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Supplementary Figure S1. Characterization of C-SNAF in vitro. a, Proposed reduction- and 
caspase-3/7-triggered macrocyclization and self-assembly of C-SNAF into nano-aggregates. b & c, 
Normalized UV-vis absorption and fluorescent spectra of C-SNAF (b) and C-SNAF-cycl (c) in 
caspase buffer (pH 7.4). d, High-magnification TEM image of C-SNAF (50 µM) after incubation with 
recombinant human caspase-3 (4.9 × 10-3 U/mL) overnight at 37 °C in caspase buffer (pH 7.4). e, 
MALDI-MS spectra of C-SNAF-cycl. 
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Supplementary Figure S3. Characterization of caspase-3/7-cleavable but non-condensable 
control probe L-ctrl in vitro. a, Proposed molecular transformation of L-ctrl after incubation with 
caspase-3. b, Normalized UV-vis absorption and fluorescent spectra of L-ctrl in caspase buffer (pH 
7.4), which show similar UV and fluorescent spectra to C-SNAF. c, HPLC traces of L-ctrl (black, 
TR = 15.2 min) and treatment of L-ctrl (25 µM) with recombinant human caspase-3 (4.9 × 10-3 U/ml, 
1.0 µmolU-1) for 24 h at 37 °C in caspase buffer (pH 7.4) (red, TR = 16.8 min). MALDI mass of 
compound L-ctrl' corresponding to the HPLC peak (red) in c shows a molecular weight (1608 D) 
that is 500 D less than L-ctrl, corresponding to the DEVD peptide cleavage. d, TEM image of 
L-ctrl (50 µM) after incubation with recombinant human caspase-3 (4.9 × 10-3 U/mL) overnight at 
37 °C in caspase buffer (pH 7.4), showing no nanoparticles on the grid.  
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Supplementary Figure S4. Characterization of non-cleavable and non-condensable control 
D-ctrl in vitro. a, Proposed molecular transformation of D-ctrl after incubation with caspase-3. b, 
Normalized UV-vis absorption and fluorescent spectra of D-ctrl in caspase buffer (pH 7.4), which 
show similar UV and fluorescent spectra to C-SNAF. c, HPLC traces of D-ctrl (black) and 
incubation of D-ctrl (25 µM) with recombinant human caspase-3 (4.9 × 10-3 U/ml, 1.0 µmol/U) for 
24 h at 37 °C in caspase buffer (pH 7.4) (red, TR = 14.7 min). The peak shows the same retention 
time and an identical molecule weight to D-ctrl, which indicates D-ctrl resistant to caspase-3. d, 
TEM image of D-ctrl (50 µM) after incubation with recombinant human caspase-3 (4.9 × 10-3 
U/mL) overnight at 37°C in caspase buffer (pH 7.4), showing no nanoparticles on the grid. 
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Supplementary Figure S9. Analysis of caspase-3-triggered intramolecular condensation of 
C-SNAF in viable and STS (2 µM) treated HeLa cells. a, HPLC traces of incubation of C-SNAF 
(5 µM) in lysates of viable and apoptotic HeLa cells overnight at 37 °C. HeLa cells (~ 8 millions) 
were either untreated or treated with 2 µM of STS for 4 h and kept growing in blank culture 
medium without STS for another 24 h. Cells were then lysed with RIPA buffer, and incubated with 
C-SNAF (5 µM) followed by analyzing the reaction with HPLC (678 nm UV detection). b, HPLC 
traces of viable and apoptotic HeLa cells incubated C-SNAF (50 µM) for 24 h. HeLa cells (~ 8 
millions) were untreated or treated with 2 µM of STS for 4 h and then incubated with C-SNAF (50 
µM) for another 24 h after the removal of STS. Cells were then lysed, and analyzed by HPLC assay 
(675 nm UV detector). Peaks * and ** indicate the disulfide reduction products T1 and T2; peak # 
indicates the cyclized product C-SNAF-cycl.  
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Supplementary Figure S16. Characterization of the molecular transformation of 
C-SNAF-SIM in vitro. a, The proposed caspase-3/7- and reduction-triggered macrocyclization of 
C-SNAF-SIM to C-SNAF-SIM-cycl, followed by self-assembling into nano-aggregates. b, Time 
course of  conversion (%) of C-SNAF-SIM to C-SNAF-SIM-cycl after incubation with caspase-3 
(4.9 mU/ml, 0.735 µg/ml) based on HPLC assay, indicating a fast reaction triggered by reductant 
and caspase-3. c, HPLC traces of C-SNAF-SIM (red) in water, and C-SNAF-SIM (25 µM) 
following incubation with caspase-3 (4.9 mU/ml, 0.735 µg/ml) at 37 °C in caspase buffer at 0, 1, 1.5, 
2, 3, 4 and 5 h. C-SNAF-SIM was first converted to its reduced intermediates (Peaks * and **) 
when pre-incubating in caspase buffer (with 10 mM TCEP) for 10 min (t = 0 h). Then, caspase-3 
was added to trigger the reaction (proteolysis and cyclization), and the reaction was monitored by 
HPLC as indicated time point (Peaks # and ## indicate the cyclized products C-SNAF-SIM-cycl, 
which are probable diastereoisomers arising from two different ring-closing orientations [S1]). d, 
DLS analysis of C-SNAF-SIM (25 µM) incubating with caspase-3 (0.735 µg/ml) in caspase buffer 
(pH 7.4) at 37 °C for 6 h, shows the formation of nanoparticles with an average diameter of 151±
53 nm. e, TEM image of nano-aggregates after incubation C-SNAF-SIM (25 µM) with 
recombinant human caspase-3 (0.735 µg/ml) at 37 °C in the caspase buffer overnight, showing the 
shape of nanoparticles with size of 143±27 nm.  
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Supplementary Figure S18. Characterization of molecular transformation of L-ctrl-SIM in 
vitro. a, The chemical structure of L-ctrl-SIM and proposed caspase-3-triggered conversion of 
L-ctrl-SIM to peptide-cleaved product L-ctrl-SIM'. b, HPLC traces of L-ctrl-SIM (black, TR = 
13.8 min) and treatment of L-ctrl-SIM (25 µM) with caspase-3 (4.9 × 10-3 U/ml) in caspase buffer 
(pH 7.4) at 37 °C for 24 h (red, TR = 16.7 min). c, DLS analysis of L-ctrl-SIM (25 M) following 
incubation with caspase-3 in caspase buffer for 6 h, suggested no nanoparticles formed. 
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Supplementary Figure S20. Super-resolution imaging of reduction-induced nano-aggregates in 
apoptotic cells with 3D-SIM. a, Chemical structure of Alexa 488 labeled GSH-reducible probe 
SIM-1 and control probe SIM-ctrl. b, Widefield images of STS-treated HeLa cells incubated with 
0.5 M of SIM-1 or SIM-ctrl. c-e, Representative 3D-SIM images of self-assembled fluorescence 
nanoparticles in apoptotic cells incubated with SIM-1. The arrows in e show the views of individual 
fluorescent nanoparticles in XY, YZ, and XZ panels, respectively. f-i, 3D-SIM images of apoptotic 
cells incubated with SIM-ctrl. Image in i is shown at the same intensity scale (1800→6970) as that 
in c for SIM-1. Image at f is shown at a lower intensity scale (41→2660). SIM images showed the 
incubation of SIM-1 (0.5 M) with STS-treated HeLa cells resulted in obvious fluorescence 
nanoparticles inside cells, with an average size of ~180 nm on x-y plane, which was not observed in 
apoptotic cells incubated with SIM-ctrl. 
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General methods 

All chemicals were purchased from commercial sources (such as Aldrich, Anaspect and Chemimpex). 

