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We present a simple and inexpensive technique to enable 3D, high-resolution, and quantitative imaging of dissolved oxygen

in aqueous media using a commercially available hydrophobic dye, [Ru(dpp)3]2+. The dye is encapsulated in nanomicelles

formed by poloxamer (a biocompatible surfactant), allowing for uniform dispersion in aqueous media without long, complex,

and expensive chemical synthesis procedures. The nanomicelle probes are tested and found to remain stable for several months

in water and for several hours in biological media. The probes are sufficiently large in size for vasculature retention and enable

intravenous oxygen imaging in vivo. The two-photon cross-section of [Ru(dpp)3]2+ nanomicelle probes surpass that of the well-

established and widely used oxygen-sensitive probes in multiphoton microscopy. We also characterize the oxygen-sensitivity of

the probes as a proof of their viability as low cost and easily prepared markers for multiphoton quantitative oxygen imaging in

vivo and other applications in aqueous media.

1 Introduction

Measurement of dissolved oxygen plays an important role in

physiological research as well as in many environmental and

industrial applications.1–5 Several areas of medicinal research

rely on information about oxygen concentration at the tis-

sue and cellular level. For example, quantitative information

about oxygen levels in tumors can lead to optimized treatment

methods in oncology.6 Oxygen imaging of brain vasculature

can lead to a better understanding of brain activity in neuro-

logical research.7–10 At the intracellular level, oxygen imag-

ing can provide insights into cellular signaling pathways and

metabolic activity.2,4,11,12

Measurement of dissolved oxygen can be accomplished

either electrochemically or optically. Electrochemical tech-

niques, such as the Clark electrode for example, have the dis-

advantage of consuming oxygen thus needing constant stirring

of the analyte that causes deterioration of the sensing elec-

trode over time.3,5 In contrast, optical oxygen sensors pro-

vide a minimally invasive and non-consuming approach to

measure oxygen. These are based on the principle that the

photoluminescence from a phosphorescent luminophore de-

pends upon the oxygen concentration in the local microen-

vironment. Oxygen molecules colliding with an excited lu-

minophore provide a non-radiative pathway for high energy

state electrons to relax. This phenomenon, called “colli-

sional quenching” decreases both the phosphorescence inten-

sity and lifetime.1,13 Either quantity provides a quantitative

measurement of oxygen; however, lifetime measurement is

Department of Electrical Engineering, University of Notre Dame, Notre

Dame, IN 46556, USA.; E-mail: showard@nd.edu

preferred because it is self-referencing and relatively less sus-

ceptible to light scattering, photobleaching, fluctuations in lu-

minophore concentration, and drift in detector sensitivity and

excitation power.13–15 Lifetime-based techniques are also uti-

lized in fluorescence/phosphorescence lifetime imaging mi-

croscopy (FLIM/PLIM), an imaging modality for quantitative

measurement of oxygen in vivo7–10,16 and in vitro.4,17

Most optical oxygen sensors utilize phosphorescent lu-

minophores that are quenchable by oxygen (also called dyes or

indicators).1,2 Examples include porphyrins of platinum and

palladium,18 molybdenum chloride clusters,5 and ruthenium-

complexes such as [Ru(bpy)3]2+ and [Ru(dpp)3]2+.4,12,15 Even

though bioimaging and other aqueous oxygen sensing appli-

cations require the dyes to either be water-soluble or be uni-

formly dispersible in water, the fact is that most of the oxygen-

sensitive dyes are hydrophobic in nature.2,19 To overcome this

problem, hydrophobic dyes are usually PEGylated which in-

volves the attachment of hydrophilic functional groups and/or

dendrimers to enhance water-solubility.2,20,21 The Oxyphor

family of probes (Oxyphor-R2, -G2, -R4, and -G4) is a

good example of changing the hydrophobicity of palladium-

porphyrins by adding hydrophilic dendrimers.22–24 However,

the Oxyphor probes lack two-photon cross-section thus cannot

be used in multiphoton microscopy25,26 for high-resolution

and depth-resolved bioimaging.27 Vinogradov et al. address

this problem through PtP-C343, a hydrophilic dendritic probe

with two-photon absorbing antennae attached to a platinum-

porphyrin core.6,28 PtP-C343 is a well-established probe and

is widely used in 3D, high-resolution, and quantitative imag-

ing of oxygen in vivo,8–10,16 but requires complex chemical

synthesis procedures for preparation.
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Hydrophobic dyes can also be immobilized in an oxygen-

