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Abstract: A magnetic resonance (MR)-fluorescent dual-mode imaging probe was prepared by conjugating guaiazulene to
Gd-DOTA, and used to label human mesenchymal stem cells (hMSCs) via electroporation. The probe self-assembled into
nanoclusters in the cytoplasm, resulting in a significant reduction in 72-weighted signal intensity that persisted up to 7 days.
The fluorescence signal of the probe was observed at 498 nm, and the labelled hMSCs emitted a green fluorescence. The
MR-fluorescent dual-mode imaging probe can potentially be used for stem cell tracking in vivo.
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Introduction

Stem cell transplantation is a potential treatment option to regenerate tissue or organ functions that are
impaired by acute injury or chronic degenerate diseases. In this respect, in vivo tracking of the cell
transplants is critical to obtain information on their in vivo fatest!l. Many in vivo imaging approaches have
been investigated for potential application in in vivo cell tracking, including magnetic resonance imaging
(MR1)Z4 positron emission tomography (PET)®l, and optical imaging"®, etc. MRI is regarded as one of
the most powerful tools for cell tracking due to its deep tissue penetration depth, high spatial resolution, and
non-invasive nature. Optical imaging is inexpensive, sensitive, and provides excellent temporal resolution,
but it is limited to a tissue penetration depth of a few millimeters. These two imaging approaches are thus
complementary in many aspects.

Exogenous stem cells are usually labeled with a specific imaging probe in order to be distinguished
from its host tissue. A superparamagnetic agent such as iron oxide nanoparticlest®% or a paramagnetic agent
such as Gd chelates™™*? is usually used as an MRI contrast agent (CA). Iron oxide nanoparticles are usually
used as T, CA. Gd chelates are usually used as T, CA. Quantum dots!™, fluorescent proteins®, or fluorescent
small molecules*>15! are usually used as optical imaging probes.

Recently, we have reported that*61% Jabeling of human mesenchymal stem cells (hMSCs) with Gd
agents via electroporation (EP) can induce cell-assembly of the Gd agents into nanoclusters in the cytoplasm.
Along with the simultaneously introduced free Gd agents, a T1/T2 dual-mode MR imaging strategy was
developed for in vivo tracking of stem cell transplants. The strategy reveals abundant information on in vivo
fates of the cells. However, Gd agents have long been used as Ti contrast agents. Their T, performance,
particularly the T1/T» dual-mode performance, needs to be cross examined by other imaging approaches.

For this purpose, we designed and synthesized a Gd-based MR-fluorescent dual-mode imaging probe.
Although MR-fluorescent imaging probe have been reported which usually used traditional fluorescent dye
as fluorescent groupt**1 we decided to couple Gd-DOTA with a simple small fluorescent molecule
guaiazulene, 1,4-dimethyl-7-isopropyl azulene (GA). GA is a dark blue extract from gorgonian
acanthogorgia species with high yield®®, and was selected as our fluorescent probe because its color can be
easily changed via chemical functionalization[?*?21, Here we report our preliminary results on this work.

1 Materials and methods

1.1 Materials

1,4,7,10-tetraazacyclododecane hydrochloride was purchased from Shanghai Titan Scientific Co. Ltd.
(China). GA was purchased from Jiangxi East Flavor & Fragrance Co. Ltd. (China). Other chemicals were
purchased from Sinopharm Chemical Reagent Company (China). All chemicals are of analytical grade. Cell
viability assay kit (MTT) was purchased from Beyotime (China). Fetal bovine serum (FBS), DMEM-F12
medium, penicillin-streptomycin, pancreatin, and all other cell culture related reagents were purchased from
Gibco (USA). Milli-Q water (18.2 MQ-cm) was used throughout the experiments and the system was
purchased from Merck Millipore (China).

