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A chiral porphyrazine (pz), H2½pzðtrans-A2B2Þ� (247), has been
prepared that exhibits preferential in vivo accumulation in the cells
of tumors. Pz 247 exhibits near-infrared (NIR) emission with
λ > 700 nm in the required wavelength range for maximum tissue
penetration. When MDA-MB-231 breast tumor cells are treated
with 247, the agent shows strong intracellular fluorescence with
an emission maximum, 704 nm, which indicates that it localizes
within a hydrophobic microenvironment. Pz 247 is shown to asso-
ciate with the lipophilic core of LDL and undergo cellular entry
primarily through receptor-mediated endocytosis accumulating
in lysosomes. Preliminary in vivo studies show that 247 exhibits
preferential accumulation and retention in the cells of MDA-MB-
231 tumors subcutaneously implanted in mice, thereby enabling
NIR optical imaging with excellent contrast between tumor and
surrounding tissue. The intensity of fluorescence from 247 within
the tumor increases over time up to 48 h after injection presumably
due to the sequestration of circulating 247/LDL complex by the
tumor tissue. As the need for cholesterol, and thus LDL, is elevated
in highly proliferative tumor cells over nontumorigenic cells, 247
has potential application for all such tumors.

low-density lipoprotein ∣ molecular imaging ∣ near-IR fluorescence ∣
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Survival rates of breast cancer patients might be dramatically
improved if we could detect tumors in their early stages (1, 2).

The primary technique for early screening for breast cancer, x-ray
mammography, is effective, but is susceptible to false positives
that require additional, often invasive testing, whereas the expo-
sure to ionizing radiation inherent to x-ray procedures limits the
frequency of screening for high-risk patients.

Fluorescence imaging with near-infrared (NIR) contrast
agents is an emerging, highly sensitive method for tumor detec-
tion (3, 4) that takes advantage of the relative transparency of
mammalian tissue to NIR light (approximately 700–900 nm) (5).
Used in conjunction with a contrast agent that absorbs and emits
in the NIR and accumulates in tumor tissue, this could well
provide an ideal, noninvasive detection method for superficial
tumors or even those that can be accessed by endoscopy.

Porphyrins, phthalocyanines, and related tetrapyrroles have
attracted considerable attention as optical imaging agents as well
as photosensitizers for photodynamic therapy (PDT) (6, 7). Por-
phyrazines (pzs) are a relatively unstudied class of macrocycles
that combine some of the features of porphyrins and phthalocya-
nines (Chart 1), while exhibiting distinctive physical and chemical
properties of their own (8). A particular virtue of the pzs is the
ease with which one can functionalize the pyrrole carbons of the
macrocylic core with heteroatoms. Heteroatom-functionalized
pzs have intense NIR absorption/emission (8) and recently have
been considered as optical contrast agents for tumor detection
and as a platform for cancer treatment using PDT (9, 10).
These pzs are synthetically flexible (8), making it possible to
independently fine tune their NIR optical characteristics and

amphiphilicity, a characteristic shown to dictate tumor retention
of porphyrinoids (11, 12).

Herein we report the synthesis and biological properties of the
chiral Pz 247 (Fig. 1A). We find that 247 is taken up by cells into
lysosomes through LDL receptor-mediated endocytosis and that
this leads to preferential accumulation in tumor cells in vivo,
thereby enabling NIR optical imaging with excellent contrast
between tumor and surrounding tissue.

Results
Pz 247 (Fig. 1A) , with four homochiral centers attached through
oxygen atoms at the periphery of the macrocycle core, was pre-
pared and characterized as described in Materials and Methods.

Electronic Absorption and Emission of 247. The optical properties of
247 are similar to those of analogous heteroatom-functionalized
pzs, the H2½pzðtrans-A2B2Þ� pzs, where A and B represent two
types ofmoieties appended trans to each other on the pz periphery
(13, 14); for 247, A ¼ ð2R; 3RÞ 2,3-dimethyl-2,3-dimethoxy-1,4-
diox-2-ene; B ¼ α; α0-diisopropoxy benzo (15). Pz 247 exhibits
three major optical absorptions, the Soret band (329 nm) and
two NIR Q-bands, Qx ¼ 702 and Qy ¼ 629 nm (Fig. 1B).

