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Abstract
Fluorescence anisotropy in the near-infrared (NIR) spectral range is challenging because of the
lack of appropriate NIR fluorescent labels. We have evaluated polymethine fluorescent dyes to
identify a leading candidate for NIR anisotropy applications. The NIR dye LS601 demonstrated
low fluorescence anisotropy values (r) as a result of its relatively long fluorescent lifetime 1.3 ns.
The r value of LS601 unbound and coupled to biological macromolecules was found to have a
sufficient dynamic range from 0.24 to 0.37, demonstrating the feasibility of fluorescence
anisotropy in the NIR. The viability of fluorescence anisotropy using a NIR label was
demonstrated by characterization of dye-protein conjugates. These results open the door to a
number of applications in drug discovery, fluorescence anisotropy imaging and contrast agent
development.
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1. Introduction
Fluorescence anisotropy is an optical technique widely utilized in biochemistry and drug
discovery.[1] The popularity of fluorescence anisotropy in biomedical research stems from
several well-recognized factors including homogeneity of assays, insensitivity to
concentration artifacts, absence of radioactivity, and automation of measurements.
Anisotropy (r), measured according to Equation (1), provides unique information describing
the dynamic behavior of molecules, including molecular orientation, energy migration, and
rotational diffusion:

(1)

where I∥ is the intensity of the fluorescence emission parallel to the vertically polarized light
and I⊥ is the intensity of the fluorescence emission perpendicular to the vertically polarized
light.
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Due to the high versatility of fluorescence anisotropy, and the availability of highly
automated polarizers, stable detectors and excitation sources, the method has found
widespread uses in high-throughput screening of drug candidates,[2, 3] the evaluation of
protein–protein and protein–DNA interactions,[3–6] protease activities,[7–10] cell signaling
pathways,[11, 12] probing of the cellular microenvironment,[13, 14] 2D and 3D imaging,
[15–19] and qualitative control of conjugation.[20] However, the vast majority of
fluorescent probes utilized in fluorescence polarization techniques have excitation and
emission only in the visible range 400–600 nm.[21, 22] Fluorophores with longer
wavelengths have been reported, but largely limited to the Cy5 class of probes emitting in
the red part of the spectra at 600–700 nm.[12,23, 24]

Near-infrared (NIR) probes which absorb and emit light within the range from 700–900 nm
have several benefits in biological studies, including reduced interference from endogenous
fluorophores and lowered hindrance from light scattering encountered with screening.[25]
Despite these obvious benefits, no significant efforts have been made to utilize these probes
in polarization assays.

Such low interest is attributable to the less than ideal anisotropy behaviour of NIR dyes
stemming from the fluorophores elongated structures and short fluorescence lifetime (below
1.0 ns). These factors lead to large anisotropy for a free dye (above 0.2 units),[26]
significantly reducing the dynamic range and resulting in a small assay window.[27]
Furthermore, commercially available NIR probes, such as Cy7 and IR800CW, have
relatively long linkers. This leads to incomplete immobilization of the fluorescent probe on
the macromolecule of interest and, therefore, to higher local mobility—“wobbling”—of the
fluorophore (“propeller effect”).[1] Fluorophore “wobbling” contributes to the dynamic
disorder of the complex, complicates polarization assay analysis and requires introducing
additional parameters to anisotropy calculations[28] which are difficult to obtain
experimentally.

To address these problems we have evaluated a number of NIR dyes, both commercially
available and synthesized in our laboratory, with the ultimate goals of identifying a dye for
fluorescence anisotropy in the NIR spectral range and demonstrating the feasibility of NIR
anisotropy as an analytical tool. Through our study we have selected a dye with low
anisotropy in a free (non-bound) state. The utility of fluorescence anisotropy has been
demonstrated, further verifying conjugation between the dye and proteins of interest and
showing the potential of NIR anisotropy in analytical applications.

