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Abstract
Water soluble, metallo-pthalocyanine (MPc) near-IR fluorophores were designed, synthesized, and
evaluated as highly stable and sensitive reporters for fluorescence assays. Their conjugation to
oligonucleotides was achieved via succinimidyl ester-amino coupling chemistry with the
conditions for conjugation extensively examined and optimized. In addition, various conjugate
purification and isolation techniques were evaluated as well. Results showed that under proper
conditions and following purification using reverse-phase ion-pair chromatography, labeling
efficiencies near 80% could be achieved using ZnPc (Zn phthalocyanine) as the labeling
fluorophore. Absorption and fluorescence spectra accumulated for the conjugates indicated that
the intrinsic fluorescence properties of the MPc’s were not significantly altered by covalent
attachment to oligonucleotides. As an example of the utility of MPc reporters, we used the MPc–
oligonucleotide conjugates as primers for PCR (polymerase chain reaction) amplifications with the
products sorted via electrophoresis and detected using near-IR fluorescence (λex = 680 nm). The
MPc dyes were found to be more chemically stable under typical thermal cycling conditions used
for PCR compared to the carbocyanine-based near-IR reporter systems typically used and
produced single and narrow bands in the electrophoretic traces, indicative of producing a single
PCR product during amplification.

INTRODUCTION
Because of a number of compelling advantages associated with near-IR fluorescence (λ >
650 nm), such as low scattering cross sections, reduced autofluorescence, lower radiation
energy, and readily available diode lasers as excitation sources, it can provide better overall
detection sensitivity compared to the visible and/or UV regions of the electromagnetic
spectrum using rather simple instrumentation, especially when analyzing complex biological
systems (1–3). Applications where the viability of near-IR fluorescence has been
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demonstrated include DNA sequencing (4–6), detecting DNA restriction fragments (7) and
adducts (8), analysis of PCR products (9), DNA microarrays (10), mutation detection (11),
enzymatic substrate monitoring (12), and various fluorescence resonance energy transfer
(FRET)-based assays (11,13).

Unfortunately, hurdles still exist, hampering the widespread utilization of near-IR
fluorescence. The primary challenge is the limited set of fluorophores available for deep-red
excitation that possess favorable chemical and photophysical properties for applications
requiring covalent or noncovalent labeling of targets. Despite the growing number of
fluorophores that show absorbing properties in the near-IR (14,15), the demands of modern
multiplexed, ultrasensitive analyses require the development of new bright fluors with the
following properties: (a) a diverse range of photophysical and spectral characteristics that
can be easily tuned; (b) good chemical, thermal, and light stability; (c) availability of a wide
range of functional groups for covalent conjugation to a variety of targets; and (d) narrow
emission envelopes to minimize spectral leakage into various detection channels required for
spectral multiplexing.

Phthalocyanines (Pc’s) and metallo-phthalocyanines (MPc’s) are well-known near-IR
absorbing/fluorescing dyes (16). Various MPc’s have been extensively studied, and many
display photophysical properties that are comparable or even superior to those of the most
commonly used near-IR reporter systems. These properties include high extinction
coefficients (>105 M−1 cm−1) (17,18), favorable fluorescence quantum yields (>0.6) (19–
21), excellent photostability with photobleaching quantum yields as low as 10−7 (17,22,23),
and good chemical and thermal stabilities. Another appealing feature of MPc’s is that their
photophysical properties can be tuned by simply varying peripheral substitution patterns
around the macrocycle (17,22,24) and/or altering the identity of the metal center (25,26).

Covalent attachment of MPc’s with various biomolecules that have been reported include
those with nucleobases (27), oligonucleotides (28–31), proteins (23,32–35), peptides (36), or
monoclonal antibodies (35,37–39) as targets. However, in spite of the impressive
photophysical and spectral properties associated with these near-IR dye systems, the
analytical utility of MPc’s when covalently attached to biomolecular targets have not been
extensively reported.

The first commercially available MPc-based reporters were SiPc’s (La Jolla Blue), which
contained axial polyethylene glycol ligands used to prevent self-aggregation and improve
water solubility. Oligonucleotides conjugated to La Jolla Blue were utilized for
homogeneous hybridization assays of DNA and RNA targets with the hybridions monitored
via transient-state polarized fluorescence with a detection limit reported to be 1 fmol
(28,29). Peng and co-workers (35) developed another SiPc dye with highly charged axial
ligands, IRD700DX, and demonstrated its applicability as a bright and photostable near-IR
fluorescent label (fluorescence quantum yield of 0.14 in PBS and photobleaching quantum
yield of 1.6 × 10−7) for antibody conjugation.

