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Exogenous probes with far-red or near-infrared (NIR) two-photon absorption and fluorescence emission are highly desirable for deep tissue imaging 
while limiting autofluorescence. However, molecular probes exhibiting such properties are often hydrophobic. As an attractive alternative, we 
synthesized water-soluble polymer probes carrying multiple far-red fluorophores and demonstrated here their potential for live cell and zebrafish 
embryo imaging. First, at concentrations up to 10 mM, these polymer probes were not cytotoxic. They could efficiently label living HeLa cells, T lymphocytes 
and neurons at an optimal concentration of 0.5 mM. Moreover, they exhibited a high resistance to photobleaching in usual micro-scopy conditions. In 
addition, these polymer probes could be successfully used for in toto labeling and in vivo two-photon microscopy imaging of developing zebrafish 
embryos, with remarkable properties in terms of biocompatibility, internalization, diffusion, stability and wavelength emission range. The near-infrared 
two-photon absorption peak at 910 nm is particularly interesting since it does not excite the zebrafish endogenous fluorescence and is likely to enable 
long-term time-lapse imaging with limited photodamage.

1. Introduction

In the last ten years, the number of commercially available

exogenous probes dedicated to fluorescence bio-imaging has

known an exponential increase. The most important criteria

required by the biologist for the choice of a probe are the

biocompatibility, the brightness and the photostability [1]. Other

relevant characteristics for bio-imaging are the absorption and

emission wavelengths. In fact, probes emitting in the far-red

(650e750 nm) and near-infrared (750e950 nm) wavelength

range are highly desirable for numerous reasons [2]. First, light

absorption/scattering by cells and tissues is very low between 650

and 950 nm, that is called the biological optical window. Second,

cell autofluorescence is mainly occurring in the UV and visible

wavelength range, although for some cells like human osteoblasts
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and hepatocytes, plant cells or zebrafish embryonic cells, auto-

fluorescence can be detected up to 700 nm, which complicates the

optical observations [3]. If, in addition, the probe exhibits high two-

photon absorption (TPA) efficiency in the near-infrared range,

investigation of cells and cellular functions in deep tissue sections

and organs can be achieved by two-photon microscopy (TPM).

Moreover, TPM can be used for long-term live cell and deep tissue

microscopy imaging with reduced phototoxicity and photo-

bleaching since two-photon excitation is spatially localized [4].

One strategy to get exogenous probes with improved brightness

and photostability, consists in using fluorescent polymer probes

instead of molecular ones. Generally, this can be achieved by

encapsulating numerous molecular dyes inside biocompatible

polymer nanoparticles [5]. It can also be achieved by using intrin-

sically fluorescent p-conjugated polymers [6], encapsulated inside

nanoparticles [7] or formulated as polymer dots (Pdots) which have

a much smaller size (5e25 nm) than nanoparticles [8]. An alter-

native strategy to get fluorescent polymer probes of small size

consists in covalently binding dyes along a biocompatible polymer

chain [9,10]. However, whatever the chosen synthetic route, very

few polymer probes emit in the far-red range.

Recently, some polymer dots have been synthesized from

donor-acceptor polymer blends to reach visible absorption range

and far-red emission and have been used for in vivo tumor imaging

[11]. Using the dye-polymer binding strategy, Lucas et al. [12]

prepared polylysine (PLL) or poly(dimethylaminoethyl methacry-

late) (PDMAEMA) based polymers labeled with Cy5 dye (lmax

Emission ¼ 660 nm). These fluorescent cationic polymers were used

to complex oligonucleotides and to follow the intracellular disso-

ciation of the polyplexes by confocal imaging. Saad et al. [13] car-

ried out the binding of Cy5.5 dye (lmax Emission ¼ 710 nm) on the

functional groups of a PAMAM dendrimer, further used as nano-

carrier for in vivo drug delivery. However, in these examples, the

polymer structure and/or the dye binding were not controlled and

none of those polymer probes were used for two-photon imaging.

In a recent article [14], we reported the design and synthesis of

well-defined dye-polymer conjugates, with control over both the

polymer chain structure (controlled size, low polydispersity,

controlled composition and microstructure) and the dye binding

(controlled number of dyes per chain). The remarkable structural

homogeneity of these polymer probes was expected to lead to very

reproducible bio-labeling results. The chosen dye [15] was emitting

in the far-red range, possessed a large Stokes shift and, in addition,

was expected to be efficiently excited in the two-photon mode.

However, as most of the probes that exhibit interesting TPA prop-

erties, it was a hydrophobic fluorophore. Our recent experience

with hydrophobic TPA dyes (emitting in the visible range) demon-

strated that it is indeed possible to get water-soluble and biocom-

patible dye-polymer conjugates provided that a biocompatible

polymer backbone is used and that the number of dyes per chain is

controlled [16]. By tuning the nature of the groups along the poly-

mer chain and the number of far-red dyes per chain, we could

synthesize fluorescent polymer probes that werewater-soluble and

exhibited a much higher brightness than the corresponding

molecular dye (up to 10 fold).

