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An in cellulo-activated multicolor cell labeling
approach used to image dying cell clearance†

Yilong Shi,a Rui Zhu,b Zhongwei Xue,b Jiahuai Hana and Shoufa Han *b

Dying cell clearance is critical for myriad biological processes such as tissue homeostasis. We herein

report an enzyme-activated fluorescence cell labeling approach and its use for multicolor imaging of

dying cell clearance. Diacetylated 4-hydroxymandelic acid (DHA)-conjugated dyes give rise to reactive

quinone methides upon deacetylation in live cells, which in turn covalently labels cellular proteins. With

partner cells tagged with distinct fluorescence, apoptotic cell clearance by Raw 264.7 macrophages and

epithelial HeLa cells was captured by confocal microscopy, showing the potential of DHA-based cell

labeling for investigating cell–cell interactions.

Approaches to tag cells with distinct fluorescence are valuable
tools for cell biology, as evidenced by the use of fluorescent
proteins.1 Alternative to genetically introduced fluorescent pro-
teins, synthetic optical probes are advantageous in several
aspects such as tunable fluorescence and ease of functionali-
zation.2 Because small molecule probes are often susceptible
to diffusion or leakage from targeted cells, extensive efforts
have been directed at devising imaging agents trappable in
cells.3 Commercial cell-trackers with a reactive succinimidyl
ester or chloromethyl moiety allow covalent labeling of cellular
proteins via amidation or alkylation.4 This covalent linking
improves fluorescence retention in cells and facilitates long-
term cell tracking in vitro and in vivo.5 Although widely used,
different cell-trackers exhibit variations in chemical stability,
reactivity or labeling efficiency.6 Hence, high performance cell
labeling, amenable to diverse fluorophores via identical chem-
istry, is desirable in cell imaging.

Cell death routinely occurs in tissue development and
homeostasis. Prompt clearance of dying cells is critical for
tissue functions while defects in this process have been linked
to myriad diseases.7 Apoptotic cells have been reported to be

engulfed by professional phagocytes and non-professional
phagocytes such as epithelial cells.7b,8 Given the engagement
of cell death in diverse diseases,8a,9 approaches to discern the
capability of different cell types in dying cell clearance would
be of significant biomedical significance. Activity-based
probes that could form covalent linkages with enzymes have
been widely used in proteomics studies.10 Quinone methides
have been often employed to target hydrolases.11 Based on
these achievements, we applied quinone methide chemistry
for fluorescence cell labeling using diacetylated 4-hydroxyman-
delate (DHA) as the latent protein labeling warhead. Upon de-
acetylation inside cells, DHA-conjugated dyes self-immolate to
yield highly reactive quinone methide–dye dyads, which effec-
tively label intracellular proteins with cognate dyes (Scheme 1)
and thus provide distinct fluorescence windows for multicolor
imaging of cell–cell interactions.

Scheme 1 Fluorescence cell labeling with DHA–dye dyads activatable
for cellular deacetylation. In viable cells, DHA undergoes tandem de-
acetylation and self-immolation to give the reactive quinone methide,
which labels cellular proteins with cognate fluorophores. The keys show
the chemical structures of DHA-Blue, DHA-Green and DHA-Red, which
correspondingly label cells with coumarin of blue fluorescence, fluo-
rescein of green fluorescence and rhodamine of red fluorescence.
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Results and discussion

Halogens and carbamates have been previously employed as
leaving groups to generate quinone methides (Scheme 2A).12

We envisioned that optical probes containing diacetylated
4-hydroxymandelate (DHA) could offer a simplified cell label-
ing approach if the dual acetyl groups might serve respectively
as the enzyme-activated group and the leaving group to assist
quinone methide formation (Scheme 2B). The advantage of
the use of the acetyl moiety over the prior carbamate or
halogen as the leaving group is that both the esterase-recogniz-
ing moiety and the leaving group, to promote quinone for-
mation, could be installed via a simple-step acetylation of
4-hydroxymandate in high yields. As a proof-of-concept, we
examined the response of azide-appended DHA (compound 1)
towards sodium methoxide. Removal of the O-acetyl group at
C-2 prior to that at the C-4 benzene ring would yield com-
pound 2, whereas the sequentially reversed deacetylation
would give rise to a quinone methide which could be
quenched by methoxide ions to give compound 3 (Scheme 2C).
As expected, two major products of distinct Rf values were
identified by TLC analysis (Scheme S1, ESI†). HRMS and
H-NMR analyses of the isolated products confirmed the pro-
posed identification of compounds 2 and 3 (Fig. S1–S5, ESI†),
validating the applicability of the acetyl group as an effective
leaving group to allow quinone methide formation from acetyl-
ated DHA.