Duan et al. (37) reported on the conjugation of ZnPc, which lacks axial ligands to the metal
center, to monoclonal antibodies used to bind to cells bearing the relevant antigenic species.
We have previously reported the design, synthesis, and conjugation of MPc’s and
naphthalocyanines to proteins and oligonucleotides in which two water-soluble asymmetric
ZnPc- and naphthalo-cyanine-based near-IR labeling dyes with isothiocyanate functional
groups were conjugated to primary amine-containing targets (30). Conjugates of a water
soluble ZnPc (2,Scheme 1) to streptavidin were prepared and the properties of the
conjugates studied (23).
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The limited use of Pc-based labeling fluors have resulted from the lack of (a) appropriately
designed molecules that are soluble, possess favorable photophysical properties in aqueous
media, and bear functional groups for conjugation; (b) documented labeling conditions that
result in the facile and high yield conjugation to biomolecules; and (c) simple and efficient
purification protocols for isolating the conjugate.

Herein we report on two water-soluble MPc’s, asymmetrical and symmetrical ZnPc’s with
no axial ligands (1 and 2, respectively, see Scheme 1), for conjugation to targets containing
primary amine groups. To demonstrate the utility of these labeling fluorophores, the
conditions for highly efficient labeling of oligonucleotide targets and robust approaches for
the effective isolation and purification of the conjugates are provided as well as the spectral
and photophysical properties of the conjugates. Finally, we evaluate the use of these ZnPc-
oligonucleotide conjugates as primers for PCR amplifications as analyzed by the gel
electrophoretic sorting of the generated amplicons with near-IR fluorescence detection.

EXPERIMENTAL PROCEDURES
Materials

All materials were of reagent grade and were purchased from commercial suppliers, such as
Sigma-Aldrich, EMD or Fisher, and used as received unless otherwise noted. Anhydrous
DMF (N,N-dimethylformamide) and ether were dried before use by passing through
columns with molecular sieves and activated alumina. Milli Q water (18 mΩ) produced in-
house was used for all solution preparations. Oligonucleotide sequences modified with an
amino group at their 5′-end via aliphatic (C6H12 or C12H24) linkers or unmodified were
obtained from IDT (Coralville, IA). Their sequences and melting temperatures (Tm) for fully
matched duplexes are listed in Table 1. Precast agarose gel plates (3%) were purchased from
BioRad (Hercules, CA). dNTPs (deoxynucleotides triphosphates) and PCR buffers were
purchased from Applied Biosystems (Foster City, CA).

Synthesis of ZnPc’s 1, 2, and Succinimidyl Ester 5 (Scheme 2)
The preparation of these compounds has been reported elsewhere (23,40).

Synthesis of Succinimidyl Ester 3
The synthesis of this compound was adapted from published procedures with slight
modifications (41). A mixture of DCC (6 mg, 0.029 mM) and NHS (4 mg, 0.035 mM) was
added to ZnPc 1 (12.6 mg, 0.010 mM) dissolved in anhydrous DMF (2 mL). The reaction
was stirred for 18 h at room temperature in an argon atmosphere while protecting it from
light. After the reaction, diethyl ether (approximately 20 mL) was added to the reaction
mixture. The sample was centrifuged and the supernatant discarded. The residue was
dissolved in acetone, filtered through a 0.2 μm Teflon filter, and evaporated, which afforded
8 mg (59% yield) of succinimidyl ester 3 as a dark-blue powder. MS m/z (M + H+)
1296.481, calculated for C64H66N9O17Zn 1296.387.

Synthesis of Succinimidyl Ester 4
The synthesis of this compound was adapted from published procedures with slight
modifications (41). A solution of ZnPc 2 (42 mg, 0.037 mmol), NHS (N-
hydroxysuccinimide) (4.7 mg, 0.041 mmol), and DCC (N,N′-dicyclohexylcarbodiimide) (8.4
mg, 0.041 mmol) in anhydrous DMF (1.5 mL) was stirred at room temperature in an argon
atmosphere for 60 h. The reaction mixture was filtered, the precipitate washed with DMF (5
mL), and the clear filtrate diluted with ether (70 mL) inducing precipitation of the product,
which was then centrifuged and the supernatant discarded. The crude product was
redissolved in DMF (3 mL) and reprecipitated with ether. After centrifugation, the product
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was dried in vacuo, which afforded 25 mg (56% yield) of succinimidyl ester 4 as a dark-blue
powder. 1H NMR (400 MHz, DMSO-d6) δ 9.10–8.80 (br. s, 4H), 8.75–8.40 (m, 4H), 8.37–
8.18 (m, 2H), 8.20–8.00 (m, 6H), 7.90–7.74 (m, 4H), 7.70–7.35 (m, 8H), 2.92 (br. s, 4H).
MS m/z 1217.09, calcd for C64H35N9O14Zn, 1217.16.

Oligonucleotide–ZnPc Conjugation Reactions
The labeling procedure used was adapted from Molecular Probe’s (Carlsbad, CA) standard
protocol for amino-reactive Alexa Fluor succinimidyl esters. Stock solutions of 3–5 (5–10
mM) were prepared in DMSO (dimethyl sulfoxide). Labeling buffers were prepared in-
house by dissolving the appropriate amount of the corresponding salts in water and adjusting
the pH using HCl and/or NaOH. The amino-modified oligonucleotide was purified by
ethanol precipitation before the conjugation reaction to remove any amino-containing
impurities. The purified oligonucleotide was redissolved in water to yield a solution with a
concentration of ~25 μg/mL (5 mM).

