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Abstract

High-resolution tracking of stem cells remains a challenging task. An ultra-bright contrast agent
with extended intracellular retention is suitable for /n vivo high-resolution tracking of stem cells
following the implantation. Here, a plasmonic-active nanoplatform was developed for tracking
mesenchymal stromal cells (MSCs) in mice. The nanoplatform consisted of TAT peptide-
functionalized gold nanostars (TAT-GNS) that emit ultra-bright two-photon photoluminescence
capable of tracking MSCs under high-resolution optical imaging. /n vitro experiment showed TAT-
GNS-labeled MSCs retained a similar differentiability to that of non-labeled MSCs controls. Due
to their star shape, TAT-GNS exhibited greater intracellular retention than that of commercial Q-
Tracker. /n vivoimaging of TAT-GNS-labeled MSCs five days following intra-arterial injections in
mice Kidneys showed possible MSCs implantation in juxta-glomerular (JG) regions, but non-
specifically in glomeruli and afferent arterioles. With future design to optimize GNS labeling
specificity and clearance, plasmonic-active nanoplatforms may be a useful intracellular tracking
tool for stem cell research.

Graphical Abstract

An ultra-bright intracellular contrast agent is developed using TAT peptide-functionalized gold
nanostars (TAT-GNS). It poses minimal influence on the stem cell differentiability. It exhibits
stronger two-photon photoluminescence and superior labeling efficiency than commercial Q-
Tracker. Following renal implantation, some TAT-GNS-labeled MSCs permeate blood vessels and
migrate to the juxta-glomerular region.

"Corresponding Author: tuan.vodinh@duke.edu.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Yuan et al. Page 2

Synthesis In Vitro In Vivo

#®TAT WPEG
©
¢
Al 0’
N &

WY

Raed

Keywords
gold nanoparticle; mesenchymal stromal cell; plasmonic; tracking; imaging

1. Introduction

Stem cell-based therapy is currently a research area of intense interest due to its high
potential in repairing damaged tissues and delivering therapeutic agents.[1, 2] Adult stem
cells from the bone marrow, in particular the pluripotent mesenchymal stromal cells (MSCs),
have been shown to differentiate into various cell types including muscle, blood, vascular, fat
and bone cells. MSCs can be easily isolated and expanded /n vitro without losing their
differentiation capacity. Immunosuppressive effect and high host tolerance to allogeneic
MSCs also render MSCs a promising agent for implantation. Numerous clinical trials are
thus currently investigating such therapeutic potential in cardiovascular and
neurodegenerative diseases, cancers, and many other pathological disorders. In spite of the
fact that MSCs have been a subject of many clinical trials, actual therapeutic applications
remain challenging. Poor engraftment at host tissues and lost expression of homing receptors
are among the many existing obstacles. The migration, integration, and tissue repair patterns
of the injected cells in the body remain unknown due to the lack of proper MSCs tracking
capability. In order to understand the /n vivo behavior of implanted MSCs, cell-tracking
techniques that are sensitive and biocompatible must be developed to monitor MSCs’
location and status following implantation.

In vivo real-time non-invasive imaging of MSCs allows for long-term tracking of cell
migration, distribution, and even engraftment following implantation.[3-5] Among different
imaging techniques, magnetic resonance imaging (MRI) and positron emission tomography
(PET) generally offer a broader field of view for whole body imaging.[6, 7] In contrast,
optical imaging provides operation flexibility with higher imaging resolution and sensitivity.
[8] For tracking MSCs, which have no intrinsic discriminative imaging feature, a reporter
contrast agent must be employed. It is worth noting that each type of reporter has distinct
advantages and disadvantages.[9] For example, nanoparticle-based imaging contrast agents
(e.g., iron oxides, quantum dots, carbon nanotubes, upconverters, and metal nanoparticles)
or radio-nucleotide labels have been designed for sensitive short-term stem cell tracking but
suffered from non-specific uptake into surrounding tissues once cells died.[4, 10-16]
Reporter gene approaches require transfection of inducible reporters (e.g., HSV1-tk,
fluorescence protein, and luciferase), which are expressed only in viable cells,[17] allow for
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very long-term tracking of MSCs but with a potential immunogenicity that limits their
clinical use. Thus far, it remains an ongoing effort to design a cell tracking method with
sensitive and high-resolution detection.

