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Abstract: Macrophages, exhibiting high intrinsic accumulation and infiltration into tumor 

tissues, are a novel drug vehicle for directional drug delivery. However, the low drug-loading 

(DL) capacity and the drug cytotoxicity to the cell vehicle have limited the application of 

macrophages in tumor therapy. In this study, different drugs involving small molecular and 

nanoparticle drugs were loaded into intrinsic macrophages to find a better way to overcome 

these limitations. Their DL capacity and cytotoxicity to the macrophages were first compared. 

Furthermore, their phagocytic ratio, dynamic distributions, and tumoricidal effects were also 

investigated. Results indicated that more lipid-soluble molecules and DL particles can be 

phagocytized by macrophages than hydrophilic ones. In addition, the N-succinyl-N′-octyl chi-

tosan (SOC) DL particles showed low cytotoxicity to the macrophage itself, while the dynamic 

biodistribution of macrophages engulfed with different particles/small molecules showed similar 

profiles, mainly excreted from liver to intestine pathway. Furthermore, macrophages loaded 

with SOC–paclitaxel (PTX) particles exhibited greater therapeutic efficacies than those of mac-

rophages directly carrying small molecular drugs such as doxorubicin and PTX. Interestingly, 

macrophages displayed stronger targeting ability to the tumor site hypersecreting chemokine in 

immunocompetent mice in comparison to the tumor site secreting low levels of chemokine in 

immunodeficiency mice. Finally, results demonstrated that macrophages carrying SOC–PTX 

are a promising pharmaceutical preparation for tumor-targeted therapy.

Keywords: macrophage, drug-loading capacity, SOC–PTX, tumor-targeted therapy

Introduction
Targeted delivery of chemotherapeutic drugs to tumor sites is a major challenge in 

cancer chemotherapy. The use of drug delivery systems such as nanoparticles can 

improve the pharmacologic properties of traditional chemotherapeutics by altering drug 

pharmacokinetics and biodistribution.1,2 Nonetheless, these drug-loaded nanoparticles 

have two key shortcomings. First, these nanometer materials, as exogenous compo-

nents, are usually toxic and may cause adverse effects. Second, the rapid recognition 

and clearance of nanoparticles from the blood stream by the reticuloendothelial system 

limits their usefulness as drug carriers.3 Therefore, a wide variety of alternative drug 

delivery systems are currently being studied by researchers around the world, using 

intrinsic functional cells in living subjects as drug vehicles.4–7

As reported, various kinds of cells, including mesenchymal stem cells,4,5 tumor 

cells,6 and natural killer cells,7 can effectively deliver chemotherapeutic drug-loaded 

nanoparticles to the tumor because of the homing ability of these cells, leading to 

improved therapeutic efficacy. However, the drug-loading (DL) efficiency of these 

cells was restricted largely due to the high cytotoxicity of drugs. Macrophage as an 

intrinsic cell exhibits a strong tolerance of anticancer drugs and unique phagocytic 
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capacity due to its specific immune properties.8 Furthermore, 

macrophage possesses a quick directional migration ability 

to the pathological sites secreting specific chemokine factors, 

which allows it to serve as a vehicle for the targeted delivery 

of drugs.9 Solid tumor is a high chemokine-secreting and 

percolating tissue, which allows the macrophage to direction-

ally accumulate and immerse into the tumor environment.10 

These merits of macrophage encourage us to use it as an 

ideal intrinsic drug carrier.

Macrophage plays an important physiological function 

in removing foreign materials, cellular debris, and pathogens 

from circulation.11 A number of chemokines, such as CCL2 

and CCL5, are believed to be hypersecreted in tumor sites, 

ensuring the recruitment of macrophages to the tumor sites.12 

Up to date, most studies have used macrophages as cellular 

vehicles for gene therapy.13–15 A limited number of studies 

have demonstrated the feasibility of delivering drug-loaded 

particles or anticancer drugs themselves to tumors using mac-

rophages, including carrying gold nanorod to target breast 

cancer cells,16 carrying adenovirus to prostate tumors,17 car-

rying gold nanoshells to gliomas,18 and carrying doxorubicin 

(DOX) hydrochloride directly to breast tumor.19 However, 

until now, no drug-loaded macrophages have displayed 

excellent antitumor efficacy due to the low DL capacity. 

Furthermore, the high DL capacity may destroy the cell 

vehicle, resulting in the decrease of homing ability. To our 

knowledge, no research has been carried out to compare the 

DL capacity of macrophages with different drugs and drug-

loaded nanoparticles. Most importantly, no study has been 

reported regarding the cytotoxicity of engulfed contents to 

the macrophages. These unknown key issues motivated us to 

systematically investigate the DL capacity and cytotoxicity 

of macrophages.

Therefore, in this study, we used macrophages to deliver 

chemotherapeutic drugs directly or as drug-loaded particles 

to tumor cells. The five model drugs with different solubil-

ity, Cypate (poorly soluble), fluorescein (slightly soluble), 

paclitaxel (slightly soluble), DOX hydrochloride (soluble), 

and fluorescein sodium (highly soluble), were encapsulated 

into macrophages to compare the achievable DL and encap-

sulation efficiencies. N-succinyl-N′-octyl Chitosan (SOC) 

and nanostructured lipid carriers (NLCs),20–23 consisting of 

polysaccharide and partial crystallized lipid particles are 

useful delivery systems with high DL efficiency, encapsula-

tion efficiency (EE), and stability. By possessing high cell 

permeability, these nanoparticles can effectively improve 

the bioavailability of drugs with poor water solubility. Their 

uptake and release in the macrophage drug-carrying system 

were compared with small molecules. The dynamic behavior 

and tumor-targeting capability of drug-loaded macrophages 

were investigated. Finally, the therapeutic efficacies of the 

different macrophage–drug delivery systems were investi-

gated and compared. The schematic illustration is shown in 

Figure 1.

