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A B S T R A C T   

Preparation of porphyrin-based covalent organic frameworks (Por-COFs) with high photosensitizing activity for 
photodynamic inactivation of bacteria is of great challenge, but significant for economy and human health. 
Herein, we show a conjugation-regulating strategy to design and synthesize Por-COFs with high photosensitizing 
activity for the photodynamic inactivation of bacteria. Terephthalaldehyde (Da), 2,5-Dihydroxyterephthalalde
hyde (Dha), and 2,5-Diethoxyterephthalaldehyde (Deta) with different conjugation degrees are selected to 
condense with 5,10,15,20-Tetrakis(4-aminophenyl)porphyrin (Tph) to synthesize COF-366, DhaTph, and JNU-2, 
respectively. The higher conjugation of Dha and Deta than Da leads to the higher conjugation of DhaTph and 
JNU-2, respectively. Moreover, the hydroxyl group in Dha and the ethoxy group in Deta further expand the 
conjugation of DhaTph and JNU-2 via the formation of intralayer extended π-cloud delocalization and p-π 
conjunction, respectively. The extension of conjugation for DhaTph and JNU-2 results in the increase of inter
system crossing process and significantly improves their photosensitizing activity. Furthermore, JNU-2 with the 
highest photosensitizing activity exhibits superior antibacterial effects toward Staphylococcus aureus (99.1%) and 
Escherichia coli (96.8%). This study offers a new conjugation-regulating strategy for designing high photo
sensitizing activity of Por-COFs for the inactivation of bacteria.   

1. Introduction 

Bacteria cause food spoilage, foodborne diseases, pneumonia and 
wound infections, and render a constant threat to public health and 
significant impediment to socio-economic development [1,2]. Efficient 
bacteria inactivating methods are of extreme importance to economy 
and human health. As one of the most common sterilization, antibiotic 
therapy leads to serious worldwide healthy issue of drug resistance [3, 
4]. Photodynamic inactivation is a promising candidate of sterilization 
due to its efficiency, broad-spectrum and no drug resistance [5]. The 
photosensitizer in photodynamic inactivation produces efficient reac
tive oxygen species (ROS) to give a multi-targeted damage to living 
tissues including bacteria, viruses, and fungi under the excitation of a 
certain wavelength light in the presence of O2 [6]. 

Photosensitizer plays a key role in photodynamic inactivation due to 
its production of ROS. Over decades, various photosensitizers have been 
reported such as phenothiazinium dyes (methylene blue, toluidine blue 
O), naturally occurring photosensitizer (chlorophylls, psoralens and 
perylene quinonoid pigments), and tetrapyrroles (porphyrins, phthalo
cyanines, chlorins and bacteriochlorin) [7,8]. However, these photo
sensitizers mainly suffer from self-aggregation in solution, which highly 
diminishes their photosensitizing activity [9–11]. A competent 
approach to overcome the self-aggregation is the synthesis of solid 
photosensitizer with ordered porous structure to immobilize photosen
sitizer unit with a forced and well-defined arrangement. Moreover, the 
ordered structure with high porosity provides photosensitizers a good 
access to O2, leading to highly efficient conversion of O2 to ROS [12]. 

Covalent organic frameworks (COFs) are a class of porous crystalline 
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Fig. 1. Design and synthesis of Por-COFs via the conjugation-regulating strategy. Inset: the edge units of Por-COFs with corresponding conjugation effect (COF-366 
with no additional conjugation as the control; DhaTph with additional conjugation from the intralayer H-bonding; JNU-2 with additional conjugation from the 
oxygen lone pairs). The C, N, O and H atom were represented with in grey, blue, red white in graphic view of Por-COFs, respectively. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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materials consisting of organic building with covalent bonds, and show 
wide applications in various fields [13–18]. Porphyrins are promising 
building monomers for photosensitizing COFs due to their planar and 
rigid geometry with inherent functionalities involving photosensitizing 
and redox-active properties. A few porphyrins-based COFs (Por-COFs) 
have been developed for photocatalytic, electrocatalytic, sensing, and 
semiconducting applications [19–23]. The special features of high 
crystallinity, permanent porosity, and ordered columnar π-arrays of 
Por-COFs also qualify them as excellent photosensitizer for photody
namic inactivation of bacteria. The conjugation degree of photosensi
tizer shows high effect on the intersystem crossing (ISC) between excited 
singlet (S) and triplet states (T), relating to ROS generation capabilities 
[24,25], but have not been explored for the preparation of high photo
sensitizing activity of Por-COFs for photodynamic inactivation of 
bacteria. 

