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Abstract: Porphyrinic metal-organic frameworks (MOFs) are
promising photosensitizers due to no self-aggregation of porphyrin in
aqueous solution. However, how the topology of porphyrinic MOFs
affects the generation of singlet oxygen (*Oy) is unclear. Here, we
report the effect of the topology of porphyrinic MOFs on their
photodynamic performance. To this end, four porphyrinic zirconium
MOFs (MOF-525, MOF-545, PCN-223 and PCN-224 with different
topologies (ftw, csq, shp and she respectively)) were selected to
study the influence of topology on the photodynamic antibacterial
performance. The 'O, generation and the photodynamic antibacterial
performance followed an decreasing order of MOF-545>MOF-
525>PCN-224>PCN-223. The results reveal that the pore size, the
distance between porphyrin and the number of porphyrin per ZrsOg
cluster in MOFs greatly affected the 'O, generation. This work
provides a guidance for designing new MOFs for efficient
photodynamic sterilization.

Introduction

Photodynamic sterilization combines the light of a specific
wavelength, oxygen and photosensitizer to generate reactive
oxygen species, especially singlet oxygen (*O5), for damaging
microorganism unselectively via an oxidative burst™ So, it
provides a broad spectrum of antibacterial property,” and few
security issues.” The photosensitizer with excellent
photosensitivity is the key for photodynamic sterilization.
Traditional photosensitizers are mostly tetrapyrrole-containing
compounds, such as chlorin, porphyrin and their derivatives.
Porphyrin is a type of highly-conjugated macromolecular
heterocyclic compound formed by the a-carbon atoms of four
pyrrole subunits interconnected by a methine bridge (=CH-), and
plays an important role in photodynamic sterilization.” However,
the hydrophobicity of many porphyrins results in -1 stacking in
aqueous solution, leading to self-quenching of porphyrins and
reducing the production of *0,.®! To avoid self-aggregation and

self-quenching of porphyrins, porphyrinic metal-organic
frameworks (MOFs) and other porphyrinic polymers are good
alternative photosensitizers.®

MOFs, a kind of porous crystalline material, are assembled
from metal ions or clusters and organic ligands.”) MOFs are
widely used in the fields of gas storage and separation,®
adsorption,®  biomedical application,® catalysis,*” and
sensing,™ due to their high porosity, tunable structure and large
surface area. Porphyrinic zirconium MOFs are an important
subclass of MOFs*® assembled from porphyrin or
metalloporphyrin as an organic bridging ligand and zirconium ion
clusters as nodes through coordination bonds. The porphyrin
units are periodically arranged in the frameworks to avoid self-
quenching under the excited state,*¥ and the porous structure of
MOFs is beneficial to the diffusion of '0,.**! Besides, the
structure of porphyrinic zirconium MOFs are relatively stable,
whether in water or acidic aqueous solution.”® Porphyrinic
zirconium MOFs are mainly used in photodynamic therapy of
tumor, 65117 photocatalysis, ¥ photodegradation of harmful
substances.”® Zhou’s group synthesized size-controlled
porphyrinic MOF (PCN-224) and used folic acid-functionalized
PCN-224 for tumor-targeted photodynamic therapy.*® In recent
years, porphyrinic zirconium MOFs were used for photodynamic
sterilization.”™?? Jiang’s group reported the PCN-224(Zr/Ti) with
greatly enhanced antibacterial activity against multidrug-
resistant pathogens under visible light for in vivo healing of the
chronic wound infected by multidrug-resistant bacteria.?”
Wang’'s group prepared MOF-525/poly(e-caprolactone) mixed-
matrix membrane as an effective photodynamic antibacterial
agent against Escherichia coli.® Besides, the topology structure
of porphyrinic zirconium MOFs was shown to influence their
emissive property,®! catalytic ability,?® and gas storage.” The
effect of different metal clusters on the 'O, generation of
porphyrinic MOFs was also investigated.” However, the
influence of MOFs’ topology structure on the capacity of 'O,
generation and photodynamic antibacterial ability has not been
reported yet.
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Herein, we report the effect of the topology of porphyrinic
MOFs on their photodynamic performance. We choose four
porphyrinic zirconium MOFs with different topology structures as
models for this purpose. The four MOFs (MOF-525, MOF-545,
PCN-223 and PCN-224) are based on the ftw, csq, shp, and
she topologies, respectively, which are composed of Zr¢Og
clusters connected by different numbers of meso-tetra(4-
carboxyphenyl) porphyrin  (TCPP).®*! The ability of 'O,
generation in water and the photodynamic antibacterial effects of
the MOFs against Escherichia coli (E. coli) and Staphylococcus
aureus (S. aureus) are compared, and the relationship between
the topology structure and *O; generation is discussed.