Analytical TLC was performed with 0.25 mm silica gel 60F plates with fluorescent indicator (254 nm). 

Plates were visualized by ultraviolet light. The 1H and 13C NMR spectra were acquired on a Bruker 

400 MHz magnetic resonance spectrometer. Data for 1H NMR spectra are reported as follows: 

chemical shifts are reported as δ in units of parts per million (ppm) relative to chloroform-d (δ 7.26, s); 

multiplicities are reported as follows: s (singlet), d (doublet), t (triplet), q (quartet), dd (doublet of 

doublets), m (multiplet), or br (broadened); coupling constants are reported as a J value in Hertz (Hz); 

the number of protons (n) for a given resonance is indicated nH, and based on the spectral integration 

values. MALDI-MS spectrometric analyses were performed at the Mass Spectrometry Facility of 

Stanford University. HPLC was performed on a Dionex HPLC System (Dionex Corporation) 

equipped with a GP50 gradient pump and an in-line diode array UV-Vis detector. A reversed-phase 

C18 (Phenomenax, 5 µm, 4.6 × 250 mm, 5 µm, 10 × 250 mm or 21.2 × 250 mm) column was used for 

analysis and semi-preparation. UV absorbance of the probe was recorded on an Agilent 8453 UV 

spectrophotometer. Fluorescence was recorded on a Fluoromax-3 spectrafluorometer (Jobin Yvon). 

TEM micrographs were obtained on a JEM 1230 Electron Microscope. DLS was performed on a 

Malvern ZetaSizer-90 instrument. Flow cytometry analysis of cells was run on the BD FACScan Aria 

analyzer. Fluorescent microscopy images were acquired on an Olympus inverted fluorescence 

microscope (IX2-UCB) equipped with a Nuance multispectral imaging camera. Super-resolution 

images were acquired by 3D-SIM using a DeltaVision OMX imaging system (Applied precision). 

Live animal fluorescence imaging was performed on a Maestro hyperspectral fluorescent imaging 

system (PerkinElmer, MA, USA) using a 635±25 nm excitation filter and a 675 nm long-pass 

emission filter, with images acquired from 670 to 900 nm. 
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Chemical synthesis and characterization of C-SNAF 

 

Scheme S1. Synthesis of C-SNAF. Reaction conditions: (a) TCEP, DIPEA, DCM/MeOH, Ar, r.t. 1 h; 

(b) (i) 20% TFA/DCM; (ii) PySSEt, MeOH, 71%; (c) 

Ac-Asp(OtBu)-Glu(OtBu)-Val-Asp(OtBu)-COOH, HBTU, DIPEA, THF; (d) piperidine, DMF, 43% 

in two steps; (e) TFA/TIPSH/DCM (95%/2.5%/2.5%), 83%; (f) Cy 5.5-NHS, DMF, DIPEA, 53%. 

Synthesis of compound 1: Starting from NH2-CBT, compound 1 was obtained as a white solid 

according to methods reported previously [ref s1 and s2]. 1H NMR (400 MHz, CDCl3) δ 9.71 (s, 1H), 

8.48 (s, 1H), 7.87 (d, J = 9.0 Hz, 1H), 7.64 (d, J = 7.5 Hz, 2H), 7.54 (m, 2H), 7.47 (d, J = 7.2 Hz, 2H), 

7.35 – 7.23 (m, 8H), 7.22 – 7.05 (m, 11H), 4.44 (m, 1H), 4.25 (d, J = 6.9 Hz, 2H), 4.11 – 4.01 (m, 

1H), 3.84 (m, 3H), 3.01 (m, 2H), 2.52 (m, 2H), 1.87 (s, br, 1H), 1.65 (m, 1H), 1.42 (m, 2H), 1.32 (s, 

9H); 13C NMR (101 MHz, CDCl3) δ 171.87, 171.07, 157.30, 155.97, 148.56, 144.40, 144.01, 141.37, 

139.00, 136.66, 135.18, 129.59, 128.20, 127.83, 127.18, 127.10, 125.13, 125.02, 121.40, 120.08, 

113.20, 111.71, 80.70, 67.25, 66.71, 54.21, 54.12, 49.77, 49.56, 49.34, 49.13, 48.92, 48.70, 48.49, 

40.33, 33.74, 31.39, 29.40, 28.70, 28.31, 22.68. MS: calcd. for C56H55N6O6S2 [(M+H)+]: 971.4; found 

MALDI-MS: m/z 971. 

Synthesis of compound 3: To a solution of 1 (0.3 mmol), tris(2-carboxyethyl) phosphine hydrochloride 

(TCEP, 0.3 mmol), and DIPEA (1.8 mmol) in 20 ml CH2Cl2/MeOH (1/1) under N2 at room 

temperature was added a solution of 2 (0.33 mmol) in MeOH dropwise, and the mixture was kept 
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stirring at r.t. for 30 min. After the reaction was completed, the solvent was removed under vacuum, 

and the residue was dissolved in ethyl acetate (EA, 30 ml). The solution was washed with water (2 × 

20 ml), brine, and dried with Na2SO4. After removal of EA, the residue was directly dissolved in 20% 

TFA/CH2Cl2 solution, and the mixture was kept stirring at r.t. for another 1 h to completely deprotect 

the Boc and Trt groups. The solvent was removed, and cold Et2O (35 ml) was added to precipitate the 

intermediate. After centrifugation (2500 rmp), the precipitate was dissolved in MeOH, to which was 

added PySSEt (0.4 mmol), and the reaction was continued for another 20 min. After the reaction, 

MeOH was removed, and the residue was precipitated with cold Et2O (35 ml), followed by 

purification by silica gel chromatography with eluent of CH2Cl2/MeOH (40/1 to 20/1) to afford 

compound 3 as light yellow foam. 1H NMR (400 MHz, DMSO-d6) δ 10.63 (s, 1H), 9.10 (d, J = 7.5 