Experimental section
Materials
Hydrophobic near-infrared (NIR) dye ICG-Der-01 (Cypate) 

was prepared in our laboratory.24,25  L-15, Dulbecco’s 

Modified Eagle’s Medium (DMEM), fetal bovine serum, 

penicillin, streptomycin, trypsin–ethylenediaminetetraacetic 

acid, and Hoechst 33342 were purchased from Thermo Fisher 

Scientific (Waltham, MA, USA). All other reagents used in 

the study were certified analytical reagent grade (Shanghai 

Chemical Reagent Company, Shanghai, People’s Republic 

of China). All chemicals were analytical grade and used 

without further purification.

In vitro studies
Cell cultures
The cell lines Raw 264.7 (Mus musculus macrophage), 

MDA-MB-231 (human breast cancer), and MCF-7 (human 

breast adenocarcinoma) were purchased from the American 

Type Culture Collection (ATCC, Manassas, VA, USA). 

All the cell lines were cultured in DMEM supplemented 

with 10% (v/v) calf serum, penicillin (80  U/mL), and 

(0.08 mg/mL) streptomycin. Cell lines were maintained at 

37°C in a humidified atmosphere containing 5% CO
2
.

Loading and encapsulation of drugs directly 
swallowed by macrophage
Raw 264.7 cells were treated with each drug (100–800 µmol/

mL) for 24  hours. Then, the medium was collected and 

measured by ultraviolet spectrophotometry. Five model drugs 

with different solubility, lipid soluble (PTX, Cypate, and 

fluorescein) dissolved in dimethyl sulfoxide, water soluble 

(DOX and fluorescein sodium) dissolved in water, and two 

nanoparticle drug carriers, SOC and NLCs (the synthesis and 

characteristics of SOC and NCL particles were reported in 

our previous work.1,26), were used to determine the DL con-

centration (µmol/104 cells) and EE by Lambda 25 UV/Vis 

Spectrophotometer (PerkinElmer Inc., Waltham, MA, USA), 

at λ=227 nm (PTX), 490 nm (fluorescein and fluorescein 

sodium), 520 nm (DOX), and 793 nm (Cypate). The concen-

tration of each drug was calculated using calibration curve. 
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www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2016:11 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

4109

Nanomedicine engulfed by macrophages

DL and EE were calculated according to Equations 1 and 2, 

respectively.

	

DL(%) 10 100total medium

cell

4= ×
M −

×
M

N
�

(1)

	

EE(%) 100total medium

total

= ×
M M

M
−

�

(2)

where M
total

, M
medium

, and N
cell

 are the total amount of drugs, 

the amount of drugs in culture mediums, and the total cell 

counts, respectively. The total cell counts were measured by 

using cell counting chamber.

In vitro drug release
Kinetic analysis of each drug release was performed as 

follows: 5 mL of fresh cell culture medium was added into 

the culture dish of drug-loaded macrophages (104 cells). At 

regular time intervals (0.5 hours, 1 hour, 2 hours, 4 hours, 

6 hours, 8 hours, 12 hours, and 24 hours), 0.1 mL of samples 

were collected and replaced by an equal volume of the 

medium. The amount of drug released into the medium 

was calculated according to an absorption standard curve 

at 227 nm, 470 nm, 520 nm, and 793 nm. Each releasing 

experiment was performed in triplicate (n=3).

Drug uptake by macrophages
Macrophage cells, Raw 264.7, were in the confocal dishes at 

a density of 3×105 cells/dish. After 12 hours of cell attach-

ment, 100 µL of nanoparticle solution (containing 1 mg/mL 

nanoparticles and same fluorescence intensity) was added 

in the culture medium and incubated for different times 

(0.5 hours, 2 hours, 6 hours, and 12 hours). Cell nuclei were 

stained with Hoechst 33342 (10  μg/mL) for 30  minutes. 

After washing three times with phosphate-buffered saline 

(PBS), the cells were imaged by a laser confocal microscope 

(Olympus FV1100, Japan).

Flow cytometer (BD™ LSR II, BD, USA) was used to 

detect the mean fluorescent intensity of the cells, thus allow-

ing a quantitative determination of the particle uptake ability 

of macrophage. The slope values of the uptake/time profiles 

were calculated to indicate the uptake speed.

Drug cytotoxicity to the nanoparticle carrier assay
PTX (100 µmol/L) and SOC–PTX (100 µmol/L) were added 

to the cultured macrophages in 96-well plates (n=6). The 

cells were observed under a microscope after 6 hours of co-

incubation, and then the medium was replaced with new one. 

Afterward, tumor cell viability assays were carried out by 

3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium 

bromide (MTT) assay after co-incubating for 24  hours. 

