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Summary.

Nanoparticles are increasingly used to label cdlls, to track them by imaging or to quantify them in vivo.
However, normal cellular uptake mechanisms are inadequate to load cells with atracking label. We have
prepared a non-transfection-based fluorescent iron-oxide nanoparticle that is easily taken up by a variety of
cells, reaching levels suitable for tracking. The following 10 cell types from four classes of cells have been
labeled: adherent cells, NIH-3T3 (Murine Embryonic Fibroblasts), MCF-7 (Human Breast Adenocarcinoma),
ATDC-5 (Murine Chondrocytic Cells); primary cells, HUVEC (Human Umbilical Vein Endothelial Cdlls),
Primary Mouse Embryonic Fibroblasts-gammairradiated; stem cells, hESC (Human Embryonic Stem CellsH1
p-36), C17.2 (Murine Neural Stem Célls), hMSC (Human Mesenchymal Stem Cells); suspension cells, KG-1
(Human Acute Myelogenous Leukemia Cells), NK-92 (Human Natural Killer Cells). Labeling israpid (2-16
hours), uniform, and efficient (5-30% of the label isincorporated into cells). Labeled cells exhibit no signs of
toxicity. Labeled cells can be stored frozen, thawed, and re-plated with levels of viability identical to untreated
cells. Thelabel appears to incorporate inside endosomes but is not found in the endoplasmic reticulum, golgi
apparatus, nucleus, or any other cellular organelles. The nanoparticles are sterile and ready to use. Cell labeling
issimple, chemically safe and typically requires no more than one hour of laboratory contact time.

I ntroduction.

Molday ION is a MION-like superparamagnetic iron oxide nanoparticle. These materials have been
extraordinarily useful in a broad range of applications. immunoassays [1,2], detection and separation of cells,
viruses, hormones, oligonucleotides, DNA and proteins [3-8], cell tagging, tracking, and imaging [9], targeted
drug delivery [10]; gene delivery and therapy [11]; targeted hyperthermic treatment of cancer tissue [12],
detoxification of biological fluids [13], and as a human MRI contrast agent for detection of liver tumor [14].
MRI provides valuable real-time cell tracking information in regenerative medicine [15-17]. Recent interest has
focused on developing ex vivo cell labeling methods using MION and other ultrasmall superparamagnetic iron
oxide nanoparticle contrast agents (USPIO) for analytic uses in development of cell therapy technology.

There have been numerous issues surrounding ex vivo cell labeling using nanoparticles [18]. Idedlly, one
wants amaterial that will be rapidly and completely taken up by the target cellsin culture. Unfortunately,
dextran coated nanoparticles such as MION are not readily transported into the cell by normal nonspecific cell
uptake mechanisms. Typically, less than 1% of MION isinternalized by cellular endocytosis [19-21]. Thislow
level of incorporation of the MRI contrast agent MION stresses the already low sensitivity of MRI technology.
Accordingly, researchers have conjugated a variety of agents to nanoparticles, including MION, to increase the
percentage uptake of nanoparticles. These agents have not proven to have widespread applicability due to either
the difficulty of preparing such conjugated nanoparticles or the difficulty of obtaining the targeting moieties
[22]. Nevertheless, researchers have pursued a number of avenues to improve the ability of nanoparticlesto
label cells[23,24].

This application note presents a simple method for labeling cells using CL -50Q02-6A and CL 50Q02-
6A-50, both MION like iron oxide nanoparticles. These materials|abel cells with high efficiency thereby
presenting a general solution to cell labeling with MRI contrast agents.



Materialsand Methods.

CL-50Q02-6A-50, Molday ION Rhodamine B [2mg Fe/ml]
CL-50Q02-6A, Molday ION C6Amine [5mg Fe/ml]
CL-01-50 Prussian Blue Reagent Pack

CL-01-52 25% Glutaradehyde BioPAL

CL-01-5340% Formalin  BioPAL

CL-01-51 PBS++  BioPAL

Note on nomenclature. CL-50Q02-6A-50 and Molday | ON Rhodamine B are used interchangeably to
describe the same nanoparticle.