In this article, we demonstrate the bio-imaging potential of

these far-red emitting fluorescent polymer probes first in cellulo

and then in toto using the zebrafish (Danio rerio). The latter has

been largely validated as a valuable vertebrate model well suited

for live imaging. Mainly, the zebrafish embryo exhibits overall tis-

sue transparency and fertilization is external, which enables live

imaging at all early embryonic stages. In a first step, we performed

qualitative and quantitative cytotoxicity studies of the polymer

probes in living cells. Then, we investigated their internalization

pathway and extended the study to various human cell lines. We

also evaluated the resistance of the probes to photobleaching and

showed that they can be advantageously used under two-photon

excitation in the near-infrared for live cell imaging. Then, we

demonstrated that such polymer probes were non-toxic to zebra-

fish embryos, efficiently diffused in the embryo depth and labeled

sub-cellular structures, thus providing an efficient counterstain of

tissues for live two-photon imaging.

2. Materials and methods

2.1. Synthesis of the polymer probes

The detailed synthesis of the fluorescent polymer probes has been described in a

previous article [14].

2.2. UVeVisible absorption and fluorescence spectroscopy

UVeVisible spectra were recorded on a Jasco V-670 spectrophotometer at

ambient temperature using 1 cm quartz cells. The fluorescence emission spectra

were recorded using a HoribaeJobin Yvon Fluorolog-3® spectrofluorimeter at 298 K,

using a 1 cm quartz cells. The steady-state luminescence was excited by unpolarized

light from a 450 W xenon CW lamp and detected at right angle (90�) for diluted

solutions (DO < 0.1) by a red-sensitive Hamamatsu R928 photomultiplier tube.

2.3. Cell culture

Human HeLa cells used in this study were maintained in Dulbecco's modified

essential medium (DMEM) supplemented with 10% fetal calf serum (FCS) and an-

tibiotics (penicillin/streptomycin) [17]. Jurkat T cells (Human T cell leukemia cell

line) were grown in RPMI-1640 medium (GIBCO) supplemented with glutamax, 10%

FCS and antibiotics. The neuroblastoma cell line SH-SY5Y (ATCC # CRL-2266) was

grown in a 1:1 mixture of Eagle Minimum essential medium (PAA E15-832) and F12

medium (PAA E15-890) supplemented with glutamax, 10% FCS and antibiotics. For

differentiation studies, cells were treated for 4 days with retinoic acid (RA) at 10 mM

in regular culture dishes, then transferred to chambered coverslips (m-Slide 8 well,

ibiTreat e 12,500 cells/well) and finally further differentiated with brain derived

neurotrophic factor (BDNF) at 0.05 mg/ml for 2e3 days. Prior live cell imaging, the

medium was replaced with phenol red free medium to reduce autofluorescence.

In order to label specific cellular compartments, HeLa cells were transfected

with plasmids expressing endosomal markers described elsewhere [17,18] 24 h prior

to probe incubation.

2.4. Cytotoxicity assays

To evaluate polymer probe cytotoxicity, 0.5�105 Jurkat cells were plated on a 24

well plate (Corning 3524 Costar 24 Well Clear TC-Treated Microplates) and incu-

bated at 37 �C with different concentrations of various polymer probes (solubilized

in the cell culture medium MEM-alpha, PAA) during 7 h or 32 h (no polymer probe

for the control experiment).

A qualitative evaluation was carried out using an inverted microscope Leica DM

IRBE with a EB-CCD camera (C4880 Hamamatsu, Ichinocho, Japan) controlled by the

HIPIC Software (Hamamatsu). The cell observations were performed using a 40x oil

immersion objective lens and the images processed with ImageJ freeware.

A quantitative evaluation was performed using a BD FACS Canto II flow cy-

tometer equipped with the BD FACS Diva Software (10,000 cells per condition). Cell

viability was determined using the granulometry mode of the FACS system that

distinguishes viable cells from granular non-viable cells.

2.5. Internalization assays

Cells were plated on chambered coverslips (m-Slide 8 well, ibiTreat e 12,500

cells/well) and allowed to adhere overnight. In the case of the Jurkat T cells, cells

were allowed to adhere on polylysinated coverslips 30 min prior to the addition of

the polymer probe. Cells were then incubated for 1h30 to 2 h with different con-

centrations of polymer probes solubilized in the cell culturemedium (MEM-alpha or

RPMI). Cells were washed twice with PBS 1X to remove the residual (non inter-

nalized) polymer probe and visualized using inverted microscope LEICA DMI4000

with an incubation chamber (CO2 and temperature control), consisting of a confocal

“spinning disk” head (Yokogawa CSU22), an EMCCD camera (Photometrics Quantem

512). This system is composed of 4 laser lights (405, 491, 561 and 635 nm) and

controlled by the Metamorph Software (Molecular Devices). The cell observations

were performed using the 63�water immersion objective lens (NA¼ 1.2). Generally,

the exposition timewas 800 ms. In the particular case of the Z-stacks, the exposition

time was 1300 ms. Images were processed with ImageJ freeware.

2.6. Resistance to photobleaching assays

Cells were plated on chambered coverslips (m-Slide 8 well, ibiTreat e 12,500

cells/well) and allowed to adhere overnight. They were then incubated for 3 h with

the polymer probe (P3, 1 mM) and 1 h with the commercial probe LysoTracker® Red

DND-99 (75 nM) solubilized in the cell culture medium (MEM-alpha, PAA). Cells

2



were washed twice with PBS 1X in order to remove the residual (non internalized)

probe. Cells were illuminated in continuous mode (25% of the maximal power of the

200 W metal halid source of a HXP 200 C system) and images were recorded every

40 s using a microscope ZEISS Observer Z1 controlled by the AxioVision Software.

