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Aim: To quantitatively and sensitively investigate the biodistribution of immune cells after

systemic administration.

Methods: Immune cells were loaded with plasmonic gold nanostars (GNS) tracking probes.

Inductively coupled plasma mass spectrometry (ICP-MS) was used for quantitative gold

mass measurement and two-photon photoluminescence (TPL) was used for high-resolution

sensitive optical imaging.

Results: GNS nanoparticles were loaded successfully into immune cells without negative

effect on cellular vitality. Liver and spleen were identified to be the major organs for

macrophage cells uptake after systematic administration. A small amount of macrophage

cells were detected in the tumor site in our murine lymphoma animal model.

Conclusion: GNS has great potential as a biocompatible marker for quantitative tracking

and high-resolution imaging of immune cells at the cellular level.
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Introduction
Immune cell-based therapy has attracted increasing interest because of its thera-

peutic potential in drug delivery and immune regulation. By taking advantage of the

immune cells’ intrinsic physiological functions, modified immune cells can migrate

to different sites inside the body, and regulate immunity systemically and/or locally,

thus providing new approaches for autoimmune and cancer therapies.1,2 In 2017,

engineered T cell therapy has been approved by FDA for the treatment of children

acute lymphoblastic leukemia and adult advanced lymphomas.3,4 For preclinical

studies, neutrophil cells have been investigated to overcome the blood-brain barrier

(BBB) for drug delivery to brain tumors.5

Recent research has revealed the great potential of myeloid cells as ideal

candidates for cell-based drug delivery systems.6–8 Myeloid cells, including mono-

cytes, dendritic cells, and macrophages, are wildly distributed in various tissues,

and regulate immunity locally and/or systemically. These cells have the ability to

phagocytize particles including nanoparticles, pass biological barriers, and carry

therapeutics from circulation to inflammation sites and hypoxic tumor areas.9–13

Besides these characteristics, myeloid-derived suppressor cells (MDSC), a group of

immature myeloid cells developed under pathological conditions, have been

reported to have the capability to travel to tumor sites, differentiate into macro-

phage or dendritic cells according to the microenvironment, and regulates anti-

tumor immunity.14–16 Recently, macrophage cells have been investigated to deliver
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drugs to inflammation and cancer sites.17,18 However, the

practical utilization of myeloid cells for drug delivery still

needs further investigations.

Sensitive and quantitative cell tracking methods are

crucial to further investigate cell-based therapies’ under-

lying mechanism and improve their therapeutic efficacy

with the ultimate goal to improve patients’ outcome.19,20

Various cell labeling methods have been developed in

previous studies, including firefly luciferase for biolumi-

nescence imaging, quantum dots for fluorescence imaging,

iron oxide nanoparticles for magnetic resonance imaging

(MRI) and 18-fluorobenzoate for positron emission

tomography.19,21 Bioluminescence requires cells to be

transfected with a reporter gene, which is challenging

due to low transfection efficiency and the weak signal at

the single-cell level.22 Fluorescence dyes have been used

to label cells, but no quantitative biodistribution informa-

tion can be obtained due to the low light penetration

depth.23 MRI can perform 3D tracking, but the results

are not quantitative.24 PET can perform quantitative 3D

monitoring but the resolution is not high enough to

achieve single-cell level.25 So far, no single labeling

method can investigate both the quantitative whole-body

biodistribution and sensitive imaging down to single-cell

level.

Our group has developed a novel method without using

the toxic surfactant to synthesize star-shaped gold nano-

particles, referred to as gold nanostars (GNS), which have

superior high two-photon photoluminescence (TPL) with

tip-enhanced plasmonics for sensitive optical imaging.26 It

has been reported that the signal for GNS is up to 4 orders

of magnitude higher than that for traditional organic dyes

or gold nanospheres.27 Furthermore, GNS gold mass can

also be measured using mass spectrometry method, thus

providing a quantitative method for in vivo biodistribution

study. The TAT peptide derived from the transactivator of

transcription (TAT) of the human immunodeficiency virus

has been reported to increase nanoparticles’ cell uptake.28

In this study, we applied TAT-peptide functionalized GNS

nanoparticles as a new tracking method to investigate

immune cells’ fate after systemic administration with

a murine lymphoma animal model. Experiment results

show that, due to the extremely intense two-photon photo-

luminescence signal of GNS, our immune cell tracking

strategy with GNS enables sensitive imaging down to the

single-cell level as well as quantitative biodistribution

study with ICP-MS, which is superior to the tracking

method with iron oxide nanoparticles and MRI imaging.