2. Results and Discussion
The primary goal of this study was to identify a dye for fluorescence anisotropy in the NIR
spectral range while concurrently demonstrating the feasibility of NIR anisotropy as an
analytical tool. This requires an understanding of general structure–activity relationships
between the NIR dyes' structures and their corresponding anisotropy values. The
investigated dyes were structurally similar (Figure 1), sharing a polymethine platform which
has proven to be an excellent scaffold for the synthesis of a large number of fluorescence
probes with tuned optical, chemical and biological properties.[29–33]

The synthesized compounds were homologous to previously published dyes,[34, 35] with
some important structural changes to improve their water solubility. Specifically, we
replaced butane sulfonates with shorter and more hydrophilic propane sulfonates to prepare
the dyes LS601, LS605 and LS618. This change required an optimization of the synthetic
procedure to improve yield and minimize difficulties associated with its ensuing purification
of the product. In our general procedure (see Scheme 1 in the Experimental Section), the
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corresponding indole was pre-activated (such as 2a for the synthesis of LS601, Scheme 2 in
the Experimental Section) with sodium acetate providing intermediate 2a'. The Vilsmeier–
Haack reagent (for example, acetylated aniline hydrochloride 3 prepared according to ref.
[36]) was subsequently added to the reaction mixture in refluxed methanol, providing
excellent yield, up to 98%, of the product. Having this modified procedure in hand, we were
able to synthesize dyes in pure form (>95 area%, by LC).

2.1. Fluorescence Anisotropy Assay Window of NIR Dyes
The representative dyes, synthesized in our lab and obtained from commercial sources, were
selected from three categories: i) indole-pentamethines (LS618), ii) indole-heptamethines
(HITC, DTTC, LS601, LS605, LS606) and iii) benzeindole-heptamethines (cypate and
ADS800AT). The major difference between the studied categories of dyes, and critical for
anisotropy measurements, was the length of the electronic conjugation in the fluorophore.
The first group is exemplified by LS618, which has the shortest electron conjugation among
the studied dyes, with absorption/emission in the far-red range of the spectra (abs/em.
663/684 nm, Table 1). Extending the chromophore to a heptamethine skeleton led to a
bathochromic shift of ∼100 nm (abs/em. 755/782 in LS601) in accordance to the particle-in-
a-box principle (Kuhn rule).[37] Replacement of the indole of LS601 with benz[e]indole (as
in cypate and ADS800AT) further increases conjugation, leading to longer wavelengths of
absorption and emission (for cypate 796/817 nm) by ∼30 nm. The six-member ring in the
chain and a weakly electron-withdrawing chlorine at the central carbon of the cyanine chain
(meso position) caused a 40 nm shift toward a longer wavelength, as previously observed for
a variety of heptamethine dyes.[38] The effect of either electron-donating/withdrawing
substituents on the indole rings para to nitrogen had negligible impact on the dyes' optical
properties, providing almost identical absorption and emission spectra (compare LS601 with
carboxylic groups and LS606 with sulfonates).

The fluorescence lifetime of the studied dyes followed a generally observed trend,
decreasing from 1.5 ns for dyes with shorter conjugation (LS618) to less than 0.6 ns for
those with longer wavelengths. The trend has been attributed to a higher probability of non-
radiative relaxation from the excited to the ground state via the conical intersection
mechanism,[39,40] which is facilitated by a low gap between two states in the NIR range.
This phenomenon, known as the low-energy-gap law,[41–43] states that radiationless
transitions at longer wavelengths within the same class of dyes increases due to vibrational
overlaps between the ground and excited states resulting in the decrease in quantum yield
and fluorescence lifetime. The decrease of fluorescence lifetime can be considered as a
rationale for the increase of free fluorescence anisotropy (rmin) of NIR dyes, since
fluorescence anisotropy is inversely proportional to the rate of fluorophore rotational
correlation time in solution as given by the Perrin relationship [Eq. (2)]. This relationship is
illustrated by Figure 2, which shows a simulation of free anisotropy as a function of
fluorescence lifetime for three different molecular rotations: fast (θ = 1 ns), medium (θ = 10
ns) and slow (θ = 50 ns). Clearly, fluorescence dyes with short fluorescence lifetimes (<1.5
ns) are expected to demonstrate larger free anisotropy values than molecules with
significantly longer lifetimes:

