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1. Materials Synthesis and Characterization 

1.1 Materials All reagents were obtained from commercial sources (Alfa Aesar, 

Sigma Aldrich) and used without further purification unless otherwise stated. 

Bis(1,5-cyclooctadiene)nickel(0) ([Ni(cod)2] was purchased from J&K. 

5,10,15,20-tetrakis- (4’-bromo-biphenyl-4-yl)-porphyrine (TBBPP) was purchased 

from Asta Tech (Chengdu). 1,5-Cyclooctadiene (cod) was dried over CaH2 prior to 

use. 

1.2 Characterizations 

X-ray diffraction (XRD) measurements were performed with D/MAX 2000 X-ray 

diffractometer with Cu Kα line (λ=1.54178 Å) as the incident beam. FT-IR 

spectroscopy was performed on an AC-80MHZ (Bruker) instrument with the 

wavenumber range of 400-4000 cm-1. Scanning electron microscopic (SEM) images 

were obtained on a TESCAN VEGA 3 SEM instrument. Transmission electron 

microscopic (TEM) images were obtained on a Carl Zeiss AG - LIBRa 200 FE 

instrument. Atomic force microscopy (AFM) images were performed on an Agilent 

5500 atomic force microscope. UV- UV/visible absorption of dilute solutions (0.1 mg 

mL-1) of TBBPP, COP-P and COP-P-SO3H in water was measured on a V-670 

spectrophotometer. 1% N, N’-dimethylformamide (DMF) was added into the 

solutions of TBBPP and COP-P due to poor hydrophilicity of the two samples. X-Ray 

Photoelectron Spectrometer (XPS) was carried out with a PHI Versaprobe 5000 

Scanning XPS instrument. Contact angles were measured with a dataphysics contact 

angle instrument. Each angel was calculated from the mean of five independent 
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measurements.  

2. Determination of the Energy Levels of HOMO and LUMO  

The energy levels of HOMO and LUMO were determined from electrochemical 

CV measurements according the previously reported method.(S1, S2) Briefly, the 

electrochemical measurements were performed in 0.1 M tetrabutylammonium 

hexafluorophosphate ([Bu4N]PF6) acetonitrile solution under the protection of dry N2, 

using Pt wire as counter electrode, Ag/AgCl electrode as reference electrode and a 

glassy carbon electrode coated with the samples as the working electrode, respectively. 

The electrochemical potential was calibrated against ferrocene/ferrocenium (Fc/Fc+). 

The energy levels of the highest occupied (HOMO) and lowest unoccupied molecular 

orbital (LUMO) were then calculated according to the following equations: 

HOMO = -e (Eox + 4.38)  (eV) 

LUMO = -e (Ered + 4.38)  (eV) 

where Eox is the onset oxidation potential versus Ag/AgCl, and Ered is the onset 

reduction potential versus Ag/AgCl. 

 

3. Photodynamic Therapy Investigation   

3.1 Culture of MDA-MD-231 cells  

MDA-MD-231 cells were cultured in minimum essential media (MEM, 

Inveitrogen) containing 10% fetal bovine serum (FBS, Invitrogen), penicillin (100 U 

mL-1) and streptomycin (100 U mL-1, Invitrogen), at 37 °C in a humidified 5% 

CO2-containing atmosphere. 
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3.2 In vitro phototoxicity assay on tumor cells 

Cell Viability: MTT Cell Proliferation and Cytotoxicity Assay kit (MTT, 

Beyotime) was used to determine the cell viability. The MDA-MD-231 cells were 

seeded in 96-well plates at a density of 5,000 cells/well and incubated for 24 hs. For 

the first group, the cells were cultured in an incubator with various concentrations (50, 

100, 150 and 200 µg mL-1) of COP-P-SO3H nanoparticles. Cells cultured in medium 

without COP-P-SO3H nanoparticles were used as negative controls. For the cells to 

be irradiated, they were exposure to the light at 710 nm for 10 min after 4 h of 

incubation, than both of the irradiated and non-irradiated cells were continually 

cultured for another 24 hs. For the non-irradiated cells, the adhering cells were 

cultured in an incubator with 0 or 100 µg mL-1 of COP-P-SO3H nanoparticles. After 4 

h of incubation, the cells were exposure to light at 710 nm for 0, 5, 10, 15 and 20 mins 

(0 min cells were used as negative controls). Then, all the cells were continually 

cultured for another 24 hs. Following the method of the MTT assay, the optical 

density (OD) of each well at 570 nm was recorded by a SpectraMax M5 (Molecular 

Devices). Cell viability was expressed as the following percentage: 

(ODtest-ODblank)/(ODnegative-ODblank). ODblank was the OD value of culture 

medium without cells. 

