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Purpose: We recently developed a new fluorescence-based technique called “diffuse in vivo

flow cytometry” (DiFC) for enumerating rare circulating tumor cells (CTCs) directly in the

bloodstream. Non-specific tissue autofluorescence is a persistent problem, as it creates

a background which may obscure signals from weakly-labeled CTCs. Here we investigated

the use of upconverting nanoparticles (UCNPs) as a contrast agent for DiFC, which in

principle could significantly reduce the autofluorescence background and allow more sensi-

tive detection of rare CTCs.

Methods: We built a new UCNP-compatible DiFC instrument (U-DiFC), which uses a 980

nm laser and detects upconverted luminescence in the 520, 545 and 660 nm emission bands.

We used NaYF4:Yb,Er UCNPs and several covalent and non-covalent surface modification

strategies to improve their biocompatibility and cell uptake. We tested U-DiFC with multiple

myeloma (MM) and Lewis lung carcinoma (LLC) cells in tissue-mimicking optical flow

phantoms and in nude mice.

Results: U-DiFC significantly reduced the background autofluorescence signals and motion

artifacts from breathing in mice. Upconverted luminescence from NaYF4:Yb,Er microparti-

cles (UμNP) and cells co-incubated with UCNPs were readily detectable with U-DiFC in

phantoms, and from UCNPs in circulation in mice. However, we were unable to achieve

reliable labeling of CTCs with UCNPs. Our data suggest that most (or all) of the measured

U-DIFC signal in vitro and in vivo likely arose from unbound UCNPs or due to the uptake

by non-CTC blood cells.

Conclusion: UCNPs have a number of properties that make them attractive contrast agents

for high-sensitivity detection of CTCs in the bloodstream with U-DiFC and other intravital

imaging methods. More work is needed to achieve reliable and specific labeling of CTCs

with UCNPs and verify long-term retention and viability of cells.
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Introduction
Hematogenous metastasis is a multi-step process, wherein circulating tumor cells

(CTCs) invade from the primary tumor into the bloodstream, travel to distant

organs or tissues and form secondary metastases1 (Figure 1A). It is these secondary

tumors that are extremely difficult to control and are often the ultimate cause of

death in patients.2 CTCs are, therefore, of great interest in cancer research, both

clinically and in pre-clinical animal models.3–5 CTCs are normally studied using

“liquid biopsy” assays, wherein blood is drawn from the patient (or animal as in the
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case of pre-clinical research), and CTCs are subsequently

isolated and characterized.6,7

More recently, a number of investigators have developed

optical “in vivo flow cytometry” (IVFC) methods to study

circulating cells in mice without drawing blood samples,

allowing continuous non-invasive measurement of CTC

numbers.8,9 Although several IVFC approaches use intrinsic

cell contrast (including photoacoustic10,11 and reflectance-

scatter12,13 contrast), most use exogenous fluorophores or

fluorescent proteins to label and detect cell populations of

interest.14–18

Our group has worked extensively on a technique called

“diffuse in vivo flow cytometry” (DiFC),19–23 which uses

diffuse light to sample large circulating blood volumes in

major deep-seated blood vessels. The main advantage of

DiFC is that it samples hundreds of μL of peripheral blood

per minute, permitting detection of very rare cell types such as

CTCs, where numbers are as low as 1 CTC per mL of blood.20

Because DiFC relies on induction of fluorescence from

moving cells in bulk tissue with diffuse light, a persistent

challenge is the presence of relatively large, non-specific

autofluorescence background. This background can obscure

the signal from weakly labeled cells. In addition, motion

artifacts may appear even in anesthetized animals, which can

yield false positive signals. To overcome these difficulties, we

have previously developed specialized signal processing,20

multi-spectral24 and imaging22,25 approaches for DiFC.