(2)

where r0 is the limiting anisotropy (= 0.4 as an ensemble average for one-photon
excitation[44] for the ideal fluorophore), τ is the fluorescence lifetime, and θ is the rotational
correlation time of the fluorophore.
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A range or fluorescence-anisotropy values (assay window) of the dyes indicate whether they
might be suitable in anisotropy applications. The upper limit, known as the limiting
anisotropy r0, is measured in the immobile state, usually in glycerol at 0°C. The theoretical
maximum of this value for one-photon excitation does not depend on the nature of the
fluorophore and is equal to 0.4.[1] The lower limit of the anisotropy value, rmin, corresponds
to dyes in the non-bound form and depends on the nature of the dye, all other conditions
being equal. Larger values for rmin is the major limitation for the utility of NIR dyes in such
assays, and therefore the preference should be given to dyes with low initial anisotropy.
Experimentally measured rmin of the studied NIR dyes in aqueous solutions [either in pure
water or in 20% DMSO/water (DMSO: dimethyl sulfoxide) to prevent aggregation] were all
≥0.17 (Table 1), much higher than those of visible dyes such as fluorescein (rmin = 0.021).
[45] Such relatively high rmin narrows the assay window and explains low previous interest
in NIR dyes with respect to anisotropy studies.

2.2. Dye LS601 as a NIR Fluorescent Anisotropy Label
Herein, we demonstrate that properly selected NIR dyes have the potential to be successfully
utilized in anisotropy studies. To create a suitable NIR fluorophore for anisotropy
applications, three criteria must be met: i) the fluorescence lifetime of the NIR dye must
allow for appreciable rotation to provide a reasonable anisotropy change; ii) the dye must be
conjugated such that local probe mobility is minimized; and iii) the dye must undergo facile
conjugation under conditions appropriate for attachment to biologically relevant
macromolecules (in aqueous buffers). In this regard, DTTCP and LS606, with relatively
long fluorescence lifetimes might not be suitable, as the dye is either not functionalizable
(DTTCP) or is expected to provide a considerable rotation “propeller effect” due to the
presence of a flexible chain between the fluorophore and the macromolecule of interest
(LS606).

LS601 seems to satisfy all three criteria and presents itself as an excellent label for NIR
fluorescence anisotropy. Compared to benzindole dyes, LS601 showed an appreciable
fluorescence lifetime and relatively low rmin value in the non-bound form. The anisotropy of
the dye was independent of the excitation and emission wavelength (Figure 3), providing
additional benefits such as flexibility in measurements. The presence of the carboxylic
groups allowed for synthesis of the NHS ester in high yield. The placement of the
activatable (via NHS ester) carboxylic acid functionality as part of the dyes' core limited the
degree of freedom and ensured minimal local motion. In addition, the presence of two
sulfate and carboxylic groups rendered LS601 highly water soluble, presenting a significant
advantage for labelling solvent-sensitive biological macromolecules.

2.3. Application of NIR Anisotropy for Quality Control of Conjugation to Macromolecules
We applied anisotropy to analyze the products of conjugation reactions between a NIR dye
and macromolecules. NIR labels conjugated to polypeptides, antibodies and nanoparticles
are often used in optical imaging of live animals due to the high penetration of NIR photons
through biological tissue accompanied by low levels of scattering.[46]

An activated NHS form of LS601 was conjugated to lysozyme (Lz), bovine serum albumin
(BSA) and immunoglobulin G (IgG)—selected because of their varying sizes. Non-activated
highly hydrophilic dyes are generally not bound by proteins as we have demonstrated with
other hydrophilic dyes and BSA.[47] In addition, binding of NIR dyes to protein binding
sites typically leads to displacement of the absorption maximum as a result of the change in
the microenvironment,[30, 48] which has not been observed in this study (not shown).
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The conjugation of LS601 to proteins was confirmed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE, Figure 4). Free dyes LS601 and LS601-
NHS appear near 1 kDa (the bottom of the gel), as expected. Single-chain protein
conjugates, such as BSA (Figure 4A) and lysozyme (Figure 4B) showed bands
corresponding to the appropriate molecular weight. In contrast, the multichain protein IgG
(Figure 4A) showed bands corresponding to the heavy (MW ∼ 50000) and light chains
(MW ∼ 25000), and a pattern often seen due to partially reduced IgG.[49]