Results and Discussion

Characterization of four porphyrinic MOFs

The crystal structures of the synthesized porphyrinic MOFs were
investigated by powder X-ray diffraction (PXRD) (Figure la-d).
All sharp diffraction peaks match very well with the simulated
patterns. The prepared MOF-525, MOF-545, PCN-223 and
PCN-224 exhibited cubic (180 nmx180 nm), rod-shaped (260
nmx40 nm), spindle-shaped (230 nmx100 nm) and spherical
(180 nm) morphology, respectively (Figure le-h, Figure S1-4).
The elemental mass fraction of the MOFs by Energy-dispersive
X-ray spectroscopy (EDS) and elemental mapping on a TEM
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was basically consistent with the theoretical composition of the
MOFs, which proved the phase purity of the MOFs and the
removal of guest molecules in the pores (Figure S5, Table S1).
The absorption peaks of the MOFs were red-shifted and
broadened compared with TCPP (Figure S6). The MOFs gave
fluorescence emission peaks at 675 nm, 725 nm while TCPP
exhibited fluorescence emission peaks at 650 nm, 725 nm
(Figure S7). The above results are mainly caused by the
periodic arrangement of TCPP in the different MOFs, which
increases the electronic interaction between the TCPP units.["

The porosity of MOFs was examined by nitrogen adsorption-
desorption experiments at 77 K. MOF-525, MOF-545, PCN-223
and PCN-224 after activation gave the Brunauer-Emmett-Teller
(BET) surface areas of 1687, 1079, 634 and 1789 m?g,
respectively (Figure 2a-d). Nitrogen sorption isotherms of MOF-
545 show a characteristic Type IV sorption profile (Figure 2b).
Evaluation of a density functional theory (DFT) simulation from
the nitrogen sorption curve revealed two types of pores (1.0 and
3.6 nm) (Figure 2b, inset), which are triangular microchannels
and hexagonal meso-channels, respectively. Nitrogen sorption
isotherms of MOF-525, PCN-223, PCN-224 show characteristic
Type | sorption profiles (Figure 2a, c, d). The pore-size
distribution analysis by using the DFT model revealed the
different pore sizes of MOF-525 (2.0 nm), PCN-223 (1.1 nm),
and PCN-224 (1.9 nm). The fitted curves in the pore size
analysis were given in Figure S8-S11.
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Figure 1. Experimental (red) and simulated (black) PXRD patterns: (a) MOF-525; (b) MOF-545; (c) PCN-223; (d) PCN-224. TEM images: (e) MOF-525; (f) MOF-

545; (g) PCN-223; (h) PCN-224, scale bar: 200 nm.

Stability of MOFs in normal saline

The stability of porphyrinic zirconium MOFs in normal saline was
investigated by inductively coupled plasma mass spectrometry
(ICP-MS) and PXRD. No dissolved zirconium detected in the
supernatant after immersing the MOFs in normal saline solution
(0.9% NaCl) for 24 h by ICP-MS proved the stability of the MOFs
in saline solution. Besides, the PXRD patterns of the four MOFs
after soaking in saline for 24 h were consistent with those of the
MOFs before soaking (Figure S12), which proved that no phase
transition or framework collapse happened, also showing good
stability of the MOFs in saline solution. Therefore, the

porphyrinic  zirconium MOFs are suitable for further
photodynamic sterilization.

