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Abstract
Biofilms are currently responsible for 80% of human chronic bacterial infections,
being composed of bacterial communities within self-produced extracellular
polymeric substances (EPS) that can resist various adverse factors in the bacte-
rial microenvironment. Therefore, the development of powerful antibacterial
systems by disrupting biofilms first and killing exposed free-living bacteria is the
top priority for clinical antibiotic needs. In this study, we developed a pH- and
photothermally responsive photosensitizer/enzyme-loaded nanocomposite for
enhanced biofilm disruption and bacteria killing (gram-positive and gram nega-
tive). To achieve this, IR780 (I) as an efficient NIR dye was encapsulated inside
the hydrophobic core of 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[methoxy(polyethylene glycerol)-2000] (DSPE-PEG2000) micelles (M) for
enhanced photothermal therapy. EPS extracellular DNA lyase deoxyribonucle-
ase I (DNase I) was anchored on the micellar surface by calcium phosphate
mineralization method. The results indicated that pH-sensitive MI@CaPD
nanocomposite degraded as a response to the acidic conditions characteristic for
the bacterial environment and released DNase I and Ca2+ ions simultaneously.
Subsequently, the Ca2+ stabilized the DNase I active structure and facilitated
the dispersion of the biofilm EPS. Then, interior bacteria were exposed and
killed by IR780-mediated hyperthermia. The synergistic effect of DNase I and
photothermal therapy could efficiently eradicate the biofilms, which exhibits
superior biofilm dispersion and destruction capability.
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1 INTRODUCTION

Chronic wound infections can delay the healing process
and place a significant burden on the global medical
system.[1–4] It has been demonstrated that 80% of persis-
tent chronic microbial infections are often closely associ-
ated with firm bacterial biofilms.[5] Biofilm is a structural
and functional bacterial community composed of micro-
bial cells and the surrounding extracellular polymeric sub-
stances (EPS) such as exopolysaccharides, protein, and
extracellular DNA (eDNA).[6,7] Bacteria has single-cell life
stages (free-swimming) and multicellular life stages (bac-
teria are immobilized in biofilm). In general, planktonic
bacteria is more likely to react with antibiotics without
the protection of biofilm.[8] The EPS of biofilm provides a
physical barrier to hinder the penetration of antibiotics and
inactivate antibiotics through chemical barriers such as
enzymolysis or adsorption.[9–11] Therefore, bacterial cells
in biofilms have drug resistance up to 1000 times as high
as that of planktonic bacteria.[12,13] The complex physic-
ochemical and biological characteristics of biofilms pose
great challenges to traditional treatment methods.
Nowadays, the formulations with EPS destruction func-

tion can solve the obstacles that cannot be overcome by
traditional medicine by first collapsing the biofilm and
then killing the bacteria in the interior of the biofilm.[14,15]
Therefore, the event of biofilm dispersion that is, when
bacterial cells escape the biofilm and return to plank-
tonic state, has been recognized as a promising strategy
for biofilm control.[16] Meantime, novel biofilm eradica-
tion strategies based on nanotechnology have also shown
great prospects, including drug delivery, photothermal
therapy (PTT), photodynamic therapy (PDT) and catalytic
therapy.[17–19] Nanomaterials can increase the local con-
centration of drugs in the biofilm, and achieve pH, enzyme
or H2O2

[20–22] responsive payload release. Therefore, the
preparation of nano-formulations capable of biofilm lysis
for exposing and eradicating internal bacteria is a very
promising strategy.
eDNA, as a bridge connecting bacterial cells and EPS

components, is crucial for the adhesion function of bac-
terial cells.[23–25] Lysis of eDNA is a feasible way to
disrupt the integrity of biofilms and expose the bacte-
ria inside. Deoxyribonuclease I (DNase I) is a common
DNA scavenger that cleaves the eDNA nonspecifically
by hydrolyzing the phosphodiester bond of a phosphate
group. Whitchurch et al. confirmed that DNase I could
effectively remove Pseudomonas aeruginosa biofilm.[26]
However, the activity of DNase I is highly dependent
on the calcium ions, since Ca2+ can bind tightly with
DNase I to stabilize its active structure.[27,28] Furthermore,
DNase I has insufficient bactericidal effect, and it should

