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ABSTRACT: Fluorescence-based amine-reactive dyes are highly
valuable for the sensing of amines and the labeling of biomolecules.
Although it would be highly desirable, large changes in emission
spectra and intensity seldom accompany the conjugation of known
amine-reactive dyes to their target molecules. On the contrary,
amide bond formation between amines and the pentafluorophenyl
(2-PFP) and succinimidyl (2-NHS) esters of meso-carboxyBODI-
PY results in significant changes in emission maxima (Δλ: 70−100
nm) and intensity (up to 3000-fold), enabling the fast (down to 5
min) and selective fluorogenic detection and labeling of amines,
amino acids, and proteins. This approach further benefits from the
demonstrated versatility and high reliability of activated ester
chemistry, and background hydrolysis is negligible. The large “turn-
on” response is a testament of the extreme sensitivity of meso-carboxyBODIPYs to the minimal changes in electronic properties that
distinguish esters from amides. Applications to the detection of food spoilage, staining of proteins on electrophoretic gels or in living
cells, and the expedited synthesis of organelle-specific fluorescence microscope imaging agents are further demonstrated.

■ INTRODUCTION

The colorimetric or fluorimetric detection of amines underpins
applications as important and diverse as indicators for food
spoilage,1 total protein staining for loading control in Western
blots,2 tracking biomolecules by imaging microscopy,3 or the
chemical enhancement of latent bloody fingerprints.4 Fluo-
rescence-based methods benefit from lower background noise
and hence higher sensitivity and lower detection limits.
Nonetheless, the simple and widespread covalent labeling of
amines with reactive fluorophores bearing isothiocyanate,5 N-
hydroxysuccinimidyl (NHS) esters,6 or sulfonyl chloride7

groups is not necessarily ideal.8 To minimize background
signals while avoiding washing or destaining steps, a
fluorogenic “turn-on” response with distinct excitation and
emission spectral windows is preferable. The reaction of the
latent fluorophore with amines should be fast, reliable, and
highly selective, in particular against background hydrolysis.
Highly photostable fluorophores with narrow absorption and
emission bands in the visible-to-NIR and high brightness
(ε·ΦF) are most desirable. Large Stokes shifts also minimize
parasitic signals from Rayleigh scattering or autofluorescence,
and reduce FRET quenching when local dye concentrations
are high.9 For most biological applications the fluorophore
should be cell-permeable, have low toxicity, and be compatible
with amine-based pH buffers. Finally, compatibility with mass

spectrometric analyses through noncovalent or reversible
binding to proteins is a potent advantage for proteomics
applications. The choice of a fluorogen will typically involve a
trade-off among desirable properties; broadly successful
examples include the more venerable fluorescamine and the
related 2-methoxy-2,4-diphenyl-3(2H)furanone (MDPF),10 o-
phthalaldehyde and its homologues,11 chloro-nitrobenzoox-
adiazoles (NBD) and its analogues,12 and more recently
Wolfbeis’s chameleon label pyriliums13 or epicocconone-based
formulations,14 among others.15 For polyamine or protein
detection, often proprietary sulfonated dyes of the azo,
cyanine, triphenylmethane, or tris(diamine)Ru(II) families
that associate through a combination of electrostatic and
hydrophobic interactions constitute an alternative to fluo-
rogens.16,2b

Given the biological importance of the amide bond and the
arsenal of highly reliable chemical tools for their formation, it is
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remarkable that the development of “turn-on” amine-reactive
fluorogenic probes that rely on amide bond formation has
seldom been met with success. Indeed, although the
bioconjugation of proteins or simpler amines with so-called
“activated esters” is a routine operation carried out daily in
laboratories worldwide, the design of pro-fluorophores capable
of transducing the modest electronic changes associated with
the ester-to-amide transformation into a “turn-on” signal has
long resisted researchers’ efforts.
Herein, we report that the pentafluorophenyl (PFP) and

NHS esters of 3,5-dimethyl-BODIPY meso-carboxylates meet
this goal (Scheme 1). In aqueous buffers, 2-PFP and 2-NHS

are quenched (ΦFL = 0.001), red pro-fluorophores that
selectively and rapidly (≤5 min) react with aliphatic amines
at room temperature to give hydrolytically stable and brightly
green-emitting amides (e.g., 3a−c; up to 3000-fold fluo-
rescence increase). The broad versatility of these active ester-
based amine-reactive fluorogens is demonstrated for applica-
tions in (1) amine sensing in solution and on paper-strip
indicators, (2) amino acid/protein quantitation assays in
solution, (3) fluorogenic protein labeling in gel electrophoresis
or in living cells, and (4) the synthesis of fluorescent organelle-
specific conjugates for cellular imaging studies in living cells.

