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A B S T R A C T   

Bacterial infection is one of the most serious physiological conditions threatening human health. There is an 
increasing demand for selective antibacterial therapy through noninvasive approaches recently years. Herein, a 
novel strategy for fabrication of positively charged, monolayered nanosheets (P5PD) bearing perylene diimide 
derivative (DAPDI) was reported through covalent self-assembly with laterally-brominated pillar[5]arene 
(LBP5). Mannose derivative (Man-HQA) was further immobilized to P5PD nanosheets (named as mP5PD) 
through host–guest complexation with LBP5 for improving biocompatibility and recognition with microbes. It 
was found that the mP5PD nanosheets could be converted to radical anions in the presence of E. coli in terms of 
their excellent reductive surroundings, which showed excellent photothermal conversion efficiency under the 
0.5 W/cm2 of 808 nm laser irradiation. Moreover, the selective photothermal antibacterial activity could be 
realized by the different ability of amplifying radical anions for facultative anaerobic E. coli and aerobic 
B. subtilis. Importantly, the mP5PD nanosheets exhibited excellent biocompatibility to mammalian cells even at 
high concentration, which held great potential for developing intelligent photothermal nanomaterials in future 
biomedical fields.   

1. Introduction 

Bacterial infection is one of the most prominent underlying causes of 
many severe diseases [1–3]. Traditional antibiotic therapy like penicillin 
has made great achievements in various fields, such as animal feeding, 
agricultural production, pandemics and even cancer therapy over the 
past few decades [4,5]. However, the incident infection of multidrug- 
resistant (MDR) bacteria is continuously increasing due to the abuse of 
antibiotics, which have increasingly raised medical and public concerns 
across the world [6,7]. Therefore, there is a high demand to develop 
more efficient antibacterial materials or strategies to tackle these 
problems [8–10]. In recent years, there is an increasing interest in 
developing photothermal therapy (PTT) to fight against MDR bacteria, 
which could convert the energy of light to locally increased temperature 
(≥50 ℃) by photothermal agents and resulted in the death of bacteria 

by denaturation of their proteins [11–13]. Up to now, a great many of 
antibacterial materials have been established as photothermal agents, 
including noble metal nanoparticles, graphene-derivated nanomaterials, 
conjugated functional polymers and so on [14–17]. Although significant 
progresses have been made in the battle against drug-resistant bacteria, 
these photothermal agents will indiscriminately eliminate all kinds of 
microbes in our body. However, there are lots of microorganisms co- 
existed in our body to defense against the external damage and keep 
balance, such as on skin, intestine, vagina, nasopharynx, etc. In this re-
gard, effortless and reliable strategies are highly desirable to kill the 
unwanted hybrid bacterium selectively while keeping the original pro-
biotics alive. 

Perylene diimide (PDI) derivatives, with high molar extinction co-
efficients, superior photostability and prominent visible-light response, 
have been widely exploited as advanced photo-relevant materials for 
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electron and energy-transfer [18,19]. It has been found that PDI deriv-
ative could behavior as a photosensitizer to promote singlet oxygen 
(1O2) generation for photodynamic therapy [20,21]. Besides, the PDI 
motif can be easily reduced to its radical anions with strong absorption 
bands in near-infrared region (NIR), which displays excellent photo-
thermal conversion ability. Such properties can be employed for selec-
tive photothermal therapy of anaerobic bacteria in situ [22]. Most 
recently, Zhang and Xu et. al. fabricated a supramolecular complex PDI- 
2CB [7] through the host–guest complexation of a PDI derivative and CB 
[7]. Such supramolecular complex could be reduced to supramolecular 
PDI radical anions in the hypoxic tumor region, which significantly 
enhanced the photothermal conversion efficiency for hypoxic cancer 
therapy [23,24]. Such conversion could be also employed for selective 
photothermal antibacterial therapy of facultative anaerobic microor-
ganisms rather than aerobic microorganisms due to their reductive 
conditions [25]. The abovementioned applications and achievements of 
PDI molecules have inspired us to develop highly selective photothermal 
antibacterial nanomaterials for biomedical or clinical applications. 
However, PDI molecules always showed poor water-solubility and tend 
to aggregation due to their rigid chemical structures [26,27], which 
would cause quenching of PDI radical anions and reduction of photo-
thermal conversion efficiency. Hence, it held promising potential for 
developing dispersible and biocompatible PDI-based nanomaterials for 
further selective photothermal sterilization or cancer therapy. 