Herein, we report a conjugation-regulating strategy for the design 
and synthesis of Por-COFs with high photosensitizing activity in 
photodynamic inactivation of bacteria. As the building monomer greatly 
affects the conjugation of COFs, Terephthalaldehyde (Da), 2,5-Dihy
droxyterephthalaldehyde (Dha), and 2,5-Diethoxyterephthalaldehyde 
(Deta) with different conjugation degrees are selected to condense 
with 5,10,15,20- Tetrakis(4-aminophenyl)porphyrin (Tph) to synthesize 
Por-COFs (COF-366, DhaTph, and JNU-2). The preparation, character
ization, and photosensitizing activity of Por-COFs are detailly investi
gated as well as their mechanism of the conjugation-regulating for 

photosensitizing activity. The highly ordered Por-COFs with excellent 
singlet oxygen efficiencies are applied to show their high potential in 
photodynamic inactivation of bacteria. 

2. Results and discussion 

2.1. Design and preparation of Por-COFs 

Fig. 1 shows the design and preparation of Por-COFs via the 
conjugation-regulating strategy. The specific wavelength light directs 
the conversion of photosensitizer electron from the ground state (S0) to 
S. Part of electron in S will covert to T via ISC. The released energy from 
T1 to S0 converts the surrounding O2 into ROS [6]. Therefore, the core 
for the preparation of high photosensitizing activity of Por-COFs is to 
increase the ISC. The extension of Por-COFs conjugation is expected to 
an efficient way to promote the ISC [26–29], but have not been explored 
for the preparation of high photosensitizing activity of Por-COFs. The 
conjugated monomers could increase the conjugation of 
two-dimensional (2D) materials after the formation of 
two-dimensionally extended π-conjugated structure [30–32]. Here, we 
select three monomers Da, Dha and Deta with different conjugation 
degrees for the condensation with Tph to regulate the conjugation of 
Por-COFs. The corresponding Por-COFs COF-366, DhaTph, and JNU-2 
with ideal ordered crystalline structure were obtained by optimizing 
solvent, temperature, and time (Fig. S1-S11). The COF-366 with no 

Fig. 2. (a) Experimental and simulated PXRD patterns of JNU-2. (b) Unit-cell structure of AA-stacking mode of JNU-2. (c) Pawley refinement of JNU-2. (d) FTIR 
spectra of Deta, Tph and JNU-2. 
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additional regulation of conjugation was prepared as the control 
Por-COFs to show the efficiency of our strategy. The extension conju
gation of DhaTph, and JNU-2 via the control of monomer intend to 
favour the increase of the photosensitizing activity of Por-COFs. 

2.2. Characterization of Por-COFs 

The crystallinity of prepared Por-COFs was characterized by powder 
X-ray diffraction pattern (PXRD). The main characteristic peaks of PXRD 
for the as-prepared COF-366 and DhaTph at 3.5◦ and 6.9◦match well 
with the those reported for their corresponding COFs [29,33], verifying 
the synthesis of two COFs (Fig. S12). The PXRD pattern of new COF 
JNU-2 shows characteristic peaks at 3.5◦, 5.0◦, 6.9◦, 7.5◦and 8.1◦, 
indicating its ordered crystalline structure (Fig. 2a). Possible 2D models 
with AA and AB stacking layer were built to clarify the structure of 
JNU-2 (Fig. 2b; Fig. S13). The experimental PXRD pattern of JNU-2 is in 
good agreement with that of the AA stacking model, but differs from that 
of AB stacking mode, demonstrating that JNU-2 adopts the AA stacking 
mode with pawley refined P1 unit cell (a = b = 24.93 Å, c = 3.99 Å, α =
β = γ = 90◦) rather than the corresponding AB stacking model (Fig. 2a 
and c and Table S1). 

