
Multifunctional Dendrimer-Entrapped Gold Nanoparticles for
Labeling and Tracking T Cells Via Dual-Modal Computed
Tomography and Fluorescence Imaging
Meixiu Chen, Oshra Betzer, Yu Fan, Yue Gao, Mingwu Shen, Tamar Sadan, Rachela Popovtzer,*
and Xiangyang Shi*

Cite This: Biomacromolecules 2020, 21, 1587−1595 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Nanosystems for monitoring and tracking T cells provide an important
basis for evaluating the functionality and efficacy of T cell-based immunotherapy. To
this end, we designed herein an efficient nanoprobe for T cell monitoring and tracking
using poly(amidoamine) (PAMAM) dendrimer-entrapped gold nanoparticles (Au
DENPs) conjugated with Fluo-4 for dual-mode computed tomography (CT) and
fluorescence imaging. In this study, PAMAM dendrimers of generation 5 (G5) were
modified with hydroxyl-terminated polyethylene glycol (PEG) and then used to entrap
2.0 nm Au NPs followed by acetylation of the excess amine groups on the dendrimer
surface. Subsequently, the calcium ion probe was covalently attached to the dendrimer
nanohybrids through the PEG hydroxyl end groups to gain the functional {(Au0)25-
G5.NHAc-(PEG)14-(Fluo-4)2} nanoprobe. This nanoprobe had excellent water
solubility, high X-ray attenuation coefficient, and good cytocompatibility in the given concentration range, as well as a high T
cell labeling efficiency. Confocal microscopy and flow cytometry results demonstrated that the nanoprobe was able to fluorescently
sense activated T cells. Moreover, the nanoprobe was able to realize both CT and fluorescence imaging of subcutaneously injected T
cells in vivo. Thus, the developed novel dendrimer-based nanosystem may hold great promise for advancing and improving the
clinical application of T cell-based immunotherapy.

■ INTRODUCTION

Over the last decade, cancer therapy has evolved from
nonspecific cytotoxic therapies to more selective and
mechanism-based therapeutics. Unlike traditional cancer
treatments, such as chemotherapy and radiotherapy, which
are external treatments with many side effects on healthy
tissues, cancer immunotherapy harnesses the power and
specificity of the body’s own immune system for treatments.1−3

This approach also has the potential to prevent metastatic
growth, which cannot be eliminated using traditional local
treatments.4 Among various types of immunotherapeutic
treatments,3,5−10 adoptive cell transfer therapy (ACT) using
modified or enhanced T cells has recently gained increasing
attention due to its ability to boost the natural ability of
immune cells to fight cancer.11 Various effector T cells have
been explored for ACT, including tumor-infiltrating lympho-
cytes, T cell receptor (TCR)-engineered T cells,7 and chimeric
antigen receptor (CAR) T cells.12,13 Following administration
of such cells and antigen recognition by the TCR or CAR,
activation and proliferation of the T cells can be achieved,
ultimately leading to cancer cell killing via cytotoxin release.14

In vivo monitoring of the activity, migration, and
biodistribution patterns of T cells for immunotherapy remains
an open challenge. Addressing this challenge is crucial for
answering basic questions regarding the cells’ action

mechanism and for facilitating clinical translation, particularly
for treatment of solid tumors. Development of efficient cell
monitoring and tracking techniques can greatly advance T cell-
based immunotherapy.15

Nanomaterials, such as mesoporous silica,16−18 nanogels,19

nanocrystals,20 and dendrimers,21,22 can serve as carriers for
various imaging agents,23,24 thus forming nanoscale systems for
multimodal imaging.25−28 Among these nanomaterials, poly-
(amidoamine) (PAMAM) dendrimers are emerging as out-
standing carriers due to their versatile branched architecture
and flexibility of modification owing to the large number of
surface-modifiable functional groups.26−29 Previously, we
developed a fifth-generation (G5) PAMAM dendrimer/carbon
dot hybrid that can monitor cancer cells through fluorescence
imaging due to the existence of carbon dots.29 We have also
shown that dendrimer-entrapped gold nanoparticles (Au
DENPs) enable computed tomography (CT) imaging of
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specific tissue in vivo30−32 and that Au NPs can be employed
for in vivo tracking of therapeutic cells and exosomes through
CT imaging.15,33−36