Unless otherwise noted, the reaction mixture included (in order of addition) succinimidyl
ester 3, 4, or 5 (200 nmol), water (7 μL), labeling buffer (75 μL), and oligonucleotide (20
nmol). The reaction was incubated at room temperature for 15–18 h. Labeled
oligonucleotides were purified by ethanol precipitation (to partially remove excess unreacted
dye) using 250 μL of cold absolute ethanol and 10 μL of 3 M NaCl added to the reaction
mixture. The solutions were mixed and kept at −20 °C for 30–60 min and centrifuged at
12,000 rpm with the supernatant discarded. The precipitate was dried on air and
reconstituted in 100 μL of 0.1 M TEAA (triethylammonium acetate) for chromatographic
analysis and purification. The isolated fractions were combined and concentrated in a rotary
evaporator. The excess TEAA was removed by drying in high vacuum (<0.01 mmHg) at
room temperature.

High Performance Liquid Chromatography (HPLC)
The HPLC separations were performed using a JASCO (Easton, MD) 2000-series HPLC
equipped with a quaternary gradient pump, autosampler, and fluorescence and diode-array
detectors. The analytical column (Zorbax C18, 5 μm, 4.6 mm × 150 mm) was purchased
from Agilent Technologies (Santa Clara, CA). The following gradient was used (flow rate =
1.0 mL/min): initial hold at 95% 0.1 M TEAA/5% MeOH for 5 min; ramp up to 5% 0.1 M
TEAA/95% MeOH in 30 min; hold for 5 min; and wash for 15 min with 100% MeOH at 1.5
mL/min. The column was allowed to equilibrate at the initial mobile phase conditions for 20
min before the next injection. Typically, two wavelengths were monitored using the diode-
array detector: 260 and 680 nm. The fluorescence detector was set to an excitation
wavelength of 677 nm, and the emission wavelength was set to 687 nm, the corresponding
maxima for ZnPc 2 absorption and emission (23).

Determination of Conjugate Concentrations
The concentrations of the ZnPc-labeled oligonucleotides were determined by HPLC against
a calibration curve obtained using solutions of the corresponding ZnPc at various
concentrations (0.5&–100 μM) when monitoring absorption at 680 nm, where the
oligonucleotide offered little if any absorption.

Absorption and Fluorescence Measurements
All absorption spectra were acquired using an Ultrospec 4000 spectrophotometer
(Pharmacia Amersham Biosciences, Piscataway, NJ) or Cary 50 UV&–vis (Varian, Palo
Alto, CA) with 10 mm path length quartz cuvettes. Emission spectra were acquired using a
FLUOROLOG-3 spectrofluorometer (Horiba Jobin Yvon, Edison, NJ) equipped with a 450
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W xenon lamp and a cooled Hamamatsu R928 photomultiplier operated at 900 V in the
photon-counting mode. All spectral measurements were performed under ambient
conditions within 3 h of solution preparation.

DNA Hybridization
The hybridization of conjugate 2-C6-O1 (here and elsewhere, 1 or 2 represents ZnPc label
(Scheme 1, 1 or 2); C6 or C12, aliphatic linker containing 6 or 12 carbon atoms,
respectively; O1 or O2, oligonucleotide sequence (see Table 1)) with complement O2 was
performed by incubating 1 μM solutions of both the labeled oligonucleotide (2-C6-O1) and
its complement O2 at equal molar concentrations in a buffer containing 10 mM Tris-HCl, 4
mM MgCl2, and 15 mM KCl at pH 8.5 for 2 h at 30 °C.

Polymerase Chain Reactions (PCRs)
PCRs were performed on M13mp18 DNA (USB, Cleveland, OH) or human placental DNA
(Sigma-Aldrich, St. Louis, MO) targets. PCR primers (see Table 1 for sequences) were
designed to amplify 185 bp, 272 bp, and 381 bp regions of the M13mp18 DNA target and a
98 bp region of human placental DNA. PCRs were performed using a GeneAmp reagent kit
with AmpliTaq DNA polymerase (Applied Biosystems, Foster City, CA). PCR cocktails
consisted of 1 μL of each of the primers (~1 μM whenever known), 2 μL of dNTPs (0.2
mM), 10 μL of 10× PCR buffer, 1 μL of Taq DNA Polymerase (0.5 unit/μL), 1 μL of DNA
template (2 ng/μL), and 84 μL of PCR qualified water. PCR was carried out using a
commercial thermal cycling instrument (Eppendorf, Hamburg, Germany or Techne,
Burlington, NJ). M13mp18 amplifications consisted of the following (30 cycles): 94 °C for
30 s; 57 °C for 40 s; 72 °C for 60 s; and a final extension at 72 °C followed by a cooling step
at 4 °C. Thermal cycling of the human placental DNA was designed to amplify the CFTR
(cystic fibrosis transmembrane conductance regulator) gene and consisted of an initial
denaturation step at 94 °C for 5 min followed by (30 cycles) 94 °C for 40 s; 62 °C for 40 s;
72 °C for 60 s; and a final extension at 72 °C followed by a cooling step to 4 °C. PCRs were
also conducted using unlabeled primers of the same sequence as those of the labeled primers
to evaluate PCR performance in the presence of the MPc dye reporter.