In recent years, two-dimensional (2D) nanosheets, such as graphene, 
MoS2, Mxene, et. al., have been proved their great priority in antibac-
terial therapy due to the high specific surface area, antibacterial activ-
ities and low bacterial resistance [28–30]. These nanosheets could 
behave as “nano-knife” to damage the membrane of bacteria through the 
directly physical interactions, leading to a loss of bacterial membrane 
integrity [31,32]. Recent years, controlled molecular assembly strategy 
has been demonstrated promising for constructing smart nanoassembly- 

based biomaterials. With the rational design of molecular scaffolds and 
the integration of functional moieties into building blocks, the con-
structed 2D nanosheets could afford their specific functions, and enable 
their controlled performance [33–36]. Our group have also successfully 
developed a series of monolayered nanostructures using covalent as-
sembly strategy through controlling the laterally-brominated pillar[5] 
arenes (LBP5) with flexible linkers, which provided an excellent plat-
form for developing customized antibacterial nanosheets for various 
biological applications [37–39]. 

Inspired by the abovementioned report, a new kind of bacterial- 
responsive nanosheets were designed herein for selective photo-
thermal therapy towards facultative anaerobic microorganisms. A well- 
dispersed monolayered 2D covalent nanosheet (P5PD) was constructed 
by a PDI derivative (DAPDI) and LBP5 via the template-free covalent 
assembly strategy. For realizing the highly efficient antibacterial activ-
ity: (1) positively charged 2D P5PD nanosheets were constructed for 
improved water dispersion, membrane penetration as well as the pro-
duction of PDI radical anions; (2) mannose derivative (Man-HQA) 
decorated with quaternary ammonium could be modified to LBP5 
through host–guest complexation (mP5PD) for further improving the 
biocompatibility and well-recognition with microorganisms (Scheme 1) 
[40]. The hypoxia condition of facultative anaerobic microorganism like 
Escherichia coli (E. coli) could trigger the mP5PD nanosheets into the 
radical anions in situ, which could greatly enhance the photothermal 
antibacterial therapy under the 808 nm laser irradiation. On the con-
trary, the aerobic microorganism like Bacillus subtilis (B. subtilis) would 
not induce the formation of mP5PD radical anions for their insufficient 
reductive ability. Therefore, such 2D mP5PD nanosheets displayed se-
lective chemical response to different microorganisms, which could be 
used to develop excellent photothermal antibacterial nanomaterials 
with high bacterial selectivity. 

Scheme 1. (a) Schematic representation of the construction of mP5PD nanosheets through covalent assembly strategy. (b) Chemical structures of the designed 
mP5PD scaffold and mP5PD radical anions. (c) Diagram of selective photothermal therapy for mP5PD nanosheets towards E. coli over B. subtilis. 
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2. Experimental section 

2.1. Chemicals 

3,4,9,10-perylenetetracarboxylic dianhydride (98%, C24H8O6), 6- 
bromo-1-hexanol (97%, Br(CH2)6OH), N-bromosuccinimide (98%, 
C4H4BrNO2), benzoyl peroxide (97%, (C6H5COO)2) were purchased 
from Energy Chemical. 1,4-Dimethoxybenzene (99%, C6H4(OCH3)2), 
boron (III) fluoride ethyl ether complex (98%, C4H10O⋅BF3), N, N- 
dimethyl-1,2-ethanediamine (98%, C4H12N2) were purchased from 
Aladdin. 1,2,3,4,6-Penta-O-acetyl-α-D-mannopyranose (97%, 
C16H22O11) was obtained from TCI Company. Paraformaldehyde, 
glutaraldehyde, propidium iodide and B. Subtilis were purchased from 
Beijing Solarbio Science & Technology Co., Ltd. (Beijing, China). SYTO 
9/PI Live/Dead Bacterial Double Stains and 1,3-diphenylisobenzofuran 
(DPBF) were purchased from KeyGEN Bio Tech (Nanjing, China) and 
Bidepharm Company respectively. Fetal bovine serum (FBS), dulbecco’s 
modified essential medium (DMEM), and penicillin–streptomycin solu-
tion were obtained from Sangon Biotech (Shanghai) Co., Ltd. All the 
solvents used in the experiments were obtained from commercial sup-
pliers without further purifications. 