The observations were performed using a 63� oil immersion objective lens

(NA ¼ 1.4). All images were processed with ImageJ freeware.

2.7. Two-photon live cell imaging

Cells were plated on chambered coverslips (m-Slide 8 well, ibiTreat e 12,500

cells/well) and allowed to adhere overnight. They were then incubated for 15 h with

1 mM of polymer probe P3 solubilized in the cell culture medium (MEM-alpha, PAA),

washed twice with PBS 1X in order to remove the residual (non internalized)

polymer probe and visualized using a ZEISS LSM780 (Carl Zeiss, Germany) confocal

invertedmicroscopewith a 63� oil immersion objective and an incubation chamber

(CO2 and temperature control). Two-photon excitation was performed with a

tunable infrared Ti:Sapphire Chameleon Ultra ls laser (690/1040 nm, Coherent Inc.).

The laser had been carefully calibrated with a powermeter (PM-10 Thorlab) in order

that the cells received a constant illumination power whatever the excitation

wavelength in the range 690e1000 nm. Fluorescence was detected using the GaAsP

spectral detector and images were processed with ImageJ freeware.

2.8. Two-photon live zebrafish embryo imaging

To avoid pigmentation, the nearly transparent Casper line [19] was used

throughout experiments. Animals and embryos were reared and staged as previ-

ously described [20]. Embryos were collected at the one-cell-stage and raised in

embryo medium (EM) solution containing different concentrations of polymer

probe P1 (5 mM, 10 mM and 20 mM) for up to the end of the hatching period (72 hpf

(hours post fertilization)). We first investigated if the polymer probe was efficiently

crossing the chorion. For that purpose, the probe's diffusion was compared in em-

bryos that were de-chorionatedmechanically (with the use of forceps at the one-cell

stage) and in chorionated sibling embryos by incubated them in EM supplemented

in the probe P1. Second, polymer probe toxicity was assessed by comparing either

probe-labeled or control chorionated embryos throughout embryogenesis until

hatching.

Before imaging, probe-labeled embryos were rinsed three times for five min in

EM and kept in EM. Then, embryos were manually de-chorionated and placed in

Teflon or 1% agarose molds depending on the stage. Embryos at 27 hpf were anes-

thetized in 0.05% (w/v) buffered tricaine methane sulfonate (MS222) before imaging

procedure. All the investigations using the zebrafish model were carried out in

compliance with the European and international guidelines on animal welfare

(Directive 2010/63/EU).

All images were taken on a ZEISS LSM780 (Carl Zeiss, Germany) confocal mi-

croscope using awater-immersion objective (Nikon LWD 16x/0.85 NA). Two-photon

excitation was performed with a Chameleon XR femtosecond laser (Coherent Inc.).

The average laser power measured at the level of the specimen was ranging from 8

to 30 mW. The fluorescence was detected using the GaAsP spectral detector with

channels ranging from 410 nm to 695 nm for the excitation/emission spectral

analysis and from 543 nm to 695 nm for all images presented. Images were pro-

cessed using the ZEN software (Zeiss) and ImageJ freeware.

3. Results and discussion

3.1. Structural and optical characteristics of the far-red fluorescent

polymer probes

The polymer probes have been synthesized by covalent binding

of a far-red emitting fluorophore on a water-soluble and biocom-

patible polymer chain based on poly(N-acryloylmorpholine-co-N-

acryloxysuccinimide), P(NAM-co-NAS), exhibiting numerous reac-

tive sites along the chain [14]. The aim was to bind several fluo-

rophores per chain to increase the brightness of the resulting probe,

taking into account the solubility issues (the free dye was hydro-

phobic) and the inherent self-quenching phenomenon. Since after

the binding step, the residual activated ester functions were hy-

drolyzed, several carboxylic functions (mostly in the carboxylate

form at pH 7) appeared along the chain (40e76 carboxylate groups)

(Fig. 1). The presence of such a large number of carboxylate groups

per chain was expected to enhance water-solubility and to favour

an extended conformation of the polymer probe due to electro-

static repulsions. Indeed, polymer probes possessing 4 to 11 fluo-

rophores per chain (of 20,000 to 33,000 g mol�1) were water-

soluble and exhibited a limited fluorescence self-quenching phe-

nomenon (Table 1).

These polymer probes exhibited a large fluorescence emission

band in water (between 650 and 750 nm) in the far-red region

(Fig. S1 in SI). Since the maximum absorption wavelength was

505 nm in aqueous phase, such polymer probes have a large Stokes

shift which is of high interest for optical microscopy [21]. The

brightness of the polymer probes has been determined from their

molar extinction coefficient and their fluorescence quantum yield.
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Fig. 1. Chemical structure of the far-red fluorescent polymer probes.

Table 1

Characteristics of the far-red fluorescent polymer probes.