Six parallel tests were conducted for each sample. All data were presented as 

the means and standard deviations (means ± SD). The significance (p value) was 

calculated using unpaired, two-tailed Student’s t-tests with unequal variance. The 
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symbol “*”denotes statistical significance (*≤0.05, **≤0.01, ***≤0.001) 

compared with the negative control, and p<0.05 was considered significant. 

3.3 ROS generation assay for PDT systems   

For the ROS assay-DCFH-DA, MDA-MB-231cells were seeded at density 150 × 

10
3

 per mL in black 96 well plates with/without exposure to the light (5-20 minutes), 

or with/without dosage of COP-P-SO3H particles (50-200 µg mL-1) for 2 hours. 

Replace with 200 µL of 100 µM DCFH-DA (Sigma) (in culture medium) to each of 

the wells and incubated at 37 °C and 5 % CO2 culture conditions for 30 minutes. After 

the aspiration of the DCFH-DA, 200 µL of medium was added to each of the wells 

and the intensity of the ROS probe was measured immediately as background, as well 

as incubator for 24 hours on a spectrophotometer (Molecular Devices, SpectraMax 

M2, SaftMax Pro 4.8, USA) with excitation at 485 nm, absorbance at 538 nm and 

peak at 530 nm, according to the manufacturer’s procedure. The data are represented 

as the average of six+ the standard deviation.  

3.4 Singlet oxygen quantum yield 

The comparison of the ability to generate singlet oxygen between COP-P-SO3H 

and clinic material protoporphyrin IX (PPIX) was made by its quantum yield, which 

was measured according to the previously reported method with slight 

modification.(S3, S4) 1,3-diphenylisobenzofuran (DPBF) was employed as singlet 

oxygen indicator. The singlet oxygen quantum yield φ∆ is given by: 

(sample) (reference) (S / S )( / )sample reference sample referenceF Fφ φ∆ ∆=  

     where subscripts sample and reference designate the COP-P-SO3H complex and 
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PPIX, respectively, S stands for the slope of plot of the absorbance of DPBF (at 418 

nm) vs. irradiation time. F stands for the absorption correction factor, which is given 

according to the following formula: 

1 10 ODF −= −  

where OD represents the optical density of COP-P-SO3H sample at 710 nm and 

PPIX at 532 nm. 

3.5 Use flow cytometry for analyses of DNA damage 

Seeded MDA-MD-231 cells with 150 µg ml-1 concentration of COP-P-SO3H 

nanoparticles in eppendorf tubes and exposure to light at wavelength of 710 nm for 10 

mins, then transferred cells to a 6-well plate at density of 1×106 cells per well. For 

comparison, same amounts of cells were seeded to a 24-well plate dosage cell only 

with 150 µg ml-1 concentration of COP-P-SO3H nanoparticles without exposure to the 

light. After incubation for 2 hours, cells were harvested and immunofluorescence 

staining specific antibody, then following the manufactures protocol preparing for 

flow cytometry. Briefly, cells were fixing with 2% paraformaldehyde (USB 

corporation) for 10 minus. After washing by 1x PBS (Invitrogen) twice, cells were 

incubated with permeabilization buffer (R&D systems) 500 µL for 15 minutes. After 

washing, cells were stained with p-53-FITC (abcom), Rad 51 (abcom), XRCC4 and 

OGG1 in staining buffer (R&D system) 4 ⁰C overnight. 2nd antibody (Alexa Fluor® 

488 Goat Anti-Rabbit IgG or Alexa Fluor® 555 Goat Anti-Mouse IgG, Invitrogen) 

was then added for 45 minutes at room temperature and analyzed by flow cytometry 

(BD II LSR). 
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3.6 Statistical Evaluation 

The data were analyzed by GraphPad Prism 5 software one-way analysis of 

variance (ANOVA), which were expressed as mean ± standard deviation (SD) of two, 

three or six independent experiments. A p value < 0.05 was considered significant. 

4. First-Principles Calculations  

The screening the active sites for sulfonation were performed using the Vienna 

Atomic Simulation Package (VASP)(S5, S6) from Beijing University of Chemical 

Technology in China. Core electrons were replaced by the projector augmented wave 

(PAW) pseudo-potentials(S7) and the generalized gradient approximation of the 

Perdew, Burke, and Ernzernhof (PBE) functional (S8) was used for exchange and 

correlation. The cutoff energy for the plane-wave basis set was set to 500 eV in all 

calculations. The Gamma-point was used for the calculations. The convergence 

criteria for the electronic self-consistent iteration and the ionic relaxation loop were 

set to 10−4 eV and 0.2 eV/Å, respectively. A supercell of size 27.8 × 27.8 × 10 Å3 was 

employed in the calculations. The adsorption energy Eabs was defined as the energy 

difference between the total energy of the -SO3H group adsorbed on the COP system 

and the relaxed COP plus -SO3H group.  