As expected, conjugation of the dye to macromolecules caused an appreciable increase in r
(Figure 5). Interestingly, the anisotropy value of the largest conjugate IgG–LS601 was
similar to that of the smallest conjugate lysozyme–LS601, although the classic theory of
fluorescence anisotropy predicts the increase of r with the increase of the molecular weight
of spherically shaped macromolecules. The observed non-classical relationship between
anisotropy and molecular weight can be explained by the difference in rotation for
irregularly shaped proteins.[50]

Having established that fluorescence anisotropy undergoes noticeable change upon
conjugation of LS601 to proteins, we utilized this method as an analytical tool to verify the
completeness of the conjugation reaction and to validate the purity of the product. Since the
anisotropy function is directly additive,[1] any presence of a free dye should decrease the
anisotropy value. Indeed, the anisotropy of the second fraction in LS601–lysozyme after
column purification provided a considerably lower value (r = 0.28) than the first fraction (r
= 0.31). The lower anisotropy was attributed to the presence of the free dye, which was
validated by SDS-PAGE, showing a more intense band corresponding to the free dye in
fraction 2 as compared to fraction 1 (Figure 4B). These experiments clearly demonstrated
the feasibility of NIR fluorescence anisotropy as a valuable tool in biochemical analysis.

Experimental Section
Materials

The solvents DMSO (spectrophotometric grade) and high-purity water (18.2 MΩ) were used
throughout the study. Bovine serum albumin (BSA, grade agarose gel electrophoresis, 99%),
immunoglobulin G (IgG), lysozymes (Lz) were purchased from commercial sources. The
dyes HITC (Exiton), ICG (Sigma–Aldrich), DTTC perchlorate (DTTCP, Sigma–Aldrich),
and ADS800AT (American Dye Source Inc.) were used without purification. The NIR dye
cypate was prepared as reported previously.[31,51,52] LS601, LS605, LS606, and LS618
and the conjugates of BSA–LS601, IgG–LS601 and Lysozyme–LS601, were synthesized,
purified, and characterized (see Synthesis subsection).

Optical Measurements
UV/Vis spectra of the samples were recorded on a Beckman Coulter DU 640 UV/Vis
spectrophotometer. Steady-state fluorescence spectra, fluorescence lifetime and anisotropy
were recorded on a Fluorolog-3 spectrofluorometer (Horiba Jobin Yvon, Inc.). The
photophysical data (steady-state absorption, fluorescence) and lifetime were obtained in
DMSO and water. The fluorescence quantum yields of the samples were measured using
indocyanine green (ICG) as a standard.[53] The fluorescence lifetime of the dyes was
determined using the time-correlated single photon counting (TCSPC) technique with a
NanoLed 700 or 773 nm excitation source, as described previously.[30]

Fluorescence Anisotropy
The study was conducted in L-format with automated Glan-Thompson polarizing prisms
controlled by the FluorEssence software (Horiba). The anisotropy values for each dye and
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dye conjugate were determined at relatively low concentrations with absorption below 0.2
a.u. to avoid aggregation of the dye or agglomeration of the proteins. For single-point
measurements, the excitation was set 10–15 nm below the absorption maxima, and the
emission 10–15 nm above the fluorescence maxima. Slits were set to 5 nm and integrating
time to 0.5 sec. Each single-point measurement was conducted in quadruplicates at T = 20°C
in 1×1 cm2 quartz cuvettes using a temperature-controlled cuvette holder in conjunction
with a circulating water bath. The alignment of the polarizers was checked daily by
recording the anisotropy of a Ludox-40 (Sigma–Aldrich) suspension in water (ex/em.
750/750 nm). Ideal alignment of the instrument suggests the anisotropy degree of this
suspension is close to 1.0. The measured anisotropy of Ludox in our experiments was
consistently > 0.960, with a standard deviation σ < 0.03, indicating that accurate polarization
readings can be obtained using the spectrophotometer in the NIR range. The individual
components IVV, IHH, IVH and IHV were collected in quadruplicates for each sample, and the
anisotropy of the sample was calculated as defined in Equation (3). Anisotropy excitation
spectra and emission spectra were recorded with the parameters indicated in the text.

(3)

where IVV and IHH are the intensities of the fluorescence emission parallel to the vertically
and horizontally polarized light and IVH and IHV are the intensities the fluorescence
emission perpendicular to the vertically polarized light.