Hz, 1H), 8.54 (s, 1H), 8.41 (m, 4H), 8.31 (t, J = 5.6 Hz, 1H), 8.06 (d, J = 8.9 Hz, 1H), 7.97 (d, J = 9.3 

Hz, 1H), 7.90 (d, J = 8.5 Hz, 1H), 7.84 (d, J = 7.5 Hz, 2H), 7.68 (d, J = 9.1 Hz, 1H), 7.63 (d, J = 7.4 

Hz, 2H), 7.53 (dd, J = 9.3, 2.6 Hz, 1H), 7.44 (d, J = 2.6 Hz, 1H), 7.37 (t, J = 7.4 Hz, 2H), 7.28 (m, 

3H), 5.32 (t, J = 9.3 Hz, 1H), 4.51 (dd, J = 13.6, 7.4 Hz, 1H), 4.24 (d, J = 6.9 Hz, 2H), 4.21 – 4.10 (m, 

5H), 3.74 – 3.61 (m, 2H), 3.10 – 3.24 (m, 2H), 2.97 (m, 3H), 2.75 (q, J = 8 Hz, 2H), 2.08 – 1.96 (m, 

2H), 1.70 (m, 3H), 1.41 (m, 3H), 1.25 (t, J = 8 Hz, 3H). MS: calcd. for C50H52N9O6S4 [(M+H)+]: 

1002.3; found ESI-MS: m/z 1002.7. 

Synthesis of 4: A solution of 3 (0.1 mmol), Ac-Asp(OtBu)-Glu(OtBu)-Val-Asp(OtBu)-COOH (1.05 

equiv.), HBTU (1.1 equiv.), and DIPEA (2.0 equiv.) in dry THF (20 ml) was stirred at r.t. for 2~3 h. 

After the reaction was completed, THF was removed. The residue was purified with a short silica gel 

column with an eluent of CH2Cl2/MeOH (15/1), which was followed by deprotection of the 

Fmoc-group with 5% piperidine in DMF at r.t. for 10 min. The reaction was quenched with 1 N HCl, 

and purified by HPLC to result in compound 4 after lyophilization. A combined yield of 43% was 

obtained for the two steps. 1H NMR (400 MHz, DMSO-d6) δ 10.42 (s, 1H), 8.60 (dd, J = 7.9, 1.8 Hz, 

1H), 8.43 (d, J = 8.5 Hz, 2H), 8.31 (m, 2H), 8.19 (m, 2H), 8.06 (d, J = 8.9 Hz, 1H), 8.01 – 7.86 (m, 

3H), 7.80 – 7.60 (m, 5H), 7.53 (dd, J = 9.3, 2.7 Hz, 1H), 7.45 (d, J = 2.1 Hz, 1H), 5.31 (t, J = 9.2 Hz, 

1H), 4.62 – 4.47 (m, 3H), 4.42 (s, br, 1H), 4.32 (s, br, 1H), 4.19 (t, J = 6.1 Hz, 2H), 4.14 – 4.02 (m, 

1H), 3.84 – 3.61 (m, 10H), 3.06 (m, 1H), 2.99 – 2.90 (m, 1H), 2.81 – 2.73 (m, 2H), 2.69 (m, 2H), 2.59 

(dd, J = 15.9, 5.3 Hz, 1H), 2.44 – 2.35 (m, 1H), 2.13 (m, 2H), 2.02 (m, 2H), 1.92 – 1.79 (m, 5H), 1.67 
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(s, br, 2H), 1.54 (m, 2H), 1.46 – 1.26 (m, 29H), 1.21 (t, J = 8.0 Hz, 3H), 0.84 – 0.68 (m, 6H). 13C 

NMR (101 MHz, DMSO-d6) δ 172.44, 171.66, 171.44, 171.29, 171.03, 170.20, 170.06, 169.96, 

169.80, 164.89, 159.84, 159.38, 159.14, 158.81 (TFA), 149.33, 144.30, 138.74, 137.20, 136.96, 

131.38, 131.00, 130.58, 125.38, 124.87, 124.79, 120.37, 118.60, 112.15, 106.86, 80.92, 80.77, 80.20, 

79.96, 66.78, 63.74, 58.27, 54.06, 53.06, 52.46, 50.38, 50.13, 41.27, 39.35, 37.99, 36.71, 35.27, 32.26, 

31.90, 31.28, 29.12, 28.31, 27.86, 27.30, 23.15, 23.02, 19.76, 18.72, 14.93. MS: calcd. for 

C67H94N13O15S4 [(M+H)+]: 1448.6; found MALDI-MS: m/z 1449.1. 

Synthesis of 5: Compound 4 was deprotected using a solution of TFA/CH2Cl2/TIPSH (95/2.5/2.5) at 

r.t. for 3 h. After the solvent was removed, cold Et2O was added, and the precipitate was dried under 

vacuum to give compound 5 in 83% yield without further purification. 1H NMR (400 MHz, DMSO-d6) 

δ 10.37 (s, 1H), 8.59 (d, J = 9.7 Hz, 1H), 8.43 (d, J = 8.0 Hz, 2H), 8.36 – 8.13 (m, 4H), 8.12 – 7.86 (m, 

5H), 7.66 (m, 5H), 7.53 (d, J = 9.2 Hz, 1H), 7.46 (s, 1H), 5.30 (t, J = 9.0 Hz, 1H), 4.66 – 4.27 (m, 5H), 

4.18 (s, br, 2H), 4.13 – 4.04 (m, 1H), 3.36 (m, 3H), 3.15 – 3.02 (m, 1H), 2.96 (m, 1H), 2.85 – 2.64 (m, 

5H), 2.56 (m, 2H), 2.44 (m, 1H), 2.16 (m, 2H), 2.09 – 1.63 (m, 11H), 1.54 (s, br, 2H), 1.37 (m, 2H), 

1.21 (t, J = 6.9 Hz, 3H), 0.77 (m, 6H);  13C NMR (101 MHz, DMSO) δ 174.81, 172.40, 172.36, 

171.82, 171.70, 171.42, 170.31, 169.81, 164.92, 159.87, 159.39, 149.32, 144.30, 138.72, 137.22, 

136.99, 131.39, 131.01, 130.58, 125.40, 124.89, 124.81, 120.39, 118.62, 112.18, 106.87, 79.94, 66.76, 

58.39, 54.10, 53.19, 52.65, 50.48, 50.29, 39.38, 36.70, 36.64, 36.48, 35.30, 32.28, 31.75, 31.11, 30.73, 

29.11, 27.51, 27.30, 23.17, 23.05, 19.76, 18.71, 14.96.  MS: calcd. for C55H70N13O15S4 [(M+H)+]: 

1280.4; found MALDI-MS: m/z 1280.8. 