permeable polymer matrix (e.g., polystyrene,29 silicone,30

polysulfone,31 etc.) for localized immersion in aqueous me-

dia. The immobilizing matrix is usually deposited on a thin

film5,19,30–32 or an optical-fiber tip,29,33 neither of which en-

ables the uniform dispersion of dye molecules in water. The

polymer matrix also adds a barrier between the dye and oxy-

gen molecules, thereby reducing the oxygen-sensitivity and

response time.3 Another technique, PEBBLE nanosensors,

encapsulates hydrophobic dyes in organically modified sili-

cate matrices of 100–800 nm size. These nanosensors are pre-

pared by a sol-gel process and are permeable to oxygen.3,12

In contrast to dendritic/PEGylated probes, PEBBLE nanosen-

sors do not require any chemical synthesis to achieve uniform

dispersion of hydrophobic dyes in water.

One of the most important biological applications of

oxygen-sensitive probes is oxygen imaging of brain vascu-

lature in vivo.8–10 3D, high-resolution, and deep brain imag-

ing and other in vivo intravenous applications require probes

that are: (a) hydrophilic, (b) sufficiently large to be retained

within the vasculature, (c) sensitive and permeable to oxygen,

(d) compatible with multiphoton microscopy, (e) stable in bi-

ological media, and (f) commercially available or easily pre-

pared. However, most water-soluble dyes (e.g., [Ru(bpy)3]2+

and rhodamine B) are small in size and tend to diffuse out of

the capillaries into the interstitial fluid. Conjugation with large

dextran molecules or grafting with organic luminophores is of-

ten required to retain these dyes inside the vasculature.8,34,35

On the other hand, hydrophilic PEBBLE nanosensors are too

large in size (100–800 nm) and pose a greater risk of capillary

damage.3 Only PtP-C343 probe6,28 fits all the design criteria

except that it is not available commercially and requires com-

plex preparation procedures.

In this paper, we present a probe that is simple to prepare

and addresses all the requirements for 3D, high-resolution,

and quantitative imaging of dissolved oxygen in vivo. A

low cost, commercially available, oxygen-sensitive, two-

photon compatible, and hydrophobic ruthenium-complex dye,

[Ru(dpp)3]2+, is encapsulated by the process of surfactant mi-

cellization36 for uniform dispersion in aqueous media. Sev-

eral methods to solubilize hydrophobic dyes in water through

the micelle-encapsulation technique have been reported in the

literature.35,37–39 We adapted a procedure for preparing an in

vivo vasculature imaging probe,35 and applied it with several

modifications to encapsulate [Ru(dpp)3]2+ for dissolved oxy-

gen imaging in aqueous media. The procedure takes less than

two hours and does not involve any laborious and complex

chemical synthesis. The dye is first dissolved in chloroform

and combined with a solution of surfactant and water. The

surfactant, poloxamer-407, is a biocompatible,40–42 non-ionic

A–B–A block copolymer. The B-block is polypropylene ox-

ide (PPO) and the A-block is polyethylene oxide (PEO) as

shown in Fig. 1a. Because chloroform is a good solvent for

PPO, and water is a good solvent for PEO, nanometer-sized

micelles of the surfactant encapsulating the dye are formed

when high shear is applied by ultrasonication. The chloro-

form is evaporated and the solution is filtered to retain only

the larger nanomicelles (> 5 nm) that do not diffuse across

the vasculature endothelium.7,35 As shown in Fig. 1b, the na-

nomicelles sequester the dye in the hydrophobic core while

permitting oxygen diffusion, and the hydrophilic tails enable

solvation of the surfactant to form a homogenous, aqueous so-

lution.