In this work, we investigated the use of lanthanide-based

upconverting nanoparticles (UCNPs) as contrast agents for

circulating cells for IVFC. UCNPs have a number of attrac-

tive characteristics for DiFC in principle. First, unlike

organic fluorophores or fluorescent proteins,26 the lumines-

cence of UCNPs is induced upon multiphoton excitation by

continuous wave (CW) near infrared (NIR) light,27 thus

eliminating any autofluorescence and motion artifact inter-

ference. Second, use of NIR (eg 980 nm) excitation should

Figure 1 (A) CTCs in the peripheral blood are crucial in hematogenous metastasis. We developed U-DiFC to detect UCNP-labeled tumor cells in circulation. The U-DiFC

instrument (B) schematic, and (C) photograph are shown.
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enable deeper light penetration into the tissue.28 In recent

years, UCNPs have been proposed for a wide array of in vitro

and in vivo biological research applications29–33 and pur-

ported to exhibit little or no toxicity,34,35 although toxicity

has been observed in some cases.36,37 Several authors have

reported functionalization, specific cellular targeting and

retention of UCNPs.38–44 In the context of DiFC, this sug-

gests that UCNPs could be a useful contrast agent for circu-

lating cells. For example, by conjugation with cancer-specific

cell surface receptors,45 UCNPs could be directed against

CTCs in vivo in pre-clinical mouse models or (if safe and

efficacious) potentially even in humans. More broadly, other

types of cells, sensors or cell-based therapeutics could be pre-

labeled with UCNPs prior to introduction (injection) into the

bloodstream.

In the present study we first designed and built a new

DiFC instrument to detect up-converted emission from

CTCs. We refer to this instrument as U-DiFC. We tested

U-DIFC with upconverting microparticles (UCμPs), then

with CTCs co-incubated with UCNPs in a tissue-

mimicking flow phantom and lastly in mice in vivo. As

we show, upconverted luminescence was readily detect-

able with U-DiFC in these systems with average detection

signal-to-noise ratios (SNRs) of approximately 30 dB and

often exceeding 50 dB. However, despite attempting mul-

tiple cell labeling approaches, we were unable to achieve

specific internalization of UCNPs by CTCs in our hands.

Rather, our data suggest that most (or all) of the measured

U-DiFC signal in vitro and in vivo likely arose from

unbound or self-aggregated UCNPs in circulation or due

to the scavenging of UCNPs by non-CTCs blood cells.

More work is needed to achieve reliable labeling of CTCs

with UCNPs in combination with long-term retention and

viability of cells.

Materials and Methods
U-DiFC Instrument
A schematic and photograph of the U-DiFC instrument are

shown in Figure 1B and C. The optical design is based on

a standard epi–illumination and fluorescence detection

geometry (Figure 1B). We used a 980 nm laser (DL980-

200, CrystaLaser LLC, Reno, NV) to illuminate a spot on

the sample (2 mm in diameter) using a lens (L1; 25 mm

focal length; Edmund Optics, Barrington, NJ). The upcon-

verted luminescence (see below) was collected via the

same lens, passed through a dichroic (DC; ZT775,

Chroma Technology Corporation, Bellows Falls, VT),

then through a 900 nm short-pass filter (SP, XIS0900,

Asahi Spectra Co. Ltd., Torrence, CA), and a bandpass

filter (519–800 nm; FF01-609/181, Semrock LLC,

Rochester, NY). The second lens (L2, 50 mm focal length)

focused the light onto a photomultiplier (PMT; H6780-20,

Hamamatsu Photonics, Bridgewater, NJ), whose output

was amplified using a pre-amplifier (SR570. Stanford

Research Systems, Sunnyvale, CA) and digitized with

a multi-function data acquisition board (DAQ; USB-

6212, National Instruments, Austin, TX), configured to

collect data at 1000 samples per second. During operation,

the sample, either a tissue-mimicking flow phantom or the

ventral caudal artery in the tail of a mouse (Figure 1C),

was placed on an adjustable translation stage 15 mm

beneath the first lens (L1), given a working collection

numerical aperture of 0.26. The power at the sample was

50 mW.

U-DiFC data were processed using a code that was

custom written in Matlab (The Mathworks, Natick, MA).

The analysis was similar to our previously reported work-

flow for single-channel DiFC.46 First, simple background

subtraction was performed using a 2.5 s median filter, and

then a 5-point (5 ms) smoothing sliding window was

applied to the data. This operation removes any residual

background light as well as any luminescence signal from

free (unbound but un-aggregated) UNCPs in solution or in

circulation. A 60 Hz notch filter was also applied to

remove residual AC noise due to the laser power supply.