Gel Electrophoresis
PCR products were electrophoresed either in a 3% precast agarose gel (Bio-Rad
Laboratories, Hercules, CA) or a 5.5% (w/v) cross-linked polyacrylamide gel (Li-COR
Biosciences, Lincoln, Nebraska). For the agarose gel, separation was performed at 140 mV
in 1 × TAE buffer (Bio-Rad Laboratories, Hercules, CA). Amplicons were indexed against a
DNA sizing ladder (50–1000 bp, Promega, Madison, WI). After separation, the gels were
stained with ethidium bromide (~0.3 μL/mL), and images were collected using a Logic Gel
imaging system (Eastman Kodak Company, Rochester, NY).

The polyacrylamide gel was polymerized between two borofloat glass plates (21 cm × 25
cm) and placed in the Global IR2DNA analysis system (Li-COR Biosciences, Lincoln, NE).
The electrophoresis was typically run at 1,500 V for 2.5 h. Amplicons were indexed against
a 50–350 bp IRD700-labeled size standard (Li-COR Biosciences, Lincoln, NE). The
fluorescence detector contained in this instrument consisted of a scanning laser (λ = 680
nm), an avalanche photodiode detector, and a bandpass filter (preset center wavelength =
720 nm; pass band ~20 nm) situated in front of this detector to isolate the monitored
fluorescence.
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RESULTS AND DISCUSSION
ZnPc’s 1 and 2 (asymmetrical and symmetrical, respectively; see Scheme 1) possess
photophysical properties that are comparable or superior to those of commercially available
near-IR dyes (e.g., ZnPc 2: extinction coefficient = 2.9 × 105, fluorescence quantum yield =
0.41, and photobleaching quantum yield = 5.0 × 10−7; commercially available near-IR dye
IRD700: fluorescence quantum yield = 0.70; photobleaching quantum yield = 4.6 × 10−6

(23)), are chemically, thermally, and light stable, and are fairly water-soluble, which was
achieved by decorating the macrocycle periphery with polar solubilizing groups (triethylene
glycols (TEG) or carboxylates). These ZnPc’s have narrower absorption and emission
envelopes compared to those of the carbocyanine-based near-IR dyes (see Figure 1), making
them particularly attractive for spectral multiplexing applications. Additionally, these dyes
contained at least one carboxylic group, a convenient and common functionality that can be
used for robust labeling of amino-modified biomolecules such as oligonucleotides via
succinimidyl ester chemistry (43).

Two types of MPc’s were evaluated in this study: an asymmetric ZnPc 1 containing three
triethylene glycol groups to provide solubility in aqueous media and a functional carboxylic
group that could be used for labeling reactions, and a symmetric ZnPc 2, which contained
four carboxylic groups that provided both solubilization of the dye in aqueous media and a
functional handle to covalently attach the fluorophore to a target.

Conjugation Reactions
The use of succinimidyl esters and their reaction with primary amines has been reported for
several MPc’s (28,29,31). We applied this coupling approach to amino-modified
oligonucleotides, and ZnPc’s 1 and 2 converted into succinimidyl esters 3–5 (see Scheme 2).
The conjugates, 1-C12-O1, 2-C12-O1, and 1-C6-O1, were isolated using ion-pair reverse-
phase chromatography. The chromatographic separation was achieved using a 0.1 M TEAA/
CH3OH gradient (see Figure 2a and Figure S1 in Supporting Information). Using similar
gradients with CH3CN rather than CH3OH did not result in complete separation of the
labeled conjugates from excesses of the corresponding MPc’s.

As a control, it was necessary to demonstrate that conjugations were not simply noncovalent
associations between the MPc dye and the oligonucleotide. To verify this, a reaction
involving a nonreactive MPc (carboxylic acid 2 instead of succinimidyl ester 4 or 5) and the
amino-modified oligonucleotide O1 was conducted. Inspection of the control
chromatograms (Figure 2b) showed no evidence of the MPc’s nonspecifically associating
with the oligonucleotides; no peak for an association complex was detected in the
chromatographic trace. Similar data was also obtained for PEG-modified ZnPc 1 (data not
shown).

Experiments were then conducted to optimize the extent of the conjugation reaction by
altering reaction conditions, such as pH, buffer composition, and the dye-to-oligonucleotide
molar ratio. The labeling efficiencies were evaluated by monitoring the decrease in the
original oligonucleotide content observed from the chromatographic traces (details are
included in the Supporting Information; see Figure S2). The labeling efficiencies were
estimated for various conditions, the results of which are summarized in Tables 2 and 3.