The lack of the stretching bands of the amino (3217-3446 cm− 1) and 
aldehyde (1667-1680 cm− 1) in the original building monomers as well 
as the concomitant presence of imine (1610-1617 cm− 1) stretching band 

in Fourier transform infrared (FTIR) spectra of Por-COFs reveal the 
successful reaction of Tph and aldehyde monomer (Fig. 2d; Fig. S14- 
S15). Compare with COF-366, the intralayer hydrogen bonding between 
imine and hydroxyl groups of DhaTph gave the C––N vibration band a 
shift from 1613 to 1610 cm− 1. The oxygen lone pairs of the electron 
donating ethoxy in JNU-2 resulted in a shift of the C––N vibration band 
from 1613 to 1617 cm− 1 (Fig. S16) [34,35]. 

The porosity of Por-COFs was assessed by the analysis of their N2 
adsorption isotherms. The prepared COF-366, DhaTph and JNU-2 gave 
the Brunauer–Emmett–Teller (BET) surface areas of 214, 830, and 328 
m2 g− 1 and the total pore volumes of 0.370, 0.583, and 0.475 cm3 g− 1, 
respectively (Fig. S17-19). The improved surface areas of DhaTph and 
JNU-2 were contributed to the formation of strong intralayer hydrogen 
bonding and the decrease of the intralayer repulsion via the introduction 
of oxygen lone pairs, respectively. The average pore-sizes of COF-366, 
DhaTph, and JNU-2 were 2.0, 1.5, 1.4 nm, respectively, and sufficient 
for the access of O2. Scanning electron microscopy showed the sheet-like 
morphology of all the three Por-COFs (Fig. S20-S22). 

The crystallinity and the skeleton of Por-COFs remained after treat
ment with tetrahydrofuran (THF), dimethylformamide (DMF), 0.01 M 
Phosphate buffer saline (PBS) buffer, 0.1 M HCl and 0.1 M NaOH for 1 
day due to no obvious change in their PXRD patterns (Fig. S23-S25). 
These results confirmed that the prepared Por-COFs possessed high 
chemical stability for future application. Thermogravimetric analysis 

Fig. 3. (a) Change in the UV–vis absorption spectra of ABDA in the presence of JNU-2 with irradiation time. (b) Time-dependent degradation of ABDA at 379 nm 
caused by the singlet oxygen produced from Por-COFs and Tph. (c) Pseudo-first-order kinetic curves for ABDA degradation of Por-COFs and Tph. (d) Time-dependent 
degradation of ABDA at 379 nm caused by the singlet oxygen produced from JNU-2 in different runs. 
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(TGA) also revealed the excellent thermal stability of the prepared Por- 
COFs up to ca. 400 ◦C under a N2 atmosphere (Fig. S26-S28). 

2.3. Photosensitizing activity of Por-COFs 

The photosensitizing activity of the prepared Por-COFs was evalu
ated via monitoring decomposition of 9,10-anthracenediyl-bis(methy
lene)dimalonic acid (ABDA) by their produced singlet oxygen. As 
shown in Fig. 3, the monomer Tph gave slight decomposition of ABDA 
(29.8%) after 60 min irradiation with white LED light due to its self- 
aggregation. In contrast, COF-366 had 56.2% of ABDA degrade owing 
to the immobilization of Tph in its ordered structure, while DhaTph and 
JNU-2 led to much more significant decomposition of ABDA (73.2% and 
100%, respectively) (Table S2). The degradation of ABDA in the pres
ence of the three Por-COFs follows pseudo-first-order kinetics (Fig. 3c). 
The larger rate constant of JNU-2 (0.021 min− 1) than COF-366 (0.010 
min− 1) and DhaTph (0.014 min− 1) indicates the highest photosensitiz
ing activity of JNU-2 (Table S3). JNU-2 still preserved its high ability in 
the decomposition of ABDA (>85%) after four runs, confirming the great 
photostability and reusability of Por-COFs (Fig. 3d). 