Second, a peak detection routine (“findpeaks”) was used to

identify peaks which exceeded a sliding threshold, which

was set to 6 times the standard deviation of the back-

ground electronic noise (σN). This allowed us to determine

the amplitude and signal-to-noise ratio (SNR) of detected

peaks from UCNPs, which was defined as SNR = 20 log10
(Ipeak/σN). As discussed below. the “peak detection”

approach identifies the luminescence signals from spatially

localized aggregates (groupings) of UCNPs, but cannot

distinguish between labeled cells and extracellular UCNP

aggregates.

Cell Lines
We used MM.1S, LLC and HeLa cultured cells. MM.1S are

multiple myeloma (MM) cells purchased from ATCC (CRL-

2974, Manassas, VA). MM.1S cells were previously geneti-

cally modified to carry the green fluorescent protein GFP

(MM. 1S.GFP.Luc cells).21 MM cells were cultured in

RPMI-1640 media. Second, we used Lewis lung carcinoma

(LLC; LL/2.GFP.Luc) cells that also expressed GFP. These
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cells were purchased from Imanis Life Sciences (Rochester,

MN). HeLa cells were originally purchased from ATCC

(CRL-2). LLC cells and HeLa cells were cultured in

Dulbecco’s modified Eagle’s media (DMEM) for 48 h at

37°C.

Upconverting Microparticles,

Nanoparticles and Cell Labeling
All upconverting micro- and nano-particles used in this study

were NaYF4-based nanocrystals, doped with Yb3+ and Er3

+. We performed preliminary testing and validation of

U-DiFC with relatively large, approximately cell-sized

(10–50 μm diameter) NaYF4:Yb,Er upconverting micropar-

ticles (Sunstone Inc., Princeton, NJ). UCμPs were dispersed

in phosphate buffered saline to form a suspension containing

approximately 103 particles per mL. The suspension was

tested in a tissue-mimicking flow phantom as discussed in

Section 2.5 below.

Labeling of cells in culture with UCNPs has been reported

by a number of groups previously.41–43 In this work, we tried

several protocols involving covalent and non-covalent surface

modification of UCNPs as described in detail below.

Cell Labeling with Covalently Modified UCNPs

We tested commercially sourced UCNPs coated with a SiO2

layer and having covalently attached amino groups (NH2)

(UCNP-SiO2-NH2; 30–35 nm diameter, ACS Material LLC,

Pasedena, CA) as shown in Figure 2A. Use of silica (SiO2)

coating makes the UCNP hydrophilic and therefore less likely

to aggregate in solution or in blood. Functionalization with -

NH2 groups is intended to give the nanoparticles a slight

positive surface charge, thereby facilitating their interactions

with cellular membranes and increasing the probability of their

Figure 2 (A) SiO2-NH2-modified UCNPs (30 nm in diameter) used for the in vitro and in vivo U-DiFC studies in this paper. UCNPs emit visible (green and red) light when

illuminated at 980 nm. (B) TEM image of UCNPs verifying their size. (C) Emission (green) spectra of the UCNPs and the spectrum of the laser (red) used in this study.
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internalization (note that surface coating and functionalization

were performed by the manufacturer). We imaged SiO2-NH2-

modified UCNPs using a JEM 1010 transmission electron

microscope (TEM; JEOL Ltd., Tokyo, JP), operated at 80

kV. An example TEM image is shown in Figure 2B. As

shown in Figure 2C, we also used a CCD-based spectrometer

(CCS200, Thorlabs Inc., Newton, NJ) to verify that the SiO2-

NH2-modified UCNPs emitted light in three spectral ranges

centered at 520 nm, 545 nm and 660 nm when excited at

980 nm.

As discussed in more detail below, we attempted several

previously reported protocols for labeling cells with UCNP-

SiO2-NH2.
38–40 The most promising was a simple co-

incubation method (subsequently referred to as “method

1”).40 5x105 pelleted cells (LLC or MM) were co-incubated

with 50, 100 or 500 μg/mL UCNP-SiO2-NH2 for 1 hr in

a 1.5 mL microcentrifuge tube. The cells were washed three

times with PBS (without serum) in an attempt to remove

excess UCNPs. Prior to experiments, cells were re-pelleted

by centrifugation and then suspended in PBS (without serum)

at their desired concentration as below. This method was used

for the U-DiFC in vitro and in vivo experiments presented in

this paper.