For the last few years, plasmonic-active nanoplatforms such as gold nanoparticles (GNPs)
have attracted increasing attention due to their optical contrast capability and therapeutic
potential in preclinical settings.[3, 18-20] For imaging purposes, GNPs not only exhibit
intrinsic contrast properties for multiphoton microscopy (MPM), photoacoustic tomography
(PAT) and computer tomography (CT), but also can be chelated with gadolinium and
radioisotopes for MRI and PET, respectively.[21, 22] GNPs are generally regarded as
biocompatible and can be easily loaded into cells in great quantities.

For high-resolution cell tracking, we focused on exploiting GNPs’ optical properties. Due to
their unique plasmon resonance effect, GNPs exhibit not only ultra-bright and stable two-
photon photoluminescence (TPL) for MPM, but also high photothermal transduction
efficiency for PAT, both of which can operate in the near-infrared (NIR) “tissue optical
window” (600-900 nm) that is suitable for deep non-invasive imaging in animals. For
example, our group reported gold nanostars (GNS) of intense TPL that are useful for /n vivo
real-time particle tracking and high-resolution intracellular imaging of GNS.[23, 24] GNS-
based TPL and PAT have also been applied in mice for cerebral angiography and optical-
modulated opening of the blood-brain barrier.[25, 26] Xia’s group studied the fate of
intracellular gold nanocages /n vitro and /n vivo using both MPM and PAT.[27, 28] Once
optimized, GNP-based cell-tracking system can be further developed for delivering
therapeutics (e.g., drugs, growth factors and siRNA) as multifunctional theranostic agent.
Given these results, GNPs are therefore a potential imaging contrast agent for tracking
implanted MSCs.

In this study, we investigated the efficiency of GNS for MSC tracking both /n vitroand in
vivo. This is the first study to investigate the intra-renal distribution of GNS following
administration of TAT-GNS-labeled MSCs. HIV derived TAT-peptide has previously been
employed for delivery of nanoparticles into cells.[29-31] The cellular uptake mechanism for
TAT-GNS was found active-driven lipid-raft-mediated macropinocytosis.[32] We also
applied commercial TAT-functionalized quantum dots (Q-Tracker, Invitrogen) for tracking
kidney MSCs.[33] Due to quantum dots’ potential cadmium toxicity and quick intracellular
release,[34] gold nanoprobe with greater biocompatibility and longer intracellular retention
may be helpful. GNS emit stronger TPL than quantum dots rendering GNS suitable for in
vivo real-time single cell tracking.[23, 32] However, the practical use of GNS in tracking
stem cells has not been well studied. To assess the interaction specifically between GNS and
MSCs, /n vitro chase experiments were performed first. MSCs differentiation was compared
against the non-labeled controls. Once the optimal tracking window was deduced from the /n
vitro data, an /n vivo study was conducted in which TAT-GNS-labeled MSCs were injected
intra-arterially into kidneys of 6- to 8-week old male mice. In each case, MPM was used to
examine the distribution of GNS as a surrogate marker for implanted MSCs.
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Materials and Methods