In unstimulated T cells, the concentration of free calcium
ions (Ca2+) remains at a low level and considerably rises
following binding of the T cell receptor to an antigen. The
increase of cellular Ca2+ plays a central role in coordinating
downstream T cell responses, including cell proliferation and
induction of cancer cell killing.17,18,37−39 Therefore, calcium
signals can serve as a directly detectable parameter of T cell
activation, indicating translation into functional responses.
Recent development of various reliable and easy-to-use
indicators of intracellular Ca2+ has significantly advanced this
field of research. Among these indicators, Fluo-4 is an excellent
candidate for cytoplasmic Ca2+ signal probing due to its high
calcium affinity, ease of loading into cells, and bright
fluorescence emission.40 For instance, Li et al.41 has conjugated
Fluo-4 to upconversion NPs and used them to detect cytosol
Ca2+ in HeLa cell lines and liver tissues after CaCl2 injection.
However, to promote T cell-based immunotherapy, it is
essential to examine the utility of calcium-based nanoprobes
for live sensing of T cell activation. In addition, a dual-modal
imaging nanoprobe, combining two types of imaging agents,
has the potential to provide enhanced and comprehensive
functional information in vivo.42

Previously, we have shown that dendrimers can be used as a
versatile platform to load dual types of imaging agents for
SPECT/CT,43,44 MR/CT,45,46 or SPECT/MR47 imaging of
tumors. The major advantages to use dendrimers as a platform
rely on their unique structural features that allow one to entrap
inorganic NPs as one type of imaging agent within their
interiors and surface modify the other one type or two types of
imaging agents on their periphery to achieve dual-mode
imaging.48 With the prior achievements related to the
dendrimer-based imaging platform, it is reasonable to
hypothesize that a dual-modal imaging nanoprobe combining
CT with fluorescence imaging may be developed for tracking T
cells in vitro and in vivo.
In this present work, we designed a nanoprobe using

multifunctional dendrimers as a platform to incorporate Au

NPs for CT imaging and Fluo-4 for calcium-ion sensing to
probe the location and activity of T cells. G5 PAMAM
dendrimers were linked to PEG with a hydroxyl end group,
entrapped with Au NPs inside their internal cavities, acetylated
to neutralize the leftover amine terminal groups, and finally
covalently conjugated with Fluo-4 (Figure 1). The generated
Au DENP-based nanoprobe was systematically characterized
using different techniques. Cytotoxicity and cellular uptake
assays were carried out to examine the cytocompatibility of the
probe to T cells and the probe’s ability to be endocytosed by T
cells for probing the activity of them via Ca2+-mediated
fluorescence sensing. Lastly, activated T cells preloaded with
the probe were subcutaneously injected to mice and were then
tracked via CT/fluorescence imaging. To our knowledge, this
is the very first example to develop a dendrimer-based
nanoprobe to track the location and activity of T cells via
dual-mode CT/fluorescence imaging, which is important for
live in vivo tracking of the fate and functionality of T cells in
immunotherapy.

■ EXPERIMENTAL SECTION
Synthesis of {(Au0)25-G5.NHAc-(PEG)14-(Fluo-4)2} DENPs.

G5.NH2-(PEG-OH) and {(Au0)25-G5.NH2-(PEG-OH)} DENPs
were synthesized according to protocols reported in the literature.31,49

Briefly, Mal-PEG-OH (18.5 mg, in 5 mL of H2O) was added to the
G5.NH2 solution (10.0 mg, in 3 mL of H2O) under stirring at room
temperature for 24 h. The mixture was dialyzed against water for 3
days using a dialysis membrane having a molecular weight cutoff
(MWCO) of 8000−14,000 and freeze-dried to obtain the product of
G5.NH2-(PEG-OH) dendrimers.