The O2 adsorption in COP-P-SO3H was studied using a cluster approach by the 

Gaussian 03 program.(S9) The cluster used in this work is shown in the 

Supplementary Figure 14 and the dangling bonds were terminated by H atoms. The 

geometry optimization and the binding energies (B.E.'s) between O2 and the studied 

cluster models were performed at the theoretical level of B3LYP/ 6-311g (2d, 2p). To 
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save calculating time, all the binding energies were obtained without performing basis 

set superposition error (BSSE) calculations, but it is valid to investigate the adsorption 

site at the same theory level, aiming at selecting the favorite adsorption site. The B.E. 

of the molecular complexes was computed by the following equation:(S10-13) 

B.E. = E(O2/cluster) - E(cluster) - E(O2)                  

After screening the adsorption sites for O2 in COP-P-SO3H, we subsequently 

performed the molecular orbital calculations using the optimized adsorption site 

model at the theoretical level of B3LYP/ 6-311g (2d, 2p). 
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Table S1. Energy potentials and band gap derived from CVs for the monomer TBBPP, 
COP-P and COP-P-SO3H. 

 Eox Ered 
HOMO 

(eV) 
LUMO 

(eV) 

Band 

gap 

(eV) 

TBBPP 0.90 -0.64 -5.28 -3.74 1.54 

COP-P 0.83 -0.64 -5.21 -3.74 1.47 

COP-P-SO3H 0.61 -0.46 -4.99 -3.92 1.07 
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Table S2. Summary of binding energies for the possible adsorption sites. 

Adsorption sites 

Description/ 
[Position before optimization] 

Position after optimization 

Binding 
energy/ 

kcal mol-1 

Site α 

 

[On the top of porphyrine] 
The oxygen molecule moves close to 

top of pyrrolic N without H  
-4.67 

 
Site β 

   

[Site β-I; On the top of pyrrolic ring 

via parallel model] 
The oxygen molecule moves to the 

top of between two pyrrolic N atoms 
in porphyrine  

-8.11 

[Site β-II; On the top of pyrrolic ring 
via vertical model] 

The oxygen molecule moves close to 

sulfonic acid group 

-5.10 

Site γ 

 

[On the top of methine bridges 
(=CH-)] 

The oxygen molecule moves to the 
top of between two pyrrolic N atoms 

in porphyrine 

-4.97 

Site δ 

 

[Site δ-I; On the top of pyrrolic ring 
via parallel model] 

The oxygen molecule moves to the 

top of pyrrolic N without H in 
porphyrin 

 

-8.60 

[Site δ-II; On the top of pyrrolic ring 
via vertical model] 

The oxygen molecule moves to the 
-6.50 
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top of pyrrolic N without H in 
porphyrin via parallel model  

 

Site ε 

 

[On the top of phenyl] 
 

-5.31 

Site ζ 

 

[On the top of phenyl] 
 

-4.15 

Site η 

 

[Around sulfonic acid group] -5.12 
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Figure S1. a, CV curves of TBBPP, COP-P and COP-P-SO3H on glassy carbon 

electrode at a potential sweep rate of 0.05 V s-1 in an acetonitrile solution of 0.1 M 

[Bu4N]PF6 at room temperature under the protection of dry N2. b, Energy levels for 

TBBPP, COP-P and COP-P-SO3H. 
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Figure S2. High-resolution XPS N1S spectrum of the COP-P-SO3H. The N 1s peak 

can be deconvoluted into two Lorentzian peaks, which can be fitted into two different 

components corresponding to the pyrrolic N without H (397.7 eV, purple line) and 

pyrrolic N with H atoms (399.8 eV, olive line),(S14) respectively. The ratio of two 

peak areas is close to 1:1, suggesting the porphyrin ring skeletons were reserved after 

sulfonation with chlorosulfonic acid and the sulfonic acid groups do not connect with 

the pyrrolic N. 
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Figure S3. The charge distribution for COP-P cluster: a, for porphyrine and b, for two 

phenyl groups connected with porphyrine at the theoretical level of B3LYP/ 6-311g 

(2d, 2p). The calculations suggest there are mainly three kinds of active sites for 

sulfonation, localizing around the pyrrolic C and phenyl C (shown in green, cyan and 

purple shadow). Since the cluster for COP-P possesses centrosymmetric structure, 

here we just show the active sites in one direction and the active sites in symmetry 

positions are equal during sulfonation process. 
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Figure S4. The XRD spectra of COP-P and COP-P-SO3H. 