1.2 Synthesis of Gd-DOTA-PEG-GA

1-(acetic acid)-4,7,10-tris(tert-butoxycarbonyl methyl)-1,4,7,10-tetraazacyclodo-decane [DOTA(OtBu)s]
was synthesized from hydrochloride with a multistep procedure as described in literaturel?],
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2-(5-1sopropyl-3,8-dimethylazulen-1-yl)-2-oxoacetic acid (GA-C,HO3) was synthesized by chloroacetylation
of GA as described by Wang et al.[?4l

Fig. 1 illustrates the specific coupling process of DOTA and GA. The final DOTA-PEG-GA was
purified by high performance liquid chromatography (HPLC) with purity >95%. Gadolinium chelating of
DOTA-PEG-GA was conducted according to a previously reported proceduret*®l. The molecular weight
(MW) of the target product Gd-DOTA-PEG-GA was measured by electrospray ionization-mass spectrometry
(ESI-MS, Agilent 1200/6220) for structural confirmation.
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Fig. 1 Synthesis process of Gd-DOTA-PEG-GA

1.3 Fluorescence analysis of Gd-DOTA-PEG-GA

To investigate the fluorescent characteristic of Gd-DOTA-PEG-GA, fluorescence spectroscopy was
performed with Gd-DOTA-PEG-GA dissolved in ultrapure water at concentration of 10 pymol/L in a 3 mL
quartz cuvette of 1 cm path length. In addition, time-variations of fluorescence emission spectra of
Gd-DOTA-PEG-GA during 0~7 days were also measured to determine its stability.
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1.4 Relaxivity of aqueous Gd-DOTA-PEG-GA

MRI scans of aqueous Gd-DOTA-PEG-GA solutions were performed on a Bruker AVANCE 500WB
spectrometer (Bruker Biospin, Germany) with an 89 mm vertical bore magnet of 11.7 T using a birdcage coil
with i.d. of 15 mm at probe temperature of about 22 C. Gd-DOTA was used as a control throughout this
work. Both Ti- and T-relaxation times with different Gd concentrations were measured. T;- and
To-relaxation rates were characterized by the reciprocal of Ti- and T.-relaxation times, respectively. Gd
concentration of the solutions was measured by inductively coupled plasma-mass spectrometry (ICP-MS,
Thermo X Series2, USA). Aqueous ry and rz in unit of mmol L s~ were calculated through curve-fitting of
T:- and To-relaxation rates versus Gd concentrations (mol/L).

Ti-relaxation time was acquired by using RARE sequence with echo time (TE) = 7 ms; repetition time
(TR) = 40, 70, 100, 180, 300, 500, 750, 1 000, 1 500, 3 000, 5 000 ms; field of view (FOV) = 12x12 mm?
matrix = 96>96; slice thickness/gap = 0.8/0.2 mm; number of average = 2. T-relaxation time was acquired
by using multi slice multi echo (MSME) sequence with TR=3 000 ms, TE=8~480 ms, FOV=12x12 mm?,
matrix=96>96, slice thickness/gap = 0.8/0.2 mm, and number of average = 2.

1.5 EP-labeling of h(MSCs with Gd-DOTA-PEG-GA

hMSCs were seeded into 100 mm x 20 mm style cell culture dishes at a density of about 1x10° cells per
dish and maintained for 24 h at 37 “C. Cells were trypsinized and centrifuged at 1 000 rpm for 5 min. The
precipitated cells were resuspended in 200 L EP-buffer in the presence of Gd-DOTA-PEG-GA at probe
concentrations between 0~10 mmol/L, and were transferred to 96-well plates, respectively. Six electrical
pulses of 100 ps at about 120 V and an interval of 1 s were then applied to the cells using X-Porator®
EBXP-H1 (Etta Biotech, China). After EP-labeling, the cells were collected and suspended in 4 mL
DMEM-F12, and allowed to recover for 15 min.

1.6 MTT cytotoxicity assay

Cell viability of hMSCs after EP-labeling with Gd-DOTA-PEG-GA was assessed by MTT assay.
hMSCs were suspended in 200 uLL EP-buffer containing 0, 1, 2, 5 and 10 mmol/L of Gd-DOTA-PEG-GA,
respectively. Defined electrical pulses were applied to the cells. hMSCs without any probe labeled were
treated as control. After EP-labeling, the cells were collected and suspended in 4 mL DMEM-F12, rinsed
twice with 4~6 mL PBS, and transferred into a 96-well plate (8102 cells per well). In vitro cell viability of
Gd-DOTA-PEG-GA labeled hMSCs was assessed by using a standard MTT cytotoxicity assay. Each
experiment was repeated five times. Statistical significance was evaluated using t-test ANOVA analysis.
p<0.05 was considered to indicate a statistically significant difference.