Pzs exhibit dual fluorescence, much like phthalocyanines
(16–18). Thus, 247 has intense NIR emission from the first (S1)
excited singlet state (Fig. 1B, Φf ¼ 0.090, and Table S1) that can
be excited with light of any wavelength throughout its absorption
spectrum. With excitation at Qx or Qy, 247 presents a favorable
combination of NIR absorption and emission characteristics for
maximum tissue penetration and optimal in vivo optical imaging.
In addition, 247 has intense blue emission from the second (S2)

Chart 1.
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excited singlet state (λem ¼ 462 nm) (Fig. 1B), which provides a
convenient means of in vitro monitoring.

The blue S2 fluorescence of 247 in solution is essentially in-
variant to solvent polarity, but the NIR fluorescence seen in a
nonpolar environment red shifts and becomes quenched as the
polarity increases (Table S1) (19, 20). Thus, 247 is a “sensitive
fluorophore” (21) whose NIR emission color and intensity pro-
vides insight into its microenvironment within a biological system.
In addition, when 247 resides in an environment where the Stokes
shift relative to Qx is small, making it difficult to discriminate
between S1 emission and scattered light from Qx excitation, it
can be excited with comparable efficiency in the Qy band. This
introduces a large effective Stokes shift, facilitating precise fluo-
rescence imaging, and we employ this strategy here.

In Vitro Uptake of 247 by Tumor Cells. To test for uptake of 247 by
tumor cells, five breast, one lung, and one cervical cancer cell line
were incubated with 247, washed, and imaged by confocal micros-
copy. As illustrated for A549 lung carcinoma cells in Fig. 1C and
for the others in Fig. S1, all treated cells display intracellular 247
NIR fluorescence with a punctuate subcellular distribution that is
absent in untreated cells. Confocal images taken at 0.42 μm in-
crements through a MDA-MB-231 breast tumor cell show that
the pz is internalized by the cells and not simply associated with
the external cell membrane (Fig. S2). Assays of cellular viability
using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide reveal that 247 has no effect on cell growth in the absence
of light, but that it exhibits significant phototoxicity as a result of
singlet oxygen generation by 247 (22). The emission spectrum of
MDA-MB-231 cells treated with 247 has a maximum at 704 nm,

the same as for 247 in cyclohexane (Fig. 1D), indicating that the
incorporated dye is localized in a highly nonpolar subcellular
microenvironment.

The punctate staining of 247 was consistent with uptake into a
vesicular compartment. To determine the precise location, tumor
cells were coincubated with NIR fluorescent 247 and green fluo-
rescent organelle-specific dyes (Fig. S3). The yellow color from
colocalized agent and dye when the images are overlaid indicates
that the accumulated 247 is present in a subset of lysosomes
(Fig. S3D), but not in the cytoplasm (Fig. S3A), mitochondria
(Fig. S3B), or endoplasmic reticulum (Fig. S3C). Analogous re-
sults have been reported for several other porphyrinoid macro-
cyclic derivatives (23–25).

Mechanism of 247 Accumulation in Tumor Cells. Hydrophobic tetra-
pyrroles accumulate in cells through a variety of mechanisms,
including passive diffusion, entry by flipping through the mem-
brane, and association with serum proteins (11, 26). Serum com-
ponents, including albumin and LDL, have been shown to act as
delivery vehicles for hydrophobic compounds through receptor-
dependent and independent endocytosis, both leading to lyso-
somal accumulation (26–28). To determine whether uptake of
247 is associated with serum components, MDA-MB-231 breast
tumor cells were incubated with 247 in complete media (Fig. 2A),

Fig. 1. Absorptionandemissionof247. (A) Chemical structureofH2½pzðtrans-
A2B2Þ�, 247. (B) Absorption spectrumof 247 (black) in CH2Cl2 with S2 (blue) and
S1 (red) emission spectranormalized to fit the scale. (C) Intracellular S1 emission
of 247 in A549 lung carcinoma cells imaged by confocal microscopy. Cells in
serum-containing medium were treated with 25 μM 247 (red) for 18 h and
stained for nuclei (DAPI, blue). Contrast has been slightly adjusted to improve
the visualization of the differently stained structures. (D) Emission spectra
fromMDA-MB-231 cells incubatedwith 247 (black), controlMDA-MB-231 cells
(blue), and 247 in serum-containing medium (no cells) (red).