Polymer probe sample Mn of polymer

backbone g mol�1 (Ð)a
Average number of fluorophores

per polymer chainb

Average fluorophore

densityc %

Brightness

in water cm�1 mol�1 L

Free fluorophore / / / 1300d

P1 20,300 (1.04) 3.8 3.0 4500

P2 20,300 (1.04) 10.8 8.5 3500

P3 33,200 (1.11) 8.5 4.0 13,100

a Ð ¼ polydispersity index, representative of the chain size distribution.
b Determined by size exclusion chromatography (SEC) with a UVeVis detector.
c Number of fluorophores related to the total monomer units per polymer chain.
d Determined in chloroform since the free fluorophore is not water-soluble.
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In comparison with the free fluorophore, much higher brightness

values were obtained (reaching a factor 10 for P3). We noticed that

to get an optimized brightness, it was necessary to control both the

number of fluorophores per chain and the polymer chain length (to

limit the self-quenching phenomenon), i.e., it was preferable to

remain below a fluorophore density of 4 mol% (in comparison with

the total monomer units along the chain).

3.2. Evaluation of the cytotoxicity of the polymer probes

The aim of this study was to check that the polymer probes

would not induce cell mortality at a usual concentration for such

probes (around 1 mM [22]). First, a qualitative evaluationwas carried

out by wide field microscopy. The polymer probe P3 was incubated

2 days with HeLa cells at increasing concentrations: 0.1, 1, 10 and

20 mM. Microscopy images (Fig. S2 in SI) indicated that the cells kept

their initial viability and morphology (no additional cell death as

compared with a control experiment without probe) for probe

concentration below 10 mM. At 20 mM, a higher number of dead cells

were observed as cells became spherical and loose.

Then, a quantitative evaluationwas performed by flow cytometry

on non-adherent cells (Jurkat T lymphocytes). The three different

polymer probes were incubated 7 or 32 h with the cells at increasing

concentrations: 0.1, 1, 10 and 20 mM. Then, the percentage of living

cells was determined by flow cytometry (granulometry mode) in

comparison with a control experiment without probe (Fig. 2).

The results after 7 and 32 h incubation period confirmed the

qualitative observations: for polymer probes P1 and P3 at con-

centrations below or equal to 10 mM, the percentage of living cells

was the same as for the control. At 20 mM, a small decrease of the

living cell percentage was noticed. Concerning polymer probe P2, it

was not cytotoxic below 10 mM; however, at 10 or 20 mM, a decrease

of the living cell percentage was observed. This last polymer probe

was bearing the highest fluorophore density (8.5 mol%, Table 1) and

then was the less hydrophilic. This qualitative and quantitative

cytotoxicity study confirmed that at micromolar probe concentra-

tions (below 10 mM), the polymer probes were not cytotoxic on

adherent and non-adherent human cells.

3.3. Influence of the polymer probe concentration on

internalization and visualization

Some preliminary observations by wide field microscopy had

shown that, after incubationwith the polymer probe, the cells were

fluorescent in the expected wavelength range which was a first

indication of their labeling. To observe if the polymer probe was

indeed internalized inside the cells, we then carried out fluores-

cence confocal microscopy. The question was: were the polymer

probes internalized in living cells? if yes, what was the minimal

probe concentration in order to get a convenient intracellular

visualization? The evaluation was performed on adherent human

HeLa cells using the polymer probe samples P1, P2 and P3 at the

same concentration (1 mM), as well as decreasing concentrations

(0.5 and 0.2 mM) of polymer probe P3.

After a 2 h incubation of the three polymer probes with HeLa

cells, image analysis indicated that all the cells were labeled (Fig. 3).

Moreover, since the acquisition was performed on a confocal mi-

croscope, it showed that the probe was indeed internalized inside

the cell and not adsorbed at the cell surface (see the Z-stack in

Fig. S3 in SI). For polymer probes P1 and P3 (Fig. 3A and C), the

contrast (signal over noise) was very good (low background noise

without cell washing) which indicated that very few probes

remained in the surrounding medium. In order to get an even

better contrast, we generally performed one or two cell washes

before image acquisition. For polymer probe P2 (Fig. 3B), some

fluorescent aggregates were visible above the cells. This could be

explained by its high fluorophore density that reduced its water-

solubility. Consequently, polymer probe P2 was no longer consid-

ered and polymer probes P1 or P3 were used in the following

studies.

The labeling distribution appeared similar for all cells with

many very bright cytosolic spots, a diffuse labeling of the cytoplasm

but no labeling of the nucleus. We could exclude the hypothesis of

an intracellular precipitation of the probe since the bright spots

were moving rapidly across the cytoplasm (determination of an

average of 0.57 mm/s). Indeed, it was a first indication that the

bright spots could correspond to endosomes trafficking along mi-

crotubules [23] (literature values around 0.5 mm/s) [24]. Moreover,

the distribution of these bright spots in the cytoplasm was

concentrated preferentially on one side of the nucleus. Such non-

symmetrical labeling could correspond to an endosomal and/or

MTOC (MicroTubule Organizing Center) localization. Conversely,

the cytosolic diffuse labeling could be explained by a small fraction

of the polymer probe being internalized by passive diffusion across

the plasma membrane. Note that this intracellular probe labeling

was reproducible with the three polymer probes.

Concerning the labeling intensity, cells appeared highly fluo-

rescent after the two hour incubationwith a probe concentration of

1 mM. When this concentration was decreased to 0.5 and 0.2 mM

(Fig. 3D and E), the labeling was still conveniently visualized in all

cells. The optimal polymer probe concentration was determined to

be 0.5 mM (avoiding image saturation that could sometimes occur

for 1 mM and above). Whatever the probe concentration, the intra-

cellular probe localization was similar, with the presence of highly

fluorescent spots in the cytosol surrounding the nucleus as well as a

cytosolic diffuse labeling.

