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ABSTRACT Oxygen levels in biological systems can be measured by the phosphorescence quenching method using probes with
controllable quenching parameters and defined biodistributions. We describe a general approach to the construction of phosphorescent
nanosensors with tunable spectral characteristics, variable degrees of quenching, and a high selectivity for oxygen. The probes are
based on bright phosphorescent Pt and Pd complexes of porphyrins and symmetrically π-extended porphyrins (tetrabenzoporphyrins
and tetranaphthoporphyrins). π-Extension of the core macrocycle allows tuning of the spectral parameters of the probes in order to
meet the requirements of a particular imaging application (e.g., oxygen tomography versus planar microscopic imaging). Metallopor-
phyrins are encapsulated into poly(arylglycine) dendrimers, which fold in aqueous environments and create diffusion barriers for
oxygen, making it possible to regulate the sensitivity and the dynamic range of the method. The periphery of the dendrimers is
modified with poly(ethylene glycol) residues, which enhance the probe’s solubility, diminish toxicity, and help prevent interactions
of the probes with the biological environment. The probe’s parameters were measured under physiological conditions and shown to
be unaffected by the presence of biomacromolecules. The performance of the probes was demonstrated in applications, including in
vivo microscopy of vascular pO2 in the rat brain.
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INTRODUCTION

Optical sensors and imaging agents are rapidly de-
veloping areas of research in functional macromo-
lecular materials (1). Sensors based on dendrimers

attract special interest because, among all types of synthetic
polymeric carriers, dendrimers offer the unique advantage
of molecular monodispersity (2). In imaging, dendritic poly-
mers are typically used for signal amplification or for the
construction of controlled microenvironments by way of
dendritic encapsulation (3, 4). If an optically active motif is
placed inside a dendrimer, the latter forms a protective cage,
preventing physical contacts of the core with macromolecu-
lar objects and shielding it from small-molecule quenchers
in the environment. Optical probes for biological imaging
of oxygen present an important example of the encapsulat-
ing capability of dendrimers, which play a key role in the
construction of these practically useful materials.

Oxygen-dependent quenching of phosphorescence (5) is
an optical method for oxygen sensing in biological systems
(6, 7). Applications of the technique range from local “point”
measurements to planar 2D imaging (8) to high-resolution
microscopy (9) and near-infrared 3D tomography (10).
Phosphorescence quenching offers excellent specificity, sub-

millisecond temporal response, high sensitivity, and relative
simplicity of implementation, complementing and in many
ways surpassing other oximetry methods (11-15).

In phosphorescence quenching, probes are the only
invasive component of the measurement scheme, and their
design is the key to applicability of the method. Early oxygen
probes were based on simple water-soluble derivatives of
palladium porphyrins (5). These chromophores had to be
prebound to bovine serum albumin in order to enhance their
solubility and to prevent interactions of the porphyrins with
biological molecules. Prebinding was also important because
water-soluble porphyrins, modified with either ionic groups
(SO3

-, CO2
-, NH3

+) or neutral residues, e.g., oligo(ethylene
glycols) (16), are prone to aggregation. Moreover, when
injected systemically, they bind to biological targets and
become heterogeneously distributed throughout the tissue.
Local environments of probe molecules in different tissue
microcompartments are highly heterogeneous, and as a
result, the response of phosphorescence to oxygen cannot
be interpreted quantitatively. Binding to albumin makes it
possible to partially overcome these limitation, but a number
of problems arise as a result of the use of an exogenous
protein, which constitutes a part of the injected material.

Introduction of polyglutamic phosphorescent probes (17)
(in the literature known as Oxyphors R2 and G2) (18)
eliminated the necessity of prebinding porphyrins to foreign
albumin because polyglutamic branches rendered highly
water-soluble materials. Still, polyglutamic probes required
the endogenous albumin because only albumin complexes
were suitable for measurements in the physiological oxygen
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range (vide infra). Consequently, oxygen measurements
could be performed only in albumin-rich environments
(blood plasma), while incomplete albumin binding, e.g., at
the higher probe concentrations needed to increase the
signal level, could lead to measurement ambiguity (19).

A more comprehensive design of a molecular sensor for
oxygen would entail construction of a well-defined microen-
vironment around the phosphorescent chromophore with
the purpose of isolating it from interactions with biological
molecules. Dendritic encapsulation arguably provides the
most straightforward way for the construction of monodis-
perse, well-defined molecular jackets around luminescent
centers, although other approaches have been proposed in
the literature (20). In this paper, we present a comprehensive
design of phosphorescent oxygen nanosensors for biological
environments and describe a family of dendritic oxygen
probes with excitation bands spanning the entire UV-
vis-near-infrared (NIR) spectrum.

RESULTS AND DISCUSSION
Probe Parameters. Molecular oxygen, a triplet mol-

ecule in the ground state (O2
3Σg

-), is able to react with
excited molecules in the environment, quenching their
luminescence (21). Collisional quenching is much less prob-
able on the time scale of singlet excited states (nanoseconds)
than of triplet states (microseconds to milliseconds), making
phosphorescence much more sensitive to oxygen than
fluorescence. Assuming a large excess of oxygen relative to
the concentration of triplet emitters, a condition typically
met in biological experiments, the dependence of the phos-
phorescence intensity and lifetime on the oxygen concentra-
tion follows the Stern-Volmer relationship

where I and τ are the phosphorescence intensity and lifetime
at the oxygen concentration ([O2]) and in the absence of
oxygen (I0 and τ0) and KSV is the Stern-Volmer quenching
constant. In practice, using lifetime τ as the analytical signal
for [O2] is more convenient because the lifetime is indepen-
dent of the probe distribution, provided the chromophore
is in the same molecular environment.