The singlet oxygen quantum yield (ΦΔ) relating to the efficiency of 
singlet oxygen generation of Por COFs in PBS was further determined 
with ABDA as indicator and Rose Bengal (RB) as the standard photo
sensitizer [36]. COF-366 gave a much lower ΦΔ (0.23) than DhaTph 
(0.35) and JNU-2 (0.53) (Table S4), further implying the promotion of 
the enhanced conjugation for singlet oxygen generation of Por-COFs. 
The lager ΦΔ of JNU-2 than various of previous photosensitizers 
including metal organic frameworks, COFs and graphene-based mate
rials makes it great potential photosensitizer for diverse application 

(Table S5). 

2.4. Mechanism of conjugation effect on photosensitizing activity of Por- 
COFs 

We further investigated the mechanism of conjugation effect on 
photosensitizing activity. Enhancing molecule conjugation reduces the 
energy and increases the possibility of electron transition, resulting in 
the red-shift and broader spectral response of UV–vis absorption 
wavelength [37]. The UV–vis absorption spectra of all the Por-COFs 
display similar shape to that of Tph (typical Soret band at 430 nm and 
three Q-bands at 500–700 nm) (Fig. 4a). Compared with COF-366, 
DhaTph gave small broadening, while JNU-2 exhibited obvious 
red-shift as well as the broadening of the Soret band (Fig. 4a). Moreover, 
DhaTph and JNU-2 also had a red-shift in the fluorescence emission 
spectra compared with COF-366 (Fig. S29), indicating the higher 
conjugation of DhaTph and JNU-2 than COF-366. The larger intensity of 
the Q-bands (500–700 nm) of JNU-2 proves the higher conjugation of 
JNU-2 than DhaTph and COF-366 (Fig. 4a). 

It was reported that conjugated monomers could increase the 
conjugation of 2D materials after the formation of two-dimensionally 
extended π-conjugated structure [30–32]. So, the conjugation of 2D 
COFs could be regulated with its building monomer. The geometry of the 
building monomer (Tph, Da, Dha, and Deta) was optimized based on the 
density functional theory calculation at a B3LYP/6-31G level to observe 
their frontier molecular orbitals of highest occupied molecular orbital 
(HOMO) and lowest unoccupied molecular orbital (LUMO) and the 
distribution of their delocalized electrons (Fig. 4b and Fig. S30). The 
lower calculated energy gap between the HOMO and LUMO (ΔEg) of 

Fig. 4. (a) Normalized UV–vis absorption spectra of Por-COFs and Tph in THF. (b) Molecular orbital energy diagram of HOMO and LUMO for Da, Dha and Deta. (c) 
Possible mechanism for conjugation effect on photosensitizing activity of Por-COFs. 
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Dha (3.66 eV) and Deta (3.64 eV) than Da (4.61 eV) proved the more 
efficiency of electron transfer, indicating higher conjugation of Dha and 
Deta (Fig. 4b). Hence, DhaTph and JNU-2 consisting of Dha and Deta, 
respectively, possessed higher conjugation than COF-366. More impor
tantly, the hydroxyl group of Dha can form intralayer H-bonding with 
the imine during the formation of COFs to limit intralayer flipping of 
DhaTph, and trigger extended π-cloud delocalization of DhaTph, which 
further enhances the conjugation of DhaTph (Fig. 1). The oxygen lone 
pairs of electrons donating ethoxy groups in Deta with lowest ΔEg 
directly form intralayer p-π conjugation in JNU-2, resulting in the 
highest conjugation of JNU-2 in all the prepared Por-COFs (Fig. 1). The 
decrease of the higher-lying state (Tn and Sn) energy with the extension 
of conjugation in Por-COFs makes them get closer to their lowest state 
(T1 and S1), which causes the increase of ISC process and further im
proves the photosensitizing activity of Por-COFs (Fig. 4c) [38–41]. 