TAT-GNS Preparation

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) and used as received
unless noted otherwise. Detail of the surfactant-free GNS synthesis and characterization has
been presented previously.[35] Citrate-capped gold seeds were prepared by adding 15 ml of
1% trisodium citrate to 100 ml of boiling HAuCl, solution (1 mM) under vigorous stirring
for 15 minutes. The solution was cooled and filtered by a 0.22 um nictrocellulose
membrane, and stored at 4°C. GNS (~60 nm diameter) were prepared using a seed-mediated
method by quickly mixing AgNO3 (1 ml, 3 mM) and ascorbic acid (500 pl, 0.1 M) together
into 100 ml of HAuUCI, (0.25 mM) containing HCI (100 ul, 1 M) and citrate gold seeds (1
ml, ODspq: 2.8). After 30 seconds, the solution was filtered by a 0.22 pm nitrocellulose
membrane. PEG-GNS was prepared by adding 2 uM of SHPEGsqqg (O-[2-(3-
mercaptopropionylamino)ethyl]- O ~methylpolyethylene glycol, MW 5000) to freshly
synthesized GNS for 10 minutes, followed by two centrifugal washes (3000~5000 rcf).
Lastly, TAT-GNS were prepared by mixing a final solution of 100 uM of cysteine-TAT-
peptide (residues 49-57, sequence Arg-Lys-Lys-Arg-Arg-Arg-Gln-Arg-Cys-CONHo,
SynBioSci, Livermore, CA) with 1 nM of PEG-GNS solution for 48 hours at 4°C followed
by two centrifugal washes in ethanol. These NP products were examined by TEM (Fei
Tecnai G2 Twin, 200 kV) and VIS-NIR spectroscopy (Shimadzu UV-3600; Shimadzu
corporation, Japan). The NPs’ hydrodynamic size and concentration were assessed by
nanoparticle tracking analysis (NTA 2.3, Build 0025, NanoSight NS500; Nanosight Ltd.
UK).

MSC Preparation

C57BL/6 Renlc YFP (kindly provide by Dr. Ariel Gomez, University of Virginia) were
anesthetized, followed by kidney perfusion with saline to flush the blood. Kidneys were
harvested, minced and digested with 0.1 % collagenase type | (Gibco) for 30 minutes at

37 °C. The cell suspension was washed with PBS, filtered through 70 um and 40 pm mesh
filters, and treated with ice cold red blood lysing buffer (Sigma) to remove residual red
blood cells. Cells were stained with an APC-labeled CD44 antibody and the respective 1gG
isotype control (BD biosciences). Finally, the CD44+ cells were isolated by two cycles of
FACS sorting via specific gates, and the purity of CD44+ cells were confirmed before use.
Dead cells were excluded with 7AAD (BD biosciences); doublets were excluded on the
basis of three hierarchical gates (forward/side scatter area, forward scatter height/width, and
side scatter height/width). Renal CD44+ cells isolated by FACS were cultured in growth
medium MesenPRO RS™ Medium (Invitrogen) at 37 °C in the presence of 5% CO,. After
24 to 72 hours, non-adherent cells were discarded. Isolated cells were then grown until
sufficient cells were obtained for study. Medium was changed every 2—3 days. Cells were
used for experiments during passage 3-6. To evaluate if renal MSCs can be differentiated to
renin expressing cells, MSCs were incubated with 3-isobutyl-1-methylxanthine (IBMX) 100
UM, forskolin 10 uM in DMEM 10% FBS (Invitrogen). After 7 days, MSCs were examined
for YFP, which is a surrogate for renin expression.[33]
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In Vitro Chase Experiment

MSCs were plated (500,000 cells per 10 cm dish) and kept in 37 °C incubator (5% CO»).
MSCs were treated with Q-Tracker (Invitrogen) 0.1 nM or TAT-GNS 0.05 nM for 24 h
followed by replating them into 35 mm dishes (5,000 cells per plate). Figure 1A depicts the
schematic of the chase experiment. In chases 1 and 3, MSCs were incubated with Q-Tracker
and TAT-GNS, respectively. In chase 2, Q-Tracker-labeled MSCs and TAT-GNS-labeled
MSCs were replated together. In chase 4, Q-Tracker and TAT-GNS were co-incubated with
MSCs. Plates of each chase condition were replaced daily to remove cellular excretion. On
the 15, 2" and 4™ days, plates were washed, fixed with 4% paraformaldehyde, and stained
with DAPI (Invitrogen) before imaging.

Kidney MSC Implantation and Histology

Multiphoton

The animal experiments were carried out in accordance with the Duke University
Institutional Animal Care and Use Committee guidelines. To determine whether intracellular
labels can be used for tracking MSCs /n vivo, we employed a mouse model published by
Wang et. al. where low sodium and captopril treatment of mice resulted in engraftment and
activation of implanted MSCs and their migration to the juxtaglomerular (JG) region.[33]
Here, C57BL/6 male mice 6- to 8-week old were preconditioned with low sodium diet
(Harlam) for 2 days prior to surgery. Figure 1B illustrates that animals underwent surgery to
expose renal arteries for injection of renal MSCs. TAT-GNS (0.05 nM) loaded Renlc YFP
renal CD44+ MSCs (1x108 cells) were concentrated and injected into the kidneys through
the renal artery. A group of mice were injected with PBS as control. After three days of a
sodium deficient diet, mice were treated with Captopril combined with low sodium diet for 2
more days. Kidneys were then perfused with PBS and harvested. One kidney was cut in half
and stored in PBS containing Hoechst 33342 (Invitrogen) 2 ug/ml, and the other was
embedded in OCT compound (Sakura Finetek) and frozen on dry ice.