Figure 1 Schematic illustration of the cell uptake and in vivo experiment.
Notes: The drugs or NPs were incubated with RAW 264.7 cells for 12 hours. The drugs/NPs-loaded macrophages were injected into the tumor-bearing mice through the 
tail vein to deliver drugs/NPs to the tumor cells.
Abbreviations: NPs, nanoparticles; TAM, tumor-associated macrophage.
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Meanwhile, nontreated macrophages were cultured as control 

(n=6). MTT solution was added into each well after incuba-

tion, and the absorbance of the solution in each well was 

measured at 490 nm with a multi-well plate reader. The cell 

viability was calculated as follows:

	

A A

A

(drug-treated) (control)

(control)
100%

−
×

�
(3)

where A represents the absorption of MTT.

In vitro antitumor activity assessment of 
nanoparticles/drug-loaded macrophages
DOX-loaded macrophages (at the maximal loading of 

1.25 μg/mL DOX, respectively, loaded in 3×104/mL mac-

rophages), PTX- and SOC–PTX-loaded macrophages (at 

the maximal loading of 1.6  μg/mL and 2.2  μg/mL PTX, 

respectively, loaded in 3×104/mL macrophages), and non-

loaded macrophages (3×104/mL) were added to the cultured 

tumor cells (MCF-7 and MDA-MB-231) in 96-well plates 

(n=6). The cells were observed under a microscope after 

12-hour co-incubation. Afterwards, tumor cell viability 

assays were carried out by MTT assay after co-incubating 

for 48 hours. Meanwhile, nontreated tumor cells were cul-

tured as control, and macrophages alone or loading different 

packages were individually cultured as blank (n=6). MTT 

solution was added into each well after incubation, and the 

absorbance of the solution in each well was measured at 

490  nm with a multi-well plate reader. The cell viability 

was calculated as:

	

A A

A

(drug-treated) (blank)

(control)
100%

−
×

�
(4)

Animal experiments
Animal models
Female Kunming mice and nude mice (25  g, 6–8  weeks 

old) used in this study were purchased from Laboratory 

Animal Resources of China Pharmaceutical University. All 

experiments were carried out in compliance with the Animal 

Management Rules of the Ministry of Health of the People’s 

Republic of China and the guidelines for the Care and Use of 

Laboratory Animals of China Pharmaceutical University. All 

procedures involving animals and their care in this study were 

in strict accordance with protocols approved by the Ethics 

Committee of China Pharmaceutical University.

The EAC (mice of Ehrlich ascites carcinoma) tumor 

model was established by subcutaneously inoculating EAC 

cells (5×106) into the upper left axillary fossa in the mice 

(n=6). The mice were investigated when the tumor grew to 

a diameter of 5–7 mm.

In vivo dynamic distribution of macrophage
To investigate the dynamic distribution of macrophage deliv-

ery system, different molecules/particles-loaded macrophage 

systems were administered into the subject mouse (nude mice 

or denuded Kunming mice) via the tail vein. The lipid-soluble 

dye, Cypate, was used as the monitor tracer. The NIR dyes 

were swallowed by macrophages for in vivo imaging. In 

addition, the dynamic distributions of macrophages in nor-

mal nude mice and denuded Kunming mice were compared. 

The fluorescence imaging of the mice post injection was 

acquired at designated time points. After 24-hour injection, 

the mice were sacrificed. Different organs were separated 

and washed by saline, and then they were put together for 

fluorescence imaging.

To confirm the dynamic biodistribution of each molecule/

nanoparticle-loaded macrophage in different organs, the 

injected Kunming mice were sacrificed at regular time 

intervals (0.5  hours, 1  hour, 2  hours, 4  hours, 6  hours, 

8 hours, 12 hours, and 24 hours) post injection. Different 

organs were separated and washed by saline, and then they 

were put together for fluorescence imaging. The contrast 

ratios were analyzed and compared by using the analysis of 

regions of interest function. Data are expressed as mean ± 

SD (n=3).

Tumor-targeting ability of macrophage delivery 
system in tumor-bearing mice
To investigate the tumor-targeting ability of macrophage 

system, the Cypate-loaded macrophages were used as 

representative to be intravenously injected into the EAC 

tumor-bearing mice (nude mice or denuded Kunming mice). 

Fluorescence images of the mice were acquired by NIR 

imaging system at different time points post injection. As 

control, free Cypate was administered to EAC tumor-bearing 

mice by a similar procedure. The tumor/normal (T/N) tissue 

ratios were analyzed and compared by using the analysis of 

regions of interest function.

Immunoresponse and organ toxicity
To evaluate the immunoreaction and organ toxicity of mac-

rophages in mice, a total of 20 healthy Kunming mice (male and 

female, half and half) were randomly assigned in four groups 

and intravenously injected with 200 μL of blank macrophages 

(0 macrophages/kg, 1.5×108 macrophages/kg, 7.5×108 

macrophages/kg, 1.5×109 macrophages/kg), respectively. 

The mice were weighed every day, and their survival rates 
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were recorded. After 7 days of administration, blood samples 

were collected from the orbital sinus by quickly removing 

the eyeball from the mice, in which the immune-associated 

cells (lymphocyte, monocyte, neutrophil, and basophilic 

granulocyte) were quantitated. Afterward, the mice were 

sacrificed, and their livers and lungs were processed for 

histologic examination.