Given the prevalence of enzymatic deacetylation in mam-
malian cells,13 we envisioned that DHA would be an effective
platform for deacetylation-triggered covalent cell labeling. In
contrast to indiscriminate regio-selectivity of sodium methox-
ide towards diacetyl groups of DHA (Scheme 2C), enzymes pre-
ferentially hydrolyze the O-acetyl group at the benzene ring

over the C-2 acetyl group due to the steric effects of the bulky
dye in the vicinity (C-1), which is beneficial for quinone
methide formation and cell labeling. Hence DHA was coupled
with rhodamine, coumarin or fluorescein to give DHA-Red,
DHA-Blue and DHA-Green (Scheme S1, ESI†) in order to label
cells with red, blue, or green fluorescence. Analysis showed
that DHA-Red exhibited similar fluorescence to rhodamine
under physiological pH conditions (Scheme 2B), indicating
that DHA has minimal interference on the fluorescence pro-
perties of the incorporated dye. With these compounds, we
first assessed the enzymatic activation of DHA in vitro.
DHA-Red was incubated with esterase from porcine liver or
control protein (bovine serum albumin, BSA) and then sub-
jected to SDS-PAGE, respectively. Analysis of the gel revealed
esterase-associated rhodamine fluorescence whereas no BSA-
associated fluorescence could be observed (Fig. S6, ESI†),
showing covalent labeling of esterase with DHA-Red. The selec-
tive labeling of esterase over BSA by DHA-Red is consistent
with deacetylation-triggered quinone methide formation from
DHA-Red (Scheme 2B).

Next, we applied DHA for live cell labeling. HeLa cells were
cultured with DHA-Red or AP-Red (rhodamine-conjugated
4-acetoxyphenylacetate) in the presence of Lyso-Tracker Blue
specific for lysosomes. AP-Red, differing from DHA-Red in the
lack of a C-2 acetyl moiety (Fig. 1A), is incapable of generating
the quinone methide upon deacetylation. Compared with the
bright rhodamine fluorescence widespread in DHA-Red+ cells,
no fluorescence could be identified in cells treated with
AP-Red (Fig. 1B), clearly showing that AP-Red is inefficient in
staining live cells owing to its incapability to be retained
inside cells. The distinct cell labeling with DHA-Red over
AP-Red shows the essential role of the DHA moiety for effective
cell labeling. To verify covalent protein labeling, DHA-Red+

cells were analyzed by SDS-page. Gel fluorescence analysis
revealed that red fluorescence was associated with a plethora
of cellular proteins whereas no protein-labeling could be
observed in AP-Red treated cells (Fig. 1C, Fig. S7, ESI†),
showing that the in situ formed quinone methide could diffuse
a certain distance and then be captured by surrounding pro-
teins. In addition, DHA-Red effectively labeled diverse cell
lines including 3T3, A549, B16F10, Huh-7, U2OS and Raw
264.7 cells (Fig. 2). We also showed that DHA-Red labeled cells
in a dose- and incubation time-dependent manner (Fig. S8,
ESI†). Finally, it was shown that cell labeling was also effective
with DHA-Blue and DHA-Green (Fig. S9 and S10, ESI†). Taken
together, these results validate the use of DHA for covalent cell
labeling with distinct fluorescence.

After confirming the low cytotoxicity of DHA probes by MTT
assay (Fig. S11, ESI†), we compared DHA probes with the com-
mercial cell-tracker (CFSE) for practical cell labeling. HeLa
cells were cultivated with 6-carboxyfluorescein diacetate succin-
imidyl ester (CFSE) or DHA-Green under identical conditions.
Flow cytometric analysis showed that DHA-Green+ cells exhibi-
ted 7-fold greater fluorescein fluorescence than CFSE+ cells
(Fig. S12, ESI†). Next, a time course study was performed to
monitor fluorescence retention in DHA- or CFSE-treated cells

Scheme 2 DHA-based quinone methide formation upon deacetylation.
(A) Prior use of carbamates as the leaving group in enzyme-elicited for-
mation of the quinone methide.12e,f (B) The use of an acetyl group as the
leaving group to allow quinone methide genesis in this work. (C)
Proposed mechanisms of the formation of compounds 2 and 3 from
region-distinct deacetylation of DHA by methoxide ions.
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over cell proliferation. DHA-associated red, blue and green
signals, detectable in cells after 48 h cell growth, decreased
over time in patterns similar to those of CFSE (Fig. S12, ESI†).
We finally examined the capability of DHA probes for cell mul-
tiplexing. Three cell populations, independently pre-stained
with DHA-Blue, DHA-Red, or DHA-Green, were mixed and then
co-cultured for 24 h. Confocal microscopy imaging showed cell
specific blue, green, or red fluorescence, while no detectable
fluorescence cross contamination (Fig. 3). Collectively, these

findings validate the applicability of DHA probes for cell track-
ing in multiplexed settings.