At this step, we could conclude that the polymer probes could

efficiently label living adherent human cells such as HeLa cells at a
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Fig. 2. Percentage of living cells (T lymphocytes) after 7 h (left) and 32 h (right) incubation with increasing concentrations of several polymer probes, assessed by flow cytometry.
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concentration as low as 0.2 mM. Contrary to many molecular probes,

it was not necessary to use a carrier (such as a histone or a poly-

ethyleneimine (PEI) cargo) to make the probe entering the cell, the

polymer backbone itself being the nanocarrier. Moreover, the la-

beling was similar for all cells and seemed to proceed via endocy-

tosis of the polymer probe from the plasma membrane.

3.4. Polymer probe internalization kinetics

To investigate the probe internalization step, we decided to

follow the internalization kinetics by addition of the probe solution

onto the cells directly under the confocal microscope. Image

acquisition began after 10 min incubation of the probe (Fig. 4)

instead of two hours as described previously. The corresponding

images showed that it was already possible to visualize the fluo-

rescent probe inside the cell 10 min after the probe addition. The

labeling intensity was increasing until 40 min and then remained

unchanged.

In a complementary experiment, we investigated if cell washing

would make the polymer probe being externalized out of the cells.

Cells were incubated two hours with the polymer probe, then,

replacement of the extra-cellular medium by fresh culture medium

was performed. After this washing, the cells remained highly

fluorescent indicating that the polymer probe was still largely

present inside the cells. Even after additional washes (5 and 24 h

after incubation), cells were still highly fluorescent, suggesting that

the labeling was very stable, enabling long-term imaging.

3.5. Study of the polymer probe internalization pathway

To investigate if the polymer probe was indeed internalized in

endosomes, a colocalization study was carried out between the

Fig. 3. Fluorescence confocal microscopy images after 2 h incubation with HeLa cells of polymer probes P1 (A), P2 (B) and P3 (C) at 1 mM, and decreasing concentrations of polymer

probe P3: 0.5 mM (D) and 0.2 mM (E). Grey levels were color-coded with the 16 color look-up-table (LUT) from ImageJ. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

Fig. 4. Fluorescence confocal microscopy images after incubation of the polymer probe (P3, 1 mM) with HeLa cells (Images were recorded 10 min after the beginning of the probe

incubation, then every five minutes). Grey levels were color-coded with the 16 color look-up-table (LUT) from ImageJ. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 5. Fluorescence confocal microscopy images after 2 h incubation of the polymer probe (P3, 0.5 mM) in HeLa cells expressing Ti-Vamp-GFP (A) or Cb-GFP (B). Top images:

transmission (DIC mode) (left); polymer probe (middle); fluorescent proteins (right). Bottom: merge of red and green images; cytofluorogram with Pearson's coefficient, rp, and

Manders coefficients, M1 (% of green dots that colocalize with red dots) and M2 (% of red dots that colocalize with green dots). (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)
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probe and endosomal markers. For that purpose, two different

plasmids expressing fluorescent tagged endosomal proteins were

chosen. The first one expressed the Tetanus neurotoxin Insensitive

Vesicle-Associated Membrane Protein (Ti-Vamp) specifically pre-

sent in late endosomes and playing an important role in their fusion

with lysosomes [25,26]. The second one expressed the cellubrevin

protein (Cb) specifically present in recycling endosomes that

recycle membrane receptors (involved in receptor dependent

endocytosis phenomena) from the plasma membrane [27,28]. Both

recombinant proteins were labeled with the green fluorescent

protein (GFP), which was chosen since its fluorescence emission

was centered around 505 nm, away from the fluorescence emission

of the polymer probe centered around 650 nm (in cells). A pre-

liminary test showed that no fluorescence arising from GFP was

detected in the red channel used for the polymer probe (675/

67 nm).

HeLa cells were transfected by one or the other plasmid 24 h

prior P3 polymer probe addition and image acquisition was per-

formed by fluorescence confocal microscopy (Fig. 5). A qualitative

analysis of the cytofluorograms (derived from the red and green

images) based on the Pearson's coefficient [29], rp, gave a first es-

timate of the colocalization, indicating a partial colocalization be-

tween both polymer probe/Ti-Vamp protein (rp ¼ 0.85) and

polymer probe/cellubrevin (rp ¼ 0.65) (1 stands for a complete

correlation and zero for no correlation). Then, a quantitative anal-

ysis based on the Manders coefficients [29], indicated that the

percentage of the polymer probe that colocalized with Ti-Vamp

protein reaches 71% (M2 ¼ 0.71) against 60% with Cellubrevin,

thus illustrating that the polymer probe colocalized only a little bit

more with late endosomes than with recycling endosomes. How-

ever, considering the M1 coefficients, the percentage of the endo-

somal markers that colocalized with the polymer probe showed a

higher difference between both populations of endosomes. In fact,

79% of the late endosomes colocalized with the polymer probe, for

only 52% of the recycling endosomes. This result suggests that the

polymer probe traffics preferentially towards late endosomes,

explaining the observed non-symmetrical distribution of the bright

spots around the nucleus and supporting probable probe inter-

nalization from the plasma membrane via endocytosis.