■ RESULTS AND DISCUSSION
Synthesis. The pentafluorophenyl (2-PFP) and N-

hydroxysuccinimidyl (2-NHS) esters of the meso-carboxy-3,5-
dimethylBODIPY fluorophore were prepared in moderate
yields from the corresponding carboxylic acid (Schemes 1 and
S1). Three simple meso-carboxamide derivatives designated as
3a (CONH2), 3b (CONHMe), and 3c (CONMe2) were also
independently prepared (Scheme S1).
Photophysical Properties. The photophysical properties

of 2-PFP and 2-NHS were investigated in various solvents
(Tables 1 and S1). The fluorescence emission spectra of the
two active esters are nearly identical. In CH3CN, 2-PFP and 2-
NHS showed absorption and emission maxima (λabs/λem) at
541/615 nm and 534/615 nm, with fluorescence quantum
yields ΦFL = 0.31 and 0.45, respectively. The positions of the
maxima of 2-PFP and 2-NHS are not sensitive to the solvent
polarity, and comparable moderate fluorescence quantum
yields (ΦFL = 0.31−0.47) were found in all polar and nonpolar
solvents tested (i.e., toluene, CH2Cl2, THF, acetone, EtOH,
CH3CN), with the exception of DMSO or water where both
are quenched (ΦFL, DMSO = 0.01 [2-PFP], 0.01 [2-NHS],
Table S1).

By contrast, the corresponding carboxamides 3a−c featured
significantly blue-shifted absorption and emission maximum
bands (λabs,CH3CN = 512−515 nm; λem,CH3CN = 535−551 nm),
relative to those of the esters 2-PFP and 2-NHS (Δλabs = ca.
26 nm; Δλem = ca. 70 nm). These spectral shifts parallel those
previously observed upon the conversion of meso-esters to the
less electron-withdrawing carboxylate salts.17 The meso-
carboxamides 3a−c displayed remarkably high fluorescence
quantum yields (ΦFL,CH3CN = 0.80 [3a], 0.85 [3b], and 0.98
[3c]) in all organic solvents, including even in DMSO or water
(Table S2). Consequently, the ester to amide conversion was
confirmed as a suitable basis for fluorescence “turn-on” with a
particularly high contrast when carried out in highly polar
solvents.

Sensing Response of 2-PFP toward Methylamine in
CH3CN. The spectroscopic response of active ester 2-PFP
toward amines in CH3CN at room temperature was first
monitored (Figures 1 and S7). Upon addition of aliquots of
methylamine (MeNH2, 0−50 μM) to a solution of 2-PFP (10
μM), the absorption and emission bands of 2-PFP became less
intense, and the blue-shifted absorption (515 nm) and
emission peaks (546 nm) of 3b grew instantly and in
proportion with the concentration of the added amine (Figures
1c and S8). The resulting color change was evident to the
naked eye, and particularly so under UV irradiation (Figure
1d). 1H NMR titration and HPLC-MS analyses confirmed that
the dramatic spectral changes were the consequence of the
formation of 3b in the reaction with MeNH2 (Figures S9 and
S10).
The fluorescence turn-on process was complete in less than

5 min (Figures 1b and S11; k = 5.2 × 104 M−1·min−1, Figure
S12), and a ca. 3000-fold increase in fluorescence intensity (F/
F0) at 546 nm was obtained within 5 min upon the addition of
2 equiv of MeNH2 25 °C. The fluorescence intensity at 546
nm is linearly proportional to the concentration of added
MeNH2 in the range of 0−6 μM (R2 = 0.9792, Figure 1c
inset), allowing for the calculation of detection limits of 6.9 nM
MeNH2 for 2-PFP on a 3σ/slope basis. Control experiments
showed negligible changes in absorption and emission spectra
of 2-PFP and 3a−3c over 12 h at 25 °C (Figures S14 and
S16−S18), and 2-PFP and 3a−c displayed good photostability

Scheme 1. Synthesis of meso-Active-Ester-BODIPYs (2-PFP
and 2-NHS) and Their Fluorogenic Conversion to meso-
Amide-BODIPY products (e.g., 3a−c) upon Reaction with
Amines

Table 1. Photophysical Properties of Compounds in
CH3CN (A) and in PBS Buffer (10 mM, pH 7.4, 1%
CH3CN) (B)

compound λabs [nm] ε [M−1 cm−1] λem [nm] ΦFL
a

2-PFP (A) 541 42000 615 0.31
2-PFP (B) 565 (644)b 38000 618 0.001
2-NHS (A) 534 56000 615 0.45
2-NHS (B) 622 42000 648 0.001
3a (A) 514 79000 551 0.80
3a (B) 519 77000 558 0.67
3b (A) 515 79000 546 0.85
3b (B) 519 78000 549 0.83
3c (A) 512 82000 535 0.98
3c (B) 517 76000 540 0.97
1 (A) 492 35000 591 0.04
1 (B) 505 62000 554 0.78

aQuantum yields relative to fluorescein in 0.1 N NaOH (ΦFL = 0.95)
for 3a−c and 1 and relative to rhodamine-6G in EtOH (ΦFL = 0.94)
for 2-PFP and 2-NHS. bParentheses: aggregation band.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://dx.doi.org/10.1021/jacs.9b13982
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/doi/10.1021/jacs.9b13982?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b13982?fig=sch1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.9b13982?ref=pdf


under continuous irradiation at 470 nm over 1 h (Figures S19
and S20).
Reactivity and Selectivity of 2-PFP toward Various

