzed by flow cytometry after laser irradiation and (f) their quantification. (g) 

Dynamics of neutrophils in tumor tissues analyzed by flow cytometry after laser irradiation 

and (h) their quantification. Neutrophils were marked with anti-CD45 antibody and anti-

Ly6G antibody. The data are expressed as mean ± SD (n = 3). Statistical analysis compared 

with controls (at 0 h). *P < 0.05, **P < 0.01, and ***P < 0.001.

Su et al. Page 24

ACS Nano. Author manuscript; available in PMC 2024 August 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Neutrophil-mediated delivery of NPs into tumors is independent of particle size and their 

dose. (a) CD11b expression levels of leukocytes in blood at 3 h after 650 nm laser irradiation 

of mouse tumor tissues. Neutrophils were marked by CD45+/Ly6G+/Ly6Clow, monocytes 

were marked by CD45+/LyC6+/Ly6G−, and other leukocytes were marked by C45+/Ly6G−/

Ly6C−. The CD11b expression levels were calculated as multiplying the cell percentages 

and mean fluorescence intensities of CD11b determined by flow cytometry and were 

normalized to that of monocytes. (b) Scheme for preparation of PEG-Au NPs or Ab-Au 

NPs. PEG or Ab was coated onto NPs through the binding between biotin and neutravidin. 

(c) SDS-PAGE analysis of Ab on gold NPs. Tumor NP delivery efficiencies of (d) 30 nm 

NPs and (e) 200 nm NPs. Neutrophil depletion was performed using 10 mg/kg of anti-Ly6G 

antibody injected 24 h before laser irradiation (Ly6G + Ab-Au + laser) or without laser 

irradiation (Ly6G + Ab-Au). PEG-Au NPs were used as the control. (f) Percentages of the 

injected dose of gold NPs per million neutrophils isolated from inflamed tumor tissues. The 

administered doses were 1.2 mg/kg for 30 nm NPs and 6 mg/kg for 200 nm NPs in (d), (e), 

and (f). (g) Neutrophil-mediated tumor delivery of Ab-Au NPs in a wide range of injected 

doses of NPs. This was calculated by the percentages of injected dose in tumors under laser 

irradiation, subtracting those without laser irradiation. The administered doses of 30 nm NPs 

and 200 nm were 1.2, 6, and 30 mg/kg, respectively. Quantitative data are expressed as the 

mean ± SD (n = 3 in a and f, n = 6 in d, e, and g). **P < 0.01 and ***P < 0.001.
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Figure 4. 
Neutrophil-mediated delivery of Ab/PTX NC into tumor microenvironments. (a) SEM 

images of the Ab/PTX NC. (b) SDS-PAGE analysis of Ab on Ab/PTX NC. (c) Intravital 

images of tumors show that neutrophils transport Ab/PTX NC across tumor vasculature. The 

imaging protocol is shown above (c). After laser was exposed to tumor tissues, 5 mg/kg 

FITC labeled PEG/PTX NC or Ab/PTX NC (green) were i.v. administered. Neutrophils 

were stained by Alexa fluor 647 antimouse Ly6G antibody (violet), and blood vessels were 

visualized by Cy3-BSA (red). (d) Neutrophils are major leukocytes to take up Ab/PTX 

NC after laser exposure to tumors. The analysis was based on fluorescent intensity of 

Ab/PTX NC, and percentages of leukocytes determined by flow cytometry (Figure S14). 

The flow cytometry was performed 1 h after i.v. injection of Ab/PTX NC. Circulating 

leukocytes were stained by anti-CD45 antibody. Neutrophils and monocytes were identified 

as Ly6G+/Ly6Clow and Ly6G−/Ly6C+ populations, respectively. (e) Confocal microscopy 

images of neutrophils isolated from tumors at 6 h after i.v. injection of nanocrystals. (f) 
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Percentages of neutrophil containing nanocrystals among the total cells and (g) percentages 

of total neutrophils in tumors 24 h after administration of nanocrystals. (h) 6 h PTX tumor 

accumulation (area under the curve (AUC)) after i.v. administration of Ab/PTX NC at 7.5 

mg/kg of PTX. PTX concentrations were determined by HPLC. The data are expressed as 

mean ± SD (n = 3). **P < 0.01 and ***P < 0.001.
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Figure 5. 
PTX NC sustains the release from neutrophils via PTX-protein complexes to kill cancer 

cells. (a) Release profiles of PTX in the formulations of PEG/PTX NC and Ab/PTX NC 

in PBS (pH 7.4) at 37 °C. (b) Cell viability of 3LL cells treated with Ab/PTX NC after 

24 and 48 h. (c) Experimental design to address the delivery of PTX from neutrophil-like 

cells (differentiated HL-60 cells) containing PTX NC to tumor cells in vitro. (d) Cell 

viability of 3LL cells after they were cultured with the culture medium of neutrophil-like 

cells containing PTX NC following the experiment as shown in (c). PTX contents in the 

supernatant (e) and pellet (f) of the culture medium of neutrophil-like cells containing PTX 

NC. The supernatant was centrifuged using a 30 kDa ultrafilter to obtain free PTX and 

PTX-protein complexes. (g) Schematic diagram of PTX release from PTX/BSA LP. The 

time courses of PTX release from PTX/BSA LP in PBS (h) or PBS containing BSA (i). Data 

are expressed as mean ± SD (n = 3).
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Figure 6. 
Neutrophil-mediated delivery of PTX NCs enhances mouse survival in cancer. (a) The 

mouse tumor growth, (b) the mouse survival, and (c) the mouse body weight in a 3LL tumor 

mouse model after mice were treated with several PTX formulations and laser exposure to 

tumors. (d) The mouse tumor growth, (e) the mouse survival, and (f) the mouse body weight 

in a GL261 tumor mouse model after mice were treated with several PTX formulations and 

laser exposure to tumors. The treatments started when the tumor volume reached 100 mm3. 

All formulations containing a dose of PTX at 5 mg/kg were i.v. injected on day 0 and day 6. 

Data are expressed as mean ± SD (n = 6 in a, b, and c, n = 4 in d, e, and f). *P < 0.05, ***P 
< 0.01 and ***P < 0.001.
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