We express the oxygen content in the units of pressure
(mmHg) rather than concentration (M) (22) because in the
majority of experiments the partial pressure of oxygen (pO2)
is the experimental parameter that is actually controlled. We
assume that the Henry’s law holds in the physiological range
of the oxygen concentrations: [O2] ) RpO2, where R is the
oxygen solubility coefficient (M mmHg-1). Considering KSV

) k2τ0, where k2 is the bimolecular rate constant for the
quenching reaction, eq 1 can be rewritten as

where kq ) Rk2 and has units of mmHg-1 s-1.
Equation 2 contains two probe-specific parameters: con-

stant kq and lifetime τ0. Their interplay defines the sensitivity

and dynamic range of the method. It is desirable that the
measurement parameter, phosphorescence lifetime τ, spans
the largest possible interval of values throughout the range
of analyte concentrations, assuring the highest possible
measurement resolution. To quantify the dynamic range of
lifetimes, it is convenient to define parameter R ) (τ0 - τair)/
τ0, where τ0 (pO2 ) 0 mmHg) and τair (pO2 ) 159.6 mmHg)
are the maximal and minimal values of the phosphorescence
lifetimes in physiological experiments. Another important
parameter is the signal-to-noise ratio, which is always higher
for probes with larger emission quantum yields, assuming
the same emission spectra.

Triplet lifetimes of palladium porphyrins in deoxygenated
solutions at ambient temperatures are in the range of
hundreds of microseconds, and their phosphorescence quan-
tum yields are typically 0.05-0.1 (23). Constants kq for
“unprotected” metalloporphyrins in aqueous solutions are
∼3000 mmHg-1 s-1 (1.9 × 109 M-1 s-1). Given such high
quenching constants, the lifetimes and quantum yields of
palladium porphyrins become extremely low already at low
oxygen concentrations because of excessive quenching (see
Figure S22 in the Supporting Information). Thus, in spite of
the overall very high signal dynamic range (R ∼ 0.99),
palladium porphyrins can be useful only in a very low pO2

range, probably not higher than ∼5 mmHg.

For platinum porphyrins, lifetimes τ0 are typically tens
of microseconds and their quantum yields are 0.10-0.25
(23, 24). As a result, platinum porphyrins can be used up to
about ∼50 mmHg of pO2, but above that limit, probe
quantum yields also become low and lifetimes change only
weakly, causing poor analyte resolution and low sensitivity.
Moreover, if quenching constants were to decrease, which
is inevitable upon binding of the probes to biological mac-
romolecules, probes with short lifetimes would become very
poorly sensitive to small changes in the analyte concentra-
tion [R ∼ 0.5 for platinum porphyrins; compare to R ∼ 0.02
for Ru(bpy)3-like complexes (25)].

For higher sensitivity, probes with greater τ0’s are clearly
preferred, but only if their phosphorescence changes gradu-
ally instead of being highly quenched already at low oxygen
concentrations. Such an adjustment of the sensitivity can be
achieved by tuning constants kq. For example, at kq ∼ 100
mmHg-1 s-1, phosphorescence of palladium porphyrins
would change more gradually, permitting measurements
even at air saturation, but the dynamic range would still be
quite high (R ∼ 0.9; see Figure S22 in the Supporting
Information). In some cases, when the signal strength is
particularly critical, probes with higher quantum yields (PtP)
still would be more useful even at the expense of the
sensitivity, especially if only qualitative information about
pO2 is required.

Overall, it is clear that control over the values of quench-
ing constants kq and, most importantly, the ability to keep
them unaltered is the key to accurate oxygen measure-
ments. For the majority of phosphorescent chromophores,
diffusion of oxygen can be considered the rate-limiting step
for the quenching reaction (21). Therefore, through alter-

I0/I ) τ0/τ ) 1 + KSV[O2] (1)

1/τ ) 1/τ0 + kqpO2 (2)
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ation of oxygen diffusion in the local environment of phos-
phorescent chromophores, constants kq can be regulated.

Considering the above criteria, a molecular design emerges
that comprises a bright phosphorescent chromophore with
sufficiently long triplet lifetime τ0 and a protective jacket,
whose purpose is to constrain oxygen diffusion in the local
environment of the chromophore. The periphery of the
probe must be hydrophilic and inert in order to prevent
interactions of the probe with components of the biological
system (e.g., biomacromolecules and cellular membranes).

Phosphorescent Chromophores. Relatively few
chromophores exhibit bright (26) phosphorescence at ambi-
ent temperatures. Among them, R-diimine complexes of Ru,
Ir, and some other transition metals (7a), cyclometalated
complexes of Ir and Pt (27), and Pt and Pd complexes of
porphyrins and related tetrapyrroles (5, 23, 28, 29) have
been used in oxygen sensing, although some other systems
have been proposed (30).

For tissue applications, it is desirable that probes posses
absorption bands in the NIR region. It has been shown that
lateral π-extension of platinum and palladium porphyrins by
annealing of their pyrrole residues with external aromatic
rings renders chromophores with dramatically red-shifted
absorption bands and strong room-temperature phospho-
rescence (31-33, 28). Structures, absorption and emission
spectra of palladium tetraarylporphyrin (PdP), palladium
tetraaryltetrabenzoporphyrin (PdTBP), and palladium tet-
raaryltetranaphthoporphyrin (PdTNP) are shown in Figure
1 (34). Spectra of Pt complexes are very similar in shape but
are slightly blue-shifted (10-15 nm) compared to those of
the Pd counterparts (see Table 2). The three basic porphyrin

types, P, TBP, and TNP, are designated in Figure 1 as 1-3,
respectively. In this study, we used meso-tetraarylporphy-
rins, where aryl (Ar) ) 3,5(RO2C)2C6H3. [To distinguish
between different groups R and metals (Pt and Pd), prefixes
and endings indicating the porphyrin types are added to the
numbers. For example, the Pt complex of TBP with butoxy-
carbonyl substituents is abbreviated as Pt-2-OBu.]