be combined with a strong antibacterial therapeutic as a
combination.[15]
Herein, we designed an enzyme/NIR dye composite

nanoplatform[4] with enhanced EPS hydrolysis function
and NIR-mediated antibacterial capacity for biofilm gradi-
ent elimination. As shown in Figure 1, the IR780 was first
encapsulated inside hydrophobic core of DSPE-PEG2000
micelles to enhance its solubility.[29] Next, the inorganic
nanomaterial calcium phosphate was used to mineralize
DNase I to the micelle surface to stabilize DNase I activity.
This nanosystem can pH-responsively release the DNase I
when encountering the acidic biofilm microenvironment.
More importantly, with the help of calcium ions, DNase
I can effectively disperse the biofilm and fully expose its
internal bacteria. Subsequently, with 808 nm Laser irradi-
ation, IR780 can produce hyperthermia which can degrade
the remaining protein in the biofilm and kill the bacterial
cells inside the biofilm. Hence, thisMI@CaPD nanosystem
could be an ideal antibacterial nanomedicine for gradient
biofilm removal.

2 RESULTS AND DISCUSSION

While IR780 has proven to be an efficient NIR dye for
effective photothermal therapy (PTT), it suffers from poor
water solubility and high photobleaching; rendering it a
challenging molecule to be directly used in bacterial pho-
tothermal therapy. To increase its apparent solubility and
consequently therapeutic potential, we solubilized it inside
DSPE-PEG2000 micelles in the hydrophobic core (abbre-
viated as MI). In addition, the capability to induce dis-
persion of the biofilm’s EPS is another aim for the effec-
tive antibacterial effect of designed nanosystem. Hence, to
fully utilize the Ca2+ activated EPS eDNA cleavage func-
tion of DNase I, we use calcium phosphate to mineral-
ize DNase I with micelles, to form the final formulation
MI@CaPD. From the TEM images, it can be observed that
the MI are spherical in shape with a particle size of 50 nm
(Figure 2A) and pure CaP possessed a smooth surface with
a size around 50 nm (Figure S1). However, the surface of
MI@CaPD became rough and its particle size was about
50 nm (Figure 2B), which indicates that DNase I and MI
were successfully encapsulated.
The dynamic light scattering (DLS) was also imple-

mented for the size distribution study. Comparing with
TEM results, MI micelles yielded a bigger hydrodynamic
size around 110 nm, while MI@CaPD NPs showed a size
of 150 nm; which may because the water-dispersed layer
on the NPs surface (Figure 2C).[30,31] Furthermore, zeta
potential was also utilized to affirm the formation of the
CaP layer. The zeta potential of MI micelles reversed



RAN et al. 3

F IGURE 1 Scheme of MI@CaPD core–shell structure and the mechanism of removing the biofilm with NIR irradiation by PTT and
enzymatic treatment

from -7.21 ± 0.089 mV to 5.48 ± 0.173 mV after CaP and
DNase I mineralization at pH equal to 7.5, as shown in
Figure 2D, which indicated the successful preparation of
MI@CaPD. Interestingly, calcium phosphate was very suit-
able for enzyme loading, and the encapsulation efficiency
ofDNase I could be as high as 94.2% (Table S1),which could
guarantee further antibiofilm investigation.
To investigate the photothermal conversion properties

of MI@CaPD, we further carried out a photothermal con-
version test by changing the laser intensity and the con-
centration of MI@CaPD NPs. The photothermal effect of
MI@CaPD NPs (equivalent concentration of IR 780, 30 µg
mL-1, nanoparticles, 307.5 µg mL-1) under different 808 nm
NIR laser intensities (0.5, 1.0, 1.5 W cm-2) were first tested.
As shown in Figure 2E, the photothermal response of
MI@CaPD NPs was positively correlated with laser inten-
sity, and the temperature increased by 35°C at an inten-
sity of 1 W cm-2, and by 40°C at an intensity of 1.5 W
cm-2. Furthermore, when laser wattage (1 W cm-2) was
fixed, the temperature rising rate also increased when
higher MI@CaPD NPs concentration was implemented.
Under 5 minutes irradiation, only 1 µg mL-1 MI@CaPD
NPs could achieve 10°C temperature elevation (Figure 2F),
which verified the efficient photothermal effect of our
designed MI@CaPD nanoplatform. Later, to further com-
pare the thermal conversion capability of pure IR780 with