Amines in CH3CN. To gain insight into the reactivity and
selectivity of 2-PFP (10 μM in CH3CN at 25 °C), its
fluorescence response toward various aliphatic and aromatic
amines (2 equiv) was monitored (Figure 2). Steric effects play
a significant role in the fluorescence “turn-on” response.
Whereas 2-PFP exhibited a fast response to linear primary
alkylamines with a high kinetic selectivity over bulkier
branched primary or secondary alkylamines, tertiary alkyl-
amines and aromatic amines did not elicit a “turn-on”

response. Specifically, methylamine, 1-butanamine, 1-hexan-
amine, 1,3-diaminopropane, putrescine (1,4-diaminobutane),
and cadaverine (1,5-diaminopentane) (Figure 2) gave rise to
the greatest fluorescence response (F/F0 > 2250 within 5 min
incubation). The bulkier primary isobutylamine, cyclohexyl-
amine (F/F0 = ca. 880−910 after 60 min incubation),
histamine (F/F0 = ca. 2250 after 60 min), benzylamine or
tyramine (F/F0 = ca. 820−890 after 60 min), and secondary
dimethylamine and piperidine (F/F0 = ca. 1090 and ca. 970,
respectively, after 60 min) induced a less immediate and
intense response. Highly hindered diisopropylamine or tert-
butylamine, tertiary trimethylamine, and aromatic aniline and
pyridine did not result in significant emission changes (F/F0 <
ca. 22 after 60 min).

Application of 2-PFP as a Solid-State Indicator for
Volatile Organic Amines. 2-PFP in the solid state was
further found to be suitable for the detection of organic amine
vapors. For this purpose, an admixture of 2-PFP (2 mM) and
polyethylene glycol dimethyl ether (PEGDME, 0.3 mM) in
CH2Cl2 was deposited onto a filter paper (10 mm × 10 mm)
to provide upon air-drying a simple indicating strip. The 2-
PFP-impregnated paper is initially red-emissive under UV light
(365 nm). To perform qualitative analysis, the indicating strip
was placed in a sealed chamber and exposed to volatile amines.
As previously observed in solution, the strong red-to-yellow

fluorescence “turn-on” responses were observed within 1 min
exposure to primary and secondary alkylamines (e.g., methyl-
amine, hexylamine, 1,3-diaminopropane, and dimethylamine,
Figure S21). Importantly, the fluorogenic response was also
clearly visible upon exposure to a flow of ammonia gas (Figure
3). However, no response was observed toward aromatic

amines (aniline, pyridine), acidic vapors (TFA), common
organic solvents (toluene, CH2Cl2, EtOH, THF, CH3CN), or
water (Figure S21). In all cases, the observed emission color
changes are consistent with the formation of the corresponding
meso-carboxamide products 3 as previously found in solution.
The filter paper impregnated with 2-PFP/PEGDME was

similarly apt to assess the freshness of foods through its
response to volatile amines generated during fermentation or
spoilage such as ammonia and dimethylamine.18 For example,
upon exposure to a white croaker (Genyonemus lineatus) fish
sample in a sealed plastic container, the luminescence of the
indicator progressively turned from red to yellow over 12 h
incubation at room temperature, together with a color change
from pink to orange (Figure 4a,b), demonstrating its potential
utility in food quality and safety monitoring. The indicator was
even sufficiently sensitive to show faint but discernible color
and fluorescence changes to a fish sample kept in a refrigerator
at 4 °C for 12 h (Figure 4c).

Properties of 2-NHS and 3a−c in Aqueous Media.
Notwithstanding the aptitude of 2-PFP to detect amines in
organic solutions, and their vapors in the solid state through a

Figure 1. Absorption (a) and emission (b) spectra of 2-PFP (10 μM)
upon treatment with MeNH2 (20 μM) in CH3CN as a function of
time (0−5 min) at 25 °C. λex = 470 nm. Inset: Relative fluorescence
intensity at 546 nm as a function of incubation time, in the absence
(red) and the presence (green) of MeNH2. (c) Relative fluorescence
intensity at 546 nm as a function of [MeNH2] (0−50 μM). Inset:
Calibration curve of fluorescence intensity at 546 nm vs [MeNH2]
(0−6 μM). (d) Photographs of 2-PFP (20 μM) upon addition of
MeNH2 (left to right: 0, 3, 5, 10, 20 μM) under ambient light (left)
and 365 nm UV irradiation (right). Incubation time = 5 min.