For molecules containing more than one carboxylic group (e.g., ZnPc 2), several types of
succinimidyl esters with different numbers of carboxylic groups converted to succinimidyl
esters were possible. Two activated esters of ZnPc 2 were obtained and used for the labeling
evaluation: the tetra-succinimidyl ester 5 (all four carboxylic groups are converted to the
succinimidyl esters) and the monosuccinimidyl ester 4 (only one carboxylic group is

Nesterova et al. Page 6

Bioconjug Chem. Author manuscript; available in PMC 2011 January 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



converted to the succinimidyl ester). As seen in Table 2, tetra-succinimidyl ester 5 resulted
in better labeling efficiencies (78%) compared to that of the monosuccinimidyl ester 4
(53%) when using an MPc/oligonucleotide molar ratio of 11:1. This may have resulted from
a higher effective concentration of the succinimidyl ester groups associated with the tetra-
succinimidyl ester 5 compared to that of the monosuccinimidyl ester 4. However, multiple
targets may become attached to the same fluorophore when using labeling fluors that have
several functional groups, as in the case of tetra-ester 5 compared to the monoester 4, which
can complicate the purification step. Indeed, multiple products were observed in the
chromatogram when the succinimidyl ester 5 was used. At least two products were observed
in the chromatogram when an 11-fold molar excess of the ester was used (see Figure S3 in
Supporting Information), one which could be ascribed to the 1:1 MPc/oligonucleotide
conjugate and another to a conjugate in which two oligonucleotides were linked to the same
dye. The use of molar excesses below 11:1 (MPc/oligonucleotide) when using succinimidyl
ester 5 yielded appreciable levels of the tri- and tetra-substituted products (data not shown).

It was generally observed that the labeling efficiency improved with increases in the MPc-
to-oligonucleotide molar concentration ratio up to 11:1 (see Table 2), irrespective of the
identity of the dye or succinimidyl ester used. The use of an excess of succinimidyl ester
was necessary to overcome competing hydrolysis reactions of these functional groups.
However, increasing the MPc/oligonucleotide molar ratio beyond approximately 11:1
reduced the extent of labeling (see Table 2). For example, succinimidyl ester 5 showed
decreases in the reaction yield from 78% to 39% when the MPc/oligonucleotide molar ratio
changed from 11:1 to 38:1, respectively. At higher dye concentrations, aggregation effects
between MPc dyes began to dominate (44), which reduced the number of monomeric
molecules available for the conjugation reaction. Thus, an MPc/oligo molar concentration
ratio of approximately 10:1 was found to be optimal for these conjugation reactions.

We also investigated the effect of different aliphatic linker lengths used to tether the
functional group (i.e., primary amine) to the oligonucleotide on the MPc-oligonucleotide
labeling efficiency. As noted for ZnPc 2 and the monosuccinimidyl ester 4 (see Table 2),
better overall labeling efficiencies were observed for oligonucleotides containing a C12H24
linker compared to those with C6H12 linkers. The improved labeling efficiency for the
C12H24 linker may be explained by reductions in electrostatic interactions between the
anionic MPc and oligonucleotides when compared to that in the C6H12 linker.

Various buffer compositions and pH values were also investigated as to their effects on the
extent of labeling oligonucleotides with these ZnPc dyes. Inspection of Table 3 shows that
for the labeling conditions tested (C6H12 linker, ZnPc 2, succinimidyl ester 4, and MPc/
oligonucleotide molar ratio of 9:1), better labeling was achieved at pH 7.5 when using the
carbonate buffer (67%), while for the borate buffer, higher labeling efficiencies were
obtained at a pH value of 8.5 (38%). It was also observed that at all pH values, carbonate
buffers yielded higher labeling efficiencies. The effects of pH on labeling efficiency most
likely resulted from the necessary balance between three factors: succinimidyl ester group
hydrolyzis rate, amine group reactivity, and solubility of 1 and 2 in aqueous media. All of
these parameters are known to increase with increasing pH (43). The enhancement of the
labeling efficiency when carbonate buffer was used compared to that with borate (59% vs
38% at pH 8.5; see Table 3) agreed with similar observations reported in the literature using
succinimidyl chemistry (45).

Conjugate Purification and Isolation
The standard protocols used to purify oligonucleotides from low molecular weight
components, SEC filtration, ethanol precipitation, and HPLC, were evaluated for the
isolation of MPc–oligonucleotide conjugates. Sephadex G25 size-exclusion columns were

Nesterova et al. Page 7

Bioconjug Chem. Author manuscript; available in PMC 2011 January 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



found to retain not only ZnPc 2 but also conjugate 2-C6-O1 (see HPLC traces in Figure S4
in Supporting Information), indicating that the separation was not exclusively based on size
but also partially on interactions of the dye with the solid support. Ethanol precipitation, an
approach based on the limited solubility of oligonucleotides in cold ethanol, also did not
provide adequate purification of the conjugates to allow it to be used exclusively. ZnPc’s 1
and 2 have limited solubility in EtOH, which results in only ~40% of the unreacted dye
being removed in the ethanol supernatant (see HPLC traces in Figure S5 in Supporting
Information). A combination of ethanol precipitation followed by reverse-phase ion pair
chromatography was found to give the most efficient isolation/purification approach for the
MPc–oligonucleotide conjugates. It allowed for pure conjugates to be isolated, even when
10-fold molar excesses of the dye were used; no residual MPc’s and/or unlabeled
oligonucleotide were observed in chromatograms of the isolated conjugates when subjected
to a precleanup with cold ethanol followed by reverse-phase chromatography (data now
shown).