2.5. Por-COFs in inactivation of bacteria 

The antibacterial activity of the prepared Por-COFs was evaluated 
against the two representative pathogens Staphylococcus aureus 
(S. aureus) and Escherichia coli (E. coli). Gram-positive S. aureus and 
gram-negative E. coli widely exist in food, water, human body wounds, 
and cause various illnesses to threaten human health [42]. The bacterial 
viability was evaluated by measuring the ratio of colony-forming units 
(CFU) counts for bacteria (~106 CFU mL− 1) before and after treatment. 
No obvious bacteria death was observed under light irradiation alone 
(without Por-COFs) or in the presence of Por-COFs only (without light 
irradiation), indicating no phototoxicity and dark toxicity of Por-COFs 
(Fig. 5; Fig. S31-S32). Por-COFs in combination with a white LED light 
irradiation led to the significant decrease in the viability of S. aureus and 
E. coli (Fig. 5a, b and 5d). The 30-min incubation of JNU-2 (0.1 mg 
mL− 1) in combination with 20-min irradiation of 150 mW cm− 2 white 
LED light resulted in the death of S. aureus (99.1%) and E. coli (96.8%) 
(Fig. S33-S38). In contrast, the same conditions for COF-366 and 

DhaTph resulted in only 65.0 and 83.7% death of S. aureus, and 55.8 and 
71.5% death of E. coli, respectively (Fig. 5b and d). The relatively lower 
antibacterial activity of Por-COFs for E. coli than S. aureus accounted for 
the protection of unique membrane structure of gram-negative bacteria 
[43]. Moreover, the PXRD patterns of COF-366 and DhaTph reveal the 
obvious decrease of the crystallinity after the photodynamic inactivation 
of bacteria, while the maintenance of main PXRD peaks for JNU-2 in
dicates little effect of the photodynamic inactivation process on the 
crystalline structure of JNU-2 (Fig. S39). The highest efficiency of JNU-2 
in inactivating S. aureus and E. coli among the three Por-COFs positively 
correlated with their photosensitizing activity, indicating the availabil
ity of conjugation-regulating strategy for designing Por-COFs with high 
photodynamic inactivation of bacteria. 

The inactivation of bacteria by the singlet oxygen produced from 
Por-COFs was further confirmed by confocal laser scanning microscopy 
(CLSM). Singlet oxygen can oxidize nonfluorescent 2′,7′-dichlorodihy
drofluorescein diacetate (DCFH-DA) into fluorescent dichlorofluoresce 
(DCF). Consequently, DCFH-DA was applied to indicate the generation 
of singlet oxygen in bacteria according to its fluorescence change. No 
fluorescence in S. aureus and E. coli was observed without incubation 
with Por-COFs (Fig. 5a and c), indicating no intracellular singlet oxygen 
in the bacteria and no bacteria death in the absence of Por-COFs. 
However, the bacteria treated with Por-COFs under white LED light 
irradiation showed obvious green fluorescence, indicating that Por-COFs 
produced singlet oxygen to inactive the S. aureus and E. coli. Moreover, 
the more significant fluorescence of the bacteria treated with JNU-2 
than COF-366 and DhaTph also demonstrates the highest singlet oxy
gen yield of JNU-2. The significant photodynamic inactivation of JNU-2 
confirms the high potential of Por-COFs in sterilization. 

3. Conclusions 

In conclusion, we have successfully developed a conjugation- 
regulating strategy for the synthesis of highly crystalline and stable 

Fig. 5. (a) Photographs of bacterial colonies (104 times dilution) treated with Por-COFs under white LED light irradiation. (b) S. aureus viability of Por-COFs either 
with white LED irradiation or not. (c) Representative CLSM images for DCFH-DA stained bacteria either with Por-COFs or not. (d) E. coli viability of Por-COFs either 
with white LED irradiation or not. Blank experiments were performed without Por-COFs. 
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Por-COFs with dramatical singlet oxygen generation as photosensitizer 
in photodynamic inactivation of bacteria. The higher conjugation of Dha 
and Deta with lower ΔEg led to the higher conjugation of DhaTph and 
JNU-2, respectively. Moreover, the hydroxyl group in Dha and the 
ethoxy groups in Deta further expanded the conjugation of DhaTph and 
JNU-2 via the formation of intralayer extended π-cloud delocalization 
and p-π conjunction, respectively. The extension of conjugation in 
DhaTph and JNU-2 improved their photosensitizing activity. The ob
tained JNU-2 with the highest photosensitizing activity exhibited su
perior antibacterial effects toward two widely existed bacteria (S. aureus 
and E. coli). This work offers a new conjugation-regulating strategy for 
designing high photosensitizing activity of Por-COFs and will largely 
expand the potential of Por-COFs in diverse application. 
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