Next, HAuCl4 solution (66.3 μL, 30 mg/mL) was dropwise added
to the solution of the above G5.NH2-(PEG-OH) dendrimers
dissolved in 10 mL of water under magnetic stirring for 30 min
followed by a quick addition of NaBH4 solution (92.0 μL, 10 mg/mL
in water). The mixture solution was then stirred for 3 h, dialyzed
against water for 3 days using the same membranes described above,
and freeze-dried to obtain the product of {(Au0)25-G5.NH2-(PEG-
OH)} DENPs. Next, the {(Au0)25-G5.NH2-(PEG-OH)} DENPs
(21.3 mg) were dissolved in 5 mL of water in which 25 μL of
triethylamine (density 1.08 g/mL) was added while stirring for 30
min. This was followed by addition of 31.8 μL of acetic anhydride
(density 0.726 g/mL) to neutralize the remaining dendrimer surface

Figure 1. Schematic illustration of the synthesis of {(Au0)25-G5.NHAc-(PEG)14-(Fluo-4)2} DENPs. TEA, Ac2O, DMAP, and EDC represent
triethylamine, acetic anhydride, 4-dimethylaminopyridine, and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride, respectively.

Biomacromolecules pubs.acs.org/Biomac Article

https://dx.doi.org/10.1021/acs.biomac.0c00147
Biomacromolecules 2020, 21, 1587−1595

1588

https://pubs.acs.org/doi/10.1021/acs.biomac.0c00147?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c00147?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c00147?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c00147?fig=fig1&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://dx.doi.org/10.1021/acs.biomac.0c00147?ref=pdf


amines under stirring overnight. The reaction mixture was dialyzed
against water for 3 days and lyophilized to obtain the {(Au0)25-
G5.NHAc-(PEG-OH)} DENPs.
Finally, under dark conditions, 1-ethyl-3-(3-dimethylaminopropyl)

carbodiimide hydrochloride (1 mg/mL, in 1.3 mL of DMSO) was
added to Fluo-4 pentasodium salt solution (1.0 mg, in 1 mL of
DMSO) under stirring for 30 min. Then the activated Fluo-4 was
mixed with the solution of {(Au0)25-G5.NHAc-(PEG-OH)} DENPs
(20.5 mg, in 5 mL of DMSO) under stirring for 30 min. After that, a
4-dimethylaminopyridine (DMAP) solution (0.41 mg/mL, in 100 μL
of DMSO) was dropwise added to the above mixture under stirring
for additional 3 days. Finally, the product of {(Au0) -G5.NHAc-
(PEG)-(Fluo-4)} DENPs was obtained by dialysis (MWCO = 8000−
14,000 Da) and lyophilization steps described above.
T Cell Extraction, Identification, and Culture. All animal

experiments were carried out after approval by the ethical committee
for animal care of Donghua University and according to the policy of
the National Ministry of Health. C57BL/6 mice were purchased from
Shanghai Laboratory Animal Center (SLAC, Shanghai, China). T
cells were extracted from the C57BL/6 mice through a nylon hair
column according to the literature.50,51 The extracted T cells were
centrifuged to remove the supernatant, resuspended in 2 mL of
phosphate-buffered saline (PBS), and stained with CD3 monoclonal
antibody (17A2, fluorescein isothiocyanate (FITC)-labeled, 5−10
μL) and rat IgG2b kappa isotype control (eB149/10H5, FITC-
labeled, 5−10 μL). After mixing thoroughly, the cells were placed at 0
°C in the dark for 15 min, washed with PBS to remove excess dyes,
and resuspended in 300 μL of PBS before flow cytometry analysis
(BD FACS Calibur flow cytometer, Franklin Lake, NJ) where the
percentage of CD3+ T cells indicates the purity of T cells. The
extracted T cells were cultured in an RPMI 1640 medium
supplemented with 10% FBS and 1% penicillin−streptomycin. The
cells were incubated at 37 °C in a Thermo Scientific cell incubator
(Waltham, MA) with 5% CO2.
T Cell Activation. T cells were activated by phorbol 12-myristate

13-acetate (PMA) and ionomycin (Iono) according to well-
established protocols.52,53 The concentrations of PMA and Iono
were set at 100 ng/mL and 1 μg/mL, respectively.
Detection of Cytokines in T Cells. The cytokines Interferon-γ