Spectral Properties of the MPc–Oligonucleotide Conjugates
Electronic absorption spectra of the conjugate 2-C12-O1 (Figure 3a) contained features
characteristic of both domains, MPc and the oligonucleotide, including absorption bands at
~360 and 680 nm associated with the ZnPc and strong absorption between 250 and 260 nm
indicating the presence of the oligonucleotide. Also, strong fluorescence was observed
around 690 nm from the ZnPc moiety. The fluorescence emission profiles of the isolated
conjugates and the corresponding MPc’s were similar with no spectral feature changes
observed in the conjugates compared to the corresponding ZnPc dyes (see Figure 3b).

One of the important intrinsic properties of Pc’s and MPc’s is their high propensity to
aggregate in aqueous solutions (21,26) with dimerization constants as high as 10−9 M−1

(46). With very few exceptions, neither MPc dimers nor higher order cofacial aggregates
fluoresce (47–49). Electronic adsorption spectra of MPc’s can provide insight into ground-
state aggregation processes (50); a split and blue-shifted Q-band typically indicates cofacial
ground-state aggregation of Pc rings (19,44,46,51,52). Both the free ZnPc 2 and its
conjugate 2-C12-O1 showed various degrees of ground-state aggregation in aqueous media
as noted from blue-shifts in the absorption maximum, generating a broadband as compared
to the molecule in DMSO, where aggregation is expected to be minimal (see Figure 3a).

The absorption spectra of 2-C6-O1 and 2-C6-O1 hybridized to a 42-bp complement
oligonucleotide O2 (see Table 1) were also interrogated. The electronic absorption spectra
(Figure 4a) indicated almost complete aggregation of ZnPc 2, partial aggregation of
conjugate 2-C6-O1, and significant reductions in aggregation for the hybrid of 2-C6-O1
with O2. The fluorescence results correlated well with the adsorption spectra (see Figure
4b); no detectable fluorescence was observed for ZnPc 2 with a 13-fold increase in
fluorescence for the 2-C6-O1/O2 hybrid compared to that for 2-C6-O1 alone. These results
indicate that MPc aggregation can be substantially diminished when the MPc reporter is part
of relatively large oligonucleotide constructs. Similar phenomena have been observed for
MPc aggregation upon conjugation to monoclonal antibodies (37). However, for the
tricarbocyanine near-IR dyes, complete deaggregation effects were observed when this dye
was attached to a single nucleotide base (53) consistent with the fact that the carbocyanines
have low aggregation propensities compared to those of the MPc-based dye systems.

PCR-Based Applications
The ZnPc–oligonucleotide conjugates were next evaluated as potential reagents/reporters for
PCR by amplifying different sized regions of an M13mp18 DNA template and a 98 bp
region of the exon-10 CFTR gene containing the δF508 mutation, which can provide a high
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diagnostic value for cystic fibrosis (54). The amplicons were sorted by gel electrophoresis
using either an agarose gel with UV detection after staining with ethidium bromide or a
polyacrylamide gel with near-IR fluorescence detection at ~700 nm.

A comparison of the chemical/thermal stability of ZnPc- and carbocyanine-based near-IR
fluorophores was first investigated using PCR, which contained all reagents except the
amplification target and polymerase, and was carried through typical thermal cycling
conditions. The results of this investigation are shown in Figure 5. (The fluorescence
measurements were performed at room temperature following thermal cycling.) As can be
seen in the results in Figure 5, the emission intensities for the carbocyanine-labeled
oligonucleotide showed incremental decreases with increasing thermal cycle number, while
the ZnPc 2 reporter showed modest increases in its fluorescence intensity with increasing
thermal cycle number. The loss in fluorescence intensity for the carbocyanine is indicative
of chemical changes in the chromophore induced by thermally activated reactions, which
result in decreases in the fluorescence of this molecule. In the case of ZnPc 2, no such
reactions were found to occur at the conditions used herein. We also note that the slight
increases in the fluorescence observed for the ZnPc 2 chromophore as a function of cycle
number could have resulted from deaggregation of the ZnPc-oligonucleotide conjugate (see
results in Figures 3 and 4).

We next performed PCR amplification of an M13mp18 or human genomic DNA target
using the ZnPc 1 (asymmetrical) and 2 (symmetrical) reporter dyes. The size of the PCR
amplicons obtained using both Pc-based dye/oligonucleotide conjugates correlated well with
their expected sizes based on the known sequences of the test templates and the primer
sequences when referenced against standard DNA ladders (see Figure 6). Another important
conclusion is that no erroneous bands were detected in either of the PCRs, indicating that the
ZnPc-based fluorophores did not perturb the PCR process. The results in Figure 6a show
agarose gel electropherograms of PCR amplicons (381 bp) generated using 1- and 2-labeled
primers or an unlabeled DNA primer. Qualitatively, the correct ampli-cons were generated
for PCRs using the MPC-labeled primers when compared to the same PCRs using the
unlabeled primers based on product size.