Synthesis
2,3,3-Trimethyl-3H-indole-5-carboxylic acid 1a—We added 4-hydrazinobenzoic acid
(30 mmol), sodium acetate (60 mmol), and isopropylmethyl ketone (43 mmol) to glacial
acetic acid (30 mL) (Scheme 1). The mixture was stirred at room temperature for 30 min and
then heated at reflux for 5 h. After cooling to room temperature, the solvent was removed
under vacuum, and methanol (2 mL) was added to the residue. The redissolved residue was
triturated with water (30 mL) to give 1a as a yellow/brown solid. Yield: 3.33 g,
55%. 1HNMR (CDCl3, 400 MHz): δ = 8.12–8.13 (d, 1H, J = 10.44 Hz), 8.03 (s, 1H), 7.61–
7.63 (d, 1H, J = 8.60 Hz), 2.35 (s, 3H), 1.35 ppm (s, 6H).

2,3,3-Trimethyl-3H-indole-5-sulfonic acid 1b—was prepared as a potassium salt
according to the ref. [54].

3-(5-Carboxy-2,3,3-trimethyl-3H-indol-1-ium-1-yl)propane-1-sul-fonate 2a—The
indole 1a (5.0 mmol) and 1,3-propanesultone (7.6 mmol) were suspended in 1,2-
dichlorobenzene (8 mL) and heated with stirring at 110°C with a closed teflon cap for 24 h.
The mixture was cooled to room temperature, ether was added and the precipitate collected
by filtration and washed with ether to give 2a as a brown/yellow solid which was used
without further purification. Yield: 0.91 g, 56%.

3-(2,3,3-Trimethyl-5-sulfo-3H-indol-1-ium-1-yl)propanoate 2b—The indole 1b (5.0
mmol) and 3-bromopropionic acid (7.6 mmol) were suspended in 1,2-dichlorobenzene (8
mL) and heated with stirring at 110°C with a closed teflon cap for 24 h. The mixture was
cooled to room temperature, ether was added and the precipitate collected by filtration and
washed with ether to give 2a as a yellow/brown solid which was used without further
purification. Yield: 0.27 g, 78%.
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General Synthesis of NIR Dyes—A solution of acetic anhydride (0.057 mL) in
methylene chloride (DCM, 0.5 mL) was added dropwise to a suspension of the appropriate
aniline hydrochloride (0.29 mmol) and N,N-diisopropylethylamine (DIEA, 0.11 mL) in
DCM (2 mL) at 0°C (Scheme 1). The mixture was allowed to react at room temperature with
stirring for 3 h. Subsequently, a solution of 2 (0.61 mmol) and sodium acetate (0.125 g) was
prepared in methanol (8 mL), stirred for 30 min, and left at room temperature for 2.5 h. The
aniline solution was concentrated, dissolved in methanol (1.0 mL) and added slowly to the
refluxing solution of indole. The reaction mixture was refluxed for 24 h, cooled and
precipitated with ether. Precipitation from methanol with ether was repeated three times to
give the product as a powder.

LS601—Indolium 2a was reacted with N-(5-anilino-2–4-pentadienylidene)aniline
hydrochloride (Sigma–Aldrich) according to the General Synthesis of NIR dyes to give the
green powder (98% yield) (Scheme 2). 1HNMR (600 MHz, [D6]DMSO): δ = 8.01 (s, 2H),
7.94 (d, J = 8.2, 2H), 7.89 (m, 2H), 7.71 (dd, J = 17.2, 8.9, 1H), 7.38 (d, J = 7.8, 2H), 6.52
(m, J = 21.7, 11.5, 4H), 4.27–4.19 (m, 4H), 2.58 (t, J = 6.9, 4H), 2.03–1.96 (m, 4H), 1.64
ppm (s, 12H). ESI-MS m/z: 713 [M+].

LS605—Indolium 2a was reacted with N-[(3-(anilinomethylene)-2-chloro-1-cyclohexen-1-
yl)methylene]-aniline monohydrochloride (Sigma–Aldrich) according to the General
Synthesis of NIR dyes to give a green solid with 29% yield. 1HNMR (600 MHz,
[D6]DMSO) δ = 8.27 (d, J = 14.2, 2H), 8.07 (d, J = 1.5, 2H), 7.97 (d, J = 1.6, 2H), 7.51 (d, J
= 8.4, 2H), 6.60 (d, J = 13.8, 2H), 4.44–4.34 (m, 4H), 2.58 (d, J = 6.7, 4H), 2.04 (dt, J =
14.0, 6.8, 4H), 1.70 ppm (s, 12H). ESI-MS m/z: 788 [M+].