Qualitative two-photon in vivo imaging of mouse brain

vasculature have previously been demonstrated using

[Ru(dpp)3]2+ and other dyes encapsulated in poloxamer

nanomicelles.7,35 To obtain quantitative results, however,

the oxygen-sensitivity of the nanomicelle probes needs to

be measured carefully. In this paper, we present the photo-

physical characterization and show that the probes can be

used for quantitative measurements of dissolved oxygen in

aqueous media with sensitivity comparable to that of the well-

established and widely used probes while providing improved

two-photon cross-section. The Stern-Volmer response of the

probes is measured and shows larger oxygen-sensitivity than

that of [Ru(dpp)3]2+ dissolved in a hydrophobic solvent,15

[Ru(dpp)3]2+ encapsulated in PEBBLE nanosensors,12 and

comparable to that of PtP-C343.6,28 The two-photon exci-

tation cross-section of the probes is found to be three times

larger than that of PtP-C34328 and comparable to that of

fluorescein.43 The probes remain stable for several months

in water and for several hours in biological media without

breaking down, thereby enabling extended time-lapse oxygen

imaging in vivo and in vitro.

2 Preparation of nanomicelle probes

4 mg of [Ru(dpp)3]Cl2
* dye (Alfa Aesar) are dissolved in

100 µL of chloroform. 100 mg of poloxamer-407 surfac-

tant (Pluronic® F127; Sigma-Aldrich) are dissolved in 10 mL

deionized (DI) water. A micropipette is used to transfer the

dye/chloroform solution to the surfactant/aqueous solution.

Because water and chloroform are immiscible, a two-phase

mixture forms prior to emulsification. The solution is trans-

ferred to a 50 mL plastic centrifuge tube and mounted on a ring

stand. An ultrasonic homogenizer (Branson Sonifier® SLPe

150 Watt) with a 1/8 inch diameter microtip is used to create the

nanoemulsion. The ultrasonic homogenizer generates the high

frequency mechanical energy required to create a stable, ho-

mogenous emulsion. The microtip is mounted on a ring stand

and lowered into the plastic tube until the tip is immersed in

at least 1 cm of solution. The solution is immersed in an ice

* Tris(4,7-diphenyl-1,10-phenanthroline)ruthenium(II) dichloride
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Table 1 Comparison of oxygen sensing probes from the literature

Probes KSV (×10−3 hPa−1) Water solubility Vasculature retention Two-photon excitation

[Ru(dpp)3]2+ nanomicelle probes 8.47 X X X

PtP-C343 (dendritic Pt-porphyrin)28 7.65 X X X

Oxyphor-R2 (dendritic Pd-porphyrin)22 155∗ X X

Oxyphor-G2 (dendritic Pd-porphyrin)22 39.6 X X

Oxyphor-R4 (dendritic Pd-porphyrin)23 37.3 X X

Oxyphor-G4 (dendritic Pd-porphyrin)23 34.5 X X

PtOEPK PEBBLE nanosensors3 32.6 X X‡

[Ru(dpp)3]2+ PEBBLE nanosensors12 3.94 X X‡ X

[Ru(bpy)3]2+ dissolved in water15 2.47 X X

[Ru(dpp)3]2+ dissolved in ethylene glycol15 6.72 X

[Ru(dpp)3]2+ immobilized in silicone30 30.1 X

K2Mo6Cl14 immobilized in silicone5 9.62 X

∗ Probes with large KSV values have a poor signal-to-noise performance at high oxygen levels and require a measurement setup with extended dynamic range.
‡ Large particle sizes (100–800 nm) pose a greater risk of capillary damage. 3

[Ru(dpp)3]2+ remains sensitive to oxygen after encapsulation

in poloxamer nanomicelles.

3.3 Two-photon excitation cross-section spectrum

Two-photon luminescence is a nonlinear optical phenomenon

which is directly proportional to the squared excitation inten-

sity (F ∝ P2). This phenomenon induces luminescence in a

diffraction-limited and depth-resolved focal point to construct

3D images without a pinhole as required by confocal mi-

croscopy.25 The two-photon excitation cross-section (σTPE)
of a probe is defined as the product of two-photon lumines-

cence quantum yield (η2) and two-photon absorption cross-

section (σTPA),

σTPE = η2σTPA (4)

A large value of two-photon excitation (TPE) cross-section

is desired because this enables deeper penetration and higher

signal-to-noise ratio in 3D multiphoton imaging.