(IFN-γ) and Interleukin-2 (IL-2) were chosen as indicators for T cell
activation by PMA/Iono. To detect these cytokines, T cells were
cultured in 48-well plates at a density of 1 × 105 cells per well with
200 μL of fresh RPMI 1640 medium. At different time points (0, 6,
12, 18, and 24 h), the medium was replaced with a fresh RPMI 1640
medium containing 100 ng/mL PMA and 1 μg/mL Iono, and then
the plate was centrifuged to collect the supernatants. The standard
solution, enzyme working solution, chromogenic substrates, and
termination solution were prepared in advance. Cytokines were
detected according to the steps described in the instructions for both
the Mouse IFN-γ enzyme-linked immunosorbent assay (ELISA) Kit
and Mouse IL-2 ELISA Kit, respectively, and each sample was
measured using three parallel wells of cells. The absorbance of each
well was measured at 450 nm using a Thermo Scientific Multiskan
MK3 ELISA reader (Thermo Scientific, Waltham, MA) within 10 min
after the termination solution was added.
Probing T Cell Activity. T cells were cultured in a 48-well plate

with a density of 2 × 105 cells per well overnight under normal cell
culture conditions (5% CO2, 37 °C). After stimulated by PMA/Iono
for 0, 4, or 18 h, T cells were incubated with the {(Au0)25-G5.NHAc-
(PEG)14-(Fluo-4)2} DENPs (2.5 μM) for 4 h. Then the treated T
cells were collected and washed three times with PBS. The cells were
imaged by a Zeiss confocal laser scanning microscope (Jena,
Germany). For quantitative analysis, the relative fluorescence intensity
of the cells was measured by flow cytometry. T cells treated with PBS
were used as control. For further comparison, after stimulated by
PMA/Iono for 0, 4, or 18 h, T cells were incubated with the Fluo-4,
AM probe (6 μM) for 4 h and then qualitatively and quantitatively
analyzed under the same conditions.
Subcutaneous CT/Fluorescence Imaging of T Cells In Vivo.

T cells were incubated with an RPMI 1640 medium containing

{(Au0)25-G5.NHAc-(PEG)14-(Fluo-4)2} DENPs (2.5 μM) for 4 h
and then collected in 1.5-mL Eppendorf tubes. Each nude mouse was
injected subcutaneously with 5 × 106 T cells suspended in 100 μL of
saline and scanned by a dual-source SOMATOM Definition Flash CT
system (Siemens, Erlangen, Germany) using parameters described in
Supporting Information at 5 min post-injection. For fluorescence
imaging of T cells in vivo, the T cells were first activated by PMA/
Iono for 18 h and cocultured with the {(Au0)25-G5.NHAc-(PEG)14-
(Fluo-4)2} DENPs (2.5 μM) at the last 4 h of activation. Activated T
cells (5 × 106 cells in 100 μL of saline) loaded with the {(Au0)25-
G5.NHAc-(PEG)14-(Fluo-4)2} DENPs were harvested and subcuta-
neously injected into the back of each nude mouse. The mice were
fluorescence-imaged using a real-time ultrahigh-resolution imaging
and analysis system VISQUE Invivo Smart (Vieworks Co., Ltd.,
Gyeonggi-do, Korea). The whole-body fluorescence distribution
patterns were acquired at 5 min post-injection. See more experimental
details in Supporting Information.

■ RESULTS AND DISCUSSION

Synthesis and Characterization of {(Au0)25-G5.NHAc-
(PEG)14-(Fluo-4)2} DENPs. Due to the versatility of
dendrimer nanotechnology that allows for the interior
entrapment of NPs and the periphery surface functionalization,
we designed multifunctional Au DENPs as a nanoprobe.
Amine-surfaced G5 PAMAM dendrimers were partially
modified with Mal-PEG-OH, entrapped with Au NPs inside
their internal cavities, acetylated to neutralize their remaining
amine groups on the dendrimer surface, and finally covalently
linked with a calcium-ion probe Fluo-4 by esterification of the
carboxyl group of Fluo-4 with the hydroxyl group on the PEG
to form the nanoprobe of {(Au0)25-G5.NHAc-(PEG)14-(Fluo-
4)2} DENPs (Figure 1).
The intermediate products synthesized in each step such as