LS606—Indolium 2b was reacted with N-(5-anilino-2-4-pentadienylidene)aniline
hydrochloride according to the General Synthesis of NIR dyes to give with 30% yield as a
green solid. 1HNMR (600 MHz, [D6]DMSO): δ = 7.85 (t, J = 13.0, 2H), 7.70 (s, 2H), 7.67
(d, J = 21.0, 1H), 7.61 (d, J = 8.4, 2H), 7.27 (d, J = 8.3, 2H), 6.51 (t, J = 12.5, 2H), 6.35 (d, J
= 13.7, 2H), 4.27–4.13 (m, 4H), 2.31 (t, J = 7.1, 4H), 1.60 ppm (s, 12H).

LS618—Indolium 2a was reacted with malonaldehyde bis(phenylimine)
monohydrochloride (Sigma–Aldrich) according to the General Synthesis of NIR dyes to
give a product with 95% yield as a green. 1HNMR (600 MHz, [D6]DMSO): δ = 8.36 (t, J =
12.8, 2H), 8.03 (s, 2H), 7.93 (d, J = 8.2, 2H), 7.35 (d, J = 8.2, 2H), 6.55 (t, J = 12.3, 1H),
6.43 (d, J = 13.4, 2H), 4.32–4.21 (m, 4H), 2.03–1.96 (m, 4H), 1.68 ppm (s, 12H). ESI-MS
m/z: 688 [M+].

LS601-NHS ester—To LS601 (56 mmol), dissolved in DMF (2 mL), we added N-
hydroxysuccinamide (120 mmol) and N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide
hydrochloride (EDC, 120 mmol) at once, and the reaction mixture was stirred overnight at
room temperature. Diethyl ether (10 mL) was added to the reaction mixture to precipitate the
product. The obtained precipitate was redissolved in a minimal amount of methanol and
further precipitated with ether, precipitation was repeated again to give the desired NHS
ester as a green solid (47 mg, 52 mmol, 92% yield). MALDI-MS m/z: 907 [M+, Bis-NHS],
810, [M+, mono-NHS]. ESI-MS m/z: 908 [M+, Bis], 811 [M+, Mono]

Conjugation of LS601 to Proteins
Despite the presence of two reactive functionalities on LS601, the SDS-PAGE analysis of
the raw reaction mixtures demonstrated a primary monosubstitution pattern, apparently due
to a strong steric hindrance preventing the second NHS group from reacting. Upon
completion of the conjugation reaction (4 h) the second NHS ester was hydrolyzed leaving a
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free carboxylic group on the dye [the typical half-life of NHS ester under the conditions
used (0.1 M NaHCO3 buffer) is ∼1 hour[55]].

Labeling Efficiency—Evaluation of the labelling efficiency Rd/p was achieved via UV/
Vis absorption measurement of the conjugate in 1X PBS buffer via a standard equation.[56]

Lysozyme–LS601 Conjugate—Lysozyme (Lz) (3.9 mg) from chicken egg white was
dissolved in 0.1m NaHCO3 buffer (1 mL) and mixed with a solution of LS601–NHS (1 mg)
in 100 μL DMSO. The reaction mixture was left shaking at room temperature for 4 h. The
conjugate was purified on a Sephadex G-25 column with 1X PBS buffer. Fractions were
evaluated using SDS-PAGE, those containing the product were collected and lyophilized to
give 36 mg of product. Labelling efficiency Rd/p ∼ 2.1 dye/Lz, mol/mol.

BSA-LS601 Conjugate—BSA (36 mg) was dissolved in 0.1 M NaHCO3 buffer and mixed
with a solution of LS601–NHS (1 mg) in 50 μL DMSO. The reaction mixture was left
shaking at room temperature for 4 h. The conjugate was purified on a Sephadex G-25
column with 1X PBS buffer. Fractions were evaluated using SDS-PAGE, those containing
the product were collected and lyophilized to give 36 mg of product. Labelling efficiency
Rd/p ∼0.81 dye/BSA, mol/mol.