Cell death routinely occurs in myriad patho-physiological
processes. Prompt clearance of dying cells is critical for tissue
health such as tissue repair and resolution of inflammation.7

To image dying cell clearance, we first determined the capa-
bility of DHA probes to track dying cells. HeLa cells expressing
receptor-interacting protein 3 (RIP3+) were labeled with
DHA-Red, DHA-Blue or DHA-Green, and then treated for
0–12 h with Smac/human Tumor Necrosis Factor-a (TNF) to
trigger apoptosis, or with Smac/TNF/Z-VAD to trigger necro-
sis.14 Bright fluorescence was identified in apoptotic cells or
cell bodies formed upon necrosis in the whole cell death
course (Fig. S13, ESI†), showing the use of DHA probes to track
dying cells. We then applied DHA-probes to image the clear-
ance of dead cells. Raw 264.7 macrophages pre-labeled with
DHA-Red were cultivated with Smac/TNF to induce apoptosis.
The resultant DHA-Red+ apoptotic macrophages were then co-
cultured for 6 h with DHA-Blue+ viable Raw 264.7 cells.
Confocal microscopy analysis clearly revealed the wide pres-

Fig. 1 Covalent cell labeling with DHA-Red. (A) Chemical schematic for
the incapability of AP-Red to label cells upon deacetylation. (B)
Differential cell labeling with DHA-Red over AP-Red. HeLa cells were
incubated with DHA-Red (4 μM) or AP-Red (4 μM) for 1 h in medium
containing Lyso-Tracker Blue (4 μM) and then analysed by confocal
microscopy. DHA-Red+/Lyso-Tracker Blue+ cells were further fixed with
paraformaldehyde, rinsed with fresh medium and then imaged for intra-
cellular fluorescence of rhodamine and Lyso-Tracker Blue. Scale bar:
10 μm. (C/D) Dose-dependent covalent labeling of intracellular proteins
with DHA-Red. HeLa cells were cultivated with various levels of
DHA-Red (0–32 μM, as indicated) for 1 h and then lysed. Cell lysate
was resolved by SDS-page and the gel was detected for rhodamine
fluorescence (C) or stained with coomassie blue for total cellular
proteins (D).

Fig. 2 Effective fluorescence labeling of diverse cell lines with
DHA-Red. 3T3, A549, B16F10, Huh-7, Raw 264.7 macrophages and
U2OS cells were cultivated with DHA-Red (4 μM) in DMEM for 1 h and
then examined for intracellular rhodamine fluorescence by confocal
microscopy. Scale bar: 10 μm.

Fig. 3 The use of DHA for fluorescence tracking of multiplexed cells.
(A) Confocal fluorescence microscopy images of multiplexed DHA-
labeled cells. HeLa cells pretreated with DHA-Blue, DHA-Green or
DHA-Red were mixed, cocultured in fresh cell culture medium for 24 h,
and then imaged by confocal microscopy. Scale bar: 20 μm. (B)
Chemistry of cell-mediated activation of DHA-Green, which undergoes
deacetylation triggered formation of a fluorescein fluorophore/self-
immolation to give the quinone methide for fluorescence cell labeling.
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ence of red fluorescence patches in DHA-Blue+ viable cells. In
contrast, no red signals could be observed in DHA-Blue+ viable
Raw 264.7 cells co-cultured with DHA-Red+ viable Raw 264.7
cells (Fig. 4), showing effective phagocytosis of apoptosed cells
by Raw 264.7 macrophages.

Besides phagocytes (macrophages), certain non-pro-
fessional phagocytes have been reported to be capable of
removing apoptotic cells.15 For instance, bronchial epithelial
cells engulf apoptotic cells and influence airway inflamma-
tion.8a,16 To discern the capability of somatic cells in engulfing
dying cells, HeLa cells, a human cervical carcinoma epithelial

cell line, were labeled with DHA-Blue and then challenged
with apoptotic DHA-Red+ Raw 264.7 cells. Red-emissive cell
bodies were identified to locate sporadically in DHA-Blue+

HeLa cells (Fig. 5), showing the capability of HeLa cells to
engulf apoptotic cells. Finally, the uptake of apoptotic HeLa
cells by HeLa cells was examined with the aid of DHA labeling.
As shown in Fig. 6, viable HeLa cells are capable of taking up
apoptotic HeLa cells. Collectively these results validate the
utility of DHA-conferred cell labeling to image dying cell clear-
ance by distinct host cells.