In platinum and palladium porphyrins, S1f T1 intersys-
tem crossing is the predominant pathway of deactivation of
the singlet excited states (S1) (23), and the resulting triplet
states are typically highly emissive (phosphorescent). In
regular (nonextended) porphyrins, macrocycle deviations
from planarity dramatically enhance the competing nonra-
diative triplet decay and quench phosphorescence (35). In
contrast, platinum and palladium meso-tetraaryltetraben-
zoporphyrins (TBPs), although highly nonplanar (31), phos-
phoresce with high quantum yields (36). Palladium (31d) and
platinum tetraaryltetranaphthoporphyrins (Figure 2 and
Supporting Information) (33b) are also nonplanar and, in
addition, have much narrower T1-S0 gaps (Table 1). Nev-
ertheless, they still phosphoresce, although weaker than
TBPs and regular porphyrins. The emission spectra in Figure
1b are scaled to reflect the relative phosphorescence quan-
tum yields, and the complete photophysical data for the
chromophores are summarized in Table 1.

Taken together, the absorption bands of Pt and Pd Ps,
TBPs, and TNPs cover practically the entire UV-vis-NIR
range, presenting multiple opportunities for excitation. The
absorption Q bands of TBPs and TNPs are shifted to the red,
i.e., into the region between ∼630 and ∼950 nm, where the
absorption of endogenous chromophores is significantly

FIGURE 1. Three basic structural types of porphyrins that are used as sensing elements of phosphorescent probes. [PEG refers to monomethoxy-
oligo(ethylene glycol); av MW 350.] Absorption and emission spectra of complexes Pd-1-OBu, Pd-2-OBu, and Pd-3-OBu in benzonitrile (PhCN)
are shown.
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lower (38). The oscillator strengths of these bands are
extremely high, making TBPs and TNPs especially well-
suited for optical tomographic applications (10). Excitation
in the visible region (near 500 nm), featured by regular PtPs
and PdPs, is useful in planar wide-field imaging (vide infra),
where the less diffuse nature of excitation serves to improve
the spatial resolution. In addition, absorption near 500 nm
overlaps with the emission of many two-photon chro-
mophores, which is useful in the construction of fluores-
cence resonance energy-transfer enhanced probes for two-
photon oxygen microscopy (9).

An important feature of porphyrin-based probes is their
record-high phosphorescence Stokes shifts achievable via
excitation at the Soret bands (e.g., 9329 cm-1 for PdP).
Efficient S2 f S1 internal conversion (39), combined with
extremely high extinction coefficients of S0-S2 transitions
(∼3 × 105 M-1 cm-1), makes this pathway superior to the
direct S0-S1 excitation in those cases when near-UV radia-
tion can be sustained by the object.

Porphyrins with meso-3,5-dicarboxyphenyl groups were
used in this study as cores for the dendrimers (Figure 1).
Regular tetraarylporphyrins were synthesized by the Lindsey
method (40) using 3,5-butoxycarbonylbenzaldehyde. The
same aldehyde was used in the synthesis of π-extended
analogues, as depicted in Scheme 1iii-v.

The pathway shown in Scheme 1 is based on the modi-
fied Barton-Zard reaction (i) (41), used to generate pyrroles

annealed with exocyclic nonaromatic rings, followed by the
macrocycle assembly by the Lindsey method (vi) (40), metal
insertion into the resulting porphyrins (vii), and oxidative
aromatization (viii) into the target π-extended macrocycles
(31). Pt and Pd complexes were obtained in excellent purity
and good overall yields. The core porphyrins are also
referred to below as G0 dendrimers. The footnote to Scheme
1 contains references to the sources where the correspond-

FIGURE 2. X-ray crystal structure of Pt-3-Bu.

Table 1. Photophysical Properties of Pt and Pd
Complexes of P, TBP, and TNP

absorption phosphorescencea

metalloporphyrin

Soret band, nm
(log ε, M-1

cm-1)

Q band, nm
(log ε, M-1

cm-1)
λmax,
nm

φ/τ0,b

µs

Pd-1-OBu 422 (5.61) 526 (4.57) 696 0.08/504
Pd-2-OBu 446 (5.46) 635 (5.00) 816 0.09/210
Pd-3-OBu 458 (5.29) 716 (5.29) 961c 0.02c/52

a Measured using a solution in PhCN at 22 °C, deoxygenated by
argon bubbling. b Emission quantum yields were determined relative
to the fluorescence of H2TPP (φfl ) 0.11) (37) in deoxygenated
benzene. c Measurements above 900 nm are subject to large
experimental errors because of the very low quantum efficiency of
the detection systems in the red part of the spectrum.

Scheme 1. Synthesis of Pd and Pt Complexes of
TBPs and TNPsa

a TNPs and the corresponding precursors are shown with dashed
lines: (i) modified Barton-Zard reaction with ethyl isocyanoacetate (41);
(ii) hydrolysis/decarboxylation (31b); (iii) protection of the aldehyde with
1,3-propanediol (31d); (iv) Pd0-catalyzed butoxycarbonylation (31d); (v)
deprotection by THF/HCl (31d); (vi) Lindsey condensation (40); (vii)
metal insertion (31b, 31d); (viii) oxidative aromatization with DDQ
(31b, 31d); (xi) base-mediated hydrolysis.
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ing protocols were developed and/or used in similar synthe-
ses. Our modifications and improvements of these proce-
dures are detailed in the Supporting Information.

Dendritic Cages. Dendritic attenuation of quenching
has been documented in a number of studies, where quench-
ers had different sizes and charges and the quenching
processes themselves had different mechanisms (e.g., elec-
tron transfer vs energy transfer) (42). If a chromophore is
encapsulated inside a dendrimer, the latter forms a protec-
tive cage, preventing physical contacts of the core with
macromolecular objects in the environment. However, pro-
tecting the chromophore from collisions with small mol-
ecules is not as straightforward because the latter can
effectively diffuse through the body of the dendritic matrix.