Cell Labeling with Non-Covalently Modified UCNPs

We also tested several previously reported protocols for

UCNPs (25–30 nm in diameter; Sunstone Inc, Princeton,

NJ) modified by NOBF4 and made hydrophilic by non-

covalent surface modification with polymers. We used

a well-established ligand exchange reaction47 and several

organic polymers, including commercially available poly-

amidoamine (PAMAM) dendrimers (Gen 5, ethylenedia-

mine core)48 and polyethyleneamine (PEI),49 following the

respective published protocols. Aqueous solutions of the

polymer-coated UCNPs initially appeared aggregate-free

and exhibited minimal scattering, indicating satisfactory

colloidal stability in distilled water (dH2O) and in

HEPES buffer (10 mM).

PAMAM- or PEI- coated nanocrystals in HEPES (50,

100 or 500 μg/mL, 100 μL) were added to HeLa cells in

a cell-growth medium (DMEM, supplemented with

Leibovitz’s (1X) L-15 medium [+] L-Glutamine (Gibco),

10% fetal bovine serum (FBS) and 1% penicillin−streptomy-

cin at 37 °C and 5% CO2) in small Petri dishes. The cells

were incubated at 37°C for 1h or 24h (subsequently referred

to as “method 2”). Cells were imaged using a standard

inverted fluorescent microscope (Leica DMI6000B),

equipped with a CW laser diode (980 nm) for excitation

and an appropriate dichroic cube for imaging up-converted

emission.

Microscopy
To investigate cellular uptake of the covalently modified

UCNPs (UCNP-SiO2-NH2), MM.1S and LLC cells were

incubated using ‘method 1ʹ described above and imaged

using a custom-designed multimodal microscope.50 UCNPs

exhibit luminescence that persists for several microseconds

after excitation. The long emission decay times of UCNPs

require special image processing protocols in order to enable

high-resolution microscopy using UCNPs on non-de-

scanned imaging systems.33,51 To overcome this limitation,

we used a custom-designed canning protocol configured for

two-photon phosphorescence lifetime imaging,52 in which

the excitation light can be temporally gated at each pixel,

and images are constructed from counting emitted photons

both during and after laser excitation at every pixel. Each

sample was imaged for both GFP fluorescence and UCNP

luminescence. Since both cell lines expressed GFP, this

allowed assessment of co-localization of the signals.

A tunable Titanium:Sapphire laser (Insight DeepSea,

Spectra Physics, Santa Clara, CA) was used to excite the

UCNPs at 980 nm and GFP at 880 nm, with a delay of

~30–60 seconds between each scan for wavelength adjust-

ment. Emission was collected using a 20X objective

(Olympus XLumPlan Fluor, 20×, 1.00 NA, 2 mm working

distance) and directed by a dichroic mirror into a custom

detector array. GFP fluorescence was detected using a multi-

alkali PMT (R3986, Hamamatsu) with a λ = 525 ± 25 nm

emission filter (Chroma). UCNP luminescence was detected

using a GaASP PMT (H10770PB-40, Hamamatsu) using

a 675 ± 25 nm emission filter (Semrock). The PMT was

connected to a discriminator circuit to detect individual

photons.

Optical Flow Phantom Experiments

in vitro
As an initial test of the U-DiFC system we used an optical

flow phantom model similar to our previous work.20 The

phantom (Figure 3) material had optical properties that

mimic the optical scattering and absorption of biological

tissue. Specifically, the phantom was a block of optically

diffuse high-density polyethylene. A strand of Tygon tubing

(250 μm ID, TGY-010-C, Small Parts, Inc., Seattle,

Washington) was embedded at a depth of 0.5 mm and con-

nected to a syringe pump (70–2209, Harvard Apparatus,
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Holliston, Massachusetts). UCμPs or cells co-incubated with
UCNPs were pumped through the tubing at a linear flow

speed of 10 mm/s.