Materials & methods
Nanoparticle synthesis and

characterization
GNS nanoparticles were synthesized following the method

reported by our lab before.29 Chemicals were purchased

from Sigma-Aldrich (St. Louis, MO, USA). In brief,

12 nm gold nanospheres obtained by reducing HAuCl4
with sodium citrate were used as seeds for GNS synthesis.

0.4 ml synthesized gold nanospheres solution was added to

40 ml of water solution with 1 mM of HCl and 0.25 mM

of HAuCl4, immediately followed with the simultaneous

addition of 1 ml of 0.8 mM AgNO3 and 1 ml of 0.02 M

ascorbic acid under vigorous stirring. 200 μl of 2 mM

PEG-SH (MW 6,000) were added and incubated over-

night. The synthesized PEGylated GNS solution was con-

densed into 1 ml with centrifugation at 6000 rcf for

30 min. 200 μl of 10 mM TAT-peptide in ethanol was

added to 1 ml condensed GNS solution and incubated for

24 hrs. Then the obtained GNS nanoparticles were purified

using a centrifuge filter with the 100,000 Da molecular

weight cut off three times for further experiments.

The synthesized GNS nanoparticles were imaged using

transmission electron microscopy (TEM) under 160 kV

(Tecnai G2 Twin, FEI, OR, USA). The VIS-NIR extinction

spectrum was measured with Cary 6000i UV-Vis-NIR

spectrometer (Agilent Technologies, Santa Clara, USA).

Nanoparticle size distribution and number concentration

were obtained by nanoparticle tracking analysis (NTA)

method with Nanosight 500 (Malvern Panalytical,

Malvern, UK). The gold mass was measured with 7900

ICP-MS (Agilent Technologies, Santa Clara, USA).

Immune cells generation and GNS loading
C57BL/6J mice were purchased from Jackson Laboratory

(CA, USA). The bone marrow-derived myeloid cells, includ-

ing bone marrow-derived dendritic cells (BMDC), MDSC,

and bone marrow-derivedmacrophages (BMDM), were gen-

erated following modified protocols as previously

published.30–34 In brief, cells were separated from bone mar-

rows followed by red blood cell depletion. For MDSC, cells

were cultured in 5 ml DMEM (Gibco, MA, USA) supplied

with 10% FBS, 2 mM L-glutamine, 1.5 g/L sodium bicarbo-

nate, 10 mM HEPES, 1.0 mM sodium pyruvate (all from

Gibco, MA, USA), 10% fetal bovine serum (Hyclone, MA,

USA), 40 ng/ml recombinant mouse GM-CSF and 40 ng/ml

recombinant mouse IL-6 (Biolegend, CA, USA), with 50%

E.G7 supernatant. The floating cells were collected on Day 4.
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For DC, cells were cultured in 5 ml DMEM (Gibco, MA,

USA) supplied with 10% FBS, 2 mM L-glutamine, 1.5 g/L

sodium bicarbonate, 10 mM HEPES, 1.0 mM sodium pyr-

uvate (all from Gibco, MA, USA), 10% fetal bovine serum

(Hyclone, MA, USA), 10 ng/ml recombinant mouse GM-

CSF and 10 ng/ml recombinant mouse IL-4 (Biolegend, CA,

USA). Culture media was half-changed on Day 3, and the

floating cells were collected on Day 5. For macrophages,

cells were seeded into ultra-low attachment plates (Corning,

USA) in 5 ml DMEM (Gibco, MA, USA) supplied with 10%

FBS, 2 mM L-glutamine, 1.5 g/L sodium bicarbonate,

10 mM HEPES, 1.0 mM sodium pyruvate (all from Gibco,

MA, USA), 10% fetal bovine serum (Hyclone, MA, USA),

and 35% L929 supernatant. Macrophages were collected

on Day 5. For GNS loading, cell culture supernatants were

removed and replaced by complete DMEM with GNS for

different time points as indicated. The used GNS concentra-

tion is 0.1 nM except specifically mentioned. The GNS

concentration was measured by using the Nanoparticle

Tracking Analysis method with the Nanosight 500 instru-

ment. Cells were then washed with PBS twice for further

experiments. In order to quantify GNS nanoparticle number

per cell, we first calculated gold mass per GNS nanoparticle

based on the measurement of nanoparticle number using

Nanoparticle Tracking Analysis method and gold mass

using ICP-MS method. After that, with gold mass per cell

measured from ICP-MS, the GNS number per cell can be

calculated.