Comparison of 'O, generation of the MOFs and TCPP

The ability of MOFs and TCPP for 'O, generation in water was
compared by the absorbance decrease of 9,10-anthracenediyl-
bis(methylene) dimalonic acid (ABDA) under the irradiation of
white LED light (4 mW/cm?). ABDA can be oxidized by the
generated 'O, to form peroxides, resulting in a decrease in the
absorption of ABDA. The absorbance of ABDA in the presence
of the MOFs decreased as irradiation time increased, whereas
no apparent absorbance change occurred for ABDA alone or in

the presence of TCPP (Figure S13-17), indicating only white
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LED irradiation or its combination with TCPP did not affect the
absorbance of ABDA. After irradiation for 40 min, the
absorbance of ABDA decreased to 92% of the original
absorbance in the presence of TCPP, revealing that little amount
of 'O, generated of TCPP due to the self-aggregation of TCPP
in water. However, the absorbance of ABDA decreased to 12%,

10.1002/chem.202100920

WILEY-VCH

43%, 49%, 62% of the original absorbance in the presence of
MOF-545, MOF-525, PCN-224 and PCN-223, respectively
(Figure 2e). The above results reveal that the ability to generate
0, followed an decreasing order of MOF-545>MOF-525>PCN-
224>PCN-223.
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Figure 2. Nitrogen adsorption-desorption isotherms: (a) MOF-525; (b) MOF-545; (c) PCN-223; (d) PCN-224. The inset shows the corresponding pore size
distribution. (e) Change of the absorbance of ABDA at 359 nm in the presence of the MOFs and TCPP with irradiation time by a white LED light. D = (A—A1)/(Ao-
A;), where A, was the initial absorbance of ABDA and MOF/TCPP, A was the absorbance of ABDA and MOF/TCPP at any irradiation time and A; was the

absorbance of MOF/TCPP alone.
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We then investigated the effect of the topology of the MOFs
on the performance for 'O, generation. The topology structures
of the four MOFs are illustrated in Figure 3a. These MOFs are
composed of ZrgOg clusters connected by different numbers of
TCPP. The different topologies of the four MOFs result from the
different kinds of coordination groups for Zr** ion, leading to
different pore sizes and distances of the inter TCPP active
sites.’® MOF-525 and PCN-224 have similar pore size
distribution (20 A for MOF-525 and 19 A for PCN-224) and
similar distance between inter TCPP active sites (13.7 A for
MOF-525 and 13.6 A for PCN-224) in the frameworks, which
leads to almost the same absorption spectra (Figure 3b).
However, 12 TCPP molecules per ZrgOg node in MOF-525 are
two times those in PCN-224 (6 TCPP molecules per ZrsOg node),
resulting in better performance in 'O, generation. The result
indicates the important role of the number of TCPP molecules
per ZrsOg node in 'O, generation.

The pore size and the distance between the TCPP active sites in
the frameworks are another two important factors for 'O,
generation. Although the number of TCPP molecules per ZrgOg
node in PCN-223 and MOF-525 is identical (both 12), MOF-525
has a larger pore size (20 A) and a more far distance between
the TCPP active sites (13.7 A) than PCN-223 (11 A and 10.7 A

she
PCN-224

& 48 0 % Zr0,clusters

(b)