2.2. Characterization 

The synthesized organic molecules were identified with 1H NMR and 
MALDI-TOF MS. The morphology of nanosheets and microorganisms 
was characterized by atom force microscopy (AFM), scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM). The 
reaction progress of nanosheets was monitored with the fourier trans-
formation infrared spectroscopy (FT-IR). The size distribution and zeta 
potential were measured by dynamic light scattering (DLS). Besides, 
electron paramagnetic resonance (EPR) spectroscopy was performed for 
the confirmation of CPPDI radical anions. Ultraviolet–visible-near 
infrared spectroscopy (UV–Vis-NIR) and fluorescence spectrometry (FL) 
were performed for monitoring the production of radical anions and cell 
viability. Confocal laser scanning microscopy (CLSM) was performed for 
live/dead bacterial staining. 

2.3. Preparation of P5PD nanosheets 

The LBP5 and DAPDI derivative were synthesized according to the 
previous reported works, and the detailed synthesis procedures were 
shown in Supporting information (Schemes S1 and S2) [25,37]. For the 
construction of LBP5/DAPDI nanosheets (P5PD), LBP5 (1, 20 mg) and 
DAPDI (2, 48 mg) were dispersed in DMF solution (25.0 mL). The 
resulting mixture was stirred at 60 ◦C for 3 h in high-purity nitrogen 
atmosphere. After the reaction was finished and cooled to room tem-
perature, the solution was sequentially dialyzed against DMF and 
deionized water to remove the unreacted reactants and organic solvents. 
The item was freeze-drying under vacuum to get solid P5PD precipitates, 
with a yield of 45%. 

Fig. 1. (a) The design and construction of P5PD nanosheet and P5PD radical anions. (b) FT-IR spectra analysis of LBP5 (black), DAPDI (blue) and their P5PD complex 
(red). (c) and (d) TEM images of P5PD nanosheet with different magnification. (e) Height image of the constructed P5PD nanosheets by AFM analysis. (f) Height 
curve of the white line in (e); (g) size distribution of P5PD using DLS measurement. 
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2.4. Modification of P5PD nanosheets with Man-HQA (mP5PD) 

The detailed synthesis procedures of mannose ligand (3, Man-HQA) 
were shown in Scheme S3 in Supporting information according to the 
previous literature [40]. For the host–guest complexation of P5PD with 
Man-HQA, P5PD nanosheets (25 mg) and Man-HQA (8 mg) were mixed 
with water (15 mL) in a round flask. The mixture was sonicated for two 
hours and then left undisturbed overnight to realize the host–guest 
complexation. 

2.5. Photothermal conversion and photodynamic activity 

Appropriate of sample were illuminated under the 808 nm laser to 
record the change of temperature at different time point. For the 
detection of radical anions, samples were incubated with E. coli or 
B. subtilis in sealed space at 37 ◦C overnight. Then the solution was 
collected to conduct UV–Vis-NIR and EPR measurements. For the mea-
surement of photodynamic activity, 1,3-diphenylisobenzofuran (DPBF) 
was used as a specific 1O2 quencher to evaluate the photodynamic effect 
[41]. DPBF was irradiated in the presence of mP5PD for certain time to 
produce 1O2. UV–Vis measurements were employed to estimate the drop 
in the absorbance of DPBF at 414 nm. 