Cytospin
Cells were washed twice in plain PBS, resuspended at the

concentration of 2×104 cells/200μl in complete RPMI

supplied with 50% FBS, and carefully added to the

assembled cuvettes with mounted slides. The cells were

spun down at 500 rpm for 5 min. The slides were detached

from the cuvettes, dried in air for 30 min and followed by

4% paraformaldehyde (PFA) fixation for another 30 min at

room temperature. The slides were then stained with DAPI

mountant (ThermoFisher, MA, USA), mounted with cover

slides, and stored at 4 °C until optical imaging.

Flow cytometry
Cells were washed and collected to flow tubes and spun

down. For cell apoptosis, the cells were stained with PE-

Annexin V and 7-AAD (BD Bioscience, CA, USA) as

manufacture protocol instructed. For costimulatory factor

staining, cells were stained with FITC anti-mouse CD80,

PE anti-mouse CD274, PE-Cy5 anti-mouse CD40 (all

from eBioscience, CA, USA), PE-Cy7 anti-mouse/human

CD11b, APC anti-mouse CD86, and APC-Cy7 anti-mouse

CD11c (all from BioLegend, CA, USA). The stained cells

were incubated for 10 min in room temperature, washed

with PBS, and analyzed using a BD FACSCanto flow

cytometer (BD, NJ, USA). Data were analyzed using

FlowJo (TreeStar, OR, USA).

Murine tumor model
E.G7 cells for murine lymphoma model were purchased

from American Type Tissue Culture Collection (Rockville,

MD, USA). Cells were cultured in RPMI 1640 (Gibco,

MA, USA) supplied with 4.5 g/L glucose (Sigma-Aldrich,

MO, USA), 2 mM L-glutamine, 1.5 g/L sodium bicarbo-

nate, 10 mM HEPES, 1.0 mM sodium pyruvate (all from

Gibco, MA, USA), 0.05 mM 2-mercaptoethanol, 0.4 mg/

ml G418 (Sigma-Aldrich, MO, USA), and 10% fetal

bovine serum (Hyclone, MA, USA) in humidified 37 °C

CO2 incubator. 5×105 E.G7 cells were subcutaneously

injected to the flank of the mice. Tumor sizes were mea-

sured with calibrator every 3–4 days and calculated as

Length×Width×Width /2. When the tumor size reached

0.5–1 cm3, 2×106 of macrophage cells incubated with

GNS were injected into mice through the tail vein. Mice

were sacrificed at different time points after cell injection

as indicated, or as tumor size reached 2 cm3. The tumors

and vital organs of interest were removed using sterilized

sectioning scissors and forceps from sacrificed animals.

The tissue samples were embedded in paraffin and then

sectioned for optical imaging, or digested with aqua regia

for ICP-MS measurement. All the mice studies were

approved by the Duke University Institutional Animal

Care and Use Committee, and followed the guidelines

from National Institute of Health and Duke University

Institutional Animal Care and Use Committee.

Results
The synthesized GNS nanoprobe was characterized by

transmission electron microscopy, Vis-NIR extinction

spectroscopy and nanoparticle tracking analysis. The

mean particle size of GNS nanoprobe is 65 nm and the

plasmon peak is at 860 nm (Figure 1). All three types of

primary immune cells (macrophage cells, dendritic cells,

and MDSC) were successfully labeled with GNS and

exhibited strong signal under TPL imaging (Figure 2).

Cells with GNS were digested with aqua regia, and then

ICP-MS was performed to quantify GNS number per cell.

It was calculated that on average DC, MDSC and
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macrophage cell has 4,100±500, 2,700±600, 16,900±2,800

(2 h incubation) and 31,100±7,800, 18,600±2,100, 59,400

±7,700 (16 h incubation) GNS nanoparticles, respectively.

To understand if GNS induced cell apoptosis, we incu-

bated different types of bone marrow-derived myeloid

cells including MDSC, DC, and macrophage with GNS

for 2 h or 16 h. Cells were then stained for Annexin V and

7-AAD to distinguish cell vitality. After both 2 h and 16 h

incubation with GNS, the percentages of Annexin V-

7-AAD live cells were comparable or slightly increased

compared to control cells in all cell types (Figure 3). This

result suggested that GNS incubation would not have

a negative effect on cell vitality.

We choose macrophage cells for the following in vivo

biodistribution studies because they play crucial roles in

inflammation and tumor microenvironment. Besides,

macrophage also shows the highest GNS loading capacity

at the single cell level among three immune cells tested.