IgG-LS601 Conjugate—IgG from rat serum (reagent grade > 95% by SDS–PAGE) (1
mg) was dissolved in 0.1 M NaHCO3 buffer. LS601–NHS (17 μL of a 1 mg mL−1 solution in
DMSO, 3.0 equiv) was added to this mixture and was shaken for 2 h at room temperature.
The reaction mixture was purified on a Sephadex G-25 column with 1X PBS buffer
containing 2mM NaN3 as an eluent. Fractions were evaluated using SDS–PAGE, those
containing the product were collected and lyophilized for storage. The labelling efficiency
Rd/p was determined in 1X PBS buffer containing 2mM NaN3, Rd/p∼1.1 dye/IgG, mol/mol.

SDS-PAGE—An SDS-PAGE was run for each conjugate using a Bio-Rad Any KD or 4–
20% Mini-PROTEAN TGX Gel according to the manufacturer protocol (Bio-Rad
Laboratories). A Precision Plus Protein All Blue Standard, fluorescent at 710 nm, was used
as the ladder (Bio-Rad). The gel was imaged using a small animal imaging system, Pearl
Imager (Li-COR), with excitation at two different wavelengths, 685 and 785 nm, and
emission collected at 710 and 810 nm, correspondingly.

3. Conclusions
Fluorescence anisotropy in the NIR has not been utilized previously due to the short
fluorescence lifetime of NIR dyes and the absence of probes capable of restricted local
motion in their bound state. To expand the use of this technique into the NIR spectral range,
we have evaluated several types of dyes and demonstrated that the dye LS601 has the
necessary properties required for use as a label in anisotropy applications. The dye exhibits a
relatively long fluorescence lifetime, a short linker to minimize the low local mobility and
could be easily conjugated to biomolecules under aqueous conditions.

The anisotropy assay window for LS601 was found to be 0.244 to 0.372, large enough to be
measured with satisfactory precision on most commercially available fluorometers equipped
with NIR-sensitive detectors and polarizers. The utility of fluorescence anisotropy with
LS601 was demonstrated by characterization of dye–protein conjugates with lysozyme, BSA
and IgG. The increase of fluorescence anisotropy values for all products suggested a
successful conjugation to proteins.
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Based upon our results we believe that fluorescence anisotropy in the NIR range will find a
number of applications in drug discovery, fluorescence polarization imaging and contrast-
agent development.
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Figure 1.
NIR dyes used in this study for fluorescence anisotropy screening.
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Figure 2.
Simulation of fluorescence anisotropy as a function of fluorescence lifetime from Equation
(2). Anisotropies of fluorophores with fast (θ = 1 ns), medium (θ = 10 ns) and slow (θ = 50
ns) rotational correlation times are shown. The limiting anisotropy was set to the theoretical
maximum value for random movement r0 = 0.4. The grey area corresponds to typical NIR
dyes with short fluorescence lifetimes (< 1.5 ns).

Gustafson et al. Page 12

Chemphyschem. Author manuscript; available in PMC 2014 March 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Fluorescence anisotropy of LS601 in water at 20°C: A) Fluorescence anisotropy emission
scan 740–820 nm, ex. 710 nm and B) fluorescence anisotropy excitation scan 690–785 nm,
em. 800 nm.. The graphs show that the fluorescence anisotropy of LS601 is independent of
the wavelength of excitation and emission.
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Figure 4.
SDS-PAGE of LS601–protein conjugates; ex/em: 769/780. A) From left to right: LS601–
BSA conjugate (two lanes), LS601–NHS ester, LS601, fluorescent ladder, LS601–NHS
ester, LS601-IgG (two lanes). B) From left to right: fluorescent ladder, LS601–lysozyme
fraction 1, LS601–lysozyme fraction 2.
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Figure 5.
Average fluorescence anisotropy values for LS601–protein conjugates in water 20°C and
glycerol 0°C; em/ex: 740/780 nm. The error bars represent standard deviation over eight
measurements.
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Scheme 1.
General synthesis of NIR polymethine dyes.
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Scheme 2.
Synthesis of LS601.
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