0.6+

Absorbance

e 2 o o 9
SN W oo,

0.0

10.1002/chem.202100920

WILEY-VCH

for the pore size and the distance, respectively) in the
frameworks (Figure 3a). The large pore size of MOF-525 is
conducive to the diffusion of 'O, and more light penetration
(Figure 3b) into the structure,”™ promoting the O, generation.
MOF-545 and PCN-223 have similar triangular microchannel
structures (pore size: 10 A for MOF-545, 11 A for PCN-223;
distance between TCPP active sites: 10.9 A for MOF-545, 10.7
A for PCN-223), but MOF-545 has another hexagonal meso-
channel structure, which features a larger distance between the
TCPP active sites (18.3 A) and pore size (36 A) in the
frameworks (Figure 3a). Although MOF-545 have fewer (8)
TCPP molecules per ZrsOs node than PCN-223 (12 TCPP
molecules), the larger pore size and the longer distance of
TCPP active sites may play a dominant role in promoting the
light penetration (Figure 3b) and *O; diffusion, leading to better
performance for 'O, generation. In general, the O, production is
dominated by the numbers of TCPP per ZrsOg cluster in the
MOFs with similar pore size and distance between TCPP active
sites. However, the pore size and the distance of TCPP active
sites will play a leading role in facilitating *O, generation for the
MOFs with the same or even the less number of TCPP per ZrsOg
cluster.

shp
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Figure 3. (a) Schematic topology structures of the four porphyrinic MOFs. (b) UV-vis absorption spectra of the MOFs in water (0.02 mg/mL).
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'0, production in E. coli and S. aureus
E. coli and S. aureus were chosen as representative gram-
negative and gram-positive bacteria, respectively, to evaluate

the photodynamic antibacterial performance of the MOFs in vitro.

The 'O, generation in E. coli and S. aureus treated with various
MOFs was detected by confocal laser scanning macroscopy
(CLSM). 2,7-Dichlorodi-hydrofluorescein diacetate (DCFH-DA, 5
umol/L) was used to stain the cells as the probe for 'O, as it
emits green fluorescence in the presence of 'O, in cells. No
green fluorescence was observed in both E. coli and S. aureus
incubated with all the studied MOFs in dark, indicating no 'O,
generated in bacteria in dark (Figure 4). In constrast, obvious
green fluorescence was observed in both E. coli and S. aureus
incubated with the MOFs after white LED irradiation.
Comparison of the green fluorescence intensities in bacteria
incubated with different MOFs after irradiation reveals an
decreasing order of MOF-545>MOF-525>PCN-224>PCN-223
for 'O, generation in bacteria (Figure S18), which is in
agreement with the results in water (Figure 2e).
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To show the antibacterial ability of the four MOFs, scanning
electron microscope (SEM) images were collected to investigate
the morphological changes of E. coli and S. aureus after
incubation with different MOFs under white LED irradiation (4
mW/cm?) for 20 min. E. coli and S. aureus in the absence of the
MOFs (blank group) remained intact rod-shaped and spherical,
respectively, and the surfaces were smooth (Figure 5). The
bacteria incubated with the MOFs in dark maintained good
shape. However, the cell membranes of both E. coli and S.
aureus were distorted and wrinkled after irradiation (Figure 5),
and the bacteria incubated with MOF-545 showed the most
obvious damage among the four MOFs, followed by MOF-525,
PCN-224, PCN-223 (as shown with the red arrow in Figure 5).
Therefore, the porphyrinic zirconium MOFs can effectively
generate 'O, under the irradiation of white LED to oxidize the
cell membranes of bacteria, causing cell membrane rupture and
final cell death.

PCN-224 MOF-525 MOF-545

Figure 4. CLSM images of E. coli and S. aureus stained with DCFH-DA. Excitation: 488 nm; detection: 500-540 nm; scale bar: 2 ym. The bacteria were irradiated
with a white LED light (4 mW/cm?) or kept in dark for 20 min in the absence or presence of different MOFs (0.1 mg/mL)

This article is protected by copyright. All rights reserved.
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MOF-525 MOF-545

Figure 5. SEM images of E. coli (scale bar: 2 um) and S. aureus (scale bar: 1 ym) irradiated (white LED light, 4 mW/cmz) or kept in dark for 20 min in the absence

or presence of different MOFs (0.1 mg/mL).