In vivo antitumor efficacy
EAC tumor-bearing Kunming mice were randomly divided 

into seven groups (n=6 per group). The mice in each group were 

treated every other day for 15 days via tail vein injection with 

different solutions (0.2 mL): 1) saline (control group, nothing 

injected); 2) only macrophages PBS solution (1.2×108 mac-

rophages/kg); 3) free DOX (10 μmol/kg); 4) DOX-packaging 

macrophages PBS solution (DOX:10 μmol/kg, macrophages: 

1.2×108 macrophages/kg); 5) free PTX (12 μmol/kg); 6) PTX-

packaging macrophages PBS solution (PTX:12 μmol/kg, 

macrophages: 1.2×108 macrophages/kg) and 7) SOC-PTX-

packaging macrophages PBS solution (PTX:12 μmol/kg, 

macrophages: 1.2×108 cells/kg). The therapeutic efficacies 

and systemic toxicities of each solution on these tumor-

bearing mice were assessed by everyday tumor volume and 

body weight measurement. After completing the treatment 

(15 days), the mice were sacrificed and the resected tumors 

were imaged.

Statistical analysis
All the data were expressed as mean ± standard deviation. 

Statistical analysis was conducted by Student’s t-test, with 

statistical significance assigned to a P-value of ,0.05.

Results
Loading, encapsulation, and release profiles 
of drugs swallowed by macrophages
DL capacity is an important issue for drug carriers. In this 

study, lipid-soluble (PTX, Cypate, fluorescein) and water-

soluble (DOX, fluorescein sodium) model drugs and DL 

particles (SOC, NLC) were used to investigate the phagocytic 

capacity of macrophages. As shown in Figure 2A, the DL 

contents of macrophages increased with the elevation of drug 

concentration and reached the maximum up to ~600 nmol/mL  

for hydrophilic drugs, whereas the loading rate of the 

hydrophobic drugs tardily increased after 600 nmol/mL 

(Figure 2A). The highest DL contents for hydrophobic  

Cypate, PTX, and fluorescein were 1.11 μmol/104 cells, 

1.08  μmol/104 cells, and 1.02  μmol/104 cells, respec-

tively, which were higher than that of water-soluble DOX 

(0.98 µmol/104 cells) and fluorescein sodium (0.70 µmol/104 

cells), indicating that the drug solubility has a great impact 

on the phagocytosis. Importantly, the nanoparticle-entrapped 

drugs can be engulfed more in the macrophages. To further 

investigate the loading efficiency of the small molecular 

drugs and nanoparticle-loaded drugs, we compared the 

loading rate of PTX and SOC–PTX by macrophages at the 

same concentration, 600  nmol/mL. Obviously, the load-

ing rate of SOC–PTX is higher than PTX (Figure S1A), 

confirming that SOC–PTX would be more preferred by the 

macrophage. As expected, the EE of all the drugs decreased 

with the increasing of drug concentrations, with extremely 

low encapsulation for the high-soluble drug model, fluores-

cein sodium (Figure 2B). The release profiles of each drug 

(Figure 2C) indicated that the release rate has no obvious 

difference among all the small molecular drugs; however, 

the release rate of the SOC–PTX is much slower than the 

free PTX. The results demonstrated that lipid-soluble drugs 

have higher loading efficiency than water-soluble ones, and 

the SOC nano-packaging could help the PTX improve the 

loading rate and slow down the speed of drug release.

Further, we compared the toxicity of the engulfed PTX 

and SOC–PTX with the macrophage itself. We controlled the 

same amount of PTX to be engulfed into the macrophages. 

Figure 2D shows that the SOC–PTX group exhibits almost 

no toxicity, but the cell viability of free PTX group is only 

39% even though they were treated with the same concentra-

tion of PTX. In contrast, after incubation of the macrophage 

with PTX for 48  hours without changing the medium 

(PTX-LONG), the MTT assay showed that the viability 

of macrophage was only 20%. This indicated that the free 

PTX displayed severe toxicity to the macrophage, while the 

SOC–PTX could be safe. To investigate whether the SOC 

nanoparticle could remain intact when it was transferred 

to tumor cells from the macrophage, the particle size was 

measured before getting in and after coming out from the 

macrophage. As shown in Figure 2E, no obvious change 

was observed between the two groups. Both two groups 

could be kept at 150 nm size. It was suggested that the SOC 

nanoparticle could remain intact when released from the 

macrophage. In addition, we investigated the PTX-releasing 

rate from the SOC carrier in vitro. Only ,20% PTX was 

released from the SOC carrier after 12 hours with most PTX 

in SOC set out after 24 hours (Figure S1B).

Phagocytosis of macrophage to different 
drug-loaded nanoparticles
To assess the nanoparticle uptake ability of macrophage, 

different nanoparticles or drugs were incubated with RAW 
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Figure 3 Different drug cell up-take by macrophages.
Notes: (A) The dynamics of different drugs/nanoparticles-loaded macrophages at different incubation time points under confocal microscopy, with blue for nucleus stain, 
red for DOX, and green for fluorescein. (B) Mean fluorescence intensity (measured by flow cytometer) of macrophages carrying different drugs/nanoparticles at different 
time points.
Abbreviations: DOX, doxorubicin; NLC, nanostructured lipid carrier; SOC, N-succinyl-N′-octyl chitosan.
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264.7 cells, which were monitored at different incuba-

tion time points by using confocal microscopy, with blue 

for nucleus stain, red for DOX, and green for fluorescein 

(Figure 3). The fluorescence from fluorescein showed the 

obvious stronger signal than from DOX with the same 

incubation time, and then we used the NLC and SOC to load 

the same amount of fluorescein. As shown in Figure 3A, the 

cellular uptake processes of NLC and SOC nanoparticles (in 

same size range) loaded with the same amount of lipophilic 

fluorescein were almost the same, with a great amount of 

fluorescence observed in the nucleus, but both of them have 

stronger fluorescence signal than the free fluorescein. The 

results implied that the nanoparticle-loading drug could be 

taken up more easily than the small molecular drug.