Experimental details

We employ a ratiometric method51 to measure the TPE cross-

section spectrum of [Ru(dpp)3]2+ nanomicelle probes. Fluo-

rescein (10 µM, pH 11 in aqueous NaOH) is used as a two-

photon cross-section standard. The analyte (50 µM solution

of [Ru(dpp)3]2+ nanomicelles) is placed in a quartz cuvette

where nitrogen or air is kept flowing in the headspace to

equilibrate the dissolved oxygen concentration (pO2) with

either 0 or 213 hPa as monitored by a fiber-optic oxygen

sensor (FireSting O2; Pyro Science). A custom-built two-

photon fluorospectrometer is used to perform the two-photon

cross-section measurements as outlined in Fig. 6. A mode-

locked Ti:sapphire laser (Spectra Physics Mai Tai BB, 710–

990 nm, 100 fs pulse width, 80 MHz repetition rate) is used

to induce two-photon excited luminescence in fluorescein and

[Ru(dpp)3]2+ nanomicelle probes. The laser power is con-

trolled by a variable neutral-density filter and the beam is

filtered through a 664 nm longpass filter (Semrock Inc.) to

block ambient room light from entering into a light-tight en-

closure, housing the analyte and the detector. The laser beam

is expanded through L1 and L2 to overfill the back aperture

of an objective lens (Olympus Plan Achromat, 4X, 0.1 NA)

which creates a diffraction-limited spot inside the cuvette.

The two-photon excited luminescence is epi-collected by the

same objective lens and is directed towards a photomultiplier

tube (Hamamatsu H7422PA-40) by a 700 nm dichroic mir-

ror (Chroma Technology Corp.). The luminescence is fil-

tered through a set of 315–710 nm bandpass colored glass fil-

ter (Thorlabs FGS900) and two 700 nm shortpass dielectric

filters (Chroma Technology Corp.) to keep any residual exci-

tation from reaching the detector. The luminescence (F) is de-

tected by the photomultiplier tube and measured by a photon

counter (Stanford Research Systems SR400). A mechanized

arm switches between the cuvette and an optical power meter

(Thorlabs S120C) to measure the excitation power (P) at the

focal spot.

Six readings are taken at each excitation wavelength (710–

990 nm in 10 nm steps) for the three samples: (a) fluores-

cein as the standard, (b) air-saturated nanomicelle solution,

and (c) deoxygenated nanomicelle solution. For each read-

ing, the neutral density filter is adjusted and the mechanized

arm brings the power sensor to focus to measure P. Later, the

power sensor is removed and the cuvette is focused to mea-

sure F . An objective lens of low numerical aperture (0.1) is

used to avoid luminescence saturation. Furthermore, the strict

quadratic dependence of two-photon luminescence (F = aP2)
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of phosphorescence emission and phosphorescence quench-

ing by oxygen are both independent of the pathway by which

the luminophore is promoted to the excited state, the Stern-

Volmer and the calibrations parameters measured under linear

(ultraviolet) excitation (Fig. 5) are also valid for oxygen mea-

surement with two-photon excitation.6,8 The probes are also

compatible with multiphoton microscopy, showing a three

times larger two-photon excitation cross-section than that of

PtP-C34328 and comparable to that of fluorescein.43

The nanomicelle probes, however, have a few shortcoming

as well. [Ru(dpp)3]2+, though inexpensive, suffers from pho-

tobleaching and has a temperature-dependent oxygen sensing

response. To be used as an in vivo oxygen imaging probe,

both the temperature and solvent dependent calibration curves

for oxygen-sensitivity need to be measured. Even with these

fundamental limitations, the experimental results demonstrate

that [Ru(dpp)3]2+ nanomicelle probes are comparably sensi-

tive to dissolved oxygen and are also suitable for two-photon

oxygen imaging of vasculature in vivo.7 Future work with the

nanomicelle probes aims to study in vivo stability, size distri-

bution of nanomicelles, temperature dependence of oxygen-

sensitivity, oxygen monitoring in cell culture medium, and

two-photon in vivo imaging of mouse ischemia models.
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Easily prepared, biocompatible, and oxygen-sensitive optical probes with a
large two-photon cross-section: towards inexpensive quantitative oxygen
imaging <i>in vivo</i>
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