2.6. Bacterial culture and antibacterial experiments 

E. coli or B. subtilis was diluted into 6 mL Luria-Bertani (LB) culture 
medium and cultured overnight at 37 ◦C to reach an OD600 value of 0.8. 
Then collected the bacteria by centrifugation, washed twice with PBS 
buffer (pH = 7.4), and then resuspended in PBS buffer. Bacterial sus-
pensions were co-incubated with mP5PD nanosheets overnight and then 
illuminated with 808 nm light for different time. Then dispersed the 
bacterial suspensions (150 µL) onto the surface of solid LB plates and 
cultured in the incubator overnight. Bacterial inhibition ration was 

determined by counting and calculating bacterial colonies. 

2.7. Survival staining and morphological observation 

A fluorescence labeling method was employed to identify the sur-
vival (live/dead) of E. coli or B. subtilis. In brief, 94 μL of bacterial (109 

CFU/mL) suspension in PBS buffer was stained with 1 μL SYTO 9 solu-
tion and 5 μL PI at room temperature for 15 min. The bacterial sus-
pensions were dropped on a fresh glass slide and subsequently covered 
by a cover slip. All samples were observed under a confocal laser scan-
ning microscope. Bacterial morphologies with different treatment trials 
were further evaluated with scanning electron microscopy 
measurement. 

2.8. Biocompatibility tests 

MTT assay was conducted to evaluate the biocompatibility of 
nanosheets. HEK 293 cells were cultured with DMEM culture medium 
containing 10% fetal bovine serum. Then cells (density: 8000 cells per 
milliliter) were seeded into 96-well plate. Afterward, cells were incu-
bated with different concentrations of mP5PD nanosheets for 24 h. The 
cell viability was determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium bromide (MTT) assay. Finally, the biocompatibility 
was determined by measuring and calculating the absorbance of dis-
solved solution on a microplate reader. 

3. Results and discussion 

3.1. Preparation and characterization 

The P5PD nanosheets were prepared by a one-step procedure based 
on covalent self-assembly strategy between LBP5 and DAPDI building 
blocks (Fig. 1a). Their structures were confirmed by the 1H NMR 

Fig. 2. (a) Chemical structures of the host–guest complexation of LBP5 and Man-HQA for improving the affinity to bacteria. (b) Zeta-potential of P5PD, mP5PD, 
mP5PD@E. coli and free E. coli were performed by DLS measurement. (c) the color change of mP5PD solution with the increased amount of Na2S2O4 (from 1 to 5). (d) 
Absorption spectra showing the titration of mP5PD solution with a stock solution of Na2S2O4. (e) Fluorescene of mP5PD with the titration of reductive Na2S2O4 
(solid) and its recovery state (dash red) when excited at 500 nm. (f) The change of mP5PD fluorescence emission at 550 nm when alternatively added reductive 
Na2S2O4 or exposed in air. 
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measurements and the MALDI-TOF mass spectrometry before self- 
assembly (Figs. S1–S5). Coupling reaction was happened by the qua-
ternary ammoniation between the bromo group (–Br) of LBP5 and ter-
tiary amino group (–N(CH3)2) of DAPDI derivative under heating 
conditions to form a positively charged P5PD complex [40]. The FT-IR 
measurement was used to monitor the reaction progress and their re-
sults were shown in Fig. 1b. We found that the stretching vibrations of 
the C–H bonds from 3000 cm− 1 to 2800 cm− 1 were changed after 
coupling reaction. Also, the vibration peaks of the C–Br bonds at 676 
cm− 1 and 565 cm− 1 was gradually disappeared, while those of the C–N 
bonds at 1392 cm− 1 and 1350 cm− 1 were enhanced, which demon-
strating that the quaternary ammoniation reaction was successfully 
happened. 