Synthesis of C-SNAF: To a solution of 5 (4 mg) in dry DMF (0.3 ml) was added Cy5.5-mono NHS 

ester (1.5 mg) and DIPEA (5 µl), and the mixture was kept stirring at r.t. for a further 1 h. After the 

reaction was completed, the mixture was purified by HPLC to afford C-SNAF in 53% yield. > 99% 

purity was achieved after purification. MS: calcd. for C96H112N15O28S8 [(M+H)+]: 2178.6; found 

MALDI-MS: m/z 2178.7. 
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Scheme S2. Synthesis of L-ctrl. Reaction conditions: (a) TCEP, DIPEA, DCM/MeOH, Ar, r.t. 1 h; (b) 

(i) 20% TFA/DCM; (ii) PySSEt, MeOH; (c) Ac-Asp(OtBu)-Glu(OtBu)-Val-Asp(OtBu)-COOH, 

HBTU, DIPEA, THF; (d) piperidine, DMF, 43% in two steps; (e) TFA/TIPSH/DCM 

(95%/2.5%/2.5%), 81%; (f) TCEP, NaHCO3, MeI, 91%; (g) Cy 5.5-NHS, DMF, DIPEA, 51%.	
  

Synthesis of 7: A solution of 1 (0.3 mmol), 6 (0.33 mmol), tris(2-carboxyethyl) phosphine 

hydrochloride (TCEP, 0.3 mmol), and DIPEA (1.8 mmol) in 20 ml CH2Cl2/MeOH (1/1) was stirred at 

room temperature for 30 min. After the reaction was completed, the solvent was removed under 

vacuum, and the residue was dissolved in ethyl acetate (EA, 30 ml). The solution was washed with 

water (2 × 20 ml), brine, and dried with Na2SO4. After removal of EA, the residue was directly 

dissolved in 20% TFA/CH2Cl2, and the mixture was kept stirring at r.t. for another 1 h to completely 

deprotect the Boc and Trt groups. The solvent was removed, and cold Et2O (35 ml) was added to 

precipitate the intermediate. After centrifugation (2500 rmp), the precipitate was dissolved in MeOH, 

to which was added PySSEt (0.4 mmol), and the reaction was continued for another 20 min. After the 

reaction, MeOH was removed, and the residue was precipitated with cold Et2O (35 ml), followed by 

purification by silica gel chromatography with eluent of CH2Cl2/MeOH (30/1 to 15/1) to afford 

compound 7 as light yellow foam. 1H NMR (400 MHz, DMSO-d6) δ 10.64 (s, 1H), 9.13 (d, J = 7.3 Hz, 

1H), 8.94 (d, J = 4.3 Hz, 1H), 8.63 (d, J = 8.3 Hz, 1H), 8.54 (s, 1H), 8.44 (s, br, 2H), 8.34 (t, J = 5.5 

Hz, 1H), 8.06 (dd, J = 9.0, 2.3 Hz, 2H), 7.83 (d, J = 7.5 Hz, 2H), 7.75 (m, 1H), 7.62 (m, 4H), 7.53 (d, 

J = 2.5 Hz, 1H), 7.36 (t, J = 7.4 Hz, 2H), 7.28 (m 3H), 5.33 (t, J = 9.2 Hz, 1H), 4.51 (m, 1H), 4.31 – 

4.07 (m, 6H), 3.79 – 3.60 (m, 2H), 3.18 (m, 2H), 2.98 (m, 2H), 2.74 (m, 2H), 2.13 – 1.95 (m, 2H), 
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1.75 (m, 2H), 1.54 – 1.24 (m, 6H), 1.24 (t, J = 7.2 Hz, 3H); 13C NMR (101 MHz, DMSO) δ 171.30, 

169.80, 167.60, 164.92, 159.88, 159.52, 159.19 (TFA), 158.29, 156.76, 149.38, 145.20, 144.55, 

141.37, 141.03, 138.71, 138.46, 136.95, 130.47, 128.23, 127.67, 126.34, 125.92, 125.76, 124.91, 

122.69, 120.76, 120.41, 112.24, 107.49, 79.96, 66.73, 65.87, 54.63, 51.86, 47.41, 39.54, 36.72, 35.30, 

32.34, 31.93, 29.74, 29.14, 23.34, 14.76. MS: calcd. for C49H53N8O6S4 [(M+H)+]: 977.3; found 

ESI-MS: m/z 978.1. 

Synthesis of 8: A solution of 7 (0.1 mmol), Ac-Asp(OtBu)-Glu(OtBu)-Val-Asp(OtBu)-COOH (1.05 

equiv.), HBTU (1.1 equiv.), and DIPEA (2.0 equiv.) in dry THF (20 ml) was kept stirring at r.t. for 

2~3 h. After the reaction was completed, THF was removed. The residue was purified with a short 

silica gel column with CH2Cl2/MeOH (15/1) as eluent, which was followed by deprotection of the 

Fmoc-group with 5% piperidine in DMF at r.t. for 10 min. The reaction was quenched with 1 N HCl, 

and purified by HPLC to provide compound 4 after lyophilization (51% yield in two steps). 1H NMR 

(400 MHz, DMSO-d6) δ 10.43 (s, 1H), 8.90 (d, J = 4.7 Hz, 1H), 8.64 – 8.52 (m, 2H), 8.46 (m, 1H), 

8.31 (m, 2H), 8.21 (m, 2H), 8.10 – 7.91 (m, 3H), 7.89 – 7.62 (m, 6H), 7.56 (dd, J = 9.2, 2.5 Hz, 1H), 

7.51 (d, J = 2.3 Hz, 1H), 5.31 (t, J = 9.2 Hz, 1H), 4.54 (m, 3H), 4.42 (s, br, 1H), 4.34 (m, 1H), 4.17 (t, 

J = 6.1 Hz, 2H), 4.13 – 4.06 (m, 1H), 3.78 – 3.58 (m, 2H), 3.47 (t, J = 5.3 Hz, 1H), 3.15 – 3.03 (m, 

1H), 2.95 (m, 1H), 2.84 – 2.64 (m, 5H), 2.60 (dd, J = 15.8, 5.1 Hz, 1H), 2.48 – 2.35 (m, 2H), 2.24 – 

2.08 (m, 2H), 2.02 (m, 2H), 1.95 – 1.76 (m, 6H), 1.70 (s, br, 2H), 1.55 (m, 2H), 1.50 – 1.26 (m, 30H), 

1.25 – 1.17 (m, 3H), 0.75 (m, 6H); 13C NMR (101 MHz, DMSO) δ 172.44, 171.67, 171.46, 171.30, 

171.04, 170.23, 170.08, 169.96, 169.81, 164.89, 159.82, 159.77, 159.44, 159.10, 158.76 (TFA), 

158.11, 149.32, 145.79, 140.09, 139.48, 138.76, 136.96, 130.35, 127.15, 125.41, 124.86, 122.63, 

120.38, 118.59, 115.66, 112.16, 107.45, 80.98, 80.91, 80.80, 80.76, 80.18, 79.96, 72.95, 66.69, 60.93, 

58.31, 54.10, 53.09, 52.49, 50.41, 50.25, 50.17, 41.29, 39.33, 37.99, 37.88, 36.73, 35.28, 32.27, 31.91, 

31.80, 31.27, 29.17, 28.33, 28.30, 27.85, 27.29, 23.13, 23.04, 19.76, 18.72, 14.91. MS: calcd. for 

C66H95N12O15S4 [(M+H)+]: 1423.6; found MALDI-MS: m/z 1424.2. 