To study the quantitative uptake of macrophage to differ-

ent nanoparticles or drugs, the fluorescence signals of cells 

were detected by flow cytometer (Figure 3B). The maximal 

fluorescence intensity of fluorescein in macrophage was 

higher than that of DOX. The NLC and SOC package also 

enhanced the fluorescein uptake, and the enhancing rate was 

almost the same.

Drug transfer process from macrophages 
to tumor cells
To explore the drug transfer process from nanoparticles/

drug-loaded macrophages to the co-incubating tumor cells, the 

drugs- or nanoparticles-loaded macrophages were prepared 

and added to the cultured MCF-7 and MDA-MB-231 cells 

for different periods. The obvious drug transfer was observed 

under a laser confocal microscope (Figure 4A). The fluores-

cence was initially observed only in macrophages, later it was 

found in both macrophages and MCF-7 cells 4 hours later 

of co-incubation, but for the signal in the tumor cells, the 

free fluorescein group is stronger than the SOC–fluorescein 

Figure 4 The drug transportation between macrophages and MCF-7 cells.
Notes: (A) Drugs/nanoparticles delivery from macrophages to tumor cells observed under a laser confocal microscope; mean fluorescence intensity of MCF-7 tumor 
cells (B) and macrophages (C). *Represents a statistically significant difference between the two groups.
Abbreviations: SOC, N-succinyl-N′-octyl chitosan; DIC, differential interference contrast microscope.
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group. In addition, the fluorescent intensity of tumor cells 

was increasing during the co-incubation, and reached 

the maximum at 12  hours (Figure  4B), whereas that of 

macrophages was decreasing within the co-incubating period 

(Figure 4C). It indicated that the drug engulfed by mac-

rophages can gradually be transferred to the co-incubating 

tumor cells, causing the toxicity to the tumor cells. The 

results were same in the MDA-MB-231 group as shown in 

Figure S2. Furthermore, Figure 4B also shows that the speed 

of free fluorescein transfer from the macrophage to tumor 

cells is higher than that of SCO fluorescein.

Cytotoxicity of nanoparticles/drug-
loaded macrophages
As shown in Figure 5A, the amount of cell indicated that the 

live cell left after 48 hours of drug incubation and PTX- and 

SOC–PTX-loaded macrophages significantly inhibited the 

growth of both MCF-7 and MDA-MB-231 and displayed 

greater tumoricidal effects than DOX-carrying macrophages. 

In the histogram, the efficiency of SOC–PTX was also 

obvious (Figure 5B and C). These findings demonstrated that 

macrophages are indeed capable of encapsulating drugs and 

nanoparticles, and more lipid-soluble drugs could be loaded 

by macrophages and delivered into tumor cells than water-

soluble ones, thus inducing a higher antitumor efficacy.

In vivo dynamic distribution of macrophage
To investigate the in vivo physiological behavior of mac-

rophage, the dynamics of the NIR  dye, Cypate-loaded 

macrophages as a representative, were investigated in nude 

mice and denuded Kunming mice. Nude mice injected with 

Cypate-loaded macrophages were monitored for 24 hours, 

and the typical fluorescence distributions are shown in 

Figure  6A. Cypate-loaded macrophages quickly reached 

the liver within 1 hour and then passed into the intestine 

within 2  hours post injection. After 24  hours post injec-

tion, the fluorescence of macrophages had mostly cleared 

from the body. Similar to macrophage-injected nude mice, 

Cypate-loaded macrophages showed a rapid clearing rate 

Figure 5 The cytotoxicity of different drug loaded by macrophages.
Notes: (A) In vitro cytotoxicity of drugs/nanoparticles-loaded macrophages against the tumor cells observed under a microscope; in vitro cytotoxicity of drugs/nanoparticles-
loaded macrophages against the MCF-7 cells (B) and MDA-MB-231 cells (C). Data are expressed as mean ± SD (n=5). *P,0.05. All the drugs were at the maximal dosage 
packaged in 30,000 macrophages/mL.
Abbreviations: DOX, doxorubicin; PTX, paclitaxel; SOC, N-succinyl-N′-octyl chitosan; SD, standard deviation.
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through the liver–intestine pathway within 24 hours in the 

Kunming mice27 (Figure 6B and C).

To further investigate the effect of drugs/nanoparticles 

on the dynamic distribution of macrophage, Kunming mice 

were injected with different drugs/nanoparticles-loaded mac-

rophages and sacrificed at regular time intervals (0.5 hours, 

1 hour, 2 hours, 4 hours, 6 hours, 8 hours, 12 hours, and 

24  hours) post injection. The organs were removed and 

subjected to NIR imaging. The control ratio of each organ 

was shown in Figure 6D–F. No obvious differences were 

observed in the dynamics and biodistribution of the drugs/

nanoparticles-loaded macrophages, further indicating that 

different nanoparticles-loaded macrophages had the same 

clearance pathway. Therefore, the properties of nanoparticles 

were not obviously related to the dynamic distribution of 

macrophages.

Tumor-targeting ability of macrophage
To evaluate the tumor-targeting ability of macrophage, 

nude mice bearing human breast tumor (MCF-7) models 

and Kunming mice bearing EAC tumor models were used. 