For further characterizing the defined structure of P5PD complexes, 
the TEM, AFM and DLS measurements were further characterized to 
simultaneously give the clear microcosmic appearance. The P5PD 
complex was crimped together to form flower-shaped structures from 
TEM images because of their strong π-π staking (Fig. 1c). To confirm 
whether it is the self-assembly of DAPDI molecules, we further charac-
terized the TEM morphology of DAPDI structures under the same con-
dition (Fig. S6). It can self-assembly to form well-organized rod-shaped 
crystal, a quite different structure with the P5PD complex. The nano-
sheets structure of P5PD was further confirmed when we analyze the 
hyperfine structure using TEM and AFM measurements (Fig. 1d–f). The 
average thickness of the P5PD nanosheets was nearly 0.7 nm (white line 
in Fig. 1e), which was quite consistent with the height of single-layered 
LBP5 structure (Fig. 1f). Although DLS results can’t give us convincible 
size of nanosheet structures, it was also found that the large microscale 
structures (nearly 1 um) were formed after quaternary ammoniation 
reaction (Fig. 1g). Because of the covalently-bonded scaffolds, the 
monolayered structures of P5PD nanosheets could be well-maintained 
after 2 weeks storage (Figure S7). 

All data have indicated that we have successfully constructed 

monolayered P5PD nanosheets. There are two main advantages for the 
P5PD nanostructures comparing with the individual DAPDI molecules: 
(1) the nanoscale P5PD structures could eliminate the nonspecific 
membranolysis behavior of microorganisms; (2) the π–π stacking of 
DAPDI could be diminished in monolayered P5PD structures, which 
could improve the production of DAPDI radical anions. Both the ad-
vantages could help us to develop excellent antibacterial nanomaterials. 

3.2. Production of radical anions and photothermal conversion 

For further improving the specific binding ability between bacterial 
membranes and P5PD nanosheets, the mP5PD was prepared through the 
host–guest complexation of Man-HQA ligands (3) and the LBP5 
(Fig. 2a). The soft alkyl chains in Man-HQA could well-inserted into the 
cavity of pillar[5]arene with a high association constant (Ka) on the level 
of 104 M− 1 [42,43]. Zeta potential measurements could be used to 
monitor the surface change of this nanostructures (Fig. 2b). P5PD 
nanosheets displayed positive charge distribution with the zeta potential 
value of about 19.5 mV because of their quaternary ammoniation 
structures. After Man-HQA immobilization, the zeta potential of the 
P5PD was changed to 22.68 mV. Besides, E. coli showed a quite negative 
charged surface with the zeta potential measured to be –18.0 mV. The 
positively charged scaffolds and the Man ligands of mP5PD nanosheets 
could facilitate the attachment and the specific binding with bacteria 
membranes. When co-incubation with mP5PD nanosheets, the zeta po-
tential of mP5PD@E. coli complex changed to about –4.3 mV, which 
demonstrating the successful attachment of mP5PD nanosheets and 
E. coli strain. 

Normally, PDI derivatives are common photosensitizers for photo-
dynamic therapy for their photo-induced production of singlet oxygen 
(1O2) (Fig. S8). The reduction of mP5PD nanosheets would sacrifice 
their photodynamic effect for the photothermal conversion of radical 
anions. PDI derivatives can be easily reduced to free radical anions by 

Fig. 3. (a) UV–Vis spectrophotometric analysis of mP5PD@E.coli before and after incubation overnight. EPR spectroscopy of mP5PD in the presence of (b) E. coli 
(mP5PD@E.coli) and (c) B. subtilis (mP5PD@B. subtilis). (d) Optical photograph of mP5PD@E.coli and mP5PD@B. subtilis after incubation overnight. (e) Temperature 
change of mP5PD@E.coli under 808 nm laser irradiation with different power density for 10 min. (f) Temperature changes of mP5PD@E.coli and mP5PD@B. subtilis 
under 808 nm irradiation for 30 min. 
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chemical reducing agents such as Na2S2O4 [44]. For evaluating such 
progress, different amount of the reducing agent Na2S2O4 was injected 
into the DMSO solution of P5PD nanosheet (Fig. 2c). It was surprisingly 
found that the color of P5PD solution was changed from original red to 
light blue when added appropriate amount of Na2S2O4. UV–vis-NIR 
spectra gave us clear observation that the concomitant decrease of P5PD 
absorption (492 and 528 nm) and the increase of new absorption peak at 
712, 798, and 956 nm were happened (from 1 to 4), which indicated half 
of the diimide on P5PD was reduced to its P5PD− • radical anions 
(Fig. 2d) [44]. Not only that, a disappear of the radical anion bands and 
an increase of a new band with maxima at 562 nm were observed with 
the color changed to deep purple (5, Fig. 2c) when added excess of 
reductive Na2S2O4, which is attributed to the formation of double anions 
P5PD2− (5, Fig. 2d). Interestingly, such radical anions are quite sensitive 
to the oxidative species. After being exposed to ambient condition, the 
P5PD− • radical anions could be totally converted to their ground-state 
P5PD form during the initial 30 s (Fig. S9a, b). 