After incubation with cell culture media containing 0.1 nM

TAT-functionalized GNS for 16 h, 2×106 macrophage cells

were systematically administrated by intravenous injection

through the tail vein into E.G7 tumor-bearing mice.

Quantitative biodistribution of macrophage cells at

three different time points (4 h, 24 h, and 120 h) after IV

injection is shown in Figure 4. It can be seen that liver,

spleen, and lung are the three major organs for macro-

phage cells uptake. They initially accumulate in liver

(46.5% ID/g), spleen (151.2% ID/g) and lung (111.5%

ID/g) at the 4 h time point. After that, the liver and spleen

uptakes increase to 90.7%ID/g and 237.3%ID/g while the

lung uptake decreases to 41.1%ID/g at the 24 h time point.

The lung uptake further decreased to 9.0% ID/g at the

120 h time point. The uptake in bone did not change

significantly in the initial 24 hrs but increases from 3.8%

ID/g to 9.7% ID/g between 24 h and 120 h, indicating the

tendency for macrophages to home the bone marrow after

systematic administration. The tumor had minimal macro-

phage cells uptake (0.2, 0.3 and 0.2% ID/g) at all three

time points.

As shown in Figure 5, the high-resolution TPL imaging

confirmed that liver, spleen, and lung had high macro-

phage cells accumulation. The macrophage cell number

in the lung can also be found to decrease after 4h. Few

macrophage cells could be found inside the tumor tissue.

The TPL high-resolution imaging results are consistent

with quantitative biodistribution obtained from ICP-MS.

The macrophage cell with a large number of GNS uptake

shows an intensively bright nanoparticle cluster and we
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Figure 1 Characterization of synthesized gold nanostars (GNS) probes. (A) Transmission electron microscopy (TEM) imaging of GNS nanoprobe. The scale bar is 50 nm (B)
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Figure 2 Immune cells loading with GNS nanoprobes. TPL imaging for dendritic

cells (DC), myeloid-derived suppressor cells (MDSC) and macrophage cells after 2 h

or 16 h incubation with TAT-functionalized GNS. Blue, DAPI stained cell nucleus.

White, GNS. Scale bar is 100 μm and 10 μm (zoom in).

Abbreviations: GNS, gold nanostars; TPL, two-photon photoluminescence; TAT,

transactivator of transcription.
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can identify macrophage cells sensitively in the tissue.

Experiment results showed that a single macrophage cell

loaded with GNS could be imagined, which demonstrated

the sensitive cell tracking capability of GNS under TPL.

Discussion
In this study, we have successfully loaded immune cells (DC,

MDSC, and macrophage) with GNS and performed quantita-

tive biodistribution study of macrophage cells after systematic

administration through tail vein injection. Based on the quan-

titative ICP-MS analysis, the loaded GNS number increased

between 2 h and 16 h incubation for all three immune cells.

The synthesized GNS’ two-photon action cross sections

(TPACS) was reported to be 1.1×104 higher than that of

Rhodamine B and more than 1 million Göeppert-Mayer

(GM) units.26 In addition, another study has compared

TPACS between GNS and other gold nanoparticles. The

TPACS were reported to be 83 (nanosphere), 500 (nanocube),

1.5×103 (nanotriangle), 4.2×104 (nanorod) and 4.0×106

(nanostar).27 Therefore, GNS can be used as a sensitive track-

ing agent. High-resolution TPL imaging confirmed GNS

could be loaded into immune cells after 2 h incubation and

the loaded GNS number increased with incubation time.

Macrophages had the highest particle uptake in all three

immune cells, reached up to 59,400 GNS per cell at 16 h,

followed by DC, while MDSC had the lowest particle uptake
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at the single-cell level. This might be due to different cell size,

given that macrophages have the largest size on average. Even

though DC and MDSC have similar cell sizes, the GNS

particle uptake is significantly lower in MDSC than that in

DC. This may be related to the immature status of MDSCs,

which limits the function of phagocytosis and the subsequent

antigen-presenting capability. Gold nanoparticles have been

reported to be biocompatible in previous studies.35,36 In our

experiment, we used flow cytometry for cell vitality investiga-

tion to demonstrate that GNS loading did not result in

a negative effect on the vitality of all three tested immune

cells after 2 h and 16 h. Our results are consistent with those

reported in a previous study.37 Considering the nanoparticle-

loading capacity, in vitro generated macrophages would be

a promising candidate among different immune cells for drug

delivery.