G5.NH2-PEG-OH, {(Au
0)25-G5.NHAc-(PEG-OH)14}, and the

final product of {(Au0)25-G5.NHAc-(PEG)14-(Fluo-4)2} were
characterized by 1H NMR (Figure S1). The specific peak at 3.7
ppm can be assigned to the methylene proton peak of PEG,
indicating the successful linking of Mal-PEG-OH on the
surface of G5.NH2 dendrimers (Figure S1a). Figure S1b shows
a single peak at 1.88 ppm that can be ascribed to the −COCH3
protons, validating the success of the dendrimer remaining
terminal amine acetylation. Figure S1c shows the proton peaks
of aromatic rings around 6−8 ppm, suggesting that the probe
Fluo-4 has been covalently bound to the surface of the
dendrimers. Through NMR peak integration, we can calculate
that 13.6 PEG molecules, 68 acetyl groups, and 2.4 Fluo-4 acid
have been linked to each G5 PAMAM dendrimer.
We further measured the surface potentials and hydro-

dynamic sizes of dendrimers and derivatives at different
synthesis stages (Table S1). The surface potentials of G5.NH2-
(PEG-OH)14 and {(Au0)25-G5.NH2-(PEG-OH)14} seem to
have no appreciable changes (from 34.7 to 40.3 mV) before
and after Au NP entrapment. However, after acetylation and
further conjugation with Fluo-4, the surface potentials of both
{(Au0)25-G5.NHAc-(PEG-OH)14} and {(Au0)25-G5.NHAc-
(PEG)14-(Fluo-4)2} remain to be close to neutral, suggesting
the success of the acetylation of dendrimer leftover terminal
amines. The hydrodynamic sizes of all dendrimer derivatives
before Fluo-4 conjugation are all around 203.1−207.1 nm,
while after conjugation with Fluo-4, the Au DENPs have
decreased hydrodynamic size. This suggests that their
aggregation state changes to be more dispersed after last-step
Fluo-4 conjugation.
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Further, the entrapment of the Au NPs within the
dendrimers was validated by UV−vis spectrometry, where a
surface plasmon resonance peak of Au NPs around 520 nm
emerges (Figure 2a). Quantitative measurement of gold
content by inductively coupled plasma-optical emission
spectroscopy (ICP-OES) reveals that there are 25 gold
atoms entrapped within each G5 PAMAM dendrimer,
corresponding to the initial Au salt/dendrimer molar ratio.
This means that the added Au salt within the dendrimer
solution can be completely reduced to form zero-valent Au. It
should be noted that we selected the Au salt/dendrimer molar
ratio at 25:1 instead of a larger ratio that could be beneficial for
more sensitive CT imaging. This is because Au DENPs formed
with a Au salt/dendrimer molar ratio of 25:1 display the
optimized gene delivery efficiency,54 and our future work will
be focused on the use of the developed probe for gene delivery.
Figure 2a also shows that the absorbance of {(Au0)25-
G5.NHAc-(PEG)14-(Fluo-4)2} DENPs around 400−520 nm
is higher than those of free Fluo-4, commercial Fluo-4
acetoxymethyl ester derivative (Fluo-4, AM), and Fluo-4-free
{(Au0)25-G5.NHAc-(PEG-OH)14} DENPs at the same con-
centration, demonstrating that Fluo-4 has been successfully
linked to the dendrimers.

Fluorescence intensities of free Fluo-4, Fluo-4, AM, and
{(Au0)25-G5.NHAc-(PEG)14-(Fluo-4)2} DENPs were exam-
ined in Ca-EGTA buffer solution ([Ca] = 39 μM). The
fluorescence spectrum of free Fluo-4 after chelation with Ca2+

shows a peak at 520 nm, while Fluo-4, AM and {(Au0)25-
G5.NHAc-(PEG)14-(Fluo-4)2} DENPs do not show any
apparent fluorescence signals under the same conditions
(Figure 2b). In general, Fluo-4 without chelation of Ca2+ has
no intrinsic fluorescence.55 Fluo-4, AM and the {(Au0)25-
G5.NHAc-(PEG)14-(Fluo-4)2} DENPs both having a tight
ester bond have no chances to chelate Ca2+ to produce
fluorescence emission. This result, combined with 1H NMR
data, indicates that Fluo-4 has been stably conjugated to G5
PAMAM through ester bonds.
Next, the {(Au0)25-G5.NHAc-(PEG)14-(Fluo-4)2} DENPs

were observed using transmission electron microscopy (TEM)
to analyze the morphology and size distribution of the
entrapped Au core particles (Figure 3a). The Au cores are
quite spherical with an average diameter of 2.0 nm. Further,
the feasibility to use the Au DENPs as a CT contrast agent was
assessed by CT phantom studies (Figure 3b,c). Apparently, the
X-ray attenuation intensity of the Au DENPs increases with the
increase of Au concentration and shows a linear relationship