Besides, acting as a new member of photothermal agents, the poor 
water-solubility and aggregation of PDIs greatly restricted the genera-
tion of radical anions. With the aid of the mannose modification, the 
mP5PD exhibited the improved stability in aqueous solution. DAPDI 
showed almost no detectable fluorescence intensity in aqueous media, 
while that of mP5PD still exhibited high fluorescence intensity because 
of their excellent water-solubility and well-dispersion (Figure S10a). On 
the other hand, it was also found that the diimide of ground-state 
mP5PD could be also converted to radical anions in aqueous solution 
after addition of reductive Na2S2O4 (Fig. S10b). Meanwhile, the emis-
sion peaks of mP5PD at 550 nm and 588 nm were gradually disappeared 
when excited at 500 nm (Fig. 2e). The fluorescence intensity of mP5PD 

nanosheets at 550 nm was recovered when exposed to ambient atmo-
spheric condition (Fig. 2f). All these data showed their great potential as 
photothermal candidates for biological applications. 

The strong binding between mP5PD and E. coli were beneficial for 
triggering selective photothermal antibacterial therapy. We further 
explored the generation of radical anions on mP5PD nanosheets trig-
gered by bacterial in situ, and was characterized by UV–Vis spectroscopy 
and electron paramagnetic resonance (EPR) spectroscopy. As shown in 
Fig. 3a, after coincubation with facultative anaerobic E. coli, 
mP5PD@E. coli biohybrids displayed a large absorption in the 730 nm 
and 820 nm regions than before incubation. EPR could provide us direct 
evidence to confirm the formation of PDI radical anions. As shown in 
Fig. 3b, the EPR signal was appeared after incubation with E. coli, sug-
gesting that the PDI radical anions were generated in the presence of 
E. coli. However, in contrast with the mP5PD@E. coli, it didn’t find any 
obvious different from the UV absorption (Fig. S11) and the EPR signal 
(Fig. 3c) when coincubation with aerobic B. subtilis (mP5PD@B. subtilis). 
Besides, the color of the mP5PD@E. coli biohybrid microsystems turned 
to light purple after incubation for 12 h, while that of mP5PD@B. subtilis 
just maintained their original rose red (Fig. 3d). All these results 
demonstrated that the PDI radical anions on mP5PD nanosheets could be 
successfully triggered by facultative anaerobic bacteria E. coli because of 
their strong reductive ability, while impossible for aerobic bacteria 
B. subtilis at the same condition (Fig. S12). 

PDI radical anions usually exhibited highly efficient photothermal 
conversion property, ascribed to the near-infrared (NIR) absorption 
bands and non-fluorescence [45]. We explored whether the mP5PD 
nanosheets could display the selective photothermal antibacterial per-
formance. Under the 808 nm laser irradiation, it was found the 

Fig. 4. (a) Photographs and (b) CFU ratios of E. coli colonies grew on LB agar plates after being treated with NIR, mP5PD nanosheet and mP5PD + NIR. (c) 
Photographs and (d) CFU ratios of B. subtilis colonies grew on LB agar plates after being treated with NIR, mP5PD nanosheet and mP5PD + NIR. The concentration of 
mP5PD nanosheets was 50 μM. 
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photothermal property of mP5PD@E.coli system had a significant de-
pendency to the power density. When the power densities of the NIR 
laser were enhanced from 0.10 W/cm2 to 1.0 W/cm2, the raised tem-
perature could be increased from 2.8 ℃ to 27.2 ℃ after 10 min irradi-
ation (Fig. 3e). Interestingly, the temperature of the mP5PD@E. coli 
solution swiftly raised to 65.7 ℃ after 0.5 W/cm2 laser irradiation for 
30 min, which could cause the denaturation of most lipoproteins and 
resulting in the death of microorganisms (Fig. 3f). On the contrary, no 
obvious change was found for mP5PD@B. subtilis microsystems. The 
difference photothermal conversion behaviors between E. coli and 
B. subtilis might be employed to realize selective bacterial inhibition by 
photothermal therapy (PTT). 