Microscopy Imaging

The MPM images were captured using a commercial multiphoton microscope (Olympus
FV1000, Olympus America, Center Valley, PA) at the Light Microscopy Core Facility, Duke
University. A femtosecond Ti:Sapphire laser (Chameleon Vision Il, Coherent, Santa Clara,
CA) with tunable range 680-1080 nm, 140 fsec pulse width and 80 MHz repetition rate was
used. The laser beam was focused through a 25x 1.05 NA water-immersion objective
(XLPL25XWMP, Olympus America, Center Valley, PA). Images were taken under 800 nm
excitation and 0.6 mW unless noted otherwise. Depth sections of images were collected and
reconstructed by Fiji (http://fiji.sc/Fiji) or Imaris (Bitplane).

Results and Discussion

TAT-GNS were prepared following a previously described protocol.[32] Figure 2 shows the
characterization of PEG-GNS and TAT-GNS. On TEM, GNS have a mode size around
60~70 nm in diameter. TAT-GNS were prepared by a 2-step process. Both PEG and TAT
peptides were covalently linked onto the gold surface via the strong dative (gold-sulfar)
bond. PEG-GNS was first made by incubating SHPEGgqg with freshly synthesized GNS.
TAT-GNS, which was made by incubating cysteine-TAT peptides with PEG-GNS, consisted
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of a PEG layer for ensuring biophysical stability, and TAT peptides for facilitating cell
membrane penetration. Spectroscopic analysis showed that TAT-GNS ensemble exhibits a
major plasmon peak at 800 nm and a minor peak (weak shoulder) around 530 nm (Figure
2A). The major and minor peaks correspond to the plasmon mode of the branches and the
core, respectively.[35] The mode hydrodynamic size was around 80 nm in diameter with a
highly monodisperse size distribution (Figure 2B).

Migratability and differentiability are critical for MSCs’ therapeutic function. Here, YFP
expression experiment examined the differentiability of MSCs incubated with 3 different
concentrations of TAT-GNS up to 0.1 nM for 24 hours (Figure 3). YFP, which is co-
expressed during the synthesis of renin, reflects MSCs differentiating into JG-like cells.
There was no significant difference in YFP signal between saline treated control (Figure 3A)
and TAT-GNS treated groups (Figure 3B-D). MSCs seemed to have retained the capacity to
differentiate to renin expressing cells upon incubation with TAT-GNS. It is possible that
some MSCs could penetrate the blood vessels and migrate to the towards their target sites.
Although we could not assess the surface marker of TAT-GNS-labeled MSCs this time, from
our /in vivo study it seemed possible that these MSCs still retained a certain level of
migratability. Also, TAT-GNS treated MSCs could differentiate into renin-secreting JG-like
cells. With a similar YFP expression in labeled and control MSCs, it is possible that TAT-
GNS (0.05 nM; 24 hours) incubation did not affect greatly the migratability and
differentiability of MSCs. However, this study could not evaluate the /n vivo function of the
implanted MSCs. Since intracellular nanoparticles can exert either positive or negative
influence on MSCs, more studies are needed to evaluate the impact of TAT-GNS in MSCs’
actual function /n vivo.[36, 37]