1.7 TEM of hMSCs labeled with Gd-DOTA-PEG-GA

Cellular transmission electron microscopy (TEM) was performed to precisely localize the
Gd-DOTA-PEG-GA distribution in hMSCs. Labeled hMSCs were transferred into a microcentrifuge tube
and spun at 1 000 rpm for 5 min. The supernatant was removed, and 1 mL 2.5% glutaraldehyde buffered
with PBS was added into the microcentrifuge tube to fix hMSCs at 4 “C overnight. Afterwards, the cell mass
was embedded in 5% agar gel and fixed in 2.5% glutaraldehyde buffered with PBS at 4 °C at least for 6 h
followed by washing with PBS twice. Cells were then fixed in 1% osmium tetraoxide buffered with PBS for
1 h and washed three times with PBS. The samples were dehydrated using a series of acetone treatment
(30%, 50%, 70%, 80%, 90%, 3x100%) of 15 min each, followed by embedded in 1:1 epoxy resin/acetone
solution for 1 h. The samples were then transferred into capsules containing fresh 100% epoxy resin and
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fixed for at least 2 h. The capsules were then left in a furnace at a temperature of 70 “C for 2 days to
polymerize the epoxy resin. After quickly cooling down, the hardened samples were cut into 70~90 nm thick
sections with Ultramicrotome (Leica UC6, Austria) and applied on a copper grid for TEM observation
(Tecnai G2 F20 S-Twin, FEI, USA).

1.8 Invitro MRI of hMSCs labeled with Gd-DOTA-PEG-GA

hMSCs labeled with Gd-DOTA or Gd-DOTA-PEG-GA at concentrations of 0, 2, 5, and 10 mmol/L
were seeded in 100 mm %20 mm dishes (about 1106 cells/dish), respectively. When cell density growing to
90%, half of EP-labeled hMSCs were used for proliferation and the other half were treated for in vitro MRI.
For MRI, hMSCs were trypsinized, centrifuged, and washed twice with PBS. The harvested cells were
transferred into a capillary with i.d. of about 1.0 mm and packed into cell pellets by centrifugation at 1 200
rpm for 5 min. T1- and T>-weighted images of hMSC pellets were collected on the 11.7 T MRI system. T;-
and To-relaxation times were also measured.

Ty-weighted images were acquired by using MSME sequence with TE = 5.2 ms, TR = 500 ms, FOV =
1212 mm?, matrix = 96>96, slice thickness/gap = 0.8/0.2 mm, and number of average = 4. T-weighted
images were acquired by using MSME sequence with TE = 40 ms, TR = 3 000 ms, FOV = 12x12 mm?,
matrix = 96>96, slice thickness/gap = 0.8/0.2 mm, and number of average = 2.

1.9 Invitro fluorescence imaging of EP-labeled hMSCs

For in vitro tracking of hMSCs by fluorescence imaging, hMSCs were EP-labeled with
Gd-DOTA-PEG-GA at a concentration of 5 mmol/L. After EP-labeling, the cells were collected and
suspended in 4 mL DMEM-F12, allowed to recover for 15 min, and then transferred into 100 mm>20 mm
dishes for incubation and proliferation. After washing with PBS for 3 times, the cells were observed under an
inverted microscope (Nikon Ti-E microscopy, Japan).

2 Results and discussion

2.1 MS characterization of Gd-DOTA-PEG-GA

The chemical structure of Gd-DOTA-PEG-GA was confirmed by their MW as measured by ESI-MS.
Fig. 2 shows mass spectrum of Gd-DOTA-PEG-GA (CsgHs5GdNsO11, MW = 941.32), found at m/z 471.664 0
for [M+2H]?*.