3.3. Antibacterial assay of mP5PD nanosheets 

We wondered whether the reduced mP5PD nanosheets would pre-
sent a selective antibacterial therapy. The qualitative antibacterial ac-
tivity against E. coli and B. subtilis was evaluated by colony forming unit 
(CFU) value and the results were shown in Fig. 4 and listed in Table 1. 
On the E. coli assays, it was found that nearly 95.6% and 73.9% of E. coli 
colonies were still survival when just individual NIR irradiation for 30 
min or co-incubation with mP5PD nanosheets. However, after NIR 
irradiation of mP5PD@E. coli, no more than 1% of E. coli alive under the 
same condition (Fig. 4a, b). Such results indicated the mP5PD nano-
sheets exhibited quite excellent photothermal antibacterial activity 
under 808 nm laser irradiation. Contrarily to the abovementioned re-
sults, the mP5PD nanosheets showed quite different antibacterial ability 
against aerobic B. subtilis colonies. No naked-eye visible difference was 
observed in CFU value of B. subtilis for NIR group (98.6%), mP5PD group 
(89.6%) or even their combination mP5PD + NIR group (86.8%) under 

the same conditions (Fig. 4c, d). All these data demonstrated their highly 
selective photothermal antibacterial ability to E. coli strain for their 
facultative anaerobic properties. 

In order to further studying the growth behavior of bacteria in more 
detail, the real-time optical density of the suspensions at 600 nm (OD600) 
was monitored at the same condition (Fig. 5). As a positive control 
group, the OD600 value of free E. coli and B. subtilis gradually increased to 
1.82 and 1.86 respectively after 24 h incubation at 37.0 ◦C, but the NIR 
group and mP5PD group showed no significant inhibition to both E. coli 
and B. subtilis. However, for the mP5PD + NIR group, the growth 
behavior of E. coli was almost completely suppressed, while no influence 
to B. subtilis under the same condition. Therefore, all these results proved 
our previous viewpoint that the different capacity of radical anions 
generation of mP5PD nanosheets triggered by bacteria in situ could be 
successfully employed for selective photothermal antibacterial therapy. 

In addition to colony counting and growth behavior, we considered 
membrane integrity as an index to determine cell survival. Live cells 
have intact membranes, whereas dead or dying cells exhibit compro-
mised membranes. A SYTO 9/PI doublet color fluorescence labeling 
method was employed to identify the survival (live/dead) of cells. 
Because SYTO 9 is a permeable green fluorescent dye that can diffuse in 
different bacteria while PI can only penetrate through damaged mem-
branes to exhibit enhanced red fluorescence. As shown in Fig. 6a, no red 
fluorescence was observed in the dark field of E. coli alone (control 
group), or even solely treated with NIR light or mP5PD sample. Sur-
prisingly, a strong red fluorescent “dot” was clearly observed for E. coli 
after incubation with the combined condition of mP5PD nanosheets and 
NIR irradiation, demonstrating the deconstruction of cell walls. CLSM 
image also gave a clear evidence that the cell wall of B. subtilis was 
unbroken and no red signal was detected (Fig. 6b). All these above- 
mentioned results further indicated that the production of mP5PD 
radical anions triggered by bacteria in situ could enhance the hyper-
thermia antibacterial effect, which could be used for selective photo-
thermal antibacterial therapy. 