In vitro chase experiments were performed to compare between Q-Trackers and TAT-GNS
as intracellular optical labels. Figure 4 shows the temporal fluorescence profiles from Q-
Tracker (chase 1) and TAT-GNS (chase 3) in MSCs. Both Q-Tracker (red) and TAT-GNS
(white) signal decreased overtime but with a slower signal decay rate in the TAT-GNS group.
For chase 4, where both Q-Tracker and TAT-GNS were co-incubated with MSCs, only TAT-
GNS signal was seen (Figure S1) after 4 studied days. These 3 chase experiments showed
superior intracellular retention longevity from TAT-GNS than from Q-Tracker. When Q-
Tracker-labeled MSCs and TAT-GNS-labeled MSCs were co-cultured (chase 2), Q-Tracker
and TAT-GNS signals co-localized in the same MSC, suggesting a reuptake of the
intracellular nanoprobes following their excretion. After 24 hours of coincubation (day 1),
each cell type can be roughly distinguished by its predominant fluorescence color. TAT-GNS
were easily seen in some Q-Tracker-labeled MSCs (Figure 5A) but not that frequently
otherwise (Figure 5B), suggesting a greater reuptake on TAT-GNS. At day 2 and onward, the
overall signal intensity dropped creating technical challenges in evaluating labels co-
localization. Still the GNS signal predominated (Figure 5C,D). At day 4, only GNS signal
could be observed (Figure S2).

The results from chase measurements indicated a superior retention from TAT-GNS than
from Q-Tracker in MSCs. This could be due to stronger emission, slower excretion, or
greater re-uptake. Since GNS are 1-order brighter than quantum dots,[35] it may allow GNS
to be detected after 3 more mitosis cycles than Q-Tracker. Also, since sharp GNS may
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penetrate endosome and escape to the cytoplasm, the excretion of TAT-GNS may be greatly
reduced.[32, 38] Nanoparticle re-uptake, which is most likely facilitated by the surface TAT
peptides, provides an additional strategy to maintain the intracellular GNS signal for a
longer period /n vitro. The actual rate of excretion or re-uptake, however, cannot be easily
ascertained in this study. However, it is worth noting that such a re-uptake process may
create false localization signal /n vivowhen released nanoparticles were taken up by
surrounding tissues. Q-Tracker, with a smaller size and different surface TAT-peptide
coupling, were cleared from tissue quicker hence less false localization. In short,
intracellular signal from TAT-GNS was stronger and decayed slower than Q-Tracker but
suffered from more non-specific labeling.

The decrease of intracellular TAT-GNS overtime could be attributed to cell division or TAT-
GNS excretion. Zhang et al. showed that each mitosis cycle reduces the nanoparticle
intracellular concentration in half.[28] In our study at day 8, which is roughly after 4
divisions, there was more than 10-fold decrease in signal intensity under the same excitation
laser power (Figure S3). In addition, the cross-over of intracellular TAT-GNS (chase 2
experiment) suggested an excretion process from MSCs. Other potential causes for the TAT-
GNS cross-over includes residuals coated on the dish wall, those being released from dead
MSC:s, or residuals in the growth media when TAT-GNS-labeled MSCs were lifted.
Although TAT-GNS had less signal decay than Q-Tracker had, the signal decay still limits
the use of our TAT-GNS for short-term (< 1 week) only.

In vivo experiment showed that five days after the injection of TAT-GNS-labeled MSCs,
GNS signals were found in the JG regions (Figure 6). Direct injection of the MSCs into the
kidney allows MSCs to home and implant in the organ more effectively improving the
efficiency of repair. Following the intra-arterial injection, viable MSCs can typically
penetrate the glomerular afferent arteriole and migrate to the juxtaglomerular (JG) region to
become JG cells.[33] PBS injection control showed no distinct GNS signal (data not shown).
GNS clusters were visible near some glomeruli (Figure 6A-C), reflecting the expected
migration of TAT-GNS-labeled MSCs to the JG region. Because the JG region can be in any
side of the glomerulus, it is easier to find JG regions in the tissue bulk than from multiple
slices on histology. Tissue stained with FM 1-43FX (Invitrogen), a membrane dye that also
labels the cytoplasm, showed GNS inside the cytoplasm in these cells. However, non-
specific labeling was also apparent. GNS were found outside the cytoplasm (Figure S4) in
the JG region. Apart from the JG areas, GNS were also found inside the glomeruli and the
blood vessels (Figure 6D-F). Inability to remove the large GNS released from MSCs, off-
target distribution of GNS became a false localization signal. Although these results
indicated the potential use of TAT-GNS as an intracellular label to track MSCs, future design
to optimize the tissue clearance is critical for the practical application of nanoparticles.[39]