Synthesis of 9: Compound 8 was deprotected using a solution of TFA/CH2Cl2/TIPSH (95/2.5/2.5) at 

r.t. for 3 h. After the solvent was removed, cold Et2O was added. The precipitate was dissolved in 

MeOH, to which was added TCEP (1.1 equiv.), and the solution was stirred at r.t. for 10 min. 

NaHCO3 was used to adjust the pH of the solution to 7, then the free thiol group was methylated with 
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MeI (5 equiv.) at r.t. for 2 h. The mixture was purified by HPLC to afford compound 9 (72% yield in 

two steps). 1H NMR (400 MHz, DMSO-d6) 1H NMR (400 MHz, DMSO) δ 10.41 (s, 1H), 8.89 (d, J = 

4.7 Hz, 1H), 8.63 – 8.52 (m, 2H), 8.48 (d, J = 7.5 Hz, 1H), 8.32 (m, 2H), 8.21 (d, J = 7.5 Hz, 1H), 

8.07 (d, J = 8.9 Hz, 1H), 7.99 (m, 2H), 7.80 – 7.61 (m, 5H), 7.60 – 7.47 (m, 2H), 5.31 (t, J = 9.1 Hz, 

1H), 4.63 – 4.47 (m, 5H), 4.42 (m, 1H), 4.28 (m, 1H), 4.17 (t, J = 5.9 Hz, 2H), 4.12 – 4.06 (m, 1H), 

3.68 (m, 2H), 2.82 – 2.72 (m, 3H), 2.72 – 2.50 (m, 3H), 2.46 – 2.40 (m, 1H), 2.18 (m, 2H), 2.11 – 1.96 

(m, 4H), 1.90 (m, 2H), 1.84 – 1.61 (m, 5H), 1.53 (m, 2H), 1.38 (m, 2H), 0.76 (m, 6H). 

Synthesis of L-ctrl: To a solution of 9 (4 mg) in dry DMF (0.3 ml) was added Cy5.5-mono NHS ester 

(1.5 mg) and DIPEA (5 µl), and the mixture was stirred at r.t. for a further 1 h. After the reaction was 

completed, the mixture was purified by HPLC to afford L-ctrl in 51% yield. > 99% HPLC purity. MS: 

calcd. For C94H110N14O28S7 [(M+H)+]: 2107.6; found MALDI-MS: 2108.5. 

	
  

Scheme S3. Synthesis of D-ctrl. Reaction conditions: (a) 

Ac-D-Asp(OtBu)-D-Glu(OtBu)-D-Val-D-Asp(OtBu)-COOH, HBTU, DIPEA, THF; (B) piperidine, 

DMF, 42% in two steps; (e) TFA/TIPSH/DCM (95%/2.5%/2.5%), 81%; (f) TCEP, NaHCO3, MeI, 

87%; (g) Cy 5.5-NHS, DMF, DIPEA, 47%.	
  

Synthesis of 10:	
  Starting from compound 7, 10 was synthesized according to the methods as described 

for compound 9 with replacement of Ac-Asp(OtBu)-Glu(OtBu)-Val-Asp(OtBu)-COOH by 

Ac-D-Asp(OtBu)-D-Glu(OtBu)-D-Val-D-Asp(OtBu)-COOH.  1H NMR (400 MHz, DMSO-d6) δ 10.23 

(s, 1H), 8.86 (d, J = 4.3 Hz, 1H), 8.64 – 8.53 (m, 2H), 8.48 (m, 1H), 8.36 (d, J = 6.3 Hz, 1H), 8.29 (s, 

br, 1H), 8.22 (d, J = 7.7 Hz, 1H), 8.13 – 7.91 (m, 4H), 7.66 (m, 5H), 7.58 – 7.43 (m, 2H), 5.31 (t, J = 

9.2 Hz, 1H), 4.59 – 4.48 (m, 2H), 4.46 – 4.36 (m, 2H), 4.26 (m, 1H), 4.19 – 4.11 (m, 4H), 3.68 (m, 
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2H), 3.28 (m, 1H), 2.82 – 2.55 (m, 6H), 2.47 – 2.40 (m, 1H), 2.20 (m, 2H), 2.07 (s, 3H), 2.03 – 1.89 

(m, 3H), 1.81 (s, 3H), 1.75 – 1.63 (m, 2H), 1.53 (d, J = 6.5 Hz, 2H), 1.36 (s, 2H), 0.79 (m, 6H). MS: 

calcd. for C53H69N12O15S3 [(M+H)+]: 1209.4; found MALDI-MS: m/z 1209.8. 

Synthesis of D-ctrl: To a solution of 10 (3 mg) in dry DMF (0.3 ml) was added Cy5.5-mono NHS 

ester (1.1 mg) and DIPEA (5 µl), and the mixture was stirred at r.t. for a further 1 h. After the reaction 

was completed, the mixture was purified by HPLC to afford D-ctrl in 47% yield. > 99% HPLC purity 

after purification. MS: calcd. For C94H110N14O28S7 [M+]: 2106.6; found MALDI-MS: 2106.2. 

	
  

Scheme S4. Synthesis of high-resolution imaging probe SIM-1 and control probe SIM-ctrl. Reaction 

conditions: (a) piperidine, DMF, 63%; (b) TCEP, DIPEA, DCM/MeOH, Ar, r.t. 1 h; (c) Alexa Fluor® 

488 5-TFP, DIPEA, DMF; (d) TFA/TIPSH/DCM (25%/72.5%/2.5%); (e) PySSEt, MeOH; (f) TCEP, 

NaHCO3, MeI. 