Fig. 2. Serum-dependent vesicular localization of 247. MDA-MB-231 cells
incubated with 50 μM 247 for 1 h in the (A) presence or (B) absence of serum
in culture medium. LDL-mediated uptake of 247 in serum-deficient media
and inhibition by heparin. MDA-MB-231 cells were incubated with 3 μM
247 in serum-deficient media with (C) 100 μg∕mL LDL, (D) 100 μg∕mL LDL
and 5 mg∕mL heparin, (E) 100 μg∕mL BSA, and (F) 100 μg∕mL BSA and
5 mg∕mL heparin. (Scale bar, 20 μm.)
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serum-deficient media in the absence (Fig. 2B) or presence of
either 100 μg∕mL of LDL (Fig. 2C) or BSA (Fig. 2E). Only when
LDL is present did punctate staining occur; otherwise diffuse
staining was observed.

To test the possible role of low-density lipoprotein receptor
(LDL-R) in cellular uptake of 247, experiments were performed
in the presence of heparin, which inhibits LDL binding to LDL-R
and also displaces extracellularly bound LDL (29–31). Addition
of 25 mg∕mL heparin to complete media eliminates the lysoso-
mal localization of 247 (Fig. S4B), whereas addition of 5 mg∕mL
heparin to serum-free media containing 100 μg LDL completely
blocks uptake (Fig. 2D). This effect of heparin on the staining
pattern also was observed with MCF7 and Hs578t breast tumor
cells (Fig. S5). These effects are consistent with 247 being taken
up through endocytosis mediated by LDL-R. In contrast, the dif-
fuse staining pattern seen with BSA (Fig. 2E) was not influenced
by the addition of heparin (Fig. 2F). It is likely that the diffuse
staining seen when LDL is absent reflects the existence of addi-
tional passive mechanisms for 247 uptake.

When confocal images from MDA-MB-231 cells coincubated
with 247 and human LDL conjugated with a green fluorescent
dye [LDL-boron-dipyrromethene (LDL-BODIPY)] are overlaid,
the resulting yellow color demonstrates colocalization within the
cells (Fig. 3). The spectroscopic evidence (Fig. 1D) that 247 loca-
lizes in anonpolar environmentwithin the cell further suggests that
247associateswith thehydrophobic coreofLDL.This is confirmed
by preliminary FRET measurements, which show that the LDL-
BODIPY fluorescence is quenched with an efficiency of approxi-
mately 90% by incorporation of 247 into LDL-BODIPY (Fig. S6).

In Vivo Accumulation of 247 in Tumors. To test for preferential in
vivo accumulation of 247 in tumors, MDA-MB-231 breast carci-
noma cells stably expressing red fluorescent protein (RFP) were
implanted subcutaneously in female SCID mice, and the mice
were injected with 200 nmol 247 by tail vein. As shown in Fig. 4A,
RFP fluorescence was imaged 24 h after injection [580–620 nm
band pass (BP) filter], RFP-expressing tumors were seen in each
flank of the mouse. In the corresponding image, using an NIR
filter set for the detection of S1 emission from 247 (680–
720 nm BP), the tumor is clearly visible above a negligible back-
ground in the surrounding tissue (Fig. 4B). The overlay of the two
images (Fig. 4C) demonstrates that 247 localizes in the tumors.*

Histological confocal fluorescence images of excised tumors
revealed intracellular fluorescence from RFP (Fig. 4D) and from
247 (Fig. 4E); the orange in the image overlay (Fig. 4F) confirms
that the 247 colocalizes with RFP. This indicates that 247 accu-
mulates within the tumor cells in vivo and not in the invading
immune cells.

