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Abstract: A vancomycin (Van) modification strategy on a
porphyrinic metal-organic framework (MOF) PCN-224 is
presented. The obtained Van-PCN-224 gives the combined
advantages of porphyrinic MOF and Van with high photo-
sensitive activity and excellent targeted antibacterial activ-
ity against Staphylococcus aureus. The features make Van-
PCN-224 promising for antimicrobial therapy.

Bacterial infection has drawn widespread concern because of its
serious threat to human health.[1] In particular, Staphylococcus
aureus (S. aureus), one of the widely distributed Gram-positive
bacteria, can cause various dangerous diseases including toxic
shock syndrome septicemia, pneumonia, endocarditis, and
osteomyelitis.[2] Antibiotics have proved highly effective in
eradicating infectious diseases, but the abuse of antibiotics
leads to the emergence and increase of antibiotic-resistant
bacteria.[3] Vancomycin (Van), as a glycopeptide antibiotic, binds
to a specific C-terminal sequence, D-Ala–D-Ala, in the peptido-
glycan pentapeptide in the bacterial cell wall.[4] It has been
widely used to combat infection arising from S. aureus,
especially the strains which are resistant to penicillin. Van group
has once become the last resort to fight against these bacteria.
However, the appearance of Van-resistant enterococcus in
recent years turns the problem into new concern.[1] Thus, the
development of alternative effective therapeutic means avail-
able for S. aureus infection is of great importance.

Photodynamic therapy (PDT) uses photosensitizers that are
activated by absorbing light in the presence of oxygen to
generate reactive oxygen species, especially singlet oxygen
(1O2) to kill microbes or cells via oxidative burst.[5] Photo-
sensitizers with excellent photosensitivity play a critical role in
PDT. Protoporphyrin is a natural molecule in all living cells.

Protoporphyrin and its derivatives have been used as photo-
sensitizers for a long time, but their poor solubility and self-
aggregation in physiological environment limits their direct
application for PDT.[3]

Porphyrinic metal-organic frameworks (MOFs) are an impor-
tant subclass of MOFs, assembled from porphyrin or metal-
loporphyrin as an organic bridging ligand and metal ion/
clusters as nodes through coordination bonds.[6] The stable
crystalline structure, periodically arranged porphyrin molecules
and high porosity beneficial to the diffusion of 1O2 are
advantages of porphyrinic MOFs to enhance 1O2 generation. As
such, nanoscale porphyrinic MOFs have been reported as
photosensitizer in effective anticancer PDT.[7]

Porphyrinic MOF PCN-224 is favorable for anticancer PDT.
PCN-224 has good biocompatibility and easy cellular internal-
ization which benefits from the easy-controlled size and
spherical morphology.[8] PCN-224 with good water stability as
well as other base stable porphyrinic MOFs are quite suitable
for applications, particularly for bio-applications.[9] PCN-224 has
received great attention either as photosensitizer alone for
antibacterial PDT or combined with other materials for syner-
gistic therapy. Zhang et al fabricated a nanoplatform based on
silver-infused PCN-224 for synergistic bacteria killing and wound
disinfection.[10] Chen et al incorporated titanium into PCN-224
and reported the enhanced antibacterial activity against multi-
drug-resistant pathogens.[11] Han and coworkers reported Cu2+

-doped PCN-224 for rapid treatment of bacteria-infected
wounds.[12] Nevertheless, to our best knowledge, no studies on
functionalized PCN-224 for targeted antibacterial application
have been reported so far.

Herein, we report the preparation of Van functionalized
PCN-224 (Van-PCN-224) for targeted antibacterial application.
Van molecule is used as targeting ligand as it not only enables
selective targeting of Gram-positive bacteria, but also exhibits
antibacterial activity against Gram-positive bacteria.[4,13] Thus,
the prepared Van-functionalized PCN-224 gives the integrated
merits of the bacteria-targeting ability of Van molecule and the
PDT feature of PCN-224 for enhanced targeted antibacteria.

To obtain the ability to target gram-positive bacteria and
enhanced antibacterial efficiency, surface functionalization of
Van molecule on PCN-224 is necessary. Scheme 1 shows the
functionalization of PCN-224 with Van molecule via carbodii-
mide method. Van-PCN-224 possesses the improved ability to
kill the gram-positive bacterium under light-emitting diode
(LED) irradiation. The carboxyl groups on the free ligands in
PCN-224 frameworks reacted with the amino groups of Van
molecules via ester-amide condensation with the aid of 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
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(EDC·HCl) and N-hydroxysuccinimide (NHS) to obtain Van-
PCN-224.

PCN-224 nanoparticles were prepared according to Park et
al with modification.[8a] The prepared PCN-224 nanoparticles
show a nearly spherical shape with an average size of 79.9�
7.2 nm (based on the 50 randomly selected nanoparticles)
(Figure 1a). The Van functionalization did not have significant
effect on the morphology of PCN-224 (Figure 1b). The crystal
structures of PCN-224 and Van-PCN-224 display similar sharp
diffraction peaks matching well with the simulated pattern of
PCN-224 (Figure 1c). However, the zeta-potential decreased
from 6.8 mV (PCN-224) to � 14.2 mV (Van-PCN-224) due to the
electronegativity of Van (� 17.5 mV) (Figure 1d).