Conclusions

Long-term fluorescence tagging of cells is of use to investigate
cell–cell interactions linked to diverse biological events and
diseases. We have shown the use of diacetylated 4-hydroxy-
mandelate (DHA), a latent protein-labeling warhead activatable
in viable cells, for high performance fluorescence cell labeling.
Stably trapped in dying cells and multiplexed cells, DHA-based
cell labeling enables visualization and differentiation of dying
cell clearance by macrophages, and HeLa epithelial cells. We
envision that DHA technology could be readily extended to tag
cells with near infrared fluorophores or magnetic resonance
imaging reagents, which would be beneficial for in vivo
imaging or tracking of cell–cell interactions.

Experimental procedure
Materials and methods

LysoTrackers and Cell-Tracker CFSE were obtained from
Thermo Fisher. Other dyes were purchased from Bioluminor,
Xiamen. All other chemicals were purchased from Sigma
unless specified. The cell lines were obtained from the
American Type Culture Collection (ATCC). All of the cell lines
used in this work are obtained from ATCC, USA. All cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM),
supplemented with 10% fetal bovine serum, 2 mM
L-glutamine, 100 IU penicillin, and 100 mg mL−1 streptomycin

Fig. 4 Engulfment of apoptotic Raw 264.7 macrophages by viable Raw
264.7 cells. Raw 264.7 macrophages were stained with DHA-Red and
then treated with Smac/TNF to induce apoptosis. The DHA-Red+ apop-
totic cells or viable DHA-Red+ Raw 264.7 cells (control) were further co-
cultured for 6 h with DHA-Blue+ Raw 264.7 cells before confocal micro-
scopic analysis. Scale bar: 10 μm.

Fig. 5 Engulfment of apoptotic Raw 264.7 macrophages by viable HeLa
cells. DHA-Blue+ viable HeLa cells were co-cultured for 6 h with
DHA-Red+ apoptotic Raw 264.7 cells or viable DHA-Red+ Raw 264.7
cells (control), and then probed by confocal microscopy. On dying cell
clearance, three independent images were included to show the contact
or engulfment of apoptotic cells per cell body with viable HeLa cells.
Scale bar: 10 μm.

Fig. 6 Engulfment of apoptotic HeLa cells by HeLa cells. DHA-Blue+

HeLa cells were cocultured for 6 h with apoptotic DHA-Red+ HeLa cells
or viable DHA-Red+ HeLa cells (control), and then visualized by confocal
microscopy. Scale bar: 20 μm.
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at 37 °C in a humidified incubator under 5% CO2, with the
exception that 1% nonessential amino acids were added to the
aforementioned culture for Raw 264.7 cell culturing.

The fluorescence spectra were recorded on a SpectraMax
M5. Confocal fluorescence microscopic imaging was per-
formed on a Zeiss LSM 780 using the following filters: λex =
405 nm/λem = 420–460 nm for DHA-Blue and MitoTracker blue,
λex = 488 nm/λem = 499–553 nm for CFSE and DHA-Green, λex =
561 nm/λem = 585–733 nm for DHA-Red and Lyso-Tracker Red.
The fluorescence of rhodamine in cells was shown in red in
the figures while that of CFSE and DHA-Green was shown in
green. Images of merged fluorescence were processed using
Photoshop CC2014. Quantitative imaging analysis was carried
out on unprocessed images using ImageJ software. A graph
was generated using GraphPad Prism7 and Origin 8.0 software.
Flow cytometry was performed on a BD Fortessa, the fluo-
rescence emission of rhodamine was recorded with an FL2
filter (590–630 nm) using a λex of 561 nm, and the fluorescence
emission of coumarin was recorded with the FL2 filter
(590–630 nm) using the λex of 561 nm. 10 000 cells were gated
under identical conditions and analyzed. The data were pro-
cessed using GraphPad Prism7.