our MI@CaPD nano-platform, we conducted experiments
with a three times heating cycle. As show in Figure 2G,
pure IR780 degraded quickly and only a 5°C-temperature
increase was detected after 5 minutes irradiation in the
third cycle. However, our nanosystems showed constant
heat conversion ability even at the third cycle (30°C of tem-
perature rise can be ensured), which is of great help to
the IR780 based enhanced photothermal therapy. The pho-
tothermal conversion efficiency of MI@CaPD was calcu-
lated as 33.3% from the heating-cooling curves (Figure S2).
To investigate the acidic pH response of the MI@CaPD

NPs, a cumulative release experiment (Figure 2H) of
DNase I in PBS at different pH (6.5, 7.4) was conducted.
The results showed that only 10% of the DNase I released
within 24 hours at pH 7.4, while DNase I released up to
80% at pH 6.5. This indicated that an acidic environment
could promote the degradation of calcium phosphate shell
of MI@CaPD NPs. Besides, as shown in Figure S3, the
laser irradiation had little effect on the release of DNase
I at pH 7.4. These results exhibited that after the DNase I
was anchored inside calcium phosphate carrier through
biomineralization, the cargo could only release when the
nano system breaks or lysis. This phenomenon is different
from the releasing profile base on pores structure system
likemesoporous silica. Also, to evaluate the free-living bac-
teria inhibition effect of theNPs, the Staphylococcus aureus
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F IGURE 2 Characterization of MI and MI@CaPD and photothermal properties of MI and MI@CaPD. A, TEM image of MI. B, TEM
image of MI@CaPD. C, DLS size of MI and MI@CaPD. D, Zeta potential of MI and MI@CaPD (pH at 7.5). E, Temperature elevation of
MI@CaPD (equivalent concentration of IR780, 30 µg mL-1, nanoparticles, 307.5 µg mL-1) at different power intensities of 808 nm laser (0.5, 1.0,
1.5 W cm-2). F, Temperature elevation of MI@CaPD at different concentrations (1 W cm-2). G, Temperature elevation for MI@CaPD NPs and
pure IR780 over three cycles. (1 W cm-2) H, DNase I release profile of MI@CaPD in different pH (6.5, 7.4) of PBS buffer without laser
irradiation. I, Bacterial viability of planktonic P. aeruginosa and S. aureus treated with various concentrations of MI@CaPD with laser for
5 minutes (laser power intensity, 1.0 W cm-2)

and P. aeruginosa bacteria viability were tested under dif-
ferent concentrations of the MI@CaPD NPs (Figure 2I).
The results indicated that when IR780 concentration
was increased to 30 µg mL-1, 50% of P. aeruginosa and
60% of S. aureus were inhibited. Furthermore, when the
IR780 concentration was increased to 120 µg mL-1, all the
bacteria were eliminated, which reflected our MI@CaPD
NPs possessing potent anti-free-living bacterial effect.
Extracellular polymeric substances are mainly com-

posed of polysaccharides, proteins and DNA, however,

the content of EPS produced by different bacteria varies.
For example, for P. aeruginosa, its EPS contains many
exopolysaccharides, including alginate, Pel, and Psl.
However, alginate is not a component of Sa. Therefore, the
extracellular matrix components of different bacteria are
very enlightening for the conception of biofilm inhibition
strategies. In this study, we mainly inhibited eDNA,
because eDNA is the most common component in the
biofilm of both S. aureus and S. epidermidis.[32,33] It has
been reported that eDNA can act like “glue” to facilitate
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F IGURE 3 A,eDNA in 48 hours-biofilms of P. aeruginosa and S. aureus were stained with SYTOX Green fluoresce after treated with
PBS, DNase I and CaPD for 18 hours. The concentration of DNase I was 150 µg mL-1. B, C, Quantitative analysis of green fluoresce in different
groups were shown below. (n = 3) IntDen: Integrated Density