The change in Fourier transform infrared (FT-IR) spectra and
hydrodynamic size shows the successful Van functionalization.
Both Van and PCN-224 gave the absorption band of N=H
vibration at 1659 cm� 1 from amido and imimo groups, while
Van-PCN-224 offered the reduced absorption band of N=H
vibration along with a new absorption band at 1611 cm� 1 for
the stretching vibration of � CO� NH� formed in the amide
condensation (Figure 2a). The hydrodynamic size increased

from 91.3 nm (PCN-224) to 164 nm (Van-PCN-224) after Van
functionalization (Figure 2b). The Van modification also made
the Brunauer–Emmett–Teller (BET) surface area decrease from
1550 m2g� 1 (PCN-224) to 340 m2g� 1 (Van-PCN-224) (Figure 2c),
and the major pores reduce from 2.0 nm (PCN-224) to 1.9 nm
(Van-PCN-224) (Figure 2d). The loaded vancomycin on the PCN-
224 was determined to be 0.18 mg/mg using UV spectropho-
tometry (Figures S1–S3). These data further prove the successful
modification of Van on PCN-224. The stability of Van-PCN-224
was further evaluated by XRD spectrometry. The Van-PCN-224
was stable at least for 12 months for the diffraction peaks
matching well with the original pattern (Figure S4).

To test the effect of Van functionalization on photodynamic
generating 1O2 of PCN-224, 1,3-diphenylisobenzofuran (DPBF)
was used as the indicator. PCN-224 can be a photosensitizer to
generate 1O2 in the presence of O2 under white light
irradiation.[8a,10] The generated 1O2 led to effective decrease of
DPBF absorbance owing to redox reaction. The absorbance of
DPBF obviously decreased in the presence of PCN-224 and Van-
PCN-224 under white LED illumination for 8 min (Figure 3a and
3b), indicating PCN-224 and Van-PCN-224 had good ability to

Scheme 1. Schematic for the functionalization of PCN-224 with Van and its application for targeted and synergistic killing of S. aureus.
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generate 1O2 under light irradiation. Althrough the decrease of
DPBF absorbance slightly slowed down in the presence of Van-
PCN-224 (Figure 3c), the Van-PCN-224 could still be a good
photosensitizer as the DPBF was halfly degraded in less than
8 min.

S. aureus was selected as representative bacterium to
investigate the enhanced antibacterial activity of Van-PCN-224
against gram-positive bacteria. For comparison, bacteria incu-
bating with unmodified PCN-224 was used as the control group.
The bacterial viabilities of S. aureus in plate counting test were
only 56.9%, 16.6% and 6.0% under dark conditions after

Figure 1. TEM images: (a) the prepared PCN-224; (b) the prepared Van-PCN-224. (c) XRD patterns of the prepared PCN-224 and Van-PCN-224. (d) Zeta potential
of the prepared PCN-224, Van, and Van-PCN-224.

Figure 2. Characterization of the prepared PCN-224 and Van-PCN-224: (a) FT-IR spectra; (b) Hydrodynamic size distribution; (c) N2 adsorption–desorption
isotherms; (d) pore size distribution.
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incubating with Van-PCN-224 of 0.02, 0.06 and 0.10 mgmL� 1,
respectively. Because Van can endow Van-PCN-224 with target-
ing ability and native antimicrobial activity, the antibacterial
ability mainly originated from the additional antimicrobial
activity of Van in the dark (Figure 4b). LED irradiation for 20 min
made the bacterial viabilities after incubating with Van-PCN-224
decreased to 14.2% and 0.9% even at the low concentrations of
0.02 mgmL� 1 and 0.06 mgmL� 1, respectively (Figure 4b) show-
ing dramatically antibacterial ability of Van-PCN-224 against S.
aureus. However, after incubating with PCN-224, the bacterial
viabilities were all above 78.7% in the dark, and gradually
decreased to 75.1%, 19.4% and 7.6% with different concen-
trations of 0.02, 0.06 and 0.10 mgmL� 1, respectively, under

white LED irradiation for 20 min (Figure 4a). The decrease of
bacterial viability derived from the photosensitive activity of
PCN-224. The related photographs of S. aureus bacterial
colonies on plates were also shown in Figure 4c. The above
results indicate that Van-PCN-224 possess synergistic antibacte-
rial ability against S. aureus which combined the targeted
antimicrobial activity of Van and the photodynamic antibacte-
rial ability of PCN-224. Thus, the Van-PCN-224 can be a good
candidate agent for further antibacterial PDT.

In summary, we have reported vancomycin-functionalized
PCN-224 as an effective antibacterial agent for targeted and
enhanced killing of S. aureus, one of the Gram-positive bacteria.

Figure 3. Time-dependent UV-vis absorption spectra of DPBF under white
LED irradiation (4 mW/cm2) in the presence of (a) PCN-224; (b) Van-PCN-224.
(c) Time-dependent absorption change of DPBF in the presence of PCN-224
and Van-PCN-224 under white LED irradiation. A0 and A are the absorbance
of DPBF at 359 nm before and after illumination, respectively.

Figure 4. Bacterial viabilities of S. aureus incubated with different concen-
trations of PCN-224 (a) and Van-PCN-224 (b) under LED irradiation (4 mW/
cm2) for 20 min. P values obtained by Students’ t-Test: * <0.05, *** <0.001.
(c) The corresponding photographs of bacterial colonies of S. aureus on
plates.
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The functionalization of Van endows the Van-PCN-224 with
excellent antibacterial efficiency against S. aureus, which
benefits from the targeting ability and antibacterial activity of
Van for Gram-positive bacteria and the high photosensitive
activity of PCN-224. The designed Van-PCN-224 is promising for
further antimicrobial PDT application.
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