Figure 2. Fluorescence response of 2-PFP toward various amines.
Spectra were obtained 5 min (red) or 60 min (gray) after addition of
the amine analyte (20 μM) to 2-PFP (10 μM) in CH3CN at 25 °C.
Relative fluorescence intensities at 546 nm (528 nm for 13 and 14)
were recorded (λex = 470 nm). Amines are as follows: (1) 2-PFP only
as a control, (2) methylamine, (3) 1-butanamine, (4) 1-hexanamine,
(5) 1,3-diaminopropane, (6) 1,4-diaminobutane, (7) 1,5-diamino-
pentane, (8) isobutylamine, (9) cyclohexylamine, (10) histamine,
(11) benzylamine, (12) tyramine (13) dimethylamine, (14)
piperidine, (15) diisopropylamine, (16) tert-butylamine, (17)
trimethylamine, (18) pyridine, (19) aniline. The experiments were
performed in triplicate, and results are expressed as mean ± SD (n =
3).

Figure 3. Photographs of fluorescence responses of the filter-paper
embedded with 2-PFP/PEGDME upon exposure to a flow of
ammonia gas (flow rate = 150 cm3·min−1) as a function of exposure
time (left to right: 0−90 s) at 25 °C. Photographs of the fluorescence
response were taken under UV irradiation (365 nm).
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fluorogenic ester-to-amide reaction, the most important
applications of fluorogenic sensing and labeling of amines
involve biomolecules (i.e., lysine residues on proteins,
antibodies, and nucleic acids) in aqueous solutions. NHS
esters are among the most popular coupling groups used to
prepare conjugates between fluorophores and biological
amines, albeit with significant limitations.6 The unbound
dyes and labeled species often have nearly identical
spectroscopic properties. Therefore, washings are needed
following the conjugation step to overcome the invariant
fluorescence emission of these labels. These additional steps
can be incompatible with in situ experiments. Furthermore,
NHS ester fluorophores suffer from high rates of background
hydrolysis under conjugation reaction conditions, exacerbating
the above inconveniences. By contrast, the striking spectro-
scopic changes that occur during the fluorogenic trans-
formation of activated meso-ester-BODIPY to amide products
(Scheme 1) would lead to low background signals or reduced
need for washing or purification steps, either in gel electro-
phoresis or general protein quantitation.
Encouraged by this, the reactivity and selectivity of 2-NHS

toward biological amines was studied in aqueous buffered
solutions (10 mM PBS, pH 7.4, 1% CH3CN) at room
temperature. Probe 2-NHS displayed a significantly red-shifted
absorption at 622 nm and a very weak emission at 648 nm
(ΦFL = 0.001), by comparison to its properties in CH3CN
(λabs/λem = 534/615 nm; ΦFL = 0.45). The fluorescence of 2-
NHS in aqueous buffer is further diminished by aggregation
quenching.19 In this solvent, the hydrophobic 2-NHS forms
stable suspended colloidal nanoparticles with an average
diameter of 95 ± 15 nm, according to dynamic light scattering
analysis (DLS, Figure 5a, red) and scanning electron
microscopy (SEM, 110 ± 25 nm, Figure 5b). By contrast,
meso-amides 3a−c exhibited in aqueous buffer the same
characteristic blue-shifted absorption and emission bands
(λabs/λem = 519/558 nm [3a], 519/549 nm [3b], and 517/
540 nm [3c]), and high emission quantum yields (ΦFL,PBS =
0.67 [3a], 0.83 [3b], and 0.97 [3c]) as found in CH3CN
solvent (Table 1). Unlike 2-NHS, the meso-amide derivative
3b did not form aggregates in buffer solution (Figure 5a,
green).

Reaction of 2-NHS with L-Lysine and Other L-Amino
Acids in Aqueous Buffer. Lysine was first studied as reactive
analyte because of its prevalence on protein surfaces where its
ε-amino group acts as a reactive site in nucleophilic
bioconjugation. As illustrated in Figure 6, upon addition of

lysine (0−500 μM) to 2-NHS (5 μM) in aqueous buffered
solution (10 mM PBS, pH 7.4, 1% CH3CN) at room
temperature, the formation of the amine−dye conjugate is
evidenced by the growth of the characteristic absorption band
and large “turn-on” emission signal of the meso-amide
derivative (λabs/λem = 517/547 nm; F/F0 up to 385-fold). A
good linearity (R2 = 0.9989) between the fluorescence

Figure 4. Monitoring of fish freshness using 2-PFP. Photographs of
the filter-paper embedded with 2-PFP/PEGDME during incubation
with a white croaker in sealed plastic packages for 12 h at 25 °C (b)
and at 4 °C (c). Images in panel a show fresh fish obtained from a
market. Images were taken under daylight (left) and 365 nm UV
irradiation (right).