One crucial problem for cell-based immune therapy is

how to quantitatively track the cellular biodistribution

after administration. The biodistribution and target organ

uptake determine therapeutic effectiveness and potential

toxicity. In our study, we investigated the in vivo biodis-

tribution of the systematically administrated macrophage

cells by using GNS as the tracer. After tail vein injection,

the macrophage cells were found to accumulate mainly in

the liver, spleen, and lung. A previous study investigated

macrophage biodistribution after intravenous injection of

Bi2Se3 nanosheets and it was reported that liver and spleen

are two major organs with macrophage uptake one day

after systematical administration, which is consistent with

our finding in this study.38 This phenomenon may be due

to the filter effect of liver and spleens and the perivascular

distribution tendency of myeloid cells after tail vein injec-

tion. Interestingly, the high GNS uptake in the lung was

transient around 4 h after systemic administration and then

decreased to a low level at 120 h. The transient accumula-

tion of macrophage cells in the lung was also reported in

a previous study tracking macrophages migration in

inflammation mice model.24 On the contrary, the macro-

phages gradually homed to the bones between 4 h to

120 h. The transient accumulation of macrophage in the

lung was also reported in a previous study tracking macro-

phages migration in inflammation mice model.24

Macrophages migration towards tissues are driven by

cytokines and chemokines secreted by extracellular matrix

especially for the inflammatory sites.39–41 Bone marrow

and the epithelial cells of vessels inside the bones can

secret some of these chemotactic molecules and the hom-

ing of in vitro generated bone marrow derived macro-

phages to the bones has been confirmed in animal

experiments.42,43 Compared to the previous experiments,

our study provided a quantitative approach to show the

homing of macrophage to the bones over time. This
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phenomenon may provide future potential for drug deliv-

ery for bone disease treatment.

Several previous studies applied activated macrophage

cells or DC for drug delivery to inflammatory sites, and

successfully detected the labeled cells migrated to the

target sites using various cell-labeling and detecting

methods.6,7,13,24,44,45 In other studies, macrophages were

used as bio-carriers for nanoparticles in cancer models

including lung cancer, glioma, breast cancer, and colon

cancer.11,12,46 In our study, only a small number of IV

administrated macrophages accumulated in the E.G7 lym-

phoma sites. The number of labeled cells detected in tumor

sites was lower than expected because macrophage cells

were reported to migrate freely in circulation and exten-

sively accumulate/infiltrate into tumors.47,48 The homing

tendency of macrophages to migrate towards inflammation

sites were driven by chemataxis and diapedesis.9,10,49,50 In

our study, even though macrophage cells were detectable

in lymphomas by both ICP-MS and TPL, the cell density

and percentage inside the tumors were minimal. This

might be due to the relatively low inflammatory environ-

ment in the E.G7 lymphoma tumors used in this study,

compared to the inflammatory tumors that are rich in

vascularization and inflammatory cytokine secretions. Yet

still, we successfully used GNS as a new sensitive tracking

method to quantitatively investigate biodistribution of

macrophage cells after IV injection and our result showed

the relatively low migration ability of macrophage cells to

non-inflammatory tumors. Macrophage cells have the

advantages of high particle uptake and infiltration capacity,

yet the efficiency is still low as the carrier for in vivo

delivery to non-inflammatory tumors. Our experiment

results indicate the challenge of cell-based therapies for

immune diseases and cancers that have limited inflamma-

tory reaction, and the underlying potential risk of off-target

side effect in lung, liver, and spleen.

In addition to histopathology examination with TPL

imaging and ICP-MS, GNS can also be functionalized

with Gd for MRI imaging or 64Cu for PET imaging to

perform non-invasive dynamic imaging.51,52 Sensitive and

quantitative cell tracking with GNS makes it possible to

investigate detailed immune cells’ in vivo distribution

after the administration, which is crucial to optimize cell

dose, administration schedule aimed to improve the ther-

apeutic effect of cell-based immunotherapy. Therefore, the

multifunctional capabilities of GNS nanoprobe with non-

toxicity nature make it a promising nanoplatform for

future biomedical applications.

Conclusion
In this study, we used TAT-peptide functionalized GNS

nanoparticles to label immune cells for quantitative bio-

distribution and high-resolution imaging studies. Three

immune cells were successfully loaded with GNS nano-

particles without negatively affecting their cellular vitality.

In vivo studies with macrophage cells were performed

with a murine animal model. Liver and spleen were

found to have the highest uptake after the systemic admin-

istration. Experiment results demonstrated that GNS nano-

particles could be used as a sensitive labeling method for

future cell tracking studies.
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