Synthesis of compound 1 (Scheme S1 ESI†).
4-Hydroxymandelic acid (4 g, 21.5 mmol) and triethylamine
(TEA, 8.7 g, 86.0 mmol) were dissolved in CH2Cl2 (200 mL). To
the solution was added acetyl chloride (5.1 g, 64.5 mmol). The
mixture was stirred for 0.5 h, and then washed with an
aqueous solution of saturated sodium bicarbonate (80 mL).
The organic phase was washed with water (100 mL), and then
concentrated under reduced pressure to yield diacetylated
4-hydroxymandelic acid (DHA, 4.5 g, 83%), which was used
without further purification. DHA (2 g, 7.93 mmol) and 3-azi-
dopropyl-1-amine (0.72 g, 9.52 mmol) were dissolved in
CH2Cl2 (50 mL) containing 1-(3-dimethylaminopropyl)-3-ethyl-
carbodiimide hydrochloride (EDC, 2.28 g, 11.91 mmol) and tri-
ethylamine (TEA, 2.41 g, 23.85 mmol). The reaction mixture
was stirred overnight, and then concentrated. The residue was
subjected to silica gel chromatography (petroleum ether/ethyl
acetate = 1/3) to yield 1 (2.3 g, 87%). 1H-NMR (500 MHz,
DMSO-d6) δ 8.35 (t, J = 5.8 Hz, 1H), 7.48 (d, J = 8.6 Hz, 2H),
7.14 (d, J = 8.6 Hz, 2H), 5.81 (s, 1H), 3.27 (t, J = 6.8 Hz, 4H),
3.12 (dp, J = 21.8, 6.7 Hz, 2H), 2.27 (s, 3H), 2.12 (s, 3H), 1.63
(p, J = 6.9 Hz, 2H). 13C-NMR (126 MHz, DMSO) δ 170.14,
169.61, 168.39, 151.04, 133.81, 128.96, 122.34, 75.02, 48.65,
36.28, 28.71, 21.28, 21.12. MS (ES+) calc’d for C15H18N4NaO5

+

(M + Na) m/z 357.12, Found 357.23.
Deacetylation of compound 1 (Scheme S1 ESI†). To a solu-

tion of compound 1 (700 mg, 2.1 mmol) in anhydrous MeOH
(5.0 mL) was added NaOCH3 (0.5 mmol). The mixture was
stirred at room temperature for 3 h, and then analyzed by TLC
(petroleum ether/ethyl acetate = 1/2). After the reaction was
complete, Amberlys® 15 ion-exchange resin was added to neu-
tralize the solution. The solution was concentrated under
reduced pressure and the residue was chromatographed (silica
gel, petroleum ether/ethyl acetate = 1/2) to yield compounds 2
(220 mg, 42%) and 3 (300 mg, 54%). Compound 2: 1H-NMR

(500 MHz, DMSO-d6) δ 9.31 (s, 1H), 8.00 (t, J = 6.0 Hz, 1H),
7.17 (d, J = 8.3 Hz, 2H), 6.69 (d, J = 8.6 Hz, 2H), 5.91 (d, J = 4.4
Hz, 1H), 4.77 (d, J = 4.3 Hz, 1H), 3.29 (t, J = 6.9 Hz, 2H), 3.13
(d, J = 6.4 Hz, 2H), 1.66 (p, J = 6.8 Hz, 2H). 13C-NMR (126 MHz,
DMSO) δ 173.15, 157.16, 132.25, 128.23, 115.12, 73.79, 48.90,
36.10, 28.94. MS (ES+) calc’d for C11H14N4NaO3

+ (M + Na) m/z
273.10, Found 273.13. Compound 3: 1H NMR (500 MHz,
DMSO-d6) δ 9.42 (s, 1H), 8.09 (t, J = 5.9 Hz, 1H), 7.15 (d, J = 8.5
Hz, 2H), 6.72 (d, J = 8.6 Hz, 2H), 4.46 (s, 1H), 3.29 (t, J = 6.8 Hz,
2H), 3.22 (s, 3H), 3.13 (q, J = 6.6 Hz, 2H), 1.66 (p, J = 6.8 Hz,
2H). 13C-NMR (126 MHz, DMSO) δ 170.32, 157.20, 128.39,
128.35, 114.88, 83.11, 56.39, 48.43, 35.67, 28.44. MS (ES+)
calc’d for C12H16N4NaO3