SEM measurements gave us clear observation to investigate the 
morphological transformation of two bacterial strains after photo-
thermal treatment. As shown in Fig. 7a, untreated E. coli cells main-
tained complete morphology with typically rod-shape, smooth surface 
and intact cell walls. The cell surface was rarely damaged after exposure 
to NIR condition or treatment with mP5PD nanosheets, since their 
inadequate antibacterial activity. However, when synchronously treat-
ing with both NIR light and the mP5PD, the surface of E. coli strains 
became partially wrinkled due to the destroy of photothermal therapy. 
Contrary to E. coli, mP5PD nanosheets showed quite different antibac-
terial performance to B. subtilis strains. There was no obvious 

Table 1 
CFU ratios of E. coli colonies and B. subtilis colonies on LB agar plates with 
different treatment.  

CFU 
(%) 

E. coli B. subtilis 

Time 
(min) 

NIR mP5PD NIR +
mP5PD 

NIR mP5PD NIR +
mP5PD 

0 100 ±
3.9 

75.5 ±
2.9 

72.2 ±
1.3 

99.3 ±
4.2 

89.6 ±
8.3 

88.2 ±
3.5 

10 97.3 ±
2.6 

77.4 ±
4.9 

49.7 ±
1.7 

102.1 
± 7.6 

86.1 ±
2.1 

91.0 ±
7.3 

20 102.1 
± 1.9 

74.7 ±
2.3 

19.8 ±
1.5 

94.1 ±
7.3 

90.3 ±
3.8 

89.6 ±
6.9 

30 95.6 ±
1.4 

73.9 ±
2.8 

0.9 ± 0.2 98.6 ±
2.1 

89.6 ±
3.5 

86.8 ±
3.5  

Fig. 5. The real-time OD600 values of (a) E. coli and (b) B. subtilis in liquid LB culture medium after the treatment with NIR irradiation, mP5PD nanosheets and 
mP5PD + NIR. The concentration of mP5PD nanosheets was 50 μM. 
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morphological transformation of B. subtilis being observed, no matter 
NIR light group, mP5PD group or NIR + mP5PD group (Fig. 7b). 
Therefore, bacterial inhibition and death were raised through the 
breaking of membrane by hyperthermia in facultative anaerobic E. coli 
during the photothermal therapy. 

3.4. The cell cytotoxicity of mP5PD nanosheets 

Bacterial infection is one of the most serious physiological conditions 
threatening human health. The biocompatibility of mP5PD nanosheets 
on mammalian cells was further investigated for further potential ap-
plications. The MTT assay was performed here and human embryonic 
kidney 293 cells line (HEK293 cell) was selected as the representative 
cell. By modifing the mannose ligands, as shown in Fig. 8, the viability of 

Fig. 6. The live/dead staining (a) the E. coli and (b) the B. subtilis after the treatment with control group, NIR irradiation, mP5PD nanosheets and mP5PD + NIR. 
Green SYTO 9 stained for all bacteria, while red PI only for dead. The scale bar of images was 20 μm. 
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HEK293 cell maintained over 88 % even at a relatively high concen-
tration of 100 μM, which was twice the concentration used for anti-
bacterial experiments. Besides, it didn’t find any obvious difference even 
after irradiation of 0.5 W/cm2 808 nm laser for 30 min. Because mP5PD 
radical anions could not be well-existed under aerobic condition. It gave 
us clear evidence that the developed mP5PD nanosheets exhibited 
excellent biocompatibility, and might be a potential safety strategy for 
photothermal antibacterial therapy. 

4. Conclusions 

In conclusion, we have successfully designed and constructed a 
monolayered 2D nanosheet (mP5PD) via covalent co-assembly of PDI 
derivative and pillar[5]arene building blocks. The mP5PD nanosheets 
could be effectively reduced to generate radical anions in situ when 
triggered by facultative anaerobic E. coli due to their reductive micro-
environment, which showed excellent photothermal conversion effi-
ciency and photothermal antibacterial activity under NIR irradiation. 
Moreover, the selective photothermal antibacterial activity could be 
realized by the different ability of generating radical anions for 

facultative anaerobic E. coli and aerobic B. subtilis. Importantly, the 
mP5PD nanosheets exhibited excellent biocompatibility to mammalian 
cells even at high concentration, which held great potential for devel-
oping bacterial-responsive photothermal nanomaterials for future 
biomedical or clinical applications. 
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