U-DiFC Experiments in Mice in vivo
All mice were handled in accordance with Northeastern

University’s Institutional Animal Care and Use Committee

(IACUC) policies on animal care under protocol #15-

0728R. Experiments were performed with approval from

and in accordance with relevant guidelines and regulations

of Northeastern University IACUC. We used 8-week old

athymic nude (nu/nu) female mice. Suspensions of 2.5 ×

105 MM.1S cells co-incubated with UCNPs (using

‘method 1ʹ described above) and suspended in 200 μL
PBS were injected i.v. via the tail vein. Mice tails were

positioned under the U-DiFC collection lens, so that the

focal point of the system was approximately over the

caudal artery on the ventral side of the mouse tail. Mice

were held under inhaled isofluorane during U-DiFC scan-

ning to prevent movement and were kept warm using two

heating pads placed under the body and over the exposed

area of the tail. U-DiFC was performed for 30 mins,

beginning 10 mins after injection of the cells.

Results
U-DiFC Measurements in Optical Flow

Phantoms in vitro
We first tested basic operation and proof-of-concept of

U-DiFC using the optical flow phantommodel as summarized

in Figure 4. We performed U-DiFC on control (un-labeled)

MM cells suspended in PBS, which were run through the flow

phantom. A representative 60 s interval of processed data

collected with U-DiFC is shown in Figure 4A. As shown,

the background signal was extremely stable, with measure-

ment (electronic) noise of σN= 112 nA, over the course of 4,

10 min U-DiFC scans.

We next ran UCμP’s suspended in PBS (without any

cells), as described above, through the phantom at a linear

flow speed of 10 mm/s. A representative 60 s U-DiFC

trace is shown in Figure 4B. Here each transient “peak”

(purple arrows) corresponds to laser-induced luminescence

generated and detected as individual UCμPs passed

through the U-DiFC field-of-view. Likewise, Figure 4C

shows U-DiFC data acquired from suspensions of LLC

cells co-incubated with covalently modified UCNPs

Figure 3 Optical flow phantom model used for testing and validation of the

U-DiFC system.

Figure 4 Verifying operation of the U-DiFC system. (A) Representative U-DiFC data

measured from suspensions of un-labeled (control) MM cells, illustrating the negligible

background signal. U-DiFC data measured from suspensions of (B) UCμPs, (C) and

LLC cells co-incubated with UCNPs (UCNP-LLCs). Arrows in each panel indicate

example detected peaks by U-DiFC. (D, E) Peak amplitude histograms for UCμPs and
UCNP-LLCs, showing that they were readily detectable with U-DiFC. (F, G) Example

temporal profiles of peaks measured with U-DiFC for UCμPs and UCNP-LLCs. Note

that the temporal profile for UCμPs frequently had a jagged appearance, whereas they
were smooth for UCNP-LLCs (arrows in (F, G)).
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(UCNP-SiO2-NH2) using ‘method 1ʹ described above.

These U-DiFC data are generally consistent with fluores-

cence-based CTC data that we have previously measured

and reported with DiFC.46 Here, peaks (red arrows) indi-

cate U-DiFC detection of UCNP ‘groupings’ (aggregates).

However, as discussed in more detail below, it was likely

that the UCNPs were weakly adherent to the cell surfaces

or were extra-cellular aggregates.

There were several noteworthy features of the data mea-

sured in our flow phantommodel. First, upconverted lumines-

cence was readily detectable from both UCμPs and

suspensions of cells co-incubated with UCNPs, with mea-

sured amplitudes of several μA. Histograms of peak ampli-

tudes taken with U-DiFC for UCμPs and UCNP-LLC cell

suspensions are shown in Figure 4D and E, respectively.

Generally UCμPs were brighter (as would be expected from

their larger size), with a median amplitude of 15.9 μA,
corresponding to a signal-to-noise ratio (SNR) of 43 dB.

UCNP-LLC cells suspensions generally had a lowermeasured

brightness, with mean amplitude of 3.15 μA (29 dB), although

as with the UCμPs, individual detections exceeded 50 dB.

Second for UCμPs, the detected transient luminescent

peaks were generally temporally broader (on average 53

ms full-width at half maximum; FWHM) and had a jagged

appearance. In contrast, for UCNP-LLCs, peaks were on

average approximately half as narrow (on average 25 ms

FWHM). The temporal characteristics of these peaks were

generally consistent with flowing fluorescently-labeled

cells measured with DiFC previously.46 Based on our

previous work, this data implies the that UCμPs were

traveling more slowly possibly due to surface interactions

of UCμPs with the tubing walls.21 In summary, the optical

flow phantom data supports the hypothesis that UCNPs

can in principle be used for sensitive detection of CTCs.