+ (M + Na) m/z 287.11, Found 287.18.
Synthesis of DHA-Red and AP-Red (Scheme S2, ESI†). To a

solution of DHA (1.00 g, 4.0 mmol) or 2-(4-hydroxyphenyl)
acetic acid in anhydrous CH2Cl2 (15 mL) were added TEA
(1.21 g, 12.0 mmol), EDC (0.96 g, 5.0 mmol) and amino-con-
taining rhodamine (1.83 g 4.0 mmol) sequentially at room
temperature. After stirring for 120 min, the reaction mixture
was washed with aqueous HCl (1 M, 20 mL) and then water
(20 mL). The organic layers were dried over anhydrous Na2SO4,
filtered, and then concentrated. The resulting residues were
resolved by flash chromatography to give DHA-Red (70%) or
AP-Red (80%). DHA-Red: 1H-NMR (500 MHz, chloroform-d )
δ 7.98 (d, J = 7.5 Hz, 1H), 7.62 (t, J = 7.4 Hz, 1H), 7.57 (t, J = 7.4
Hz, 1H), 7.48 (d, J = 8.6 Hz, 2H), 7.15 (t, J = 8.9 Hz, 3H),
6.63–6.57 (m, 2H), 6.54 (d, J = 8.9 Hz, 1H), 6.48 (dd, J = 8.8, 2.5
Hz, 1H), 6.42 (d, J = 2.5 Hz, 1H), 6.33 (dd, J = 9.0, 2.6 Hz, 1H),
6.28 (s, 1H), 3.81–3.69 (m, 2H), 3.68–3.59 (m, 1H), 3.51–3.41
(m, 1H), 3.33 (q, J = 7.0 Hz, 4H), 3.27–3.09 (m, 3H), 2.89–2.75
(m, 1H), 2.28 (d, J = 1.5 Hz, 3H), 2.16 (s, 3H), 1.15 (t, J = 7.0 Hz,
6H). 13C-NMR (126 MHz, CDCl3) δ 170.50, 169.70, 169.07,
166.40, 153.12, 153.00, 152.77, 152.06, 151.41, 149.53, 134.70,
131.46, 129.55, 129.39, 128.86, 128.84, 127.36, 124.72, 124.03,
122.34, 111.79, 111.75, 110.51, 108.28, 105.35, 102.48, 97.57,
84.63, 72.49, 47.97, 44.97, 44.45, 41.93, 21.12, 20.81, 12.53. MS
(ES+) calc’d for C40H40N3O8

+ (M + H) m/z 690.28, Found
690.28199. AP-Red: 1H-NMR (500 MHz, chloroform-d ) δ 7.98
(d, J = 7.5 Hz, 1H), 7.63 (t, J = 7.4 Hz, 1H), 7.57 (t, J = 7.4 Hz,
1H), 7.29–7.22 (m, 2H), 7.16 (d, J = 7.6 Hz, 1H), 7.04 (d, J = 8.2
Hz, 2H), 6.66–6.58 (m, 2H), 6.55 (d, J = 8.9 Hz, 1H), 6.50 (dd,
J = 8.9, 2.4 Hz, 1H), 6.42 (d, J = 2.5 Hz, 1H), 6.33 (dd, J = 8.9,
2.5 Hz, 1H), 3.80–3.74 (m, 2H), 3.72 (s, 2H), 3.59–3.51 (m, 2H),
3.33 (q, J = 7.0 Hz, 4H), 3.22–3.13 (m, 2H), 3.09–3.00 (m, 2H),
2.27 (s, 3H), 1.15 (t, J = 7.0 Hz, 6H). 13C-NMR (126 MHz,
CDCl3) δ 169.72, 169.40, 169.35, 153.07, 153.03, 152.80, 152.19,
149.56, 134.72, 132.44, 129.71, 129.42, 128.87, 128.82, 127.39,
124.74, 124.05, 121.85, 111.77, 110.40, 108.30, 105.36, 102.40,
97.56, 84.79, 77.38, 48.32, 48.08, 45.64, 44.46, 41.39, 40.07,
21.13, 12.54. MS (ES+) calc’d for C38H38N3O6

+ (M + H) m/z
632.28, Found 632.27552.

Synthesis of DHA-Blue (Scheme S3, ESI†). To a solution of
DHA (1.00 g, 4.0 mmol) and TEA (1.21 g, 12.0 mmol) in anhy-
drous CH2Cl2 (15 mL) were added EDC (0.96 g, 5.0 mmol) and
piperizine-conjugated coumarin (1.3 g, 4.0 mmol). The solu-
tion was stirred at room temperature for 2 h, and then washed
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with aqueous HCl (1.0 M, 30 mL) and then water (25 ml). The
organic layer was dried over anhydrous Na2SO4, filtered, and
then concentrated. The residue was subjected to silica gel
flash chromatography to give DHA-Blue in 80% yield. 1H NMR
(500 MHz, chloroform-d ) δ 7.85 (s, 1H), 7.46 (s, 2H), 7.29 (d,
J = 8.4 Hz, 2H), 7.15 (s, 2H), 6.60 (d, J = 8.9 Hz, 1H), 6.46 (s,
1H), 6.26 (s, 1H), 3.73 (s, 5H), 3.43 (q, J = 7.0 Hz, 7H), 2.30 (s,
3H), 2.17 (s, 3H), 1.22 (t, J = 7.0 Hz, 6H). 13C NMR (125 MHz,
CDCl3) δ 170.53, 169.02, 166.53, 159.15, 157.36, 151.89, 151.45,
131.30, 129.99, 129.45, 122.37, 115.37, 109.48, 107.72, 96.90,
77.27, 72.51, 46.96, 44.97, 21.12, 20.78, 12.40. MS (ES+) calc’d
for C30H33N3NaO8