Figure 2. (a) UV−vis spectra of free Fluo-4, Fluo-4, AM, and the intermediate and final DENPs {(Au0)25-G5.NHAc-(PEG-OH)14} and {(Au0)25-
G5.NHAc-(PEG)14-(Fluo-4)2}. (b) Fluorescence emission spectra of free Fluo-4, Fluo-4, AM, and {(Au0)25-G5.NHAc-(PEG)14-(Fluo-4)2} DENPs
dissolved or dispersed in Ca-EGTA buffer ([Ca] = 39 μM) at 488 nm excitation wavelength.

Figure 3. (a) TEM image and Au core size distribution histogram of the {(Au0)25-G5.NHAc-(PEG)14-(Fluo-4)2} DENPs. (b) CT images and (c)
CT values of {(Au0)25-G5.NHAc-(PEG)14-(Fluo-4)2} DENPs at different Au concentrations.
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versus the Au concentration (starting from 0.02 to 0.08 M).
This means that the developed nanoprobe can be potentially
used as a CT contrast agent, in agreement with our previous
work.56

Cytotoxicity and T Cell Labeling Efficiency. T cells
were extracted from C57BL/6 mice and checked to ensure
their purity through the flow cytometry assay of the percentage
of CD3+ T cells (Figure S2). Our data indicate the success of
the extraction of T cells with reasonable batch-to-batch purity
(73.8−93.5%). We first checked the cytotoxicity of the
nanoprobe against T cells via the CCK-8 cell viability assay
(Figure 4a). Clearly, the viability of T cells remains to be over
90% at a concentration of 5 μM. At a concentration of 10 μM
or above, the cell viability starts to decrease. Therefore, we can
safely conclude that, at the probe concentration up to 5 μM,
the developed nanoprobe possesses good cytocompatibility.
Then the efficiency of T cell labeling with the nanoprobe of

{(Au0)25-G5.NHAc-(PEG)14-(Fluo-4)2} DENPs was measured
by ICP-OES to quantify the Au uptake within the cells after

incubation for 4 h. Through the Au quantification, the
concentration of the uptaken nanoprobe was further calculated
(Figure 4b). We show that the nanoprobe uptake by T cells
gradually increases with the increase of nanoprobe concen-
tration. At the highest concentration (5 μM), the cell uptake of
the nanoprobe was determined to be 2.2 μM; hence, the
loading efficiency of the probe within T cells was calculated to
be 44%, which is lower than those at lower probe
concentrations ranging from 66 to 89%. Based on the above
results, we chose a probe concentration of 2.5 μM for
subsequent experiments, as this concentration did not lead to
the probe’s toxicity to T cells, the probe labeling efficiency
within the cells can reach as high as 84.6%, and the Fluo-4
concentration within the labeled cells is detectable.

Fluorescence Sensing of Activated T Cells. We next
verified the ability of the nanoprobe to sense the activation
state and functionality of T cells. In general, after T cell uptake
of the nanoprobe, the ester bond between Fluo-4 and the
nanoprobe can be cleaved by the intracellular esterase;57

Figure 4. (a) CCK-8 assay of T cell viability after they were treated with the {(Au0)25-G5.NHAc-(PEG)14-(Fluo-4)2} DENPs at different
concentrations for 24 h. (b) Au uptake in T cells incubated with the {(Au0)25-G5.NHAc-(PEG)14-(Fluo-4)2} DENPs at different concentrations for
4 h.