Assessment of CTC Labeling by Microscopy
We next performed fluorescence microscopy of cells co-

incubated with UCNPs using method 1 above, as shown in

Figure 5. An example GFP fluorescence image of LLC cells

is shown in Figure 5A, along with the corresponding image

of UCNP luminescence (Figure 5B). As shown in Figure 5C,

although there may have been a small amount of UCNP

adherence to cell surfaces in some cases, in general there

was very little spatial overlap between the two images.

Analogous images for GFP-expressing MM cells are shown

in Figure 5D–F. Again, little spatial overlap was observed.

These data indicate that overall there was negligible (or no)

internalization or retention of UCNPs by the cells. Despite

repeated attempts to modify or optimize our labeling and

washing protocols with MM and LLC cells we were unable

to remedy this.

Likewise, for attempted HeLa labeling with PAMAM-

and PEI-modified UCNPs using ‘method 2ʹ described

above, essentially no co-localization was observed between

the images of the cells taken in transmitted light and up-

converted luminescence (Figure 5G–I and Figure 5J–L,

respectively). For these methods, luminescence originated

from cloud-like regions in the images, not associated with

cells. Further examination revealed that the non-covalently

modified UCNPs rapidly aggregated upon addition to the

medium, forming precipitate, which was not internalizable

by the cells. Presumably, the precipitation occurred due to

the detachment of the surface ligands, which were displaced

by phosphate anions present in the medium. This result is

consistent with our recent observations regarding these and

other non-covalently-modified UCNPs.33 The implications

of these results are discussed in more detail below.

U-DiFC Measurements in Mice in vivo
Despite the poor co-localization of UCNPs and cells that

was observed in our microscopy data, we attempted

a proof-of-concept test of U-DiFC in mice on the notion

that some cells may have retained some UCNPs. When

control (un-injected mice) were scanned with U-DiFC, the

autofluorescence signal in the detection band of the instru-

ment was very low, with only electronic noise (σN = 104

nA measured from 60 mins of scanning in control mice)

appearing in the signal after background subtraction.

The measurement noise in mice in vivo was equal to

that in flow phantoms, implying that there was no addi-

tional physiological noise. For example, the U-DiFC mea-

surement in a mouse leg (Figure 6A) was free of

problematic motion artifacts that are sometimes observed

with our fluorescence DiFC system. As an example of this,

Figure 6B shows mouse breathing artifacts measured from

the leg of a mouse using our previously reported GFP-

compatible DiFC system.21

We also injected MM cells co-incubated with UCNPs

(using ‘method 1ʹ described above) i.v. via the tail vein. An

example 60 s data trace from an UCNP-MM injected mouse

is shown in Figure 6C. As shown, transient peaks corre-

sponding to detected upconverted luminescence were clearly

detected, similar to the in vitro flow phantom data. These

were never observed in un-injected control mice (Figure 6D),

which (again) showed negligible signal after background

subtraction. The histogram of detected peak amplitudes
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taken in mice is shown in Figure 6E. The mean peak ampli-

tude was 4.46 μA (corresponding to SNR = 32.7 dB), but

individual peaks with SNRs exceeding 50 dB were routinely

detected. By comparison, in our previous DiFC work with

MM cells labeled with red organic fluorophores (Cell Trace

Far Red; CTFR-MM), the mean measured SNRs were on the

order of only 22 dB.20 Again, the main reason for this is the

very-low (negligible) autofluorescence background inherent

to the UCNP measurement.

Upconverted luminescence signals from mice injected

with MM-UCNPs were observed to clear from circulation

completely in about 30 mins (40 mins after injection) as

shown in Figure 6F. In contrast, in our previous work studying

CTFR-MM cell clearance with DiFC,20,46 about 30% of MM

cells stayed in circulation for up to two hours after injection.

An example clearance curve measured from a previous

CTFR-MM injected mouse20 is shown for comparison.

Consistent with our microscopy data (Figure 5), this rapid

clearance suggests that most of the detected U-DiFC signal

measured in vivo originated from non-CTC internalized

UCNPs. Despite repeated cycles of washing following co-

incubation of UCNPs with the MM cells, it is likely that some

unbound or weakly-bound UCNPs remained in the cell pellet

and were introduced into circulation on injection. The impli-

cations of these data are discussed in more detail below.

