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Honeycomb-patterned phthalocyanine films with
photo-active antibacterial activities†
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We report honeycomb-patterned phthalocyanine (Pc) films fabricated

by self-assembly of dodecyloxy-azo-Zinc phthalocyanine (daZnPc)

using the breath figure (BF) technique. These ultrathin Pc films exhibit

a robust photo-dependent antibacterial effect against Escherichia coli

(E. coli).

Ordered porous organic films have been widely investigated for
their potential clinical use in tissue engineering due to the
enhanced cell attachment on these porous structures,1 which,
however, may also increase the bacterial adhesion, thus raising
the risk of nosocomial contamination.2 Therefore, self-sterilizing
porous films are in great need to prevent bacterial infection.3

Phthalocyanine (Pc) is an efficient antibacterial agent with a
photodynamic (PD) effect against both Gram-positive and Gram-
negative bacteria.4 Its bactericidal mechanism is mainly due to the
generation of cytotoxic reactive oxygen species (ROS) upon exposure
to visible light.5 Compared with traditional antimicrobials, Pcs
possess several advantages including low intrinsic toxicity, high
stability and efficiency towards bacterial resistance. Besides, Pcs
were also found to have high selectivity for bacteria over important
host tissues in the area of infection.6 Thus, it is of great benefit
to fabricate porous Pc films with antibacterial efficiency for
tissue engineering.7

Among the methods of preparing porous organic films, the
bottom-up ‘‘breath figure’’ (BF) technique is a simple and robust
patterning method.8 Using condensed water droplets as templates at
the air–solution interface when a solvent evaporates, a variety of
macromolecules can self-assemble into nano/microscale honeycomb
patterns.9 However, in small molecules such a pattern is limited
since they are unable to stabilize water droplets during the BF
process.10 When preparing Pc films using conventional approaches

such as spin-coating, the disc-like Pc molecules usually form
highly compact crystalline aggregates rather than uniform
films due to their strong p–p interaction and low solubility in
common solvents.11 Concerning the antibacterial efficiency of
Pc, the face-to-face assembly of Pc (H-aggregates), which are the
main constituents in the compact Pc aggregates, largely inhibit
the PD effect as compared with Pc monomers.7 However,
J-aggregates, an uncommon form of head-to-tail aggregates of Pc,
maintain the same level of PD efficacy as Pc monomers and may be
a solution to address this issue.12 Our group previously reported
that a-aryl/alkoxy-substituted ZnPcs can form J-aggregation through
Zn–O coordination and p–p stacking.13 In this work, a photo-
sensitive dodecyloxy-azo-Zinc phthalocyanine molecule (daZnPc)
was designed and synthesized (Scheme 1a). This novel Pc
derivative underwent photo-induced self-assembly into J-aggregates,
resulting in nanoscale honeycomb patterns when fabricated by the
BF technique. Further, we confirmed the generation of singlet
oxygen and demonstrated efficient bactericidal activity of the Pc
film against E. coli.

The synthetic route and detailed characterization of daZnPc are
described in the ESI.† In addition to forming Zn–O coordination,
zinc atom was chosen as the central metal in the Pc molecule to
give a desirable PD effect since its closed-shell configuration has a

Scheme 1 (a) Molecular structure of daZnPc. (b) Absorption spectral changes
and (c) Schematic illustration of photo-induced J-aggregation of daZnPcs in
chloroform under UV irradiation.
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long lifetime of a triplet excited state, which is essential for the
high yield of ROS.14 To control the extent of J-aggregation, we
introduced photosensitive azobenzene moieties to a-oxygens of
ZnPc. The rigid azobenzene moieties were expected to destroy
the planar and symmetrical structure of the Pc molecule due to
the steric hindrance around a-oxygens, thus inhibiting the
J-aggregation of daZnPc. When photoisomerization took place,
the intermolecular steric hindrance decreased and produced
more J-type aggregates. In addition, aliphatic dodecyloxy chains
were introduced to the end of azobenzenes, which enhanced the
solubility and surface film-forming performance through van der
Waals interactions between the aliphatic side chains.15 Shorter
alkoxy chain-substituted Pcs (i.e. eaZnPc and baZnPc) did not
form the pattern as good as daZnPc (ESI†).