3.6. Polymer probe internalization in various cell types

In order to check if internalization of the polymer probe was

dependent upon the cell shape and cell line, the same labeling

experiment was carried out in HeLa cells, T lymphocytes and

neurons. Since T lymphocytes (Jurkat cells) are non-adherent cells,

with a round shape and a very high membrane curvature, inter-

nalization of a probe might proceed differently than in HeLa cells

(adherent, flat shape cells enriched in membranes). Neuronal cells

(SH-SY5Y neuroblastoma) are also adherent cells. The behavior of

the polymer probe in neuroblastoma cells was compared before

and after differentiation since differentiated cells could exhibit a

different endocytotic or membrane trafficking activity [30]. In

addition, neuroblastoma cells exhibit a wide plasma membrane

surface due to neurite outgrowth. The various cell lines were

Fig. 6. Fluorescence confocal microscopy images taken on live cells after 30 min to 1 h incubation of the polymer probe (P3). HeLa cells (A, E, I, 1 mM of P3), T lymphocytes (B, F, J,

1 mM), non-differentiated neurons (C, G, K, 1 mM) and differentiated neurons (D, H, L, 0.5 mM) are displayed. The cells are visualized in grey by transmission (DIC mode) on EeL panels.

Fluorescent images (visualized in green, false color) are presented separately on AeD and superimposed with corresponding transmission images on EeH. White arrows indicate

the presence of bright spots inside neurites (D and H). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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incubated with polymer probe P3 (for 30 min to 1 h) and visualized

by fluorescence confocal microscopy (Fig. 6).

In each case, a high labeling of the cells was noticed at short

observation times (5e10 min) indicating a fast internalization of

the polymer probe. Moreover, the probe localization was similar in

all cells, with a diffuse cytosolic labeling and numerous bright spots

in the cytoplasm concentrated on one side of the nucleus, moving

rapidly across the cytoplasm (around 0.62 mm/s for T cells). In

differentiated neurons, bright spots were not only present around

the cell nucleus (like in non-differentiated cells) but were also

found along neurites (see arrows on Fig. 6D and H) thus indicating

that the polymer probe can localize in neurites in neuronal cells.

This comparative study indicated that the cell internalization of

polymer probe P3 did not seem to be cell line nor proliferation nor

differenciation nor shape dependent and strongly suggested that it

preferentially occurred via endocytosis, as shown in Hela cells.

3.7. Resistance of the polymer probe to photobleaching

When considering a new probe, one characteristic especially

relevant for optical microscopy is its resistance to photobleaching.

Often, molecular dyes as well as fluorescent proteins (like green

fluorescent protein, GFP) undergo a fast photobleaching. Then, we

decided to investigate the in cellulo kinetics of photobleaching of

polymer probe P3 under a constant light illumination (200 Wmetal

halide source). The polymer probe was compared to a well-known

commercial molecular probe, the LysoTracker® Red (DND-99). This

latter probe was chosen since it emits in the red spectral range like

our polymer probe and since it is a marker of endosomes and ly-

sosomes [31,32]. DND-99 leads to a similar labeling distribution in

living cells than the polymer probe: a diffuse cytosolic labeling and

numerous bright spots close to the nucleus. The two probes were

used at their optimal concentration for a convenient visualization.

Cells were illuminated under a continuous mode in conditions

chosen to be representative of usual observations by optical mi-

croscopy: 25% of the maximal power of the light source.

For each probe, two regions of interest (ROI) were chosen: inside

the cell in a bright area (signal) and outside the cell in a dark area

(noise). Then, the signal/noise ratio was reported for each probe

(after normalization) versus illumination time (Fig. 7). With DND-

99 probe, the fluorescence half-lifetime, t1/2, is lower than 40 s

whereas for the polymer probe, the t1/2 is 400 s. Therefore, under

the same observation conditions, our polymer probe is at least 10

fold more resistant to photobleaching than the LysoTracker® Red

DND-99 probe, making it promising for time-lapse tracking studies.

3.8. Two-photon microscopy live cell imaging

Since the fluorophore used to label the polymer is a conjugated

pushepull dipolar molecule, it was expected to possess efficient

two-photon absorption (TPA) properties. As the binding of the

fluorophore onto PNAM-based copolymers resulted in water-

soluble polymer probes, it was possible to investigate their TPA

properties in biological medium.

After incubation of P3 polymer probe with HeLa cells, it was

possible to visualize the cells under two-photon excitation on a

large range of NIR excitation wavelengths (lEx from 750 to

1000 nm) (Fig. 8). The fluorescence emission was collected at 652/

44 nm since the in cellulo fluorescence emission spectrum exhibi-

ted a lEm max at 650 nm. In a control experiment without polymer

probe (only cells, not shown) run in the same conditions and for the

same illumination power (at lEx ¼ 750 nm), we did not record any

fluorescence that could correspond to autofluorescence (for

instance, from NADH/NADPH present in cell mitochondria) [33,34].

The in cellulo two-photon excitation spectrum of polymer probe P3

was then reconstructed from 750 nm to 1000 nm (every 10 nm),

using the average fluorescence intensity emitted at 652/44 nm on

each image (Fig. 9).