It is important to realize that quenching constant kq in eq
2 is a product of the quencher concentration and the
diffusion coefficient, which are both affected by the chro-
mophore environment. If the solubility of oxygen in the
solvent (e.g., water) is lower than that in the bulk of the
dendrimer, the latter can serve as a “concentrator” for
oxygen. Still, a decrease in the rate of oxygen diffusion can
effectively offset an increase in its local concentration, thus
lowering the apparent constant kq. Hydrophobic dendritic
branches fold in polar environments (e.g., water), and as a
result, their mobility becomes restricted, preventing oxygen
molecules from freely reaching the phosphorescent core
(43). A similar situation occurs in proteins (44). Notably, the
density of the folded dendritic branches may be lower than
that of the bulk solvent, and the solubility of oxygen in the
folded dendrimer might be higher than that in the solvent;
nevertheless, the constrained dynamics of the branches
affects the diffusion much more than the density and/or the
solubility.

Dendrimer dynamics is influenced by the interactions of
the branches with the solvent. In “good” solvents, the
mobility is higher, and oxygen diffusion to the core is
attenuated less than in “bad” solvents. Similarly, for the
same solvent, dendrimers with more solvent-compatible
composition limit oxygen access much less than less com-
patible dendrimers. In particular, dendrimers composed of
aromatic motifs are most effective in shielding porphyrins
from oxygen in aqueous solutions (43).

Among many dendrimers with flexible aromatic skel-
etons, dendritic poly(arylglycine) (AG) dendrons (45) (Scheme
2) are especially well-suited for the construction of phos-
phorescent oxygen probes. AG dendrons offer the advantage
of inexpensive starting materials, simplicity of synthesis, and
chromatography-free purification. Focal amino groups on AG
dendrons complement carboxyls on the core porphyrins,
whereas terminal carboxyls on the dendrons provide mul-
tipleopportunitiesforfunctionalization.AGdendrons(Scheme
2) of three successive generations (G1-G3) were used in this
work for modification of platinum and palladium porphyrins
and π-extended porphyrins. The resulting dendritic com-
pounds are abbreviated as follows:

For dendrons: X-AGnR, where AG denotes the dendritic
arylglycine skeleton, n is the dendrimer generation number,

X is the focal functionality, and R is the terminal group. For
example, a butyl-ester-terminated AG dendron of generation
2 with a Boc-protected amino group at the focal point is
abbreviated as BocNH-AG2OBu.

For dendrimers: C-(AGnR)m, where C denotes the den-
drimer core, AG denotes the dendritic arylglycine skeleton,
n is the generation number, R is the terminal group, and m
is the number of dendritic wedges attached to the core. For
example, a generation 2 AG dendrimer consisting of a PdTBP
core and eight AG dendrons terminated by carboxyl groups
is abbreviated as Pt-2-(AG2OH)8.

Scheme 2. Synthesis of AG Dendronsa

a CDMT ) 2-chloro-4,6-dimethoxy-1,3,5-triazine; NMM ) N-meth-
ylmorpholine; HBTU ) o-benzotriazole-N,N,N′,N′-tetramethyluronium
hexafluorophosphate; DIPEA ) N,N-diisopropylethylamine.
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The synthesis in Scheme 2 makes use of the Fischer
haloacyl halide method to generate building blocks 4 and 5
(45). The following assembly relies on peptide coupling
reactions, employing CDMT/NMM and HBTU/DIPEA (see
the Scheme 2 footnote for abbreviations) and permitting the
synthesis of dendrons 6 and 7 in high purity and yield. The
AG dendrons can be produced in multigram quantities and
stored for long periods of time without detectable decom-
position.

Poly(ethylene glycol) (PEG) Layer. Special require-
ments to probes for medical imaging applications include
the lack of toxicity and excretability from the blood upon
completion of imaging. Globular uncharged molecules with
molecular weights between 1 and 15 kDa are usually ex-
cretable by the kidney (46). If a probe satisfies this criterion
and remains confined to the intravascular space (does not
diffuse out of the blood vessels), it is likely to be removed
from the blood by kidney-mediated dialysis, and the pos-
sibility of long-term toxicity effects can be avoided.

One way to eliminate interactions of dendritic probes
with biological macromolecules and to avoid toxicity is to
modify their termini with PEG residues. PEGylation of mac-
romolecular compounds for drug delivery and related ap-

plications (e.g., artificial blood) is a widely known strategy
(47), including PEGylation of dendrimers (48). Peripheral
PEG groups on porphyrin dendrimers successfully eliminate
interactions of the probes with proteins, while keeping the
probes highly hydrophilic. Although PEG residues them-
selves also contribute to the attenuation of oxygen quench-
ing, their effect is small compared to that of the hydrophobic
branches (43). In addition, the effect of PEGs on the acces-
sibility of the cores to oxygen saturates with an increase in
the length of linear poly(ethylene oxide) chains (49). As a
result, probe molecules of virtually any size can be generated
without significantly changing the quenching properties.

Probe Assembly. Synthetic assembly of the dendritic
probes consists of attachment of the dendrons to the cores,
hydrolysis of the peripheral ester groups, and modification
of the peripheral carboxyls with PEG residues. Each step of
this sequence was optimized in order to ensure maximal
yields and monodispersity of the probes. Scheme 3 shows
the complete reaction sequence as well as the structure of a
selected probe molecule, Pd-2-(AG2OPEG)8. The table in
Scheme 3 enumerates the final probe molecules of the
general formula C-(AG2OPEG)8.