Figure 5. (a) Size distribution of aggregates of 2-NHS (red) and 3b
(green) by DLS (2-NHS: 95 ± 15 nm; 3b 1.2 ± 0.3 nm). [2-NHS] =
[3b] = 5 μM. (b) SEM images (110 ± 25 nm) of aggregates of 2-
NHS.

Figure 6. Absorption (a) and fluorescence (b) spectra of 2-NHS (5
μM) upon the addition of lysine at various concentrations (0, 0.25,
0.5, 1, 2, 5, 10, 25, 50, 75, 100, 250, 500 μM). Incubation time = 5
min. λex = 470 nm. Inset: Calibration curve of fluorescence intensity at
547 nm as a function of [Lys] (0−25 μM). (c) HPLC chromatograms
of 2-NHS (5 μM) before (top) and after the reaction with lysine (5
equiv) for 5 and 30 min, respectively (middle) and compound 1 only
(bottom). (d) Fluorescence responses of 2-NHS (5 μM) to various
amino acids (5 equiv); (1) 2-NHS only (control), (2) lysine, (3)
arginine, (4) proline, (5) histidine, (6) cysteine, (7) serine, (8)
tyrosine, (9) threonine, (10) alanine, (11) aspartic acid, (12)
phenylalanine, (13) leucine, (14) tryptophan, (15) glycine. Bars
represent relative responses at 5 (black) and 30 min (red) after the
addition of each analyte. Emission signals were recorded at 547 nm
(λex = 470 nm). All data were obtained in PBS buffer (10 mM, pH 7.4,
1% CH3CN) at 25 °C. Inset: Photographs of 2-NHS (5 μM) upon 5
min incubation with each amino acid (5 equiv for 2−6; 20 equiv for
7−15) under ambient light (top) and 365 nm UV irradiation
(bottom).
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intensity at 547 nm and the lysine concentration in a range of
0−25 μM was also found (Figure 6b inset), from which a
detection limit as low as low as 62 nM (3σ/slope) was
determined. HPLC-MS analysis further confirmed the 97%
conversion of 2-NHS to the corresponding meso-amide within
30 min (Figures 6c and S30) and the absence of background
hydrolysis product (carboxylic acid 1) under these aqueous
assay conditions.
Under the standard conditions, a bright fluorescence

response was visible within 5 min for lysine or arginine
(Figure 6d, inset, and Figure S31). In addition, a weaker
response was observed for proline, histidine, and cysteine after
a prolonged incubation time (Figures 6d and S32−S34). Only
a minor fluorescence response was observed for other amino
acids even after extended times or at higher concentrations
(Figures S28 and S29). These results indicate that the ε-amino
group of lysine and the guanidine of arginine react quickly with
2-NHS to result in conjugation through amide bond
formation. In the case of cysteine, a thioester/amide
isomerization mechanism analogous to that encountered in
native chemical ligation may rationalize higher than otherwise
expected reaction rates (Figure S34).
Unlike common NHS ester-tagged fluorophores, and despite

its high reactivity toward amine nucleophiles (k = 2.2 × 104

M−1·min−1 for lysine, Figure S35), 2-NHS in its aggregated
colloidal suspensions under these assay conditions remains
highly resistant against background hydrolysis at pH 7.4 (t1/2 ∼
2.6 d, Figure S36 and S38−S41). As expected for activated
esters, background hydrolysis accelerates considerably under
basic conditions (t1/2 ∼ 1.2 h at pH 9.2, Figures S37, S38−
S40).
Electronic Influence of the Meso Substituents. Success

of the active ester-based amine-reactive probes is a tributary of
the exceptional sensitivity of the photophysical properties
meso-carboxyl-substituted BODIPY dyes toward electronic and
steric effects.20 Earlier work had established that hydrolysis of
meso-carbalkoxy BODIPY to the carboxylate anions was
sufficient to provide a blue-shifted strong fluorescence turn-
on signal (Hammett σp = 0.45 [COOMe/Et] vs 0.00
[COO−]).17 The above results now show that a much more
subtle electronic variation is sufficient to induce in a
comparable response (σp = 0.32−0.36 [CONHR]),21 provid-
ing a suitable foundation for the design of the reported amine
probes. To provide further insight, density functional theory
(DFT) calculations at the B3LYP/6-311G++(d,p) level of
theory were carried out for compounds 2-PFP and 3a−c
(Figures S68−S70). Neither primary nor secondary amide
formation induces significant changes in steric hindrance or
fluorophore conformation. The observed electronic transition
energies for meso-ester-BODIPYs (2-NHS and 2-PFP) vs
meso-amide-BODIPYs (3a−c) are in qualitative agreement
with their calculated HOMO−LUMO gap, which also
correlates with the Hammett substituent constants for the
meso substituents. Because the HOMO of the dyes has a node
passing through the meso position, the electronic influence of
the substituents is mostly felt on the LUMO levels, with the
less electron-withdrawing amides raising the LUMO 0.2−0.4
eV above that of the active esters 2-NHS and 2-PFP. In view
of the abrupt drop in fluorescence quantum yields for the
esters 2 between moderately polar (EtOH, MeCN) and highly
polar (DMSO, H2O) solvents (Tables 1 and S1, Figure S23),
the “turn-on” fluorescence response appears most consistent
with the interrupted formation of a dark charge-transfer state