From the polyacrylamide gel electropherogram shown in Figure 6b, single bands were
observed irrespective of amplicon size (185 or 272 bp) with similar amplicon yields using
either 1 or 2 as the fluorescent label. The lack of smearing in the electrophoretic bands or the
presence of phantom bands indicated that the dye–oligonucleotide constructs did not interact
due to dye/dye-induced aggregation to either the amplicons or unconsumed primers
following PCR.

As a demonstration of the ability to use these labels for the analysis of PCR products with
diagnostic value, human genomic DNA was amplified using primers specific for exon-10 of
the CFTR gene, which contains a mutation that provides molecular diagnostic information
for cystic fibrosis. As can be seen from the image displayed in Figure 6c, 98 bp amplicons
were clearly visible. It should be noted that the fluorescence detector used in this
electrophoresis unit was not optimized for the MPc dye systems; the filter system installed
in the instrument was designed for dicarbocyanine dyes, which have comparatively larger
Stoke’s shifts and broader excitation/emission envelopes compared to those of the ZnPc
dyes (see Figure 1).

CONCLUSIONS
ZnPc’s 1 and 2 (asymmetrical and symmetrical, respectively) were designed to provide
water solubility and carboxylic groups that could be used for labeling biomolecules through
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succinimide-based chemistry. The ZnPc’s afforded labeling efficiencies of 80% of target
oligonucleotides using optimized conditions, including proper pH (7.5), buffer composition
(carbonate), linker structure (C12H24), and stoichiometry between the MPc and
oligonucleotide (~10:1, respectively). In addition, facile purification strategies were reported
on the basis of ion-pair reverse-phase chromatography preceded by cold ethanol
precipitation.

Spectroscopic investigations indicated that the conjugation of ZnPc’s 1 and 2 to
oligonucleotides did not alter their intrinsic fluorescence emission properties but affected the
aggregation properties of the MPc’s when placed in aqueous media. Partial deaggregation of
ZnPc 2 was observed when this dye was attached to a 17mer oligonucleotide as revealed
from its ground-state spectrum with slight fluorescence noted for the conjugate compared to
that for the native dye in aqueous buffer. When the conjugate was hybridized to its
complement, creating a double-stranded 42mer, a 13-fold increase in the fluorescence was
observed compared to that in the dye/17mer construct. Because most molecular biology
applications, such as PCR and cycle sequencing, create constructs that are larger than the
starting primer and the primers are used in large molar excesses, this property could
potentially reduce interferences from unextended primers when fluorescence is used for
readout.

Another attractive feature of the MPc dyes compared to other near-IR dyes is their superior
thermal/chemical stability. These features along with their outstanding photostability (photo-
bleaching quantum yield of 5 × 10−7 (23)), narrow absorption/emission envelopes (see
Figure 1), and near-IR excitation/emission properties will make Pc dyes very attractive
candidates for a variety of highly sensitive and multiplexed biomolecular applications (55).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Electronic absorption (a) and emission (b) spectra of a cyanine dye, Cy7 (—), and ZnPc 2
(---). All spectra were acquired using the dyes at a concentration of approximately 1 μM and
placed in a DMSO solvent. The spectra were normalized to the absorption or emission
maxima.

Nesterova et al. Page 14

Bioconjug Chem. Author manuscript; available in PMC 2011 January 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Ion pair, reverse-phase chromatograms of reaction mixtures consisting of a ZnPc
succinimidyl ester and an oligonucleotide along with control reactions consisting of the
native ZnPc dye and an oligonucleotide. (a) Reactions with succinimidyl ester 4 (—,
reaction with C6-O1; ---, C12-O1; ···, ZnPc 2; · – · – ·, gradient composition). (b) Reaction
with succinimidyl ester 4 and a control reaction with the native ZnPc 2 dye (—, reaction
with succinimidyl ester 4; ···, reaction with ZnPc 2; · – · – ·, gradient composition).

Nesterova et al. Page 15

Bioconjug Chem. Author manuscript; available in PMC 2011 January 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Absorption and emission spectra of purified conjugates and the native MPc dyes. (a)
Electronic absorption spectra of 2 (2 μM) in NH4OH (pH 11) (···), 2-C12-O1 (concentration
unknown) in NH4OH (pH 11) (—), and 2 (2 μM) in DMSO (· – · – ·); (b) Fluorescence
emission spectra (λex = 650 nm) of 1 (100 nM) in NH4OH at pH9/MeOH (50/50) (· – · – ·),
conjugate 1-C12-O1 (concentration unknown) in NH4OH at pH9/MeOH (50/50) (···), 2 (100
nM) in carbonate buffer at pH11/MeOH (50:50) (---) and 2-C12-O1 (concentration
unknown) in carbonate buffer at pH11/MeOH (50:50) (—).