Scheme 3. Dendrimer Synthesis and Modificationa

a In the first line, C (core) designates porphyrin octacarboxylic acids: Pt-1-OH, Pd-1-OH, Pt-2-OH, Pd-2-OH, Pd-3-OH. The table shows the numbering
scheme for probes of the general formula C-(AG2OPEG)8. HOBt ) N-hydroxybenzotriazole; PEG ) oligo(ethylene glycol) monomethyl ether; av MW
350.
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Using CDMT as a coupling reagent (50), G1 dendritic
branches (5) were attached to the core porphyrins, yielding
perfect dendrimers C-(AG1OBu)8 in 90-95% yield. These
dendrimers could be readily purified from an excess of 5 by
washing the crude mixtures with ethanol.

However, CDMT chemistry was not successful in the case
of G2 and G3 dendrimers. Matrix-assisted laser desorption
ionization time-of-flight (MALDI-TOF) analysis of the reaction
mixtures revealed the presence of dendrimers with four-to-
eight AG2OBu branches. Additional experiments confirmed
that lower-molecular-weight peaks in the MALDI spectra
were not caused by fragmentation (see the Supporting
Information).

Among several established peptide-coupling systems
(including [(Me2N)2CF]+PF6

-, DCC, CDI, uronium-based re-
agents HBTU (O-benzotriazole-N,N,N′,N′-tetramethyluronium
hexafluorophosphate) and HATU (2-(1H-7-azabenzotriazol-
1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate) (51),
uronium reagents proved to be superior for the complete
modification of porphyrins with AG2 dendrons 6. However,
when used under the originally proposed conditions, they
still produced mixtures containing imperfect dendrimers.
We have found that the single most important parameter
with respect to complete derivatization of porphyrins with
AG dendrons is the choice of solvent. Porphyrin octacar-
boxylic acids are soluble only in polar aprotic solvents [e.g.,
dimethylformamide (DMF), dimethylacetamide (DMA), N-
methylpyrrolidone (NMP), and dimethyl sulfoxide (DMSO)],
and NMP was found to be the optimal choice. Possibly,
porphyrins are much less aggregated in NMP, and NMP
contains much fewer free-amine impurities than DMF or
DMA. Small amine molecules effectively compete with bulky
AG dendrons in the coupling reaction, as evidenced, for
example, by the presence of peaks corresponding to
C-(AG2OBu)7NMe2 in the MALDI spectra of reactions carried
out in DMF. Notably, reaction intermediates bearing eight
activated carboxyl groups on the porphyrin core are highly
unstable at room temperature. Reactants (AG dendrons)
need to be added to the mixtures immediately following the
addition of DIPEA.

Complete derivatization of porphyrins required a ∼1.5
molar excess of dendron 6. The excess reagent was removed
using isothiocyanate-modified resin (Sigma-Aldrich), de-
signed specifically to scavenge molecules with free amino
groups. Thus, prepurified dendrimers were subjected to size-
exclusion chromatography on SX-1 beads (Biorad) using
tetrahydrofuran (THF) as a mobile phase.

As expected, modification of porphyrins with AG3 den-
drons 7 proved to be extremely challenging. So far, the best
result obtained was a 2:2:1 mixture of dendrimers with six,
seven, and eight AG3 branches, respectively, attached to Pt-
1-OH. Fortunately, from a practical point of view, modifica-
tion of the cores with G2 dendrons was sufficient for
attenuation of oxygen sensitivity (vide supra), whereas
slightly imperfect G3 dendrimers were adequate for under-
standing the trends of the dendrimer behavior at higher
generations.

In spite of the presence of multiple butyl ester groups,
solubility of the porphyrin AG dendrimers in common
solvents, such as CH2Cl2, ether, acetone, and methyl and
ethyl alcohols, was found to be quite limited; however, AG
dendrimers are well-soluble in THF, DMSO, and pyridine.
Each of the last three solvents is stable in the presence of
alkali, permitting hydrolytic cleavage of the terminal esters
under basic conditions. However, while attempting to use
NaOH in THF/H2O (50:1), we found that MALDI spectra of
the reaction mixtures showed peaks with lower molecular
masses than was expected for dendrimers polycarboxylic
acids, likely because of the partial hydrolysis of anilides in
the body of the dendrimer (52).

In order to remove the peripheral butyl groups without
affecting the dendrimer integrity, a two-step scheme was
devised. At first, poly(butyl ester) dendrimers were treated
with NMe4OH (∼5 mM) in DMSO/MeOH over a 20-60 min
period, followed by solvent removal and subsequent hy-
drolysis in 0.1 N aqueous NaOH overnight. As a result, pure
monodisperse dendrimer carboxylic acids could be isolated
in 80-95% yield. Importantly, when applied to crude
mixtures of C-(AG2OBu)8 (Scheme 3), contaminated with
unreacted dendrons 6, this two-step sequence yielded com-
pletely pure acids C-(AG2OH)8, containing no traces of den-
drons H2N-AG2OH. From a practical point of view, this result
is extremely useful because it made it possible to avoid
chromatographic purification of the butyl ester dendrimers
and thus significantly improve the overall yields. For ex-
ample, Pt-1-(AG2OH)8 could be obtained without purification
in 81% yield starting from Pt-1-OH and 6.

At the last stage, the peripheral carboxyl groups on the
dendrimers were esterified with monomethoxyoligo(ethyl-
ene glycol) residues (av MW 350) in order to obtain water-
soluble neutral probes. Esterification was carried out using
the earlier developed DCC/HOBt chemistry (53). One im-
portant practical result of this work is that a convenient
work-up procedure after the esterification reaction was
developed to entirely avoid chromatographic purification. It
was found that, by simple reprecipitation of PEGylated
dendrimers from THF upon the addition of diethyl ether,
pure PEGylated dendrimers could be obtained. The yields
of PEGylation varied in the range of 50-65%. Judging from
the MALDI spectra, 95-100% of the carboxyl groups were
converted to the PEG esters.