Cell Labeling

(1) Serum free labeling of cells. Cells were grown to 70% confluence in 0.5ml DMEM with 10% bovine
calf serum (BCS) and 1X AASin a24-well plate at 37°C and 5% CO.. The medium was aspirated and replaced
with 0.5ml 37°C serum free DMEM medium, supplemented with CL -50Q02-6A-50 at a concentration of 25ug
Fe/ml. The cells were incubated 18 hours. The solution was aspirated after incubation. The cells were washed
with Phosphate Buffered Saline supplemented with calcium and magnesium (PBS++) and covered with
complete medium. The cells were visualized while living or fixed (2% formalin 2.5% glutaraldehyde) using an
inverted fluorescent microscope (Nikon TE-2000-S).

(2) In an aternative procedure cells were labeled in medium supplemented with serum. Cells were
plated in a24-well plate (1x10° cells'well) in 0.5 ml DMEM containing 10% BCS (GIBCO) and incubated
(humidified) at 37°C, 5% CO.. After allowing the cells to adhere overnight, CL -50Q02-6A-50 was added to
serum supplemented medium and incubated for 16 hours. The medium was aspirated after incubation. The cells
were washed with Phosphate Buffered Saline supplemented with 0.1g/L calcium and 0.1g/L magnesium
(PBS++) and covered with complete medium. The cells were visualized while living or fixed (2% formalin
2.5% glutaraldehyde) using an inverted fluorescent microscope (Nikon TE-2000-S).

Cell Fixation

The cells were washed at 37°C with PBS++ and fixed with a 2% formalin/2.5% glutaral dehyde solution
in PBS++ for 10 minutes. The cells were washed again with PBS++ and stained using the Prussian Blue
Reagent set (CL-01-50). Detailed procedures for cell fixation and Prussian blue staining can be found on
BioPAL’swebsite (Application Notes 6 and 7, respectively).

| nstrumental

Sizing. Colloids (CL -50Q02-6A-50, CL-50Q02-6A, and CL -30Q02-2) were sized by photon
correlation spectroscopy using a 90 Plus particle size analyzer (Brookhaven Instruments Corp.). Samples were
diluted to Img Fe/mL in saline, passed through a 0.1um filter, and sonicated for one minute in a water-bath
sonicator. A count rate between 50,000 and 500,000 counts per second was obtained. Data were collected for 4
cycles of 15 min and the cumulative results combined. Particle size was calculated by assuming refractive
indexes of 1 and O for the real and imaginary components, respectively. Typical reproducibility for intra- and
interassay variability yielded coefficients of variation of less than 6% and 9%, respectively. Nanoparticle sizes
were calculated using an intensity-weighted log normal distribution.

Zeta Potential. Zeta potential measurements for representative colloids were determined using a 90
Plus particle size analyzer (Brookhaven Instruments Corp.) with zeta potential modification. Samples were
diluted to a concentration of 1mg Fe/mL (total metas) in 1mM KCI, passed through a 0.1um filter, and
sonicated for one minute in awater-bath sonicator. Samples were run using the following instrument
parameters. Sample count rate, ~700 kcps; sampling time, 1 minute; conductance, ~400us; current, ~1.05mA,
electric field ~7.5V/cm. Datais reported as the mean zeta potential (mV) of ten measurements.

Micraoscopy
Light microscopy (bright field, phase contrast, fluorescence) was performed using a Nikon TE-2000-S
instrument with a 20X or 40X Plan Fluor objective. A “dsRED” filter set was used for the rhodamine channel.



Images were captured using a Diagnostics Instruments 18.2 Color Mosaic CCD camera. TEM images were
obtained at the University of Massachusetts Medical School (Worcester) under the direction of Dr. Gregory
Hendricks. Images were acquired on a Philips CM 10 Electron Microscope at 4600X and 36000X magnification.
Confocal microscopy was performed at the University of Massachusetts Medical School with the assistance of
Dr. Furcinitti. Instrumentation included a Nikon TE-2000E2 microscope fitted with a' Y okogawa CSU10
Spinning Disk Confocal Scan Head, a solid state laser illumination source (561nm), and a 100X Plan Apo Oil
objective. Images were captured using a Photometrics Coolsnap HQ2 camera. The images were acquired at
200nm dlicesin the z-axis.