 
 
 

 

 

 

 
 

 

Figure S5. Optical absorption spectra at different photoexcitated times measured for 

DPBF under irradiation with a 710-nm laser beam: a, without and b, with 

COP-P-SO3H. 
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Figure S6. a, The plots for the absorbance of PPIX-mediated DPBF (at 418 nm) and 

COP-P-SO3H mediated DPBF (at 418 nm) vs. irradiation time. b, The transmittance 

spectra for PPIX and COP-P-SO3H. 
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Figure S7. Flow cytometric analysis for COP-P-SO3H-mediated PDT. Cells were 

stained with p-53-FITC, Rad 51, XRCC4 and OGG1 antibodies in staining buffer at 

4⁰C overnight. Add 2nd antibody (Alexa Fluor® 488 Goat Anti-Rabbit IgG or Alexa 

Fluor® 555 Goat Anti-Mouse IgG), incubated at room temperature for about 45 

minutes, then analyze by flow cytometry. 
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Figure S8. The adsorption sites for O2 in the COP-P-SO3H cluster. Site α, β, γ, δ and ε 

refer to the position around four N atoms in the porphyrin ring. C gray, H white, N 

blue, S yellow and O red. 
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Figure S9. Optimized adsorption site α with B.E. =-4.67 kcal mol-1 of O2 molecule on 

the COP-P-SO3H cluster. C, O, N, H and S atoms are shown as gray, red, blue, white 

and yellow balls. The measured distance is presented in angstrom, and the measured 

angle is presented in degree.  

 

 

 

Figure S10. Optimized adsorption site β-I with B.E. = -8.11 kcal mol-1 of O2 

molecule on the COP-P-SO3H cluster. C, O, N, H and S atoms are shown as gray, red, 

blue, white and yellow balls. The measured distance is presented in angstrom, and the 

measured angle is presented in degree.  

 



22 

 

 

Figure S11. Optimized adsorption site β-II with B.E. = -5.10 kcal mol-1 of O2 

molecule on the COP-P-SO3H cluster. C, O, N, H and S atoms are shown as gray, red, 

blue, white and yellow balls. The measured distance is presented in angstrom, and the 

measured angle is presented in degree.  

 

 

 

  

Figure S12. Optimized adsorption site γ with B.E. = -4.97 kcal mol-1 of O2 molecule 

on the COP-P-SO3H cluster. C, O, N, H and S atoms are shown as gray, red, blue, 

white and yellow balls. The measured angle is presented in degree.  
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Figure S13. Optimized adsorption site δ-I with B.E. = -8.60 kcal mol-1 of O2 

molecule on the COP-P-SO3H cluster. C, O, N, H and S atoms are shown as gray, red, 

blue, white and yellow balls. The measured angle is presented in degree.  

 

 

 

 

Figure S14. Optimized adsorption site δ-II with B.E. = -6.50 kcal mol-1 of O2 

molecule on the COP-P-SO3H cluster. C, O, N, H and S atoms are shown as gray, red, 

blue, white and yellow balls. The measured angle is presented in degree.  
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Figure S15. Optimized adsorption site ε with B.E. = -5.31 kcal mol-1 of O2 molecule 

on the COP-P-SO3H cluster. C, O, N, H and S atoms are shown as gray, red, blue, 

white and yellow balls. The measured distance is presented in angstrom, and the 

measured angle is presented in degree.  

 

 

Figure S16. Optimized adsorption site ζ with B.E. = -4.15 kcal mol-1 of O2 

molecule on the COP-P-SO3H cluster. C, O, N, H and S atoms are shown as gray, red, 

blue, white and yellow balls. The measured distance is presented in angstrom, and the 

measured angle is presented in degree.  
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Figure S17. Optimized adsorption siteη with B.E. = -5.12 kcal mol-1 of O2 molecule 

on the COP-P-SO3H cluster. C, O, N, H and S atoms are shown as gray, red, blue, 

white and yellow balls. The measured distance is presented in angstrom, and the 

measured angle is presented in degree.  
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Figure S18. The atom numbers for porphyrine ring in this study. 
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Figure S19. a, The calculated charge density distribution for the instinct COP-P 

cluster. b, The calculated charge density distribution for the COP-P-SO3H after 

adsorbing O2. As clearly shown, the porphyrine in COP-P-SO3H plays a key role in 

the charge transfer after adsorbing oxygen molecule. 
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