Discussion and Conclusions
We recently developed a new technique, called DiFC, for

non-invasively enumerating rare CTCs.20,21 Because DiFC

uses laser-induced fluorescence and diffuse light, non-

specific background autofluorescence is a persistent chal-

lenge. The unique properties of UCNPs – namely that their

Figure 5 Microscopy images of (A) GFP fluorescence, (B) UCNP luminescence from suspensions of LLCs co-incubated with UCNPs using ‘method 1ʹ as described in the

text, and (C) the overlay of the two signals is shown. (D) GFP fluorescence, (E) UCNP luminescence (method 1), and (F) overlay images for MM.1S cells. Scalebars are 20

μm. (G–I) UCNP co-incubation with HeLa cells with UCNP/PAMAM and ‘method 2ʹ as described in the text. Scalebars 10 μm. Overall, we observed poor co-localization of

cells and UCNP signals, implying minimal or no uptake and retention.Abbreviation: TL, transmission light microscopy.
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luminescence occurs at lower wavelengths than the excita-

tion - suggests a promising cell labeling strategy for IVFC

and DiFC. In combination with receptor-targeted labeling

strategies,53 using UCNPs as contrast agents could, in

principle, improve CTC detection sensitivity for DiFC by

reducing interfering autofluorescence and motion artifacts.

More broadly, UCNP-based DiFC could be used for other

applications where circulation kinetics of cells, cell-based

sensors, and cell based therapeutics are of interest. To our

knowledge, this is the first proof-of-concept study explor-

ing this approach.

Overall, our data show that upconverted luminescence

was indeed readily detectable from UCμPs and suspensions

of cells co-incubated with UCNPs. Measurements using

U-DiFC exhibited extremely low background fluorescence

and, as expected were free of motion artifacts in mice

in vivo (from breathing or the blood pressure wave),

which are sometimes observed in conventional (downcon-

version) DiFC and must be removed through re-positioning

or a posteriori data processing.

On the other hand, despite repeated attempts we were

unable to achieve labeling of CTCs with UCNPs using the

methods reported previously. Overall, our microscopy data

(Figure 5) strongly suggested that UCNPs were poorly co-

localized with CTCs. Increasing the concentration of UCNPs

resulted in higher levels of background (unbound UCNPs)

and no apparent increase in cellular uptake. In addition to the

specific results presented here, we also attempted a number

of other previously reported labeling protocols. For example,

we co-incubated glass coverslip-plated LLC cells with 50 μg/

mL UCNP-SiO2-NH2 modified UCNPs for 1 hr, followed by

repeated washing with PBS as reported previously.39We also

tried liposomal encapsulation of UNCPs to aid uptake and

labeling of cells.54,55 However, these methods also did not

result in satisfactory internalization in our hands.

Although it is possible that a small fraction of the

upconverted luminescence signal measured in mice

in vivo may have originated from UCNP-labeled MM

cells, in combination our data strongly suggest that most

of the luminescence originated from non-internalized

UCNPs. As we have noted, cell suspensions probably

retained some unbound or weakly-adherent UCNPs that

were introduced into circulation on injection. As such,

much of the measured U-DiFC signals likely arose from

circulating aggregates or non-specific uptake by other

blood cells.

Figure 6 (A) U-DiFC background signal acquired from the leg of a control (un-injected mouse) showing that the signal was free of problematic (B) motion artifacts (red

arrows) that are sometimes observed in our fluorescence-DiFC systems.21 Example 60 s U-DiFC trace taken from a (C) UCNP-MM injected mouse and (D) control mice.

Signals from UCNPs were clearly detectable. (E) The distribution of peak amplitudes is shown. (F) UCNP-MM cells were shown to clear from circulation significantly more

rapidly than previously measured.
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In summary, use of UCNPs as an exogenous contrast

agent for CTCs is a potentially promising strategy, with

a number of clear advantages for DiFC and other intravital

IVFC methods. However, further work is needed to

achieve reliable and specific labeling of CTCs with

UCNPs, and verify long-term retention and viability of

cells.
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