Results and Discussion.

Synthesis, chemical and physical properties. Molday | ON Rhodamine B (CL-50Q02-6A-50) isa
homogeneous, fluorescent iron oxide-based superparamagnetic (USPIO) contrast reagent designed to label cells
efficiently and simply. CL -50Q02-6A-50 can be visualized by both MRI and fluorescence. It is prepared from
CL-50Q02-6A by reaction with rhodamine B isothiocyanate. Rhodamine B is a fluorescent dye with an
excitation and emission wavelength of 555 and 565-620nm, respectively. The fluorescent spectrum of CL -
50Q02-6A-50 is nearly identical to that of rhodamine B (Figure 1). CL-50Q02-6A-50 has an effective diameter
of 35nm and a zeta potentia of 31mV (Table 1) similar to its parent CL-50Q02-6A. The effective diameter and
zetapotential of CL-30Q02-2, an unmodified USPIO, isincluded for comparison. The R1 and R2 values of
CL-50Q02-6A-50, CL-50Q02-6A, and CL -30Q02-2 are identical.

Figure 1. Fluorescent spectra of and rhodamine B. The blue and red lines represent spectra generated with CL -
50Q02-6A-50 and rhodamine B, respectively. The samples were dissolved in water at pH 7.4. CL-50Q02-6A -
50 and rhodamine B exhibit emission maxima at 579 and 581, respectively. The baselineis the spectrum of
CL-50Q02-6A which contains no rhodamine B and is the precursor to CL -50Q02-6A-50.
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Table 1. Comparison of size, zeta potential, and relaxivity for three USPIO nanocolloids. Size and zeta potential
were performed as described in Methods.

Compound Effective diameter | Zeta potential R1 R2
(nm) (mV) s'mMm™? s'mm™
CL -30Q02-2 28 -5 154 339
CL -50Q02-6A 35 +48 16.5 34.8
CL-50Q02-6A-50 35 +31 16.3 34.2




Generality of Cell Labeling. Thusfar, ten cell lines have been chalenged with CL-50Q02-6A-50
(Molday ION Rhodamine B) (Figure 2 and Table 2). All ten cell lines [see Table 2 for the description of cell
types] efficiently internalized this nanoparticle. Figure 2 shows seven cell lines labeled with CL -50Q02-6A-50
including adherent, suspension, primary and stem cell lines.

Dose response of cell labeling. NIH-3T3 cells exhibit a direct relationship between the concentration of
CL -50Q02-6A-50 and amount of nanoparticle uptake. Thisrelationship isillustrated in Figure 3, a montage of
cells labeled with three decreasing (left to right) concentrations of CL-50Q02-6A-50. The top row represents
the rhodamine fluorescence channel and the bottom row is the paired bright field image. Careful inspection
shows excellent overlap of the fluorescent and bright field images. Fluorescence is seen in vesicles contained
within the cell body with complete exclusion from the nucleus. The cells showed no signs of growth inhibition
or toxicity from exposure to the reagent.

Cellular location of CL-50Q02-6A-50. Examination of NIH-3T3 cells |abeled with M olday | ON
Rhodamine B using light microscopy with Prussian blue iron staining and fluorescence (Figure 4), confocal
multisliced imaging (fluorescence and DIC) (Figure 5), and transmission electron microscopy (Figure 6)
consistently showed that Molday | ON Rhodamine B was found only in endosomes. It did not localize to the
nucleus, mitochondria, endoplasmic reticulum, Golgi apparatus, or any other cellular organelle. Close
examination of multiple TEM fields showed no traces of electron dense material corresponding to CL -50Q02-
6A-50 on the surface of cells post labeling.