when the active esters 2 are converted to the amide-substituted
dyes 3.

Fluorogenic Detection of Proteins on Electrophoresis
Gels. The high hydrolytic background stability and rapid
reaction with amines combined with large spectral shifts and
fluorogenic “turn-on” response made 2-NHS suitable as a pre-
or poststaining indicator in polyacrylamide gel electrophoresis
(PAGE).
Prestaining with 2-NHS: Bovine serum albumin (BSA, MW
66.4 × 103 Da), which features surface lysine residues, was
selected as a model protein to react with 2-NHS. The SDS-
PAGE profiles of the reaction mixtures of 2-NHS with various
amounts of BSA (0.01−0.5 μg, lanes 1−5) and the pure BSA
sample (1 μg, lane 6) are shown in Figure 7a. The protein

bands were imaged either by the UV emission of the 2-NHS/
BSA conjugate (Figure 7a, left) or by Coomassie Brilliant Blue
(CBB) R-250 dye restaining of the same gel (Figure 7a, right).
Figure 7a (left) shows a fluorescence image of the stained gel
taken under UV (365 nm) excitation immediately after
electrophoresis without any further treatment, which reveals
greenish-yellow emission bands only when BSA was made to
react with 2-NHS (lanes 1−5). These distinct emission bands
were not observed when the pristine BSA was loaded (lane 6).
Prestaining with 2-NHS is compatible with the running buffers
used in SDS-PAGE, and the wash- and destaining-free
procedure takes far less time (30 min) than CBB staining
(ca. 3 h).
Considering the presence of a strong detergent (SDS) for

the gel electrophoretic migration, the greenish-yellow emission
on the gel must be due to covalent bonding of 2-NHS with
BSA, which is consistent with the expected reaction of the
lysines or arginines of BSA to provide the meso-amide
conjugates. No deviation of the position of the BSA bands in
lanes was found, indicating that the covalent labeling with 2-
NHS has no significant effect on the protein migration rate, as
would be expected given the low molecular weight of the
appended BODIPY fluorophore (Δm = ca. 0.25 kDa per
conjugation event). Furthermore, the reaction of BSA with 2-
NHS (5 equiv) yields a triply labeled conjugate that was found
to be fully compatible both with MALDI-TOF MS analysis of
the labeled intact protein (Figure S45), and with the LC-MS/
MS analysis of the peptides obtained from in-gel tryptic
digestion (Table S3 and Figure S46).

Figure 7. SDS-PAGE gel electrophoresis of free BSA and BSA/2-
NHS conjugates. SDS-PAGE fluorescence images (left) of BSA at
different amounts (lanes 1−5:0.01, 0.05, 0.1, 0.25, 0.5 μg; lane 6: pure
BSA 1.0 μg) prestained (a) and poststained (b) with 2-NHS, and
images of the same gel restained with CBB R250 (right). Fluorescent
gel images were obtained without a washing step, under UV (365 nm)
irradiation. Protein size markers are shown on Marker lane.
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Poststaining with 2-NHS: BSA was electrophoretically
separated on SDS-PAGE gel before staining with a solution
of 2-NHS, and the fluorescent image was again obtained
without any additional washing steps to remove the unbound
dye (Figure 7b). The yellow emission bands visible on lanes
1−5 (Figure 7b, left) after poststaining demonstrated the
success of the coupling reaction between 2-NHS and BSA on
the gel. Notably, the bright yellow emissive band was observed
for BSA even at 10 ng per band on the gel (lane 1), which is
below the threshold of visibility for CBB staining in this
experiment and comparable to what may be attained with
fluorescent stains such as SYPRO Orange (Figure S44). It
should be noted that photographs of the gels were obtained
with a cell phone camera under hand-held UV lamp
irradiation; lower detection limits are likely attainable with a
UV transilluminator or laser-scanning imager coupled with
CCD or PMT detection.
Quantitation of Proteins/Antibodies with 2-NHS in