In vivo behavior of Cypate-loaded macrophages was assessed 

following their intravenous injection through the tail vein 

of the mice, with free Cypate as control. At different time 

Figure 6 NIR images of Cypate-loaded macrophages injected in nude mice and Kunming mice.
Notes: NIR images of normal nude mice (A) and Kunming mice (B) after intravenous injection of Cypate-loaded macrophages at different time points; (C) NIR images of 
isolated organs separated from nude or Kunming mice at 24 hours post injection of Cypate-loaded macrophages. Time profile of contrast ratio of dissected organs after 
intravenous injection of Cypate-loaded macrophages (D), SOC–Cypate-loaded macrophages (E), NLC–Cypate-loaded macrophages (F).
Abbreviations: NIR, near infrared; NLC, nanostructured lipid carriers; SOC, N-succinyl-N′-octyl chitosan.
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points post administration, NIR images of mice were captured 

(Figure 7A–C). Within 2 hours after injection of Cypate-

loaded macrophages, EAC xenografts in immunocompetent 

Kunming mice were identifiable, and the intense signal at 

tumor sites was maintained up to 48 hours after injection 

(Figure 7A). In contrast, weaker fluorescence was observed 

at the tumor site of immunodeficiency mice (Figure 7B), with 

maximum T/N tissue ratios of 3.2, which was much lower 

than that of 6.8 in immunocompetent mice (Figure 7D). 

This distinction of targeting ability was due to the higher 

chemotactic cytokine (such as CCL2) expression in the 

tumor tissues of immunocompetent mice than that of immu-

nodeficiency mice (Figure 7E), since the overexpressing 

CCL2 chemokine is the dominant factor responsible for the 

homing ability of macrophages, inducing the macrophages 

for accumulation.28,29 As expected, no obvious fluorescence 

signal was observed in the Kunming mice injected with the 

negative control of free Cypate.

Systemic toxicity of macrophages
To investigate the systemic toxicity of macrophages, after 

injection with different amounts of macrophages, the body 

Figure 7 Tumor targeting ability of Cypate-loaded macrophages.
Notes: NIR images of EAC tumor-bearing nude mice (A) and Kunming mice (B) after intravenous injection of Cypate-loaded macrophages at different time points; (C) 
NIR images of EAC tumor-bearing Kunming mice after intravenous injection of free Cypate; (D) maximal T/M ratio of tumor-bearing nude or Kunming mice injected with 
Cypate-loaded macrophages or free Cypate; (E) CCL2 expression in EAC tumor tissue of nude or Kunming mice. *P,0.05.
Abbreviations: EAC, Ehrlich ascites carcinoma; NIR, near infrared; T/M, tumor/muscle.
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weight of mice was measured, and the immune-associated 

cells in blood were quantitated, while the pathological assay 

of the main organs (liver and lung) affected by macrophages 

was performed.30 As shown in Figure 8A, the body weight 

of mice in both the control and macrophages-treated groups 

displayed similar trends, indicating no physical toxicity 

caused by macrophages. After 7-day administration, the 

number of immune-associated cells, including lymphocytes, 

monocytes, neutrophils, and basophilic granulocytes, did 

not show any obvious changes even under different dos-

ages of macrophages compared with that of the control 

group (Figure 8B), indicating no obvious immunoreaction. 

The tissue slices of liver and lung are shown in Figure 8C, 

suggesting that animals treated with different dosages of 

macrophages did not exhibit any noticeable liver and lung 

toxicity within 7 days of treatment, although the lung slices 

of mice that received 1.5×109 macrophages exhibited slight 

tissue damage. These results demonstrated that no obvious 

immunoreaction and organ toxicity were caused by mac-

rophages in the dosage (1.5×108 macrophages/kg), which 

would be similar with the in vivo antitumor investigation.

In vivo antitumor efficacy
In vivo antitumor efficacy of macrophage–drug delivery 

system was evaluated in EAC-bearing mice by measuring 

the tumor growth rate and the body weight of the mice. As 

shown in Figure 9A and B, tumors in saline-treated mice 

grew faster than those of any other drug-treated mice. 

The administration of DOX-loaded macrophages reduced 

the tumor volume by  ~66% after 15  days of treatment. 

This decrease was higher than that of free DOX-treated 

mice (~52%) as well as non-loaded macrophages (~32%). 
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Figure 8 Immunoreaction and organ toxicity study of macrophages.
Notes: (A) Changes of body weight of Kunming mice injected with different amounts of macrophages; (B) routine blood data including lymphocyte, monocyte, neutrophil, 
and basophilic granulocyte number in the mice injected with 0 macrophages/kg, 1.5×108 macrophages/kg, 7.5×108 macrophages/kg, 1.5×109 macrophages/kg, respectively 
(n=5); (C) H&E staining tissue sections (liver and lung) from the mice with different dosage of macrophage injections.
Abbreviation: H&E, hematoxylin and eosin.
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Interestingly, the treatment of PTX- and SOC–PTX-loaded 

macrophages reduced the tumor volume by ~69% and ~93%, 

respectively, the greatest extent of tumor reduction in any 

of the groups. Comparing with free PTX (~60%), their 

antitumor efficacy was increased due to the tumor-targeting 

ability of macrophages.