Nesterova et al. Page 16

Bioconjug Chem. Author manuscript; available in PMC 2011 January 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Absorption (a) and emission (b) spectra of solutions of ZnPc 2 (—), conjugate 2-C6-O1 (···),
and the hybrid of 2-C6-O1 and O2 (---). The spectra were measured in a buffer containing
10 mM Tris-HCl, 4 mM MgCl2, and 15 mM KCl at pH 8.5.
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Figure 5.
Fluorescence emission intensity of near-IR dye-labeled oligonucleotides (■, IRD700; ▲,
ZnPc 2) as a function of thermal cycle number. The reactions did not contain a target DNA
or DNA polymerase. Thermal cycling conditions: 94 °C for 1 min; 55 °C for 40 s; 72 °C for
1 min. Emission wavelengths used were 700 nm for IRD700 and 690 nm for ZnPc 2.
Emission intensities were normalized to the intensity secured after 5 thermal cycles.
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Figure 6.
Images of agarose (a) and polyacrylamide (b and c) gels after electrophoresis of PCR
products. Detection was accomplished using UV absorption at 254 nm after staining the gel
with ethidium bromide (a) or near-IR fluorescence at 700 nm (b and c). (a) 381 bp regions of
M13mp18 amplified using primers 1-C12-O1 (L2), 2-C12-O1 (L3), 2-C6-O1 (L4), and
unlabeled primer (L1). (b) 185 bp (L1, L3) and 272 bp (L2, L4) amplicons of a M13mp18
template amplified via PCR using primers 2-C6-O1 (L1, L2) or 1-C12-O1 (L3, L4). (c) (L1
and L2), 98 bp region of CFTR gene amplified via PCR using primer labeled with ZnPc 2.
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Scheme 1.
Molecular Structures of the ZnPc’s Used in These Studies
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Scheme 2.
Conjugation Chemistries of ZnPc 1 and 2 and Their Corresponding Succinimidyl Esters to
Oligonucleotide Targets
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Table 1

Sequences of Oligonucleotides Used for Labeling Reactions, Hybridizations, and PCRs

oligos sequence (5′→3′) Tm (°C)

M13mp18 primer1a (O1) GTA AAA CGA CGG CCA GT 52.6 °C

M13mp18 primer2 for 381 bp product CAA CTC TCT CAG GGC CAG 55.0 °C

M13mp18 primer2 for 272 bp product GGC CGA TTC ATT AAT GCA GC 54.8 °C

M13mp18 primer2 for 185 bp product ACT CTA TAG GCA CCC CGA 54.2 °C

CFTR1 primer1b GTT GGC ATG CTT TGA TGA CGC TTC 59.4 °C

CFTR1 primer2 GTT TTC CTG GAT TAT GCC TGG GCA C 60.3 °C

Template 1c (O2) ACT GGC CGT CGT TTT ACA ACG TCG TGA CTG GGA AAA 70.1 °C

a
These primers were modified with an amino-group attached to its 5′ end and were labeled with either ZnPc 1 (1-C12-O1, using a C12H24 linker)

or 2 (2-C12-O1 or 2-C6-O1, using a C12H24 or C6H12 linker, respectively).

b
This primer was modified with an amino-group attached to its 5′ end via a C6H12 linker and was labeled with ZnPc 2.

c
The underlined sequence is complementary to O1.
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Table 2

Estimated Labeling Efficiencies at Different MPc/oligonucleotide Molar Concentration Ratios Using Different
Dyes, Linkers, and Succinimidyl Estersa

Linkerb MPc succinimidyl ester MPc/oligonucleotide labeling efficiency

C12H24 1 3 5:1 <5%

C12H24 1 3 10:1 24 ± 6%

C12H24 1 3 18:1 48 ± 2%

C12H24 2 5 11:1 78 ± 5%

C12H24 2 5 21:1 56 ± 3%

C12H24 2 5 38:1 39 ± 2%

C6H12 2 4 1:1 <5%

C6H12 2 4 4:1 28 ± 3%

C6H12 2 4 9:1 38 ± 6%

C12H24 2 4 1:1 33 ± 6%

C12H24 2 4 4:1 47 ± 3%

C12H24 2 4 11:1 53 ± 4%

a
Conjugation reactions were performed in borate buffer at pH 8.5 and using an oligonucleotide concentration of 20 nM.

b
The aliphatic linker used to attach the amino group to the 5′ end of the oligo-nucleotide.

Bioconjug Chem. Author manuscript; available in PMC 2011 January 21.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Nesterova et al. Page 24

Table 3

Labeling Efficiencies of an Oligonucleotide with ZnPc 2 at Different Buffer and pH Conditionsa

pH borate carbonate

7.5 67 ± 2%

8.0 26 ± 3%

8.5 38 ± 6% 59 ± 2%

9.5 15 ± 1% 36 ± 2%

a
The conjugation reactions used a C6H12 linker, ZnPc 2, succinimidyl ester 4, and an MPc/oligonucleotide molar ratio of 9:1.
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