The photo-induced J-aggregation of Pcs in a chloroform
solution was first verified using UV-Vis absorption spectroscopy.
There were overwhelming monomeric daZnPcs in the solution
before UV illumination, indicated by the intense band at
696 nm in absorption spectra (Scheme 1b). Upon exposure to
356 nm UV light, photo-isomerization of azobenzene took
place, indicated by the change of the bands at 350–450 nm
(overlapped with the Pc Soret band). Meanwhile, the B band of Pc
at 696 nm decreased sharply when red-shifting to 710 nm, and a
new band at 740 nm increased gradually as a function of
illumination time. The methanol-titration experiment further
confirmed that the resulting band at 740 nm was the J-band of
daZnPc J-aggregates (Fig. S1a, ESI†), in which the molecules were
believed to self-assemble in a loose form, due to the fixed angle of
the C–O–C bond and the four possible a-oxygen directions to form
Zn–O coordination bonds. This photo-induced J-aggregation
process is illustrated in Scheme 1c. The fluorescence spectra
also demonstrated this J-aggregation process (Fig. S1b, ESI†).
Although reduced to half after illumination, the spectra of
J-aggregate solution still exhibited a distinct broadband at
around 760 nm, implying the possibility of loosely packed
daZnPcs to generate ROS for the PD effect against bacteria.12

The effect of daZnPc J-aggregation on the formation of
honeycomb-patterns was studied. Because of the photosensitive
azobenzene moieties, we were able to correlate between the
degree of daZnPc J-aggregation in solution and the BF patterning
of the honeycomb films on the substrate. The BF process is briefly
described as follows: daZnPc chloroform solution (8.0 mM) was
prepared in quartz cuvettes, and each cuvette was illuminated by
356 nm UV light for a certain time. The illuminated daZnPc
solution was then drop-cast at 25% relative humidity (RH) on
hydrophobic carbon films (on a Cu TEM grid) as well as on
hydrophilic silicon wafers. Transmission electron microscopy
(TEM) and atomic force microscopy (AFM) were performed to
examine the structure of the resulting films. As shown in
Fig. 1(a–d), with increasing illumination time of the daZnPc
casting solution, a highly ordered honeycomb pattern with an
average diameter of 150 nm (Fig. 1d) was successfully formed
after illumination for 6 min. As determined by absorption
spectra (Fig. 1e) of the corresponding solution, the uniformity
and pore size of the honeycomb structures were greatly depen-
dent on the J-aggregation in solution, i.e. more J-aggregates led
to more uniform honeycomb patterns with smaller pore size.

This indicated that a sufficient amount of packing molecules
was indispensable to stabilize water templates at the air–solution
interface. AFM imaging confirmed the formation of honeycomb
patterns (Fig. 1f). The section analysis showed that the honey-
comb film was uniform and ultrathin with a thickness of only
2 nm. Other impact factors including RH and aliphatic-chain
length are discussed in the ESI.† These results demonstrated
that the honeycomb pattern of small organic Pc molecules can
be formed by a rational molecular design.

The honeycomb film exhibited an excellent PD inactivation
(PDI) effect. It is known that in the prevalent type II photochemical
pathway, energy transfer occurs from the Pc triplet state to the
ground-state molecular oxygen, producing the excited-state singlet
oxygen (1O2) which irreversibly causes oxidative lethal damage to
bacterial cells.5 Then the photogeneration of 1O2 by daZnPc
honeycomb films was measured using a fluorogenic probe, singlet
oxygen sensor green (SOSG), which emits green fluorescence
(excitation/emission maxima B504/525 nm) in the presence of
1O2. Sample films were immersed in a SOSG PBS solution and
illuminated with light (a halogen lamp, filtered through a >600 nm
long-pass filter). The fluorescence of the resulting SOSG solution
was read-out using a BioTek Synergy H4 Hybrid reader. The
fluorescence of SOSG increased dramatically in the presence of
the drop-cast honeycomb daZnPc film (Fig. 2a–i), about 3 times
compared with a blank glass slide (Fig. 2a–vi) or a film in the dark
(Fig. 2a-vii). This fluorogenic signal was proportional to the area of
the drop-cast film (Fig. 2a–ii). Moreover, when the 1O2 quencher,
sodium azide, was added, illumination of the same honeycomb
daZnPc film resulted in much less fluorescence (Fig. 2a-iii). These
results proved that 1O2 could be produced by the photosensitized
daZnPc J-aggregates7,12 and diffused from the ultrathin honey-
comb film into solution. For comparison, a drop-cast ZnPc film
(H-aggregates) was fabricated and little 1O2 generation was
detected (Fig. 2a–iv). The spin-coated daZnPc film could not
form honeycomb structures (Fig. S8, ESI†) and produced much
less 1O2 compared with the drop-cast honeycomb daZnPc film
(Fig. 2a–v). This indicated that the honeycomb pattern favoured
the photogeneration of 1O2.