+ (M + Na) m/z 586.22, Found 586.21656.
Synthesis of DHA-Green (Scheme S3, ESI†). Compound 1

(1.00 g 4.0 mmol) was dissolved in 10 mL MeOH containing
10% Pd/C (50 mg). The solution was stirred under hydrogen
for 24 h, and then filtered. The filtrate was concentrated under
reduced pressure. The residue was dissolved in DMF and
added dropwise to a solution of fluorescein isothiocyanate
(1.57 g, 4.0 mmol) in DMF (10 mL) containing TEA (0.81 g,
8.0 mmol). The mixture was stirred at room temperature for
30 min. The solution was concentrated under reduced
pressure, and the residue was dissolved in 10 ml CH2Cl2 con-
taining acetic anhydride (4.08 g, 40.0 mmol) and TEA (0.81 g,
8.0 mmol). The solution was stirred at room temperature for
2 h. After the removal of the solvent, the residue was purified
by flash chromatography to give DHA-Green in 50% yield.
1H-NMR (500 MHz, DMSO-d6) δ 10.02 (s, 1H), 8.40 (t, J = 5.7
Hz, 1H), 8.35 (s, 1H), 8.11–8.01 (m, 1H), 7.82–7.73 (m, 1H),
7.51 (d, J = 8.3 Hz, 2H), 7.36–7.26 (m, 3H), 7.15 (d, J = 8.3 Hz,
2H), 6.95 (q, 4H), 5.85 (s, 1H), 4.03 (q, J = 7.1 Hz, 1H),
3.59–3.44 (m, 2H), 3.24–3.07 (m, 2H), 2.29 (s, 6H), 2.27 (s, 3H),
2.13 (d, J = 2.9 Hz, 3H), 1.99 (s, 2H), 1.71 (p, J = 7.0 Hz, 2H).
13C-NMR (125 MHz, DMSO) δ 170.78, 170.11, 169.62, 169.29,
168.69, 168.52, 152.49, 151.29, 151.05, 133.88, 129.54, 129.01,
122.37, 119.05, 116.77, 110.93, 81.38, 75.02, 60.21, 36.67,
29.08, 21.30, 21.27, 21.21, 21.16, 14.54. MS (ES+) calc’d for
C40H35N3O12S

+ (M + Na) m/z 804.18, Found 804.18614.
Enzymatic activation of DHA-Red in vitro. Esterase from

porcine liver (1.5 μg, Sigma) or bovine serum albumin (BSA,
1.5 μg, Sigma) was incubated with DHA-Red (0, 200, and
400 μM) in water containing 20% DMSO. The solutions were
maintained at 37 °C for 1 h, and then diluted with 2 × SDS
sample buffer. The resulting solutions were resolved using SDS
PAGE gel. The gels were imaged for protein associated fluo-
rescence and then stained with coomassie blue to detect total
proteins.

Comparison of cell labeling with DHA-Red over AP-Red.
HeLa cells were incubated with DHA-Red (4 μM) or AP-Red
(4 μM) in cell culture medium containing LysoTracker Blue
(1 μM) for 1 h and then analyzed by confocal fluorescence
microscopy. The cells were then analyzed by confocal fluo-
rescence microscopy for signals of DHA-Red and LysoTracker
Blue.

SDS-PAGE analysis of cells treated with DHA-Red or AP-Red.
HeLa cells were stained with DHA-Red (4 μM) or AP-Red (4 μM)
in cell culture medium for 1 h and then washed with PBS

three times. The cells were lysed and the lysates were resolved
by SDS-page. The gels were imaged for protein associated fluo-
rescence and then stained with coomassie blue to detect total
proteins.

Cytotoxicity of dye-labeled DHA. HeLa cells were cultured in
48-well cell culture plates with cell culture medium containing
DHA-Red, DHA-Blue, or DHA-Green (0, 2, 4, and 8 μM for 0 h,
24 h or 48 h). The cell number and cell viability were deter-
mined by MTT assay.