Photophysical Properties. The photophysical data
for the phosphorescent probes are summarized in Table 2.
Spectra of the three selected probes based on platinum
porphyrins with changing degrees of π-extension are shown
in Figure 3 (54).

Optical properties of the dendrimers in the UV-vis-NIR
range are mostly determined by their porphyrin cores (see
Figure 1 for comparison). The absorption bands of all G2 (9
and 12-14) and G3 (11) dendrimers in aqueous solutions
are very close to those of the parent porphyrins (Pt-1-OBu,
Pt-2-OBu, and Pt-3-OBu) in PhCN, suggesting that the cores
are buried inside the dendritic matrix. In contrast, the Soret
bands of the G1 dendrimer (8) and of the unprotected
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porphyrin Pt-1-OPEG (8), also in aqueous solutions, are blue-
shifted by about 15 nm compared to those of 9 and 11
(Figure 4a).

In addition, the absorption spectrum of the G1 dendrimer
8 was found to drift considerably in time. If registered
immediately after dissolution, the Soret band revealed a
shoulder (as shown in Figure 4a); however, over about 1 h,
this shoulder gradually disappeared. Typically, such behavior
is associated with porphyrin aggregation in aqueous solutions.

The trends in the emission spectra generally reflect those
in the absorption. However, the emission spectra of more

aggregated and more solvent-exposed G0 and G1 com-
pounds (Pt-1-OPEG and 8) were found to be shifted to the
red, instead of to the blue, relative to the spectrum of the
parent porphyrin (Pt-1-OBu) in PhCN. The emission maxima
of all probes (Figure 4b) fall into the tissue NIR window,
although phosphorescence of the PtTNP-based dendrimer
(14) occurs close to its red border. Compared to the platinum
porphyrin dendrimers (e.g., 9 and 12), Pd counterparts (10
and 13) exhibit lower quantum yields and significantly
longer lifetimes, reflecting the behavior of the parent por-
phyrins (Tables 1 and 2).

In aqueous solutions, the phosphorescence lifetimes (τ0)
and the quantum yields (φ) of the probes increase with an

Table 2. Photophysical Properties of the Phosphorescent Probes

generation compound

absorption phosphorescencec

kq,b mmHg-1 s-1 Reλ, nm λmax, nm φ τ0, µs

0 Pt-1-OBua 405 511 664 0.23 53
0 Pt-1-OPEGb 389 520 682 0.05 37 1208 ( 15 0.88
1 8b 390 520 681 0.09 48 521 ( 3; 521 ( 3d 0.80
2 9b 398 516 671 0.14 53 120 ( 3; 120 ( 3d 0.50
2 10b 403 532 708 0.07 720 97 ( 4 0.92
3 11b 409 515 664 0.18 66 66.6 ( 0.2 0.41
0 Pt-2-OBua 432 621 791 0.30 41
2 12b 432 621 791 0.24 54 171 ( 5 0.59
2 13b 446 635 816 0.03 270 122 ( 5 0.84
0 Pt-3-OBua 442 699 922 0.07 12
2 14b 442 699 923 0.06 11 163 ( 10 0.22

a Measured using a ∼2 µM solution of the probe in PhCN. b Measured using a ∼2 µM solution of the probe in a 50 mM phosphate buffer, pH )
7.4, 23 °C. c Deoxygenated by argon bubbling (PhCN solutions) or using the glucose/glucose oxidase/catalase system (aqueous solutions) (5).
d Measured in the presence bovine serum albumin (1%). e Dynamic range parameter: R ) (τ0 - τair)/τ0, where τ0 (pO2 ) 0 mmHg) and τair (pO2 )
159.6 mmHg).

FIGURE 3. Absorption (a) and emission (b) spectra in water of the
G2 dendrimers based on platinum porphyrins with increasing
degrees of π-conjugation. The emission spectra are scaled to reflect
the relative phosphorescence quantum yields in the absence of
quenching.

FIGURE 4. Changes in the absorption (a) and phosphorescence (b)
spectra (in water) of platinum porphyrin-based dendrimers with the
generation number.
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increase in the dendrimer generation (see, for example,
compounds Pt-1-OPEG, 8, 9, and 11). The quantum yields
appear to grow consistently from G0 to G3 dendrimers,
although between G2 and G3, the growth somewhat slows
down. Separate studies will be required to understand this
phenomenon, but the explanation might involve limited
quenching of the triplet state by the solvent in larger den-
drimers and/or a decrease in the vibrational flexibility of a
porphyrin as it becomes more and more confined within the
folded dendritic matrix. In porphyrins, vibrations are known
to affect the magnitude of spin-orbit coupling (21, 35, 36);
therefore, tight confinement could decrease nonradiative T1

f S0 relaxation and benefit the radiative channel.
Phosphorescence Quenching. The effect of den-

dritic attenuation of phosphorescence quenching by oxygen
in the series of platinum porphyrin dendrimers is shown in
Figure 5a, and the respective values of the quenching
constants (kq) and lifetimes (τ0) are summarized in Table 2.
These data were obtained by simultaneously measuring
phosphorescence lifetimes and pO2, using a high-precision
oxygen electrode system, while gradually replacing oxygen
in the solution by argon (see the Supporting Information).

As expected, the slopes of the Stern-Volmer plots de-
crease significantly with an increase in the dendrimer
generation. Overall, between G0 (Pt-1-OPEG) and G3 (11),
the quenching rate drops by nearly 20 times. The quenching

constants and lifetimes of palladium porphyrin G2 dendrim-
ers (10 and 13) appear to be well-suited for biological oxygen
measurements, and the probes reveal a good dynamic range
and excellent sensitivity (e.g., R ≈ 0.9 for 13 at 37 °C).
Overall, the magnitude of the attenuation effect is similar
to that reported earlier for different polyaromatic dendrim-
ers (17, 42c).