Next, we investigated the photo-dependent antibacterial
effect of the films. The contact bactericidal activities of the
honeycomb-patterned daZnPc films were tested against cell

Fig. 1 TEM images of cast films from a chloroform solution of daZnPc (8.0 mM)
after illumination by UV light for (a) 0 min, (b) 2 min, (c) 4 min and (d) 6 min.
(e) Corresponding absorption changes in a chloroform solution confirm the
J-aggregation. (f) Typical AFM image of a honeycomb-patterned Pc film
(4.5 mm � 4.5 mm) and section analysis (RH = 25%, r.t.).
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growth of amoxicillin-resistant Escherichia coli (E. coli). 200 mL of
PBS solution containing B1 � 106 E. coli cells was deposited on
the film and then irradiated with 0.4 mw cm�2 white light. After
irradiation, we transferred the resulting solution to a LB agar
plate for the colony-forming unit (CFU) assay, in which only
viable bacteria can grow into CFUs overnight (Fig. S9, ESI†). With
the honeycomb-patterned daZnPc film, E. coli survival was
decreased by B95% owing to the intrinsic PDI of Pc honeycomb
films. The morphology of the treated E. coli was further examined
using scanning electron microscopy (SEM). After fixation, the
control E. coli maintained a smooth rod-like morphology
(Fig. 2b), while E. coli treated with the honeycomb film lost their
membrane integrity and the cytoplasm flowed out (Fig. 2c), in
accordance with the characteristics of bacterial cell death.16

The PDI of the honeycomb daZnPc film against E. coli was
further evaluated by cell growth assay in LB medium. The light-
treated E. coli cell growth was examined via optical density
(OD600) measurements. Sample films were placed inside the
cell suspension containing B105 CFU mL�1. The cell prolifera-
tion was greatly restrained by the drop-cast honeycomb daZnPc
film (Fig. 2d–iv) compared with a blank glass slide (Fig. 2d–i).
Moreover, the spin-coated daZnPc film (Fig. 2d–ii) and the
drop-cast ZnPc film (Fig. 2d-iii) showed a less PDI effect, consistent
with the singlet oxygen generation test. To assess the stability of
the honeycomb daZnPc film, we measured the UV-Vis spectra of
the film-immersing solutions after the PDI experiments. No
daZnPc absorption band was detectable, indicating that the
honeycomb daZnPc film was stable during the experiments.
This implied that the efficient PDI against Gram-negative
E. coli was not due to dispersed daZnPc in the solution but
due to the 1O2 diffusing from the honeycomb daZnPc film.17

In conclusion, based on a rational molecular design, we
synthesized photo-sensitive aliphatic daZnPc. Attributing to the
photo-induced J-aggregation, we successfully prepared ordered
honeycomb-patterned films from small Pc molecules through
the BF technique for the first time. We characterized the nano/
microstructure-dependent photogeneration of 1O2 by the Pc
films, and demonstrated the corresponding PDI effect against
E. coli. Due to the low cost, high efficiency and good stability,
these self-sterilizing honeycomb-patterned Pc films are promising
for clinical applications in the future.
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and (c) a honeycomb-patterned Pc film. Scale bar: 5 mm. (d) Antibacterial capabilities of Pc films on the E. coli cell growth represented by OD600. (i) glass slide, (ii) spin-
coated daZnPc film, (iii) drop-cast ZnPc film and (iv) drop-cast daZnPc film.
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