This two-photon excitation spectrum in cellulo exhibited a

maximum around 920 nm (Fig. 9 e inset). It is worth noting that,

for a star-shaped oligomer probe based on the same chromophore,

a two-photon absorption study in aqueous phase had indicated a

peak between 900 and 1070 nm (with a maximum around

1050 nm) [35]. This behavior is in good agreement with the red

shift of the polymer probe fluorescence band observed in water

with respect to that in cellulo (Fig. 10). It is possible that, in cellulo,

variations of the micro-environment around the polymer probes

inside endosomes induce the formation of some dye aggregates

that would influence spectroscopic properties. Such variations

could arise from pH changes (pH is usually more acidic in endo-

somes) that would decrease the polarity of the polymer backbone

or from an increase of the local probe concentration during endo-

somal sequestration.

In addition, very strong fluorescence emission intensity was

observed below 800 nm excitation wavelength, with a strong

enhancement for 700e750 nm excitation (saturation of the images,

in agreement with the excitation spectrum on Fig. 9). Note that the

laser had been carefully calibrated in order that the cells received a

constant illumination powerwhatever the excitationwavelength in

the range of 690e1000 nm. Such an observation illustrates a higher

TPA cross-section value at shorter wavelengths than those corre-

sponding to the lowest excited state exhibiting a maximum around

920 nm under two-photon excitation (Fig. 9 and Fig. S4 in SI). This

behavior has already been observed for numerous other chromo-

phores (for instance fluorescein) [36].

Finally, this study confirmed that the polymer probe can lead to

very convenient two-photon imaging of living cells, with two-

photon excitation in the NIR (750e950 nm) and fluorescence

emission in the far-red (650 nm). Since NIR excitation presents

several advantages for bio-imaging such as a lower light-induced

cytotoxicity, a reduced autofluorescence and a deeper tissue

penetration, such polymer probes might be valuable tools for

in vivo imaging studies. This was further evaluated in zebrafish

embryos.
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source), after incubation with HeLa cells of either the polymer probe P3 (full line, 1 mM,
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Fig. 8. Laser scanning fluorescence microscopy images under two-photon excitation at various lEx, after incubation of the polymer probe P3 (1 mM) in HeLa cells for 15 h (collected at

652/44 nm). Grey levels were color-coded with the 16 color look-up-table (LUT) from ImageJ. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)
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in a spectroscopy cuvette (dashed line, 0.5 mM, lEx ¼ 510 nm).
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3.9. Study of the polymer probe internalization and cytotoxicity in

zebrafish embryos

Numerous applications using zebrafish embryos as a verte-

brate model organism involve a vast selection of fluorescent

probes like fluorescent proteins, inorganic probes and organic

probes [37]. However, the expression of fluorescent proteins re-

quires various manipulations such as RNA or DNA injection and

only provides enough signal after several hours of delay

depending on the biosynthetic machinery. Concerning the inor-

ganic fluorescent probes like quantum dots (QD), they have

limited application for zebrafish imaging because of potential

toxicity and in toto delivery issues [38]. Then, there is a great

need for organic probes, organism-permeable and crossing the

chorion (an acellular envelope surrounding the zebrafish em-

bryo). Emission in the far-red range (limiting detection of auto-

fluorescence) and high TPA efficiency in the near-infrared

(enabling deep tissue imaging and reducing photodamages

around the focal point) are other desirable properties for zebra-

fish embryo imaging. From the cell culture experiments, we ex-

pected the polymer probes to be efficient in toto labeling

reagents for live zebrafish embryos.

The internalization and biocompatibility were investigated by

bathing one-cell stage zebrafish embryos with different con-

centrations of polymer probe P1 for various periods of time

(experimental section). We first observed that the probe crossed

the chorion and stained the embryonic cells. We compared the

diffusion of the probe P1 (at 5 mM, 10 mM or 20 mM) in embryos

that were mechanically de-chorionated (at the one-cell stage)

and in chorionated embryos. The diffusion of the probe was

similar in time and depth in both kinds of embryos as confirmed

by two-photon imaging of embryos at 5 h post fertilization (hpf).

This result demonstrates that the polymer probe is efficiently

crossing the chorion and moreover diffuses rapidly through the

depth of the embryo. Then, the use of such polymer probe does

not require a prior de-chorionation procedure which is delicate

and time consuming especially at early developmental stages. We

further observed that after bathing 24 hpf embryos (about

2.5 mm long) as short as 75 min in 5 mM probe solution, full la-

beling through the whole depth of the specimens (200e500 mm)

was achieved.

These experiments also revealed that the polymer probe was

non-toxic to developing zebrafish embryos evenwhen incubated in

20 mM solution from the one-cell stage until hatching by 48 hpf.

Probe-labeled larvae hatched normally compared to non-labeled

ones with no significant lethality nor abnormality or delayed

development. These results demonstrated the biocompatibility of

polymer probe P1 and its convenience for staining zebrafish em-

bryonic tissues as it appeared to cross the chorion barrier whatever

the developmental stage, at least up to 48 hpf.