Aqueous Solution. Given the performance of 2-NHS as a
fluorogenic protein labeling reagent on gels, its application to
the quantitation of biomolecules in aqueous solution was
further examined. Incubation of 2-NHS with the proteins
BSA,22 lysozyme,23 or the antibody human immunoglobulin G
(IgG)24 in aqueous buffered solution (10 mM PBS, pH 7.4, 1%
CH3CN, 25 °C) resulted in the instantaneous spectroscopic
changes consistent with the formation of the expected meso-
amide conjugates, albeit with different sensitivities (Figures 8

and S47−S52). The generation of green fluorescent 2/protein
conjugates occurred faster under basic conditions, but it was
nonetheless substantial at pH 7.4 (Figure S48). The latter
conditions were selected to minimize background hydrolysis
and preclude the need for washing or purification steps. On a
practical note, should purified samples of labeled proteins be
required, their separation by gel filtration from the excess of

unreacted 2-NHS is particularly facile because of the
aggregation of the latter in aqueous buffer. The spectra did
not vary notably from protein to protein, and a clear
fluorescence “turn-on” response occurred within 5 min in
each case (Figures S47 and S49−S51).
Fluorescence emission intensity at the green emission band

was plotted against protein concentrations (Figure 8b−d), as
shown for the assays of BSA, lysozyme, and IgG. Linear
relationships between fluorescence intensities at the green
emission band and the protein content were obtained in the
range of 0−1 mg/mL (Figure 8b−d, insets, and Figure S52),
enabling the straightforward quantitative detection of proteins
in aqueous solution. Inorganic salts and surfactants do not
interfere with the 2-NHS assay (Figure S55). The detection
limits using 2-NHS under these conditions were determined to
be 0.18 μg·mL−1 BSA, 0.15 μg·mL−1 IgG, and 0.08 μg·mL−1

lysozyme, which compare favorably with those of the Micro
BCA protein assay (ThermoFisher Scientific, Figure S53,
Table S4). However, the calibration curves level off at different
saturation levels (Figures 8 and S52), indicative of the
respective number of reactive amino groups available to
conjugate with 2-NHS on the different proteins.22−24

To evaluate the labeling efficiency, the dye-to-protein ratio
(D/P), representing the average number of dyes conjugated to
a single protein molecule, was determined according to the
literature method (see SI for details, Figures S56 and S57).6b,e

The D/P value for the reaction between 2-NHS and BSA was
determined to be 6.74 in the presence of 10 equiv of 2-NHS
(10 mM PBS, pH 7.4, 1% CH3CN, 25 °C, 30 min), which is
higher than for the labeling of cyanine dyes to BSA (lit. D/P =
2.2−2.5 with 160 equiv of Cy3, pH 8.7, 30 °C, 30 min),6e,f

despite operating at a neutral pH. Moreover, the above results
revealed that the fluorescence signal of the labeled protein (i.e.,
2/BSA conjugate) increases with increasing D/P (Figure S57),
indicating that self-quenching of fluorescence does not occur at
these loadings, contrary to what was found for conventional
cyanine labeling reagents.6b,25

Applications to Protein Labeling in Living Cells. The
utility of 2-NHS for the fluorescence labeling of proteins in
living cells was then evaluated. Following incubation with 2-
NHS, A2058 human melanoma cells (Figure 9) and MCF-7
human breast cancer cells (Figure S58) were imaged using
confocal fluorescence microscopy.
The labeling agent elicited a “turn-on” fluorescence response

inside the cells within 1 min of incubation (no. 2 in Figures 9
and S58), indicating a rapid acylation of cytoplasm proteins.
The cells became noticeably brighter with time, reaching a
stable intense fluorescence after 30 min of incubation. 2-NHS
showed no cytotoxicity in either cell line (Figure S60). These
results establish that 2-NHS is able to permeate passively into
the cells (Figure S59), that the internalized fluorogen was
activated by accessible nucleophilic residues on proteins, and
that the fluorescent conjugates were retained within the cells.
Fluorescence flow cytometric analysis of A2058 cells labeled
with 2-NHS also allowed for the tracking of distinct
generations of proliferating cells over 4 days through 4 division
cycles (Figure S61).