Viability of NIH-3T3 cells labeled with Molday | ON Rhodamine B following one freeze thaw cycle.
NIH-3T3 cells labeled with CL -50Q02-6A-50 can be stored cryogenically, thawed and grown without
noticeable changes compared to similarly treated unlabeled control cells. NIH-3T3 cells were treated with CL -
50Q02-6A-50 (25ug/ml) for 24 hours per the usual loading protocol. The cells were collected viatypical
passaging procedure. The medium was aspirated and discarded, the confluent layer of cells was rinsed with
37°C PBS, aspirated, and then trypsin/EDTA solution (brought to 37°C) was added. The cells were collected
with a serological pipette and placed into a 15-ml centrifuge tube with high serum medium (20% serum/80%
DMEM) to inactivate the trypsin. The cells were collected by centrifugation and resuspended in 50% serum,
45% DMEM, and 5% DM SO. The cell suspension was transferred into 2-ml cryovials, cooled at 1°C/min to
-80°C for 24 hours, and placed into aliquid nitrogen dewar for extended storage. Thirty days after storagein
liquid nitrogen, labeled and unlabeled control cells were thawed in a 37°C water bath. One ml of each thawed
cell suspension was added to 9-ml of 37°C complete medium, mixed, and centrifuged to collect the cells. The
pellet was re-suspended in fresh 37°C complete medium and seeded into appropriate vessels. The trypan blue
dye exclusion test was performed to test cell viability. Ninety five percent of control and labeled cells were
viable. Micrographs of NIH-3T3 cells labeled with CL -50Q02-6A-50 were compared prior to freezing (Figure
7A) and after cryostorage and replating (Figure 7B and C). The pre- and post-frozen cells labeled with CL -
500Q02-6A-50 showed identical images with respect to general appearance and labeled vesicle distribution
within the cells. Normal cell growth without observable aberrations following replating supported our
conclusion that crystorage did not adversely effect CL -50Q02-6A-50 labeled cells. Furthermore, the daughter
cellsin these post-cryogenic cultures visually contained half as much CL-50Q02-6A-50 (as indicated by
fluorescence) compared to their progenitors. Fluorescence label was visible through four generations before
becoming too dim to observe.

Retention of CL-500Q02-6A-50 within NIH-3T3 cdls. Confluent NIH-3T3 cells labeled with CL -50Q02-
6A-50 retained CL -50Q02-6A-50 with minimal change in nanoparticle distribution and cell appearance. NIH-
3T3 cellswere plated into a T-25 flask and grown to confluence. The cells were then treated with 25ug/ml CL -
50Q02-6A-50 in 10% serum DMEM medium for 24 hours. The solution was washed out, replaced with reduced
serum containing DMEM (5% serum), and maintained with the reduced serum medium to reduce cell growth
for 4 weeks. The cellular retention of CL -50Q02-6A-50 was monitored by fluorescent microscopy. The labeled
cells retained fluorescent material inside vesicles for the duration of the study. Although cell growth was
slowed, it was not completely stopped. Furthermore, as would be expected with unlabeled cells, asmall fraction
of the labeled cells died and were replaced by newly divided cells. When the cells divided, the amount of CL -
50Q02-6A-50 in the daughter cellswas half of that from the original cell. Even after four weeks a large number



of cellsretained CL -50Q02-6A-50. Throughout the 4 weeks of the experiment the cell free medium-supernatant
was monitored for fluorescence of CL-50Q02-6A-50. No fluorescence was detected in the supernatant
suggesting that most of CL -50Q02-6A-50 was retained within the cells.

Conclusion.

Molday ION Rhodamine B labels cells efficiently, is retained within the cell for extended time periods,
and iswell tolerated. The labeling procedure is quick, safe, easy, and does not require the use of transfection
reagents. Cell labeling requires adding M olday | ON Rhodamine B directly to the cell medium which is then
applied to cells. Molday |ON Rhodamine B offers. (i) the ability to label cellsin vitro and then track the cells
in vivo using MRI, fluorescence, or staining of biopsied samples; (ii) opportunity to conjugate ligands for
specific targeting and imaging applications in vitro or in vivo; (iii) multiple platforms for dual drug delivery and
imaging system; (iv) magnetic manipulation for targeting in vivo, isolation from tissues and post |abeling
purification; (v) magnetic/RF hyperthermic treatment. Research applications include cardiovascular and
vascular imaging, cell labeling and tracking, drug delivery, and magnetic cell sorting .



Figure 2. The 7 paired photomicrographs are a sample of cell typeslabeled with Molday |ON Rhodamine B.
The images are paired Phasel contrast (left side of split panels) and fluorescence (right side of split panels). All
photomicrographs were obtained at 200X magnification. The bar represents 20Lm.