Furthermore, the body weights of mice in different groups 

gradually increased within the treatment period, indicat-

ing no apparent physical toxicity. But a decrease in body 

weight was observed in the free DOX- and PTX-treated 

groups after 7 days and 11 days of treatment, respectively 

(Figure  9B), revealing the side effect of DOX and PTX 

without macrophages carrying. The 15-day survival rates 

of mice in the DOX-, PTX-, and SOC–PTX-loaded mac-

rophages were 100%, and those of free DOX and free PTX 

groups were 50% and 66.7%, respectively, whereas only 

two members of the saline group and blank macrophages 

survived (Figure  9C). In Figure 9D, the tumor tissues of 

Figure 9 In vivo antitumor efficacy of different drugs.
Notes: (A) Tumor growth of mice in different groups within 15-day treatment; (B) changes of body weight of mice in different groups; (C) survival rates of mice in different 
treatment groups within 15 days; (D) tumors separated from the subjected mice after 15-day treatment. Data are expressed as mean ± SD (n=5). **Represents a statistically 
significant difference between the two groups.
Abbreviations: DOX, doxorubicin; PTX, paclitaxel; SOC, N-succinyl-N′-octyl chitosan.
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different groups were removed and the tumor size represented 

the treatment efficacy.

Discussion
Malignant tumors remain a challenge to scientists and 

clinicians alike. Chemotherapy is still considered as a first 

line of defense against most cancers. However, the biggest 

limitation of anticancer chemotherapy lies in its adverse 

effects. To resolve the problem, innovative approaches 

to deliver chemotherapeutic drugs to pathological sites 

possess great promise to reduce the systemic toxicity. With 

many unique advantages, macrophage has great potential 

to be a drug carrier for targeted cancer therapy.13–17 First, 

macrophage is a typical immune cell, which will cause less 

immunogenicity after intravenous administration. Second, as 

a dominated phagocyte, macrophage has the high capability 

to identify and phagocytize extrinsic materials such as large 

particles, making it possess high DL ability and tolerance to 

toxic drugs. Most importantly, macrophages possess high 

homing ability to the pathological sites with hypersecre-

tion of chemokine, leading to the directional drug delivery. 

Therefore, macrophages can be developed as an ideal drug 

carrier and a novel and patient friendly approach for targeted 

chemotherapeutics.

Macrophage has demonstrated its ability to directly engulf 

small molecular drugs. The influence of drug solubility on the 

DL and release properties was investigated (Figure 2). The 

hydrophobic drug such as PTX displayed higher loading effi-

ciency into macrophages than hydrophilic ones, mostly due to 

the high bilayer membrane permeability of lipid soluble drugs. 

Based on the principle of “like dissolves like”, hydrophobic 

drugs can be easily engulfed by macrophages in a simple pen-

etrative diffusion mode, accompanying little energy consump-

tion.31 This makes macrophage to swallow more lipid-soluble 

drugs such as PTX than water-soluble DOX, thus delivering 

more PTX to tumor cells for increased tumor cell toxicity 

compared with DOX macrophage system (Figure 5).

Chitosan, an abundant natural biopolymer, has shown 

many advantages such as high biocompatibility, biodegra-

dation, and low toxicity toward mammalian cells. Active 

hydroxyl and amine groups in the backbone of chitosan 

allow simple chemical modification to form a large variety 

of multifunctional structures including micelles. In our previ-

ous studies, SOC micelles were synthesized successfully.26 

In the experiment of DL rate assay, we can clearly see that 

the hydrophobic drug, PTX, could be more loaded in the 

macrophage than the hydrophilic DOX. Furthermore, the 

SOC carrier could help the free PTX to improve the loading 

rate. It is suggested that the SOC nanocarrier could help 

more drug uptake by the macrophage cells. So, besides the 

micelle structure providing a good DL ability, the large size 

of SOC also contributes to its high loading efficiency into 

macrophages. Larger particles can be easily identified by 

matrix metalloproteinases, which activate the phagocytosis of 

macrophage,32,33 indicating that SOC is the optimal nanocar-

rier and an important component of the macrophage delivery 

system. However, the cell toxicity of the chemical drug to 

macrophage cells must be considered, because the chemical 

drug could not recognize which cells should be killed and 

which cells should be protected. As the drug carrier, the 

macrophage should not be destroyed by the loading drug. 

In Figure 2D, it is shown that the cell viability in the SOC–

PTX group is obviously higher than other groups. It indicates 

that the chemical drug, PTX, also has the cell toxicity to 

the macrophage. But the SOC nanocarrier could protect the 

macrophage from the PTX toxicity. However, in the results 

of treatment efficiency in vitro and in vivo, the SOC–PTX-

loaded macrophage also showed a higher ability of killing of 

tumor cells than the free PTX in the macrophage. For explain-

ing this phenomenon, we designed several experiments. We 

studied the release rate of both SOC–PTX and free PTX 

from macrophage and found that the release of SOC–PTX 

is slower than the free PTX. Only ,40% of SOC-PTX were 

released from the macrophages after 12 hours (Figure 2C). 

At the same time, the ability of drug release from the SOC 

nanocarrier was also studied. However, in the 5.3 pH medium 

the release of PTX could only be ,40% (Figure S1B). This 

implies that the time of PTX released from the SOC nanocar-

rier is longer than the time of SOC–PTX released from the 

macrophage. So when the SOC–PTX DL nanoparticle was 

set out from the macrophage, most of the nanoparticles still 

remained in the original and intact style (Figure 2E). We all 

know that when the PTX released from the nanocarrier, the 

cell toxicity would show. Therefore, this could be the reason 

for SOC–PTX being safe to the macrophage carrier.