Comparison of DHA probes with commercial CFSE for cell
labeling. HeLa cells were incubated with DHA-Red (4 μM),
DHA-Blue (4 μM), DHA-Green (4 μM), or CFSE (4 μM) in
serum-free DMEM for 1 h, and then analyzed by confocal fluo-
rescence microscopy. The aforementioned cells were further
incubated in serum-free DMEM for 0, 24, or 48 h, and then
analyzed by flow cytometry for intracellular fluorescence.

Labeling of different cell lines with DHA-Red. B16F10, A549,
293T, CHO, L929, and Raw 264.7 macrophages were incubated
in DMEM supplemented with DHA-Red (4 μM) for 1 h. The
cells were washed with DMEM and then analyzed by confocal
fluorescence microscopy.

Multiplexing of cells labeled with different DHA probes.
HeLa cells were cultured in DMEM containing DHA-Red
(4 μM), DHA-Blue (4 μM), or DHA-Green (4 μM) for 1 h. The
three cell populations were rinsed with fresh DMEM, mixed,
co-cultured in fresh DMEM for 24 h, and then visualized by
confocal fluorescence microscopy.

Retention of DHA-conferred fluorescence in cells under-
going apoptosis or necrosis. For necroptosis: RIP3+ HeLa cells
were cultured in DMEM spiked with DHA-Red (4 μM),
DHA-Blue (4 μM), or DHA-Green (4 μM) for 1 h, and then
washed with fresh DMEM 3 times. The cells were rested in
DMEM for 10 min, and then further cultivated for 0–12 h in
DMEM containing human tumor necrosis factor-a (h-TNF, 120
ng mL−1)/Smac mimetic (Smac, 400 nM) to trigger necrosis.
The cells were harvested for flow cytometric analysis. For apop-
tosis: RIP3+ HeLa cells were cultured in DMEM spiked with
DHA-Red (4 μM), DHA-Blue (4 μM), or DHA-Green (4 μM) for
1 h, and then washed with DMEM 3 times. The cells were
rested in DMEM for 20 min, and then cultivated in DMEM
containing h-TNF (60 ng mL−1)/Smac (400 nM/Z-VAD (40 μM)
for 12 h to trigger apoptosis before flow cytometric analysis.

Imaging engulfment of apoptotic Raw 264.7 cells by Raw
264.7 cells. Raw 264.7 cells were cultured in DMEM spiked
with DHA-Blue (4 μM) for 1 h, and then washed with DMEM 3
times. The cells were rested in DMEM for 20 min, and then
further cultivated in DMEM containing TNF (120 ng mL−1)/
Smac (400 nM) for 24 h to trigger apoptosis. In parallel Raw
264.7 cells were cultured in DMEM spiked with DHA-Red
(4 μM) for 1 h, and then washed 3 times. The resultant Raw
264.7 cells were mixed and cocultured with DHA-Blue-treated
apoptotic DHA-Blue+ Raw 264.7 cells in DMEM for 6 h before
confocal fluorescence microscopy analysis.

Imaging engulfment of apoptotic Raw 264.7 cells by HeLa
cells. Raw 264.7 cells were cultured in DMEM spiked with
DHA-Red (4 μM) for 1 h. The cells were washed with fresh
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DMEM 3 times, rested in DMEM for 20 min, and then culti-
vated in DMEM contained TNF (120 ng mL−1)/Smac (400 nM)
for 24 h to trigger apoptosis. In parallel, HeLa cells were cul-
tured in DMEM spiked with DHA-Blue (4 μM) for 1 h in a
24-well cell culture plate, and then washed 3 times. The resul-
tant HeLa cells were mixed and co-cultured with DHA-Red+

apoptotic Raw 264.7 cells in DMEM for 6 h and then analyzed
by confocal fluorescence microscopy.

Imaging engulfment of apoptotic HeLa cells by HeLa cells.
HeLa cells were cultured in DMEM spiked with DHA-Red
(4 μM) for 1 h. After washing with fresh DMEM 3 times, the
cells were rested in DMEM for 20 min, and then cultured in
DMEM containing h-TNF (120 ng mL−1)/Smac (400 nM) for
24 h to trigger apoptosis. In parallel HeLa cells were cultured
in DMEM spiked with DHA-Blue (4 μM) for 1 h, and then
washed 3 times. The resultant DHA-Blue+ HeLa cells were
mixed and co-cultured with DHA-Blue+ apoptotic HeLa cells in
DMEM for 6 h and then analyzed by confocal fluorescence
microscopy.
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