The viabilities and colony numbers of bacteria incubated with
different concentrations of the four MOFs solution under 20 min-
irradiation are shown in Figure 6 and 7. The bacterial viabilities
for all the MOFs regardless of concentrations were almost the
same as the blank group after being cocultured with E. coli or S.
aureus for 20 min in dark, indicating that the MOFs have no or
little antibacterial activity without light. In addition, there was no
antibacterial effect of the MOFs under LED irradiation alone
(Figure 6). The bacterial viability after irradiation decreased as
the concentration of the MOFs increased (Figure 6). The
bacterial colony pictures of E. coli and S. aureus incubated with
different MOFs after irradiation are also shown in Figure 7.
MOF-545, MOF-525, PCN-224 and PCN-223 (0.1 mg/mL) in
combination with irradiation made the bacterial viability of E. coli
decreased to 0.3%, 13.7%, 32.3%, 35.3%, respectively, and that
of S. aureus reduced to 0.2%, 0.6%, 5%, 9.3%, respectively
(Figure 6). The results show that the photodynamic antibacterial

performance of the MOFs is similar to the ability for 'O,
generation. The minimum bactericidal concentrations of MOF-
545 against E. coli and S. aureus are 105 pg/mL and 100 pg/mL,
respectively (Figure S19). The antibacterial performance of
MOF-545 were also compared with that of other TCPP-
containing materials against E. coli (Table S2). MOF-545
exposed to white LED light (4 mW/cm?) for 20 min can reduce
the number of E. coli colonies by 3 log while other TCPP-
containing materials required higher power intensity or longer
irradiation time.®*%?% |n addition, The MOFs exhibited better
photodynamic antibacterial performance for S. aureus than E.
coli under the same experimental conditions due to the different
cell wall structures of gram-negative and gram-positive
bacteria.® S. aureus with porous layer of peptidoglycan and
lipoteichoic acid is more susceptible to be damaged than E. coli
with a many-layered outer surface.
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Figure 6. Bacterial viability of E. coli and S. aureus incubated with different concentrations of MOFs (blank, 0.02 mg/mL, 0.06 mg/mL, 0.1 mg/mL) under white
LED light irradiation (4 mWIcmz) or kept in dark for 20 min.
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Figure 7. Photographs of the bacterial colonies of E. coli and S. aureus in the absence or presence of different MOFs under white LED light irradiation (4
mW/cm?) for 20 min.
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Conclusion

In summary, we have reported the effect of the topololgy
structure of the porphyrinic zirconium MOFs on 'O, generation
and photodynamic antibacterial performance. The variation in
topology of the four MOFs due to different coordination groups
for the Zr** leads to different pore sizes and different distances
between inter TCPP active sites. The number of TCPP
molecules per ZrgOsg cluster, the pore size and the distance
between inter TCPP active sites play important roles in 'O,
production. For the MOFs with similar pore size and distance
between TCPP active sites, 'O, production is dominated by the
numbers of TCPP molecules per ZrsOg cluster in the frameworks,
while for the MOFs with the same or even less number of TCPP
molecules per ZrsOg cluster the pore size and the distance
between TCPP active sites play a leading role in facilitating O,
generation. Porphyrinic zirconium MOFs with large pore size,
long distance between inter TCPP active sites as well as large
number of TCPP molecules per Zr¢Os cluster in the frameworks
are good candidates as photosentisizers for photodynamic
sterilization. This work provides a good guidance for the design
of new MOFs as photosensitizers in photodynamic sterilization
and therapy.

Experimental Section
Preparation of the MOFs

MOF-525, MOF-545, PCN-223 and PCN-224 were prepared according to
Kelty et al.®*d Buzek et al,*™ Feng et al.,™ and Park et al.,**!
respectively.