In addition, we recorded the in toto fluorescence emission

spectrum of the polymer probe and compared it with the in cellulo

one. The spectra were very similar and, in both cases, exhibited a

maximum in the far-red range around 650 nm (full and dotted

lines, Fig. 10). In comparison, the emission spectrum of the polymer

probe in water (recorded by fluorescence spectroscopy) was red-

shifted (dashed line, maximum at 690 nm). For a dye derivative

having the same chromophoric core, an important solvatochromic

effect had already been shown [35]. In fact, upon increasing solvent

polarity, the emission peak was more and more red-shifted

(maximum from 630 nm in dioxane to 676 nm in water, positive

solvatochromism). Such a behavior seemed to indicate that, in both

HeLa and zebrafish embryonic cells, the polymer probe was mainly

located in regions of low polarity like the lipid bilayer of

endosomes.

3.10. In vivo two-photon microscopy imaging of live zebrafish

embryos

The emission-excitation spectra of polymer probe P1 in the

zebrafish embryonic cells were explored by two-photon excitation

in the range 705e980 nm and detection between 410 and 695 nm

(with a GaAsP spectral detector). Similarly to the in cellulo experi-

ments, the probe P1 exhibited two excitation maxima, a major one

around 700e750 nm and a smaller one around 910 nm. However,

for a two-photon excitation wavelength of 750 nm, some auto-

fluorescence was detected in the control embryo due to the pres-

ence of NADH/NADPH and other intracellular components

(Fig. 11A). On the contrary, for a two-photon excitation wavelength

of 910 nm, no autofluorescence was detected in the control embryo

while the P1-labeled embryo exhibited strong fluorescence signal

(Fig. 11B).

Then, for in vivo imaging of 5 hpf and 27 hpf embryos, an

excitation wavelength of 910 nm was chosen and the fluores-

cence emission was collected in the range 543e695 nm. Staining

was observed in the cytoplasm of all the embryonic cells and

was distributed in a dotty pattern similar to the one described

for the in cellulo experiments, suggesting that the polymer probe

was indeed internalized most probably through the endosomes

(Fig. 12A and B). Moreover, fluorescence was still high in the

cytoplasm of the cells throughout the embryo 24 h post-

staining, demonstrating that the probe achieved long-term

stable in toto staining of zebrafish embryonic cells (Fig. 12C

and D). Polymer probe enabled imaging of the somites and

overlying epidermis of the 27 hpf embryo tail (close-up view in

D). With its innocuity, ability to cross the chorion and to rapidly

penetrate the depth of embryonic tissues, the polymer probe

appeared as a useful counterstain for two-photon imaging of

live zebrafish embryos with an interesting emission spectrum in

the far-red range.

Fig. 11. Optimization of the polymer probe P1 signal to noise ratio. (A,B) Two-photon imaging of control embryos (left in each image) and probe-labeled embryos raised in EM

supplemented with 5 mM of polymer probe P1 until imaging (right in each image). Two-photon excitation (A) at 750 nm (8 mW) and (B) at 910 nm (30 mW). Grey levels were color-

coded with the cyan hot look-up-table (LUT) from ImageJ. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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4. Conclusions

The biological evaluation of water-soluble polymer probes

(emitting in the far-red range and expected to be efficiently excited

in the NIR in the two-photon mode) has been carried out by flow

cytometry and fluorescence confocal microscopy, first on living

cells and then on zebrafish embryos as vertebrate model (requiring

deep tissue imaging).

First, flow cytometry studies revealed that the polymer probes

were not cytotoxic at concentrations up to 10 mM (after incubation

of the probes for 7 and 32 h with T lymphocytes). Second, these

polymer probes could efficiently label living HeLa cells, T lympho-

cytes and neurons. The labeling was similar for all cells (with a

diffuse cytosolic labeling and the presence of numerous bright

spots in the cytoplasmmostly located on one side of the nucleus). A

colocalization experiment confirmed that internalization pro-

ceeded mainly by endocytosis of the polymer probe. Cells were still

highly fluorescent several hours after incubation (even after several

washes). Such a property could enable imaging studies that require

a stable probe labeling during several hours.

Moreover, these polymer probes exhibited a high resistance to

photobleaching in usual microscopy conditions, with a half-lifetime

10 fold higher than that of a commercial molecular probe. Then,

these polymer probes appear useful for continuously following an

intracellular dynamic process as well as for molecule or endosome

tracking studies. In addition, the polymer probes were efficiently

used for two-photon imaging of living cells, with two-photon

excitation in the NIR (750e950 nm) and fluorescence detection in

the far-red (650e750 nm). Thus, such polymer probes should be

valuable tools for in vivo imaging studies. It was demonstrated in

zebrafish embryos where the polymer probe exhibited remarkable

properties in terms of biocompatibility, internalization, diffusion,

stability, wavelength range and Stokes shift compared to other

valuable organic probes [39]. The two-photon absorption peak at

910 nm is particularly interesting since it does not excite the

zebrafish endogenous fluorescence and is likely to enable long-

term time-lapse imaging with limited photodamage. Moreover,

some recent data (unpublished results) showed that these polymer

probes are also valuable in vivo imaging tools for other aquatic

models like ascidia. We are then undertaking further investigations

taking advantage of the polymer probe to study several biological

issues such as the notochord formation.
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cytoplasm of the cells throughout the embryo 24 h post-staining, as shown in the somites and overlying epidermis (close-up view in D). Grey levels were color-coded with the cyan

hot look-up-table (LUT) from ImageJ. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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