Several challenges existed in the practicality of the intracellular labeling technique. Signal
dilution upon cell division and particle excretion reduce the MSC detection sensitivity.[3]
Intracellular labels can be transferred to the surrounding hence lowers the detection
specificity. False localization, especially when using whole body imaging, may occur if not
examined carefully under high-resolution imaging. To solve this problem, smaller
nanomaterial (< 10 nm) that undergoes renal clearance may exhibit less non-specific
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retention. Surface chemistry that promotes longer intracellular retention but with minimal
excretion or re-uptake can benefit sensitivity. More optimizations are needed to improve the
tracking accuracy of intracellular contrast agents to track only viable MSCs or even to
monitor the function of MSCs.

Conclusion

This study examined the feasibility of using a plasmonic-active nanoplatform, TAT-GNS, as
intracellular contrast agents for tracking MSCs following an intrarenal implantation on mice.
TAT peptide-functionalized plasmonic-active star-shaped gold nanoplatform exhibited an
intense optical contrast property and enhanced intracellular retention suitable for use in
tracking MSCs in mice. /n vitro chase experiments showed TAT-GNS outperformed Q-
Tracker with superior intracellular stability and detection sensitivity under MPM. /n vivo
TAT-GNS-labeled MSCs permeated the vascular barrier and possibly migrated towards the
JG region 5 days following an intra-arterial implantation in mice kidneys. With a non-
specific distribution in glomeruli and blood vessels, further studies are needed to optimize
the clearance property to reduce false localization and the specificity of the tracking label.
The results of this study indicated that, as compared to Q-Tracker, TAT-GNS may be an
interesting alternative cell-tracking tool in providing higher labeling efficiency, improved
biocompatibility and greater detection sensitivity for stem cells research and therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic diagram of (A) the in vitro chase experiment and (B) the in vivo MSC tracking

experiment.
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Figure 2.
(A) Normalized extinction spectra of PEG-GNS (black) and TAT-GNS (red). (B)

Hydrodynamic size distribution of PEG-GNS (black) and TAT-GNS (red). (inset) Illustration
and TEM image of TAT-GNS. Scale bar is 50 nm.
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Figure 3.
MSC differentiation to renin expressing cells. Differentiation was induced by IBMX and

forskolin. MSCs were incubated 24 hours with saline control (A) and TAT-GNS 0.001 nM
(B), 0.01 nM (C), 0.1 nM (D). After the incubation, media was replaced daily for 7 days.
YFP fluorescence images were overlaid onto phase contrast images. Scale bars are 500 um.
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1 Day

Figure 4.
Images from chase 1 (Q-Tracker; A) and chase 3 (TAT-GNS; B). TAT-GNS (white) exhibited

greater intracellular retention than Q-Tracker (red) did after 4 days. Scale bars: 50 yum.
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Figureb5.
Images from chase 2 (Q-Tracker-labeled MSCs co-culture with TAT-GNS-labeled MSCs).

Each cell type could be roughly distinguished by its predominant fluorescence color.
Colocalization of Q-Tracker (red dots, yellow arrow) and TAT-GNS (white) could be seen
mostly in Q-Tracker-labeled MSCs (cells with more Q-Tracker signal and less GNS signals)
but less in TAT-GNS-labeled MSCs (cells with more GNS signals). Scale bars: 50 um.
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Figure 6.
Images from freshly excised half kidney stained with Hoechst 33342 (nuclei; blue) (A-C)

and cryosectioned histology stained with CD31 (blood vessels; red) and DAPI (nuclei; blue)
(D-F). Mice were injected intra-arterially with TAT-GNS-labeled MSCs and sacrificed 5
days afterwards. In half kidney, GNS (white) could be found inside a cell cluster in the JG
region. Zoom-in images of 2 different JG regions (B,C). On histology, GNS were visible
near the glomerulus (G), in the glomerulus, and in the afferent arteriole (V). For A-C,
images were taken under 1000 nm excitation to visualize renal tubules by their
autofluorescence. Scale bars are 50 pum.
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