Synthesis of compound 11: Compound 1 was dissolved in 5% piperidein/DMF to completely remove 

Fmoc group. The reaction was then quenched with 1N HCl, and purified by HPLC to afford 

compound 11 as a white powder after lyophilization. 1H NMR (400 MHz, CD3OD) δ 8.60 (s, 1H), 

7.99 (d, J = 9.0 Hz, 1H), 7.77 (d, J = 8.9 Hz, 1H), 7.34 (m, 6H), 7.26 (m, 6H), 7.20 (m, 3H), 4.55 (dd, 

J = 9.6, 4.3 Hz, 1H), 3.96 (t, J = 6.8 Hz, 1H), 2.88 – 2.76 (m, 2H), 2.54 (m, 2H), 2.05 (s, br, 1H), 1.83 

– 1.24 (m, 14H); 13C NMR (101 MHz, DMSO-d6) δ 171.57, 171.18, 159.52, 159.18, 155.79, 148.43, 
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144.93, 139.83, 137.28, 135.77, 129.65, 128.71, 127.44, 125.40, 121.63, 118.63, 115.70, 114.19, 

112.21, 79.26, 66.61, 54.16, 54.02, 34.44, 31.74, 28.73, 27.29, 23.00. MS: calcd. for C41H45N6O4S2 

[(M+H)+]: 749.3; found LC-MS: m/z 749.7. 

Synthesis of compound 12: A solution of 2 (0.12 mmol) in MeOH was added dropwise to a solution of 

11 (0.1 mmol), TCEP (0.1 mmol), and DIPEA (0.6mmol) in 15 ml CH2Cl2/MeOH (1/1) under N2 at 

room temperature , and the mixture was stirred at r.t. for a further 30 min. After the reaction was 

completed, the solvent was removed under vacuum, and the residue was purified by HPLC to afford 

compound 12 as a light yellow powder after lyophilization. 1H NMR (400 MHz, DMSO-d6) δ 10.20 (s, 

1H), 8.53 (s, 1H), 8.42 (d, J = 8.6 Hz, 1H), 8.31 (m, 2H), 8.06 (d, J = 9.0 Hz, 1H), 7.98 (d, J = 9.2 Hz, 

1H), 7.91 (d, J = 8.5 Hz, 1H), 7.78 (s, br, 3H), 7.66 (d, J = 8.8 Hz, 1H), 7.53 (dd, J = 9.3, 2.7 Hz, 1H), 

7.45 (d, J = 2.7 Hz, 1H), 7.35 – 7.24 (m, 15H), 7.13 (d, J = 7.3 Hz, 1H), 5.31 (t, J = 9.2 Hz, 1H), 4.38 

(m, 1H), 4.18 (t, J = 6.1 Hz, 4H), 4.01 (m, 1H), 3.76 – 3.62 (m, 2H), 2.69 (m, 2H), 2.32 (d, J = 6.8 Hz, 

2H), 2.09 – 1.94 (m, 2H), 1.80 (s, 1H), 1.67 – 1.49 (m, 3H), 1.29 (m, 11H); 13C NMR (101 MHz, 

DMSO-d6) δ 171.29, 171.18, 169.75, 164.88, 159.91, 159.38, 155.84, 144.91, 144.30, 137.19, 136.89, 

131.38, 131.00, 130.58, 129.74, 129.62, 128.94, 128.75, 127.47, 125.40, 124.87, 124.81, 118.62, 

112.30, 106.86, 79.95, 79.30, 66.76, 66.61, 54.19, 53.90, 39.28, 36.70, 35.27, 34.27, 31.71, 29.09, 

28.74, 27.33, 23.00. MS: calcd. for C57H60N9O6S3 [(M+H)+]: 1062.4; found ESI-MS: m/z 1062.5. 

Synthesis of compound SIM-1: To a solution of 12 (3 mg) in dry DMF was added Alexa Fluor® 488 

5-TFP ester (1 mg) and DIPEA (2 µL), and the mixture was stirred at r.t. for a further 2h. After the 

reaction, cold Et2O was added to precipitate the product, which was directly dissolved in a solution of 

TFA/TIPSH/DCM (25%/72.5%/2.5%) and reacted for 1 h. The solvent was removed, and the residue 

was precipitated with cold Et2O, following by reaction with PySSEt in MeOH to afford SIM-1 after 

purification by HPLC. 52% yield from Alexa Fluor® 488 5-TFP ester. MS: calcd. for C56H53N11O14S6 

[M+]: 1295.2; found MALDI-MS: m/z 1295.7. 

Synthesis of compound SIM-ctrl: SIM-1 from last step was dissolved in a solution of CH3CN/H2O 

(1/1), to which was added TCEP and MeI. The pH value of the reaction solution was adjusted to 6 

with NaHCO3, and the reaction was stirred at r.t. for another 2 h, followed by purification with HPLC 

to produce SIM-ctrl (83% yield). MS: calcd. for C55H51KN11O14S5 [(M+K)+]: 1288.2; found 

MALDI-MS: m/z 1289.2. 
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Scheme S5. Synthesis of probe C-SNAF-SIM. 

To a solution of 5 (3 mg) in dry DMF was added Alexa Fluor® 488 5-TFP ester (1 mg) and DIPEA (2 

µL), and the mixture was stirred at r.t. for 2 h. After the reaction was complete, the mixture was 

purified by HPLC to afford C-SNAF-SIM in 42% yield based on Alexa Fluor® 488 5-TFP ester. MS: 

calcd. For C76H81N15NaO25S6 [M+Na]+:1818.4; found MALDI-MS: 1817.9. 

	
  

Scheme 6. Synthesis of L-ctrl-SIM.  

To a solution of 9 (3 mg) in dry DMF was added Alexa Fluor® 488 5-TFP ester (1 mg) and DIPEA (2 

µL), and the mixture was kept stirring at r.t. for 2 h. After the reaction was complete, the mixture was 

purified by HPLC to afford C-SNAF-SIM in 45% yield based on Alexa Fluor® 488 5-TFP ester. MS: 

calcd. For C74H81N14O25S5
+ [M+H]+:1725.4; found MALDI-MS: 1725.6. 
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Scheme S7. Synthesis of probe L-ctrl-CN. 

C-SNAF was dissolved in a solution of CH3CN/H2O (1/1), to which was added TCEP and MeI. The 

pH value of the reaction solution was carefully adjusted to 6 with NaHCO3, and the reaction was 

stirred at r.t. for another 2 h, followed by purification with HPLC to produce L-ctrl-CN (53% yield). 

MS: calcd. for	
  C95H110N15O28S7
+ [(M+H)+]: 2134.4; found MALDI-MS: m/z 2136.0. 

 

Scheme S8. Synthesis of probe PEG-ctrl. 