Evaluation of 'O, Generation

The solution of ABDA in DMSO (15 uL, 5 mmol/L), aqueous MOF
dispersion (30 pL, 1 mg/mL) or TCPP solution (15 pL, 1.3 mg/mL) were
added into a 2-mL transparent centrifuge tube. The mixture solution was
made to 1.5 mL with ultrapure water, then mixed thoroughly. The blank
solution was prepared in parallel without addition of the MOFs or TCPP.
The solutions were irradiated by the white LED light (4 mW/cm?) for 0, 2,
4, 6, 8, 12, 16, 20, 30 and 40 min, and the UV-vis absorption spectra
were recorded on a UV-vis-NIR spectrophotometer. The absorbance of
MOFs or TCPP at 359 nm was subtracted for the reason that both
MOFs/TCPP and ABDA have absorbance at 359 nm When calculating
the changes of the absorbance of ABDA.

Stability Test for the MOFs in 0.9% Saline

Various amounts of the MOFs were dispersed in 0.9% saline. After 24 h,
the supernatants were collected by centrifugation (10000 rpm, 20 min) for
the ICP-MS determination of zirconium. The PXRD patterns of the MOFs
precipitation after drying under vaccum were tested.

Preparation of bacterial cultures

The original E. coli or S. aureus suspension (10 yL) was cultured in 5 mL
Luria Bertani (LB) broth medium with shaking (180 rpm) at 37°C for 12 h.
Bacteria harvesting was done at mid-log phase by centrifuging at 4000
rpm for 7 min, then resuspended in LB broth medium to the concentration
of 10" colony forming units (CFU)/mL.

Detection of 0, in E. coli and S. aureus
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The bacterial suspension (850 pL, 10’ CFU/mL) was mixed with DCFH-
DA (50 pL, 100 pmol/L), then the mixture was incubated with MOF
dispersion (100 pL, 1 mg/mL) at 37°C for 2 h in dark. Bacteria
suspension without MOFs was set as the blank group. After dark or light
treatment for 20 min, the hybrid of bacteria was centrifuged (4000 rpm,10
min), and washed with 0.9% saline for two times, then resuspended in
0.9% saline. Bacterial solution (10 pL) was dropped onto a glass slide
which was treated with poly-L-lysine previously. Fluorescent images were
collected on CLSM.

Observation of bacterial morphology

The bacteria suspensions (900 pL, 10”7 CFU/mL) were incubated with
100 pL of 0.9% saline or MOF dispersion at 37°C in dark for 2 h. Then,
experimental group was treated under white LED light (4 mW/cm?)
irradiation for 20 min while the control group was kept in dark. The hybrid
of bacteria was centrifuged (4000 rpm,10 min) and washed with 0.9%
saline for two times. Then, the hybrid of bacteria was fixed in 2.5%
glutaraldehyde for 16 h. Finally, the bacteria were dehydrated gradiently
in ethanol solution with different concentrations (30%, 50%, 70%, 80%,
95% and 100% v/v) for 10 min. After the bacteria were dried and gold
was sprayed, SEM images were collected.

Evaluation of photodynamic antibacterial performance

The bacterial suspensions (500 L, 107 CFU/mL) were mixed with
different volumes of MOF dispersion (0, 20, 60, 100 yL, respectively; 1
mg/mL), then incubated with different volumes of LB broth medium at
37°C for 2 h to make the MOF'’s final concentrations of 0, 0.02, 0.06 and
0.1 mg/mL, respectively. In the experimental group, the solution was
irradiated with a LED white light (4 mW/cm?) for 20 min, while the control
group was kept in dark. Finally, each group was serially diluted with 0.9%
saline. The final dilutions (100 uL) were spotted onto LB agar plates and
incubated at 37°C overnight. The colonies numbers were counted on the
LB plate.
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The effect of the topololgy structure of the porphyrinic zirconium MOFs on 'O, generation and photodynamic antibacterial
performance was studied by taking MOF-545, MOF-525, PCN-224 and PCN-223 as model MOFs. The number of TCPP molecules
per ZrgOs cluster, the pore size and the distance between inter TCPP active sites which caused by the variation in topology of the

MOFs play important roles in O, generation.
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