2.2 Relaxivity of aqueous Gd-DOTA-PEG-GA

Fig. 3 presents T1- and To-relaxation rates of Gd-DOTA and Gd-DOTA-PEG-GA solutions as a function
of Gd concentration. r; and r, of Gd-DOTA are about 3.74 and 4.85 mmol*L s r; and r, of
Gd-DOTA-PEG-GA are about 5.65 and 7.74 mmol-t L s71, respectively, both slightly higher than that of
Gd-DOTA.

2.3 Fluorescence spectroscopy

Fig. 4(a) shows the fluorescence excitation and emission spectra of Gd-DOTA-PEG-GA at
concentrations of 10 umol/L. An absorption band was observed at 425 nm and an emission band was
observed at 498 nm upon excitation at a wavelength of 425 nm. Both the emission band shape and intensity
remain stable during a period of 7 days [Fig. 4(b)]. The results suggest that Gd-DOTA-PEG-GA was
sufficiently stable for the use as MR-fluorescence dual-mode probe.
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2.4 Cytotoxicity assessment

Fig. 5 illustrates possible cytotoxicity induced by either EP or the contrast agents. EP in the absence of
Gd-DOTA-PEG-GA (EPO) exerted minor adverse effects on the survival of hMSCs with cell viability of
about 95% relative to the control. EP1~EP10 in the presence of Gd-DOTA-PEG-GA at concentrations of 1, 2,
5, 10 mmol/L exerted minor additional adverse effects on hMSCs with cell viability of about 90% relative to
the control. The results suggest that the contrast agent is biologically safe.

100+ / T T
80 / / /

60

40 1

hMSCs viability/%

20

T T T T T T
Control EPO EP1 EP2 EP5 EP10

Fig. 5 MTT assay of hMSCs without any probe labeled (control) and EP-labeled with Gd-DOTA-PEG-GA at
different concentrations (EPO: 0 mmol/L, EP1: 1 mmol/L, EP2: 2 mmol/L, EP5: 5 mmol/L, EP10: 10 mmol/L)

2.5 Cellular distribution of Gd-DOTA-PEG-GA in EP-labeled hMSCs

Fig. 6 presents TEM images of hMSCs EP-labeled with Gd-DOTA-PEG-GA which were subjected to
fixed dehydration with 2.5% glutaraldehyde for 6 hat 4 ‘C on day 0, 1, 3 after cell labeling. EP-labeling of
hMSCs induced cell-assembly of Gd-DOTA-PEG-GA nanoclusters into cytoplasm. Immediately after cell

@ (b) ©

Fig. 6 Cellular TEM images of hMSCs EP-labeled with Gd-DOTA-PEG-GA: (a) Immediately after cell labeling;
(b) Followed by a 1-day culture and recovery; (c) Followed by a 3-day culture and recovery. The scale bar is 5 um
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labeling (on day 0), both intracellular nanoclusters and membrane-bound Gd-DOTA-PEG-GA were observed
[Fig. 6(a)]. In addition, we also noted that significant amount of free Gd-DOTA-PEG-GA agents were
introduced to the cytoplasm during EP-labeling. On day 1 and day 3, membrane-bound Gd-DOTA-PEG-GA
disappeared with only intracellular nanoclusters remaining in the cytoplasm [Fig. 6(b) and 6(c)]. The free
Gd-DOTA-PEG-GA agents were also released quickly via exocytosis during cell culture. The findings
suggest that the cell-assembled nanoclusters have longer cellular retention time than the membrane-bound
Gd-DOTA-PEG-GA, in agreement with our previous findings on other MRI probes!*7,

2.6 Invitro cellular MRI

Fig. 7 presents T1- and Tp-weighted MR images of hMSCs EP-labeled with Gd-DOTA-PEG-GA at
concentrations of 2, 5, and 10 mmol/L collected immediately after cell labeling as well as subsequently after
cell proliferation of defined times. A bright signal appeared in both Ti1- and T.-weighted images of hMSCs
EP-labeled with Gd-DOTA (as a control) but persisted only about 3 days. Ti-weighted images of hMSCs
EP-labeled with Gd-DOTA-PEG-GA at different concentrations did not show obvious signal enhancement
[Fig. 7(a)]. T.-weighted images showed a dark signal that persisted for about 7 days [Fig. 7(b)].