Five hours after the administration of 247, the signal from the
tumorswasbarelydetectable abovebackground (Fig. 5A), but after
24hthetumorsignalwasmuchbrighter(Fig.5B),andthebrightness
of the tumors relative to background continued to increase up to
48 h after injection (Fig. 5D). Such behavior is to be expected if
247 circulates at low concentration and in a state with low fluores-
cence yield (Table S1), is progressively taken up by tumors as the
LDLcomplex, andaccumulates ina tumor-cell environmentwhere
the fluorescence yield is high.

After 48 h, there was a visible signal from the tail near the site
of injection, presumably due to the excessive amount of collagen
and cartilage in the tail resulting in nonspecific binding of the dye.
To further examine dye distribution, treated mice were killed and
their internal organs excised and imaged 72 h after injection
(Fig. 5E). These images demonstrated that 247 had extensively
accumulated in the tumor tissue, but was essentially absent from
the kidneys, spleen, heart, and muscle tissue. Weak fluorescence
was detected in the liver and the lungs. We presume that this
slight accumulation was due to the extensive profusion of these
organs with blood (a normal occurrence) leading to a slow and
transient uptake of 247.

Discussion
The chiral oxygen-functionalized porphyrazine 247 studied here
possesses the intense NIR absorption and emission required of an
optical contrast agent, and its large effective Stokes shift permits
precise imaging of its fluorescence. In vitro experiments show
that this agent accumulates in multiple tumor-cell lines, and
that the incorporated 247 resides in a hydrophobic intracellular
microenvironment. They further show that 247 associates with
the lipophilic core of LDLs and undergoes cellular entry pri-
marily by receptor-mediated endocytosis with accumulation in
lysosomes.

Preliminary in vivo studies reveal that 247 exhibits preferential
accumulation and retention in the tumor cells of MDA-MB-231
humanbreast tumor xenografts subcutaneously implanted inmice,
with strong emission from the tumors, whereas the background
signal from other tissue is low. In agreement with the proposed
uptake mechanism, the fluorescence intensity at the site of the
tumor increased over time as the 247/LDL complex was seques-
tered in tumor tissue. As the need for LDL-bound cholesterol is
elevated in highly proliferative tumor cells over nontumorigenic
cells, 247 has a potential application for any highly proliferative
tumor (32–35).Alternatively, 247andotherpzs bind to lipid vesicle
models (14, 22) that can act as delivery vehicles to tumors (36).

Further optimization of the amphiphilicity, and thus deliv-
erability and uptake of 247 can be achieved by varying the periph-
eral pz substituents without altering its favorable photophysical
properties. Enhanced phototoxicity for PDT applications can be
achieved by simply inserting Zn in the pz core, thereby increasing
the quantum yield for singlet oxygen formation (37). The favor-
able NIR optical properties, biocompatibility, in vivo tumor accu-
mulation, and retention of 247 demonstrate that it provides an
attractive platform for the development of optical contrast and

Fig. 3. Colocalization of 247 with LDL. MDA-MB-231 cells incubated with 30 μm 247 and 150 μg∕mL LDL-BODIPY for 5 h. (A) 247 fluorescence (ex/em:
633 nm∕835� 135 nm BP). (B) BODIPY fluorescence (ex/em: 488 nm∕505–530 nm BP). (C) Overlaid image of 247 and BODIPY. (Scale bar, 20 μm.)

*The slight lack of complete colocalization is likely due in part to a difference in the physics
of light propagation at the two wavelengths through tissue and fur, and in part to
presence of 247 both in the tumor itself and in adjacent areas; the RFP, on the other hand,
is expressed in and confined to the tumor cells.
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even therapeutic agents based on the chemically and photophy-
sically flexible pz system.