To a solution of 13 (3 mg) in dry DMF (0.3 ml) was added Cy5.5-mono NHS ester (1.0 mg) and 

DIPEA (2 µl), and the mixture was stirred at r.t. for a further 1 h. After the reaction was complete, the 

mixture was purified by HPLC to afford PEG-ctrl in 41% yield. > 99% HPLC purity after 

purification. MS: calcd. For C92H118N13O30S6
+ [(M+H)+]: 2078.4; found MALDI-MS: 2079.8. 

In vitro HPLC assay of enzymatic reactions.  

Caspase (human, recombinant from E. coli) assays were performed for caspase-3 (4.9 × 10-3 U; 7.35 × 

10-4 mg, Sigma), -7 (18.3 U; 7.35 × 10-4 mg, Calbiochem), and -9 (0.3 U; 7.35 × 10-4 mg, 

Calbiochem). All caspase assays were conducted in caspase buffer with 50 mM HEPES, 100 mM 

NaCl, 1 mM EDTA, 10 mM TCEP, 10% glycerol, and 0.1% CHAPS at pH 7.4. Cathepsin B (human 
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liver; 0.27 U; 7.35 × 10-4 mg, Calbiochem) and Legumain (human, recombinant from mouse myeloma 

cell line; > 250 pmol/min/µg; 7.35 × 10-4 mg, R&D Systems) were conducted in reaction buffer with 

50 mM sodium acetate, 50 mM NaCl, 0.5 mM EDTA and 10 mM TCEP at pH 5.5. C-SNAF was 

diluted in the respective enzyme reaction buffer (25 µM, 1 mL) and incubated at r.t. for 10 min for 

efficient disulfide reduction. The respective enzyme was then added to initiate the enzymatic reaction. 

Reactions were performed at 37 °C, and monitored by HPLC at 0, 1, 1.5, 2, 3, 4 and 6 h. The 

percentage conversion of the reaction was calculated based on the percentage of peak area of 

C-SNAF-cycl in the HPLC trace at 675 nm UV detection, which indicated the efficacy of enzymatic 

cleavage of C-SNAF. 

Cell culture. 

HeLa human cervical adenocarcinoma epithelial cells and MDA-MB-231 human breast 

adenocarcinoma epithelial cells from the ATCC were cultured in Dulbecco’s modified eagle medium 

(GIBCO) supplemented with 10% fetal bovine serum (FBS, GIBCO), 100 U/mL penicillin and 100 

µg/mL streptomycin (GIBCO). For Caspase-Glo@ 3/7 assays, HeLa and MDA-MB-231 cells were 

plated onto 96-well plates (Costar) and allowed to reach ~ 70% confluency. For epifluorescence 

microscopy experiments, cells were plated onto #1.5 borosilicate 8-well chambered coverslips (Nunc) 

and grown to ~ 70% confluency. For flow cytometry experiments, HeLa cells were plated onto 

12-well clear plates and grown to ~70% confluency. For super-resolution microscopy experiments, 

HeLa cells were plated on micro cover glass (20 × 20 mm) and grown to ~ 70% confluency. 

Caspase-Glo@ 3/7 assays to measure the caspase-3/7 activity in drug-induced apoptotic cells. 

~ 5000 HeLa or MDA-MB-231 cells in 100 µL of DMEM medium were seeded onto 96-well plates. 

After reaching ~ 70% confluency, medium was removed and 100 µL of fresh medium containing 

different concentration of STS (0, 2, 5, and 10 µM) or DOX (0, 1, 2, and 5 µM) was added to the wells 

and incubated for 4 h (STS) or 24 h (DOX). For STS-treated cells, medium with STS was replaced 

with 100 µL of fresh medium without STS after 4 h, and further incubated for 0 or another 24 h. The 

cell number was counted using trypan blue, and the caspase-3/7 activity in each well was measured 

using the Caspase-Glo@ 3/7 assay (Promega) according to the standard protocol. Briefly, 100 µL of 

Caspase-Glo@ 3/7 reagent was added to each well. The plate was then covered and gently mixed, and 

incubated in the dark at r.t. for 1 h. Then, 120 µL of solution from each well was added to an 
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eppendorf tube, and the luminescence was immediately measured by a luminometer (Turner 

Biosystems) as directed by the luminometer manufacturer. Data were then background-corrected, 

normalized by cell number, and the caspase-3/7 activity in drug-treated cells were expressed as 

normalized increased fold/cell compared to the negative control cells.  

Caspase-Glo@ 3/7 assays to measure the caspase-3/7 activity in saline- and 3X DOX-treated 

tumor lysates. 

HeLa tumor xenografted mice were treated with saline or 3X DOX (8 mg/Kg) according to the 

protocol for the chemotherapy mouse model. After treatment, the mice were sacrificed, and the tumors 

were resected and lysed with RIPA buffer (1g tissue / 1 ml buffer). The solution was homogenized for 

1 min on ice, three times. The lysed solution was kept on ice for another 30 min, and centrifuged at 

14,000×g for 30 min at 4 °C. The supernatant was collected, and the protein concentration was 

measured by Bradford assay with BSA as standard. The caspase-3/7 activity in the lysed solution was 

measured by Caspase-Glo@ 3/7 assay, and normalized to the protein concentration. 

Analysis of the reaction of C-SNAF in viable and apoptotic cell lysates. 

Adherent HeLa (or MDA-MB-231) cells (~ 8 million) were either untreated or treated with 2 µM STS 

for 4 h or 2 µM DOX for 24 h. After replacing STS-containing medium with blank medium, the cells 

were kept growing for another 24 h. The medium was then carefully removed and the cells were 

washed with cold PBS (1×). The cells were trypsinzed to form cell pellets, and RIPA (RadioImmuno 

Precipitation Assay, sigma) buffer was added to cells at a volume of 100 µL of buffer per 4 million 

cells, followed by incubation on ice for 0.5 h. The cell lysate was gathered, centrifuged at 14,000×g at 

4 °C for 15 min. The supernatant was collected and the caspase-3/7 activity was determined by 

Caspase-Glo@ 3/7 assay. The cell lysate was diluted with caspase reaction buffer (2×, 1 to 1 diluted), 

and incubated with C-SNAF (5 µM) at 37 °C overnight and then injected into an HPLC system 

(Dionex) for analysis. 

Analysis of the reaction of C-SNAF in viable and apoptotic HeLa cells. 

HeLa cells (~ 8 million) were either untreated or treated with STS (2 µM) for 4 h. The medium with 

STS was removed, and fresh medium containing C-SNAF (50 µM) was added. Cells were kept 

growing for another 24 h. The culture medium was carefully removed and the cells were washed with 
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cold PBS (1×). The cells were trypsinzed to form cell pellets. 0.1% SDS aqueous solution (pH 7.4) 

was added to lyse the cells, and the solution was homogenized for three cycles of 1 min. Following 

centrifugation at 14,000×g at 4 °C for 15 min, the supernatant of the cell lysate was collected and 

injected into an HPLC system for analysis. 