We also compared the time of drug release (Figure 2C) 

with the homing time of the macrophage in vivo (Figure 7D). 

In the results, we found that there was .50% PTX released 

from the macrophage before it arrived at the tumor site 

in vivo in the free PTX-loading group. However, only 26% of 

SOC–PTX was set out from the macrophage in the SOC–PTX 

loading group. It is obviously indicated that most of the SOC–

PTX could be released after the macrophage arrived at the 

tumor site, but almost half of the PTX would be set out from 

the macrophage with the fluid circulation before getting into 

the tumor tissue. The ideal chemical drug treatment situation 

is that the drug could be set out directly at the tumor site but 

not in the circulation in vivo, so the SOC nanocarrier could 
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be a better choice. So, the high DL capacity, transmembrane 

efficiency, and good biocompatibility highlight that SOC can 

be used as an excellent nanoparticle for ideal drug-delivery 

and therapeutic efficacy.

Tumor-targeting ability is another important evaluation 

criterion for the availability of drug delivery system. Since the 

different drug/nanoparticle-loaded macrophages displayed 

similar biodistribution in mouse subjects (Figure 6), the NIR 

dye, Cypate, was used as a tracer agent swallowed by mac-

rophages. NIR images (Figure 7) indicated that macrophages 

displayed a stronger targeting ability to EAC xenografts in 

Kunming mice than in nude mice, in which different CCL2 

expression levels strongly supported our hypothesis that 

CCL2 is the dominating factor for the homing ability of 

macrophages. Tumor cells may stimulate the chemokine 

secretion (such as CCL2) of the surrounding cells in immu-

nocompetent mice, but the immunodeficiency mice lack the 

capacity to produce more CCL2 chemokine. Owing to the 

high chemokine level of most tumor tissues, macrophage has 

promising advantages in tumor targeting, which along with 

the few immunoreactions and physical toxicities (Figure 8) 

indicated that macrophage-carrying drugs/nanoparticles 

are a potential pharmaceutical preparation applicable to the 

investigation of in vivo anticancer activity.

Based on the homing ability of macrophages, DOX 

macrophages displayed a superior therapeutic efficacy to free 

DOX, so as the PTX-macrophages to free PTX. Partly due 

to the lipid solubility, PTX-loaded macrophages exhibited 

higher inhibitory effect of tumor growth than hydrophilic 

DOX. On the other hand, with the introduction of SOC 

carrier, the antitumor efficacy of PTX macrophages also 

showed a significant increase, further confirming the impor-

tance of the lipotropy of drugs and particles to the efficacy 

of macrophage-based tumor-targeting delivery. In contrast 

to the saline-treated control, PTX macrophages and SOC–

PTX macrophages efficiently inhibited tumor growth, thus 

prolonging survival time. Both in vitro and in vivo studies 

confirmed the therapeutic efficiency of these drugs.

Overall, we have used both in vitro and in vivo 

approaches to investigate the tumor-targeting drug delivery 

and anticancer capability of macrophage-based system load-

ing lipid-soluble drugs and nanoparticles. However, further 

studies are needed for the pharmaceutic preparation to clini-

cal applicability. Biocompatibility is an important index to 

estimate the clinical  feasibility of drugs. Although it was 

initially investigated in mice, the biocompatibility should 

be comprehensively studied in other animal models (such as 

monkeys) possessing high immune homology with humans. 

For the human clinical application there is still a long way to 

go, especially to obtain the safe dose size and to determine 

what the possible side effects of macrophages in vivo are. 

In addition, it is also a problem that the macrophages would 

cause the cytokinesis storm the patients’ body. Also, our 

future work would include the meticulous investigation of the 

mechanism of macrophages swallowing different drugs and 

particles, optimization of the formulation of macrophages-

based system for optimal administration, and the study of the 

pharmacokinetics in different in vivo model systems.

Conclusion
Macrophages-based system exhibited significant tumor-

targeting capability in chemokine-positive tumors and 

represents a potential antitumor agent in chemokine over-

expressing tumor tissues. In vitro studies indicated that 

macrophages can load and deliver more lipophilic drugs/

particles than hydrophilic ones. At the same time, SOC 

nanocarrier exhibits the better drug package rate and low 

toxicity to the macrophage. So the high efficiency of drug-

loaded macrophages, SOC–PTX macrophages, was suc-

cessfully developed and showed greater in vitro and in vivo 

antitumor efficacy. Overall, our results demonstrate that the 

nanoparticles-macrophage lipophilic drugs carried by mac-

rophages are a promising medicinal preparation for targeted 

drug delivery and cancer therapy.
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Figure S1 The drug loading and release characteristics of macrophages and SOC-PTX.
Notes: (A) Drug loading rate of macrophage with SOC-PTX and PTX. (B) PTX release from SOC-PTX in different pH solutions.
Abbreviations: PTX, paclitaxel; SOC, N-succinyl-N′-octyl chitosan.

Figure S2 The drug transportation between macrophages and MDA-MB-231 cells.
Notes: (A) Drugs/nanoparticles delivery from macrophages to tumor cells observed under a laser confocal microscope. Mean fluorescence intensity of MDA-MB-231 tumor 
cells (B) and macrophages (C).
Abbreviations: DIC, differential interference contrast microscope; SOC, N-succinyl-N′-octyl chitosan.
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