Materials and Methods
Porphyrazine Synthesis. Porphyrazine H2½pzðtrans-A2B2Þ� 247 was pre-
pared (Scheme 1) by cocyclization of (5R, 6R)2,3-dicyano-5,6-dimethoxy-
5,6-dimethyl-1,4-diox-2-ene (1) (38) and 4,7-bis(isopropyloxy)-1, 3-diiminoi-
soindoline (2) (39, 40), with subsequent purification by silica-gel column
chromatography, following a modification of a literature procedure (22)
(SI Materials and Methods).

H2½pzðtrans-A2B2Þ�, 247 (17 mg, 8% yield). TLC (CH2Cl2∶EtOAc, 9∶1 vol∕vol):
Rf ¼ 0.63; UV-visible (CH2Cl2) λmax (log ϵ) 329 (4.33), 442 (3.78), 629 (4.40),
702 (4.12) nm; 1H NMR (500 MHz, CDCl3) δ 7.54 (s, 4H), 5.61
(m, J ¼ 5.9 Hz, 4H), 3.58 (s, 12H), 2.11 (s, 12H), 1.93 (d, J ¼ 5.9 Hz, 12H),
1.84 (d, J ¼ 5.9 Hz, 12H); 13C NMR (125 MHz, CDCl3) δ 157.84, 150.73,
136.60, 134.67, 131.80, 123.87, 102.38, 75.34, 49.99, 23.05, 23.00, 18.06;
MALDI-MS (m∕z) calculated for C48H59N8O12½Mþ H�þ 940.0, found 941.0.

Fluorescence Microscopy. In general, cells were plated on glass coverslips and
grown to 70% confluence. Porphyrazine 247 was administered from a 5 mM
dimethyl sulfoxide (DMSO) stock solution and incubated as described in fig-
ure legends and Results. After the incubation period, themedia was removed
and replaced with culture media for the indicated time. For all live-cell
imaging experiments, cells were washed twice with 1 × PBS and the slide pre-
pared for imaging using imaging buffer tomaintain pH (41). NIR fluorescence
of 247 was detected using a 835� 135 nm BP filter (excitation, 633 nm). All
green fluorescence was detected using a 505–535 nm BP filter (excitation,
488 nm). The details of in vitro confocal imaging experiments are described
in SI Text.

Scheme 1.

Fig. 4. Porphyrazine 247 accumulated in tumors in vivo. Mice bearing MDA-231 human breast xenograft tumors expressing RFP were administered 200 nmol
of 247 by tail-vein i.v. Twenty four hours after injection, live animals were imaged for (A) RFP and (B) 247. (C) Overlay of (A) and (B). X-ray images were obtained
for anatomical coregistration (A–C). Confocal microscopy of histological sections of tumors; (D) RFP image, (E) 247 image, and (F) overlay of (D) and (E). Nuclei
were stained with DAPI (blue). (Scale bar, 20 μm.)

Fig. 5. Accumulation of 247 in tumors over time. Mice bearing MDA-231
human breast xenograft tumors expressing RFP were administered 200 nmol
of 247 by tail-vein i.v. Images were acquired (A) 5 h, (B) 24 h, (C) 32 h, and (D)
48 h after injection. (E) Biodistribution of 247 72 h after injection. From left,
(Top) tumor, liver, kidney, (Middle) spleen, lungs, heart, and (Bottom) femoral
muscle (no fluorescence).
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In Vivo Tumor Imaging.MDA-MB-231 cells (5 × 105) stably expressing RFP were
subcutaneously injected into the flanks of 6-week-old female SCID mice
(n ¼ 5). Tumors were grown for 4 weeks to a size of approximately 1 cm3.
Porphyrazine 247 (200 nmol in 150 μL of distilled H2O) was administered
via tail-vein injection. Solutions for injection were prepared from a 5 mM
stock solution of 247 in DMSO. Vehicle control animals were injected with
an equivalent amount of DMSO in water. Images were collected after injec-
tion at various time intervals as described in figure legends. Each animal was
imaged consecutively for pz (625� 20 nm excitation, 700� 20 nm emission)
and RFP (535� 20 nm excitation, 600� 20 nm emission), as well as an x-ray

for anatomical coregistration using a Kodak IS4000MM small animal multi-
modal imaging system.
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