The measured Ti- and Tp-weighted signal intensities of hMSCs are plotted as functions of cell
proliferation time in Fig. 7(c) and 7(d). The measured T1- and T-relaxation rates of hMSCs after MR image
collection are also plotted as a function of cell proliferation time in Fig. 7(e) and 7(f), which can account for
the measured changes in both T1- and T,-weighted signal intensities on the basis of Equ. (1)%72°!:

Fooc(l-e™/m)e ™™ 1)
where F,, is the spin echo signal intensity, 1/T; and 1/T, are Ti- and To-relaxation rates, Tr and Te are

experimental repetition time and echo time, respectively.

Labeling of hMSCs with an MRI contrast agent accelerates both T;- and Tp-relaxation rates. Free
Gd-DOTA agent introduced into the cytoplasm is in favor of acceleration of Ti-relaxation rate and thus MRI
signal enhancement [Fig. 7(c) and 7(d), day 0 and day 1]. Subsequent fast release of free Gd-DOTA agent
from the cytoplasm results in a fast recovery of Ti-relaxation rate [Fig. 7(e)] associated with a fast recovery
of both Tq1- and To-weighted signal [Fig. 7(c) and (d), day 4 and later]. EP induced cell-assembly of
Gd-DOTA-PEG-GA nanoclusters into the cytoplasm is in favor of acceleration of T,-relaxation rate and thus
MRI signal reduction [Fig. 7(c) and 7(d), day O and day 1]. The intracellular nanoclusters have longer
cellular retention time so that acceleration of To-relaxation rate can persist over a longer period which is
associated with a persistent To-weighted signal reduction effect. The findings are also in agreement with our
previous findings®"*%1 on other MRI probes and thus suggest that the dual-mode probe can be used for in
vivo MRI tracking of transplanted stem cells.

2.7 Fluorescence imaging

Fig. 8 presents fluorescence images of hMSCs EP-labeled with Gd-DOTA-PEG-GA at a concentration
of 5 mmol/L under an inverted microscope. Bright field image confirmed that the cells were viable
throughout the experiments after EP-labeling with Gd-DOTA-PEG-GA [Fig. 8(a)]. The nanoclusters were
distributed within the cytoplasm, emitting green fluorescence under UV excitation [Fig. 8(b)]. Overlay of
bright and dark field images demonstrates that the green fluorescence was from both the cell membrane and
the intracellular region [Fig. 8(c)]. The results indicate the potential of Gd-DOTA-PEG-GA as a fluorescent
nanoprobe.
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Fig. 7 In vitro (a) T:- and (b) T,-weighted MR images of hMSCs pellets EP-labeled with Gd-DOTA and Gd-DOTA-PEG-GA as a
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Combining with its MRI performance, it can function as a MR-fluorescent dual-mode probe for stem
cell tracking. For example, the T, effect of this probe can be used for the in vivo MRI observation, and optic
property allows the straightforward hMSCs localization for a physiological section analysis without the
necessity of cell staining.
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Fig. 8 Fluorescence images of hMSCs EP-labeled with Gd-DOTA-PEG-GA at a concentration of 5 mmol/L under inverted microscope:
(a) Bright field; (b) Dark field; (c) Overlay of (a) and (b). The scale bar is 50 pm

Conclusion

Gd-DOTA was coupled with GA to yield an MR-fluorescent dual-mode imaging probe for stem cell

tracking. The probe was used to label hMSCs via electroporation. EP-labeling induced cell-assembly of the
probe into nanoclusters in the cytoplasm as confirmed by cellular TEM. Cellular MRI of EP-labeled hMSCs
demonstrated a significant To-weighted signal reduction effect which persisted over 7 days. The probe has an
UV absorption band at 425 nm, and a fluorescent band at 498 nm with good stability. hMSCs labeled with
the probe exhibited a green fluorescence under inverted microscope. The biosafety was preliminarily
assessed by MTT assay which yielded a high cellular viability for EP-labeling with the probe. These
characteristics allow the probe to function as an MR-fluorescent dual-mode imaging probe for cell tracking.

Acknowledgement: The authors acknowledge Karebay Biochem Inc. for assistance with synthesis of

DOTA-PEG-GA.
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