Figure 5. (a) Laser confocal microscopic images of T cells stimulated by PMA/Iono at different time points (0, 4, and 18 h, respectively) after T
cells were incubated with the {(Au0)25-G5.NHAc-(PEG)14-(Fluo-4)2} DENPs or Fluo-4, AM for 4 h (scale bar in each panel represents 5 μm).
Panels (b) and (c) show the respective fluorescence histograms and relative fluorescence intensity of cells analyzed by flow cytometry.
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hence, the resulting free Fluo-4 can bind to the calcium ions
within the cells to generate fluorescence emission. First, T cells
were stimulated by phorbol myristate acetate (PMA)/
ionomycin (Iono) according to the literature protocols.52,53

The activation of T cells was verified through detection of
cytokines of IFN-γ and IL-2 secreted by T cells (Figure S3).
Clearly, after stimulation for 6 h, the IL-2 is the highest, while
IFN-γ secretion is the highest at 18 h stimulation.
The activated T cells were incubated either with the

nanoprobe or commercial Fluo-4, AM for 4 h before confocal
microscopic observation and flow cytometric assay (Figure 5).
Confocal micrographs of cells show that the fluorescence
intensity of T cells gradually increases with the time of
stimulation up to 18 h, indicating that the nanoprobe can
detect an increased cell activation (Figure 5a), similar to the
data obtained using the commercial Fluo-4, AM probe.
Furthermore, flow cytometry assay data (Figure 5b,c) show
the quantitative fluorescence intensity of T cells after
stimulation for different time periods, confirming the
effectiveness of the developed nanoprobe for fluorescence
sensing of activated T cells. Our data also suggest that the
covalently bound Fluo-4 on the dendrimer surface does not
alter its fluorescence sensing ability of Ca2+ ions inside the T
cells.
Dual-Mode CT/ Fluorescence Imaging of T Cells In

Vivo. Next, we confirmed the feasibility to use the nanoprobe
to monitor T cells in vivo via dual-mode CT/fluorescence
imaging (Figure 6). T cells (5 × 106 cells, suspended in 100 μL
of saline) loaded with the nanoprobe were subcutaneously
injected into the back of each nude mouse, and CT scans were
performed to evaluate T cell visibility. The probe-loaded T
cells were clearly visible at 5 min post administration at the
injection site with a high CT value of 37.05 HU (Figure 6a,b).

This result indicates that the nanoprobe can be used to trace T
cells in vivo via CT imaging.
We next checked the in vivo fluorescence imaging of

activated T cells labeled with the nanoprobe. T cells were
stimulated with PMA/Iono for 18 h, loaded with the
nanoprobe for 4 h, and then subcutaneously injected into
the back of each nude mouse followed by fluorescence imaging
(Figure 6c,d). The relative fluorescence intensity of the
injection site at 5 min post-injection increases significantly
and shows a fluorescence intensity 1.5 times higher than the
control mouse before injection. This result indicates that the
nanoprobe can detect the site of activated T cells in vivo
through fluorescence sensing. Taken together, our results give
the first indication that the developed multifunctional
dendrimer-based nanoprobe can trace and monitor T cells in
vivo through dual-mode CT/fluorescence imaging and thus
potentially enables live tracking of both the fate and
functionality of T cells in vivo.

■ CONCLUSIONS
In summary, we developed a unique dendrimer-based
multifunctional nanoprobe for labeling and tracking T cells
via dual-modal CT/fluorescence imaging. The versatility of
dendrimer nanotechnology enables the interior entrapment of
Au NPs for CT imaging and periphery modification of the
Fluo-4 dye for Ca2+-mediated fluorescence sensing of the
activity of T cells. The prepared nanoprobe is cytocompatible
in the given concentration range, displays a high labeling
efficiency of T cells (84.6%), and enables fluorescence sensing
of activated T cells in vitro. With these properties owned along
with its X-ray attenuation property, the designed dendrimer-
based nanoprobe can be used for dual-mode CT/fluorescence
imaging of T cells in vivo after subcutaneous injection. Overall,
our study provides strong implications for the nanoprobe’s
potential to monitor and trace T cells in immunotherapy. In
future work, we will investigate the nanoprobe’s real-time T
cell monitoring capabilities in a mouse tumor model. Such a
system can afford an important basis to analyze T cell
migration, biodistribution, and activation and to elucidate the
underlying mechanisms and efficacy of T cell-based immuno-
therapy.
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