NIH-3T3 (Murine vonic Fibrobl asts)

Table 2. List of cellstested with CL -50Q02-6A-50. All cells showed a healthy appetite for the nanoparticle.

Adherent Cells NIH-3T3 (Murine MCF-7 (Human Breast | ATDC-5 (Murine
Embryonic Fibroblasts)| Adenocarcinoma) chondrocytic cells
Primary Cells HUVEC (Human Primary Mouse
Umbilical Vein Embryonic Fibroblasts
Endothelial Cells)
Stem Cells C17.2 (Murine Neural | hESC (Human hM SC (Human
Stem Cells) Embryonic Stem Cells | Mesenchymal Stem
H1 p-36) Cells)
Suspension Cells KG-1 (Human Acute | NK-92 (Natrual Killer
Myel ogenous cells)
Leukemia cells)




Figure 3. Relationship between CL -500Q-02-6A-50 concentration and cell uptake in NIH-3T3 cells. Cellswere
plated in a 24-well plate (1x10° cells/well) in 0.5 ml DMEM containing 10% bovine serum (GIBCO) and
incubated (humidified) at 37°C, 5% CO.. After alowing the cellsto adhere overnight, fluorescently conjugated
nanoparticles (CL -50Q-02-6A-50) were added to the medium and incubated for 16 hours. Cellsin column A,
B, and C contained 50, 12.5, and 0.5 pug Fe/ml, respectively. The cells were fixed with a 2% formalin, 2.5%
glutaraldehyde solution and stained with Prussian Blue. The bar in the bottom right corner represents 10pum.
400x400 sections were cropped out of the full size image and placed into a montage using the program Imagel,

version 1.410.
a B Cc

Figure 4. Co-localization of iron staining and fluorescence in NIH-3T3 cells labeled with M olday |ON
Rhodamine B. The cells were fixed and stained for iron using Prussian Blue Reagent Pack. Panel A iron stain
(Phase 2 contrast) and Panel B (fluorescence, rhodamine B channel) shows coincidence for the two

Vi sual ization methods Imaaes were obtai ned at 4OOX maanification. The bar represents 20m.




Figure 5. Confocal microscopy images of NIH-3T3 cellslabeled with Molday |ON Rhodamine B. Cellswere
incubated with M olday | ON Rhodamine B for 18 hours and then fixed with 2% formalin 2.5% glutaraldehyde.
Molday ION Rhodamine B localizes within the cell body in small vesicles and is not found on the cell surface.
Left Panel. 1000X magnification confocal images, each image represents a slice obtained every 2.2 Um. The
four images (left to right) start at the bottom of the cell and end at the top of the cell. Top row is DIC, middle
row is composite DIC and fluorescence, bottom row is fluorescence. The bar represents 10 Hm. Right Panel.
Confocal composite image of DIC and rhodamine channels shows Molday | ON Rhodamine B inside vesicles.

Figure 6. TEM images of NIH-3T3 cellslabeled with Molday | ON Rhodamine B. The left TEM image
represents a cell 1abeled with Molday |ON Rhodamine B (25ugFe/ml) at a magnification of 4600X (bar=2Lim).
Dark vesicles can be seen inside the cytoplasm of the cell; each vesicle is packed with electron dense M olday
ION Rhodamine B. The white square outlines the area magnified [36000X (bar=200nm)] and presented in the
right image showing two vesicles |oaded with Molday |ON Rhodamine B. The small dark spheres are the iron

oxide cores of the nanoparticles.
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Figure 7. Comparison of NIH-3T3 cells labeled with CL -50Q02-6A-50 pre- and post-cryogenic storage. Panel
A shows a fluorescent image (rhodamine B channel) of NIH-3T3 cells |abeled with M olday | ON Rhodamine B
before cryogenic storage. Panels B and C show paired images of the same cells after cryogenic storage and
revival. Panel B is aPhase 2 contrast image and Panel C is afluorescent image (rhodamine B channel). All
images were obtained at 400X maanification. The bar reoresents 10 Cim,
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