Data in Table 2 reveal that the relative decrease in the
quenching efficiency levels off at higher generations. For
example, between G1 and G2, the quenching rate drops by
more than 4 times, whereas in going from G2 to G3, the
decrease is about 2 times smaller (55). This saturation of the
dendritic effect can be rationalized by recalling that con-
stants kq reflect the rate of oxygen diffusion in the close
vicinity of the porphyrin center. Attachment of G1 dendrons
dramatically changes the composition of the medium around
the porphyrin, from pure solvent to a “mixture” of the
solvent and the dendrons. The difference in the medium
near the core when going from G1 to G2 dendrimers is still
substantial: larger G2 dendrons are able to expel more
solvent molecules from the porphyrin environment. How-
ever, when the dendrimer is already large, the addition of
distant peripheral layers has little effect on the composition
in the immediate vicinity of the porphyrin. Notably, the fact
that oxygen diffusion is the rate-limiting step in the overall
quenching reaction manifests itself by the close proximity
of the kq values for the probes of the same dendritic genera-
tion but with different porphyrin as cores (9, 10, and
12-14), which supports the above model.

One of the most practically important results of this work
is that oxygen quenching constants kq of the probes and their
lifetimes τ0 are indeed completely insensitive to the presence
of biological macromolecules. Oxygen titrations performed
in the presence of bovine serum albumin clearly show that
the neutral PEG layer on the dendrimer prevents binding of
the probe to albumin (Table 2). In contrast, the quenching
constants of dendrimers without PEG layers usually change
by several fold in the presence of albumin. To further
investigate whether the probes can be used directly in
biological experiments, we titrated PdTBP-based dendrimer
13 in the rat blood plasma at physiological temperature (36.9
°C). To avoid coagulation, the blood was treated with a small
amount of heparin, and the red blood cells were removed
by centrifugation in order to facilitate equilibration of the
solution with air (56). The resulting Stern-Volmer plot was
superimposed on the plot obtained at identical conditions
(36.9 °C) in an aqueous phosphate buffer at pH 7.4 contain-
ing no proteins (Figure 5c). The obtained result clearly
demonstrates that the probe constants are unaffected by the
blood plasma components.

Additional experiments revealed that phosphorescence
lifetimes measured at constant temperatures and oxygen
concentrations did not change over long periods of time
(days) (Figure 5b, inset). The solutions of the probes showed
no traces of decomposition (change in absorption) when
measurements were performed as frequently as every 1 min
over 2-3 day periods. Altogether, these results suggest that

FIGURE 5. (a) Stern-Volmer oxygen quenching plots of platinum
porphyrin dendrimers in a 50 mM phosphate buffer, pH 7.4, 23 °C.
The solid lines show the fits of the data to the Stern-Volmer
equation (2). (b) Stern-Volmer plots of probe 13 in a 50 mM
phosphate buffer solution and in rat blood at 36.9 °C. To prevent
coagulation, the blood was treated with heparin. Inset: Measure-
ments at air saturation at 22 °C were taken at 10 min intervals over
80 h.
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dendritically protected probes are superior to all previously
described molecular oxygen sensors and can be directly
applied to biological oxygen measurements and imaging.

Biological Experiments. To illustrate the perfor-
mance of the probes, we performed two experiments: (1)
measurements of the oxygenation of the mouse brain
because it is affected by changes in the cerebral blood flow;
(2) wide-field microscopic imaging of oxygen in intact rat
brain.

The schematic of the first experiment is shown in Figure
6. An anesthesized mouse was laid on its back, and three
optical fibers were positioned next to its skull. The left and
right fibers were used for excitation (635 nm LED), while the
bottom fiber served to collect the phosphorescence (57).
PdTBP-based probe 13 was injected into the vein and
distributed throughout the blood within seconds. Excitation
pulses were delivered, in turn, by the left and right fibers,
thus sampling independently through the two brain hemi-
spheres, as shown by the banana-like shapes in the figure.

The time traces of intravascular pO2 in both right and left
hemispheres are shown in the graph (Figure 6). As measure-
ments progressed, the carotid arteries were occluded (point
1), leading to ischemic hypoxia (e.g., hypoxia caused by an
insufficient blood flow). This change in oxygenation was
instantly reflected by the phosphorescence signals in both
channels. When the arteries were released (point 2), the
brain rapidly reoxygenated, initially to higher pO2 values
than that in the beginning of the experiment. In the next
episode, only one artery was occluded (point 3), which, as
expected, was followed by a drop in the pO2 value in the
corresponding brain region (left), whereas the blood flow in
the opposite artery increased in order to compensate for the
loss of the overall oxygenation. Eventually, the pO2 values
in both hemispheres equilibrated, after which the occlusion
(point 4) and reperfusion (point 5) of both arteries were

repeated. This experiment demonstrates the functionality
of the probe and shows that when using excitation at 635
nm, oxygenation can be measured in deep layers of the
tissue, making it possible to utilize dendritic tetrabenzopor-
phyrin-based probes in tomographic imaging (10).

The second experiment was designed to demonstrate
applicability of the probes in high-resolution microscopic
imaging. It was conducted as a part of the studies devoted
to elucidating the brain hemodynamic response to propaga-
tion of the cortical spreading depression (CSD) in rats
(58). The CSD is a self-propagating wave of cellular depolar-
ization that travels with a speed of 2-4 mm min-1 through
the cortex. The CSD has been implicated in migraines (59)
and in progressive neuronal injuries after stroke and head
trauma (60).