Application to the Preparation of Organelle-Specific
Fluorescence Microscope Imaging. Organelle-specific
fluorophores are invaluable to unravel cellular function and
monitor intracellular events. Probe 2-NHS could be employed
as a common precursor for the rapid preparation of a panel of
organelle-targeted BODIPY dyes by coupling 2-NHS directly

Figure 8. (a) Fluorescence emission spectra of 2-NHS (red) and its
reaction with BSA (black), IgG (green), and lysozyme (blue),
respectively, in PBS buffer (10 mM, pH 7.4, 1% CH3CN) at 25 °C.
[2-NHS] = 5 μM, [protein] = 2.5 mg/mL. Incubation time = 5 min.
λex = 470 nm. Inset: Photographs of 2-NHS before (−) and 5 min
after (+) the addition of BSA (10 mg/mL) under ambient light (left)
and 365 nm UV irradiation (right). (b−d) Relative fluorescence
intensity of the green emission band as a function of [protein] (0−5
mg/mL). Inset: Calibration curve of fluorescence intensity at green
emission region vs [protein] (0−1 mg/mL). λem = 546 nm (BSA),
548 nm (lysozyme), 544 nm (IgG).
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with a selection of different amine-bearing organelle-directing
groups such as phenyl sulfonamide (endoplasmic reticulum
targeting), triphenylphosphonium (mitochondria targeting),
and morpholine (lysosome targeting) in DMF (25 °C, 1 h,
Scheme S2) or CH3CN:H2O (2:8, v/v, 25 °C, 10 min). The
resulting conjugates 3-ER, 3-Mito, and 3-Lyso share the same
absorption and emission characteristics as those of the simpler
meso-amide BODIPYs 3a−c (Figure S62, Table S5), with
520−521 nm absorption maxima, 548−551 nm emission
maxima, and high quantum yields in aqueous solution
(ΦFL,PBS buffer = 0.76 [3-ER], 0.81 [3-Mito], 0.74 [3-Lyso]).
All meso-amide products were found to be highly resistant
against background hydrolysis in buffer solutions (Figures
S63−S65). The cellular uptake and subcellular localization of
3-ER, 3-Mito, and 3-Lyso were evaluated by fluorescence
confocal microscope imaging of living HeLa cells incubated
with each amide. All three compounds were found to be cell
permeable and to localize within their target organelles, as
determined by Mander’s overlap coefficients of r = 0.72, 0.83,
and 0.78 with the commercially available respective organelle
markers ER-, Mito-, and Lyso-Trackers (Figure 10).

■ CONCLUSION
The activated esters 2-PFP and 2-NHS reported here fill a gap
in the large arsenal of amine-responsive dyes or labels currently
available: their reaction with simple amines and proteins alike
result in a large hypsochromic and intense fluorescence “turn-
on” signal within minutes. The high sensitivity and stability
against background hydrolysis confers them utility in wide-
ranging applications from the timely assessment of food quality
to the industrial/environmental monitoring of volatile amines
and the fluorogenic labeling of proteins in solution, gel
electrophoresis, or living cells, where the large spectral changes

encountered make time-consuming washing or destaining steps
unnecessary. To the best of our knowledge, this work is the
first example of a fluorogenic conversion of esters to amides
applied to amine detection, because these functional groups
had been considered too electronically similar for the
transformation to be a suitable basis for probe design. The
remarkable sensitivity of the luminescence of meso-carboxyl
BODIPY to these comparably small electronic changes
highlights the importance of identifying new highly responsive
“pressure points” that affect the deactivation pathways of
excited molecules for the design of the next generation of
luminescent probes.
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Figure 9. Application of 2-NHS to protein labeling in living cells.
Confocal fluorescence images of A2058 human melanoma cells
incubated with 2-NHS (10 μM) for the indicated time (0, 1, 3, 10, or
30 min) at 37 °C. The cells were costained with the blue fluorescent
DNA-binding dye DAPI. (top to bottom) Green channel for the
proteins covalently labeled using 2-NHS (ex = 488 nm, em = 525−
617 nm, nos. 1−5); blue channel for DAPI (ex = 405 nm, em = 410−
515 nm, nos. 6−10); bright-field images (nos. 11−15); merged
images (nos. 16−20) from the three channels. Control: the unstained
cells. Scale bar = 50 μm.

Figure 10. (Left) Chemical structures of organelle-specific meso-
amide-BODIPY dyes 3-ER, 3-Mito and 3-Lyso. (Right) Confocal
fluorescence images of living HeLa cells costained with (1−5) 3-ER
(10 μM, 2 h), and then ER-Tracker Red (1 μM, 30 min), (6−10) 3-
Mito (10 μM, 2 h), and then MitoTracker Orange (0.1 μM, 30 min),
(11−15) 3-Lyso (10 μM, 2 h), and then LysoTracker Red (0.5 μM,
30 min). The cells were also costained with the blue fluorescent DNA
binding dye, DAPI (3, 8, 13: λex/em = 405/410−476 nm). (1, 6, 11)
Green channel: λex/em = 488/492−550 nm for 3-ER, 3-Mito, and 3-
Lyso. (7) Orange channel: λex/em = 488/550−600 nm for
MitoTracker Orange. (2, 12) Red channel: λex/em = 488/600−696
nm for ER-Tracker Red and LysoTracker Red. Bright-field (4, 9, 14)
and merged images (5, 10, 15) from blue, green, and orange/red
channels. Scale bar = 20 μm.
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