Analysis of the reaction of C-SNAF in saline- and 3X DOX-treated HeLa tumor lysates 

HeLa tumor xenografted mice were treated with saline or 3X DOX (8 mg/Kg) according to the 

protocol for the chemotherapy mouse model. After treatment, the mice were sacrificed and the tumors 

were resected and lysed with RIPA buffer (1g tissue / 1 ml buffer). The solution was homogenized for 

1 min on ice, repeated three times per sample. The lysed solution was kept on ice for another 30 min, 

and centrifuged at 14,000×g for at 4 °C 30 min. The supernatant was collected, and diluted with 

caspase reaction buffer (2×: 100 mM HEPES, 200 mM NaCl, 2 mM EDTA, 20 mM TCEP, 20% 

glycerol, and 0.2% CHAPS at pH 7.4; 1 to 1 diluted). C-SNAF (5 µM) was added to the tumor lysates, 

and incubated at 37 °C overnight, followed by HPLC analysis. 

Epifluorescence microscopy imaging of DOX-treated HeLa cells. 

HeLa cells in #1.5 borosilicate 8-well chambered coverslips (Nunc) were either incubated with 

C-SNAF (2 µM) alone or co-incubated with DOX (1, 2, and 5 µM), caspase inhibitor (Z-VAD-fmk, 

50 µM), or D-ctrl or L-ctrl control probes at 2 µM for 24 h. Then the medium was removed, the cells 

were carefully washed with PBS (1×) three times, and stained with nuclear binding probe Hoechst 

33342 (2 µM) at 37 °C for 30 min. After several rinses with PBS (1×), the medium was replaced and 

fluorescence images were acquired with DAPI and Cy5.5 filters. 

Flow Cytometry analysis of anti-cancer drug-induced apoptotic HeLa cells.  

Approximately 100,000 HeLa cells in 1 mL DMEM medium were seeded onto 12-well plates. The 

following day, the medium was replaced with 500 µL of fresh medium containing STS (0, and 2 µM). 

After 4 h incubation, the medium containing STS was removed and fresh medium without STS was 

added. The cells were kept growing for 0 or another 24 h to induce different levels of apoptosis. After 

gentle washing with PBS (1X), the cells were detached from the plates with trypsin (100 uL per well), 

and the cell pellets were collected after centrifugation at 2000 rpm at 4 °C for 2 min. After washing 

with PBS (1X), the pellets were resuspended in 300 µL PBS (1X) and stained with the Alexa Fluor@ 
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488 Annexin V/Dead Cell Apoptosis Kit (Invitrogen: V13241) for flow cytometry. For the FLICA 

staining experiment, the cell pellets were resuspended in 1X wash buffer and stained with the 

Vybrant@ FAM Caspase-3 and -7 Assay Kit (Invitrogen: V35118). All assays were performed 

according to the manufacturer instructions, and the cell population was analyzed by FACScan 

analyzer using FITC (Annexin V and FLICA) and PI channels. The count number for each flow 

cytometry analysis was ~5000 to 10000, and the data was processed using FlowJo software. 

For the DOX-induced apoptotic experiments, HeLa cells in 12-well plates were treated with DOX (0, 

1, and 5 µM) for 24 h, stained with Alexa@ Fluor Annexin V and PI or FLICA (FAM) and PI 

according to the aforementioned procedure, and applied for flow cytometry analysis. 

Flow Cytometry analysis of apoptotic HeLa cells labelled with C-SNAF. 

Approximately 1x105 HeLa cells in 1 mL DMEM medium were seeded onto 12-well plates. The 

following day, the medium was replaced with 500 µL of fresh medium containing STS (0, 2 µM). 

After 4 h incubation, the STS-containing medium was replaced with 500 µL of fresh medium 

containing 2 µM C-SNAF, L-ctrl or D-ctrl. For the inhibitor blocking experiment, the STS-treated 

cells were first incubated with the caspase inhibitor Z-VAD-fmk (50 µM, R&D Systems) for 30 min, 

and then 2 µM C-SNAF was added. After 24 h, cells were trypsinized and the formed cell pellets were 

stained with the Vybrant@ FAM Caspase-3 and -7 Assay Kit. Cells were washed with PBS (1X) three 

times, resuspened in 300 µL PBS and applied for flow cytometry analysis using the FITC and Cy5.5 

channels. The cell number for each flow cytometry analysis was ~5000 to 10000, and the data was 

processed using FlowJo software. 

For DOX-induced apoptotic cells, HeLa cells in 12-well plates were co-incubated with DOX (5 µM) 

and 2 µM C-SNAF, L-ctrl and D-ctrl, or 2 µM C-SNAF together with 50 µM of Z-VAD-fmk for 24 

h. After washing with PBS (1X) three times, the cells pellets were resuspened in 300 µL of PBS, and 

applied for flow cytometry analysis using the Cy5.5 channels. The cell number for each flow 

cytometry analysis was 10000, and the data was processed using FlowJo software. 

Active Caspase-3 immunohistochemistry assay. 

Following fluorescence imaging studies at 4 h, tumor tissues were excised, fixed in formalin, frozen in 

Optimal Cutting Temperature medium (OCT) and sectioned into 10-µm slices. For active caspase-3 
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staining, the sections were further fixed with cold acetone, blocked with avidin/biotin blocking kit and 

DAKO blocking, and immunostained with primary cleaved caspase-3 antibody (Asp175, 1:100, Cell 

signaling 9661) overnight at 4 °C, followed by incubation for 30 min with biotinylated anti-rabbit IgG 

(1:300, Vector Labs) and 30 min with Cy3-conjugated streptavidin (1:300, Jackson ImmunoResearch). 

Then the sections were mounted in Vectashield mounting media containing DAPI (Vector Labs). The 

images were captured using an Olympus inverted fluorescence microscope (IX2-UCB) equipped with 

a Nuance multispectral imaging camera and standard DAPI, FITC, and Cy5.5 excitation filter sets. 

The images were processed using the standard CRi Nuance software, analyzed using Image J software 

package (NIH).  

Statistical Analysis 

Results are expressed as the mean±standard deviation unless otherwise stated. Statistical comparisons 

between two groups were determined by t-test, and between 3 or more groups by one-way ANOVA 

followed by a post-hoc Tukey’s HSD test. Time course analysis between groups was performed by 

general linear model repeated-measures analysis. Correlation analyses were performed by one-tailed 

Spearman r (non-parametric). For all tests, p<0.05 was considered statistically significant. All 

statistical calculations were performed using GraphPad Prism v. 5 (GraphPad Software Inc., CA, 

USA), except for general linear model analyses, which were performed using SPSS (IBM). 
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