The position of the cranial window and a photograph of
the cortical vasculature are shown in Figure 7a. Palladium
porphyrin dendrimer 10, excitable in the visible range, was

FIGURE 6. Time traces of pO2 values in two hemispheres of the
mouse brain measured using probe 13. Excitation was delivered by
the fibers positioned on the right and left sides of the scull.
Phosphorescence was collected by the bottom fiber. Gray shapes in
the schematics show the sampled optical paths: 1 and 4, occlusion
of both carotid arteries; 3, occlusion of the left carotid artery only;
2 and 5, reperfusion.

FIGURE 7. Imaging of pO2 in cortical vasculature. (a) The position
of the cranial window and the location of KCl injection are marked
on the schematic of the rat skull. The photograph of the cortical
vasculature was taken through the microscope eyepiece. (b) Phos-
phorescence intensity (AU) image. Arteries and veins were recog-
nized based on their morphological details. (c) pO2 (mmHg) image
before arrival of the CSD. Scale bar: 1 mm.
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used in this experiment. Our imaging setup consisted of an
in-house-constructed up-right microscope with a cooled CCD
camera as an imaging detector and a frequency-doubled Nd:
YAG pulsed laser as an excitation source (see the Supporting
Information). A series of intensity images were taken at
different delays following the excitation flash. Fitting these
images with exponentials in each pixel produced the phos-
phorescence lifetime image, which was converted into the
pO2 image using the Stern-Volmer relationship.

A CSD wave was initiated at the beginning of the experi-
ment by injecting the KCl solution through a small opening
in the frontal bone. The high-resolution integrated intensity
image (Figure 7b), taken prior to the arrival of CSD, clearly
shows that the probe is confined to the blood vessels on the
cortical surface, reporting specifically on vascular pO2. The
corresponding pO2 map is shown in Figure 7c. pO2 values
at locations distant from major arteries largely represent
venous blood oxygenation because of a much smaller
volume and substantially higher oxygen quenching in the
arterial blood relative to the venous blood. On the basis of
pO2 values in Figure 7c, arteries and veins in the cortical
blood vessel network can be easily distinguished. Notably,
the blood in the draining vein apparent on the right side of
the cranial window has a lower pO2 value because of the
arrival of a CSD wave.

The above experiments convincingly demonstrate the
usefulness of the probes in physiological studies, where they
allow the determination of absolute blood pO2, which is
essential for the analysis of the dynamic delivery of oxygen
and building of a quantitative model of metabolism of the
brain tissue.

CONCLUSION
The family of oxygen probes described in this account

opens many new possibilities for noninvasive studies of
tissue oxygenation and metabolism using phosphorescence
quenching. Using a multilayered modular design, the probes
can be tailored to the different modes of the phosphores-
cence imaging application, from point measurements to
microscopy to tomography using infrared light. The probes
can also be utilized in various in vitro assays and cell culture
studies because they do not require repetitive calibrations
and thus provide a superior alternative to oxygen electrodes
and optodes.

The construction of the probes once again demonstrates
the value of dendritic encapsulation as a method for active-
site isolation and control of the chromophore environment.
Encapsulation and protection make the phosphorescent
probes directly applicable to oxygen measurements in all
tissue microcompartments (intravascular, interstitial, and
intracellular, assuming an adequate delivery pathway) with-
out the need to perform in vivo calibration. This constitutes
a significant step forward compared to the oxygen sensors
used earlier.

Although limited interactions of the probes with biological
macromolecules and chemical inertness are the necessary
prerequisites of clinical applicability, a detailed investigation
of the probe’s biodistribution, toxicity (especially phototox-

icity), and pharmacokinetics will need to be accomplished
in order to evaluate their potential in clinical imaging. If
required, the design described provides a versatile frame-
work for the improvement and modification of the phos-
phorescent sensors and serves to further advance the phos-
phorescence quenching method.

EXPERIMENTAL SECTION
All solvents and reagents were obtained from commercial

sources and used as received. Palladium porphyrins Pd-1-OBu
and Pd-1-OH were synthesized as described previously (43).
Column chromatography was performed on Selecto silica gel
(Fisher) or aluminum oxide (neutral, Brockmann I, ∼150 mesh,
58 Å). Preparative gel permeation chromatography was per-
formed on S-X1 (Biorad) beads, using THF as a mobile phase,
unless otherwise stated. 1H and 13C NMR spectra were recorded
on a Bruker DPX-400 spectrometer. Mass spectra were obtained
on a MALDI-TOF Voyager-DE RP BioSpectrometry workstation,
using R-cyano-4-hydroxycinnamic acid as the matrix.

Detailed description of synthetic procedures, 1H and 13C
NMR, MALDI-TOF, absorption and emission spectra and Stern-
Volmer oxygen quenching plots can be found in Supporting
Information.

Quartz fluorometric cells (Starna, Inc., 1 cm optical path
length) were used in optical experiments. Optical spectra were
recorded on a Perkin-Elmer Lambda 35 UV-vis spectropho-
tometer. Steady-state fluorescence and phosphorescence mea-
surements were performed on a SPEX Fluorolog-2 spectroflu-
orometer (Jobin-Yvon Horiba), equipped with an infrared-
enhanced R2658P PMT (Hamamatsu). Emission spectra were
obtained using solutions with absorption at the excitation
maximum of approximately 0.05 OD. Quantum yields of emis-
sion of all of the synthesized compounds were measured
relative to the fluorescence of tetraphenylporphyrin φfl ) 0.11
in deoxygenated C6H6 (37).

The system for oxygen titrations was described previously
(43, 61). Time-resolved phosphorescence measurements were
performed using an in-house-constructed phosphorometer (57),
modified for time-domain operation. For phosphorescence
measurements, solutions were deoxygenated by argon bubbling
(Airgas, grade 5.5), while monitoring changes in the phospho-
rescence lifetimes. Aqueous solutions were deoxygenated by a
glucose/glucose oxidase/catalase enzymatic system (5) or by
prolonged purging with argon.
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