bacterial cell-cell and cell-matrix interactions for both
bacteria,[34] and eDNA can be used as a primary clearance
target to develop strategies to eradicate biofilms.[35]
However, the activity of DNase depends on the content
of Ca2+, which limits its application.[36] Here, the DNase
I was mineralized into the CaP NPs to explore the effect
of Ca2+ on DNase activity for both P. aeruginosa and S.
aureus bacteria. As shown in Figure 3, the pure DNase
I exhibited certain biofilm dispersion capability, with
30% of the eDNA in the P. aeruginosa biofilm eliminated.
These results are consistent with the findings of other
research groups on DNase I, which can indeed clear eDNA
and achieve biofilm dispersion.[37,38] In comparison with
the calcium phosphate mineralization group (CaPD), we
found that more than 50% of the eDNA was eradicated,
which demonstrated that our calcium phosphate miner-
alization strategy could increase the activity of DNase I
and enhance its eDNA cleavage function. It has also in the
literature been reported that calcium cations could protect

DNase I from proteolytic degradation[39,40] to maintain
the long-term DNase I release and bioactivity with Ca2+.
Interestingly, we observed that the eDNA cleavage effect
of CaPD NPs for S. aureus biofilm was higher than that
of P. aeruginosa biofilm, and 60%-70% of eDNA can be
eliminated within 24 hours incubation (150 µg mL-1
DNase). This may be due to the slow growth and the low
rate of biofilm formation of S. aureus bacteria.
To visually evaluate the biofilm removal ability and

antibacterial effect of the nanoparticles, we applied live-
cell wall damaged bacteria staining assay under a con-
focal laser scanning microscope for both P. aeruginosa
(Figure 4A) and S. aureus (Figure 4B) bacteria. Themature
48 hours biofilm was added into different groups of
nanoparticles to be cultured for 6 hours, followed by laser
(1 W cm-2) irradiation for 5 minutes and further culture
for 18 hours. Green fluorescence represented viable bacte-
rial cells, while red fluorescence represented cell wall dam-
aged bacteria. For P. aeruginosa biofilm inhibition ability
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F IGURE 4 A, C, CLSM 3D images, (B, D) % of total area and (E, F) average diffusion distance of P. aeruginosa and S. aureus biofilm
treated with various groups. Red represented damaged bacterial cells stained with propidium iodide. Green represented live and cell wall
damaged bacterial cells stained with SYTO9. The concentrations of IR780 and DNase I were 200 and 150 µg mL-1. Scale bar was 200 µm. “+”
represented laser, M@CaP represented blank carrier (CaP mineralized Micelle), D+I represented pure DNase I and IR780, MI@CaPD
represented final formulation which IR780 loaded inside micelle, while DNase I mineralized inside calcium phosphate shell

investigation, we first explored the antibacterial effects of
the pure laser and the blank carrier M@CaP. The results
showed that the biofilms in the PBS± Laser group and the
M@Cap ± laser group exhibited integrated and tight junc-
tion with 25 µm biofilm thickness, and green fluorescence
accounted for 100% of total area (Figure 4B, Figure 4D).

These results indicated that biofilm was not dispersed
under these conditions.
For pure drug (IR780 plus DNase I) without laser group,

limited red fluorescence (10% of total area) appeared in
the biofilm of the D+I group, while the thickness of the
biofilm decreased to 16 µm. By contrast, under 1W cm-2
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of 808 nm NIR laser irradiation for 5 minutes, signifi-
cant red fluorescence (30-40% of total area) was detected
in D+I (+) (200 µg mL-1 IR780 and 150 µg mL-1 DNase
I) groups and the compact structure of the biofilm was
destroyed, and the thickness reduced to 16 µm, showing
limited biofilm diffusion capacity. These results confirmed
that the DNase I possessed biofilm disruption ability to
decrease biofilm density but suffering limited antibacterial
capacity, while under laser illumination, the IR780 medi-
ated antibacteria effect could be significantly enhanced.
For our designedMI@CaPD NPs -Laser group,more sparse
biofilms were observed, which was attributed to the Ca2+
mediated enhanced biofilm disruption ability of DNase
I. More importantly, for MI@CaPD NPs +Laser group,
almost all the green fluorescence disappeared and was
replaced by the red fluorescence (90%of total area), and the
solid structure of the biofilm was severely damaged (the
average diffusion distance < 0.1) (Figure 4E, Figure 4F).
These results indicated that our nanosystem have high
biofilm destruction efficiency and great NIR response, can
eliminate bacteria protected by a biofilm.
For S. aureus bacteria, the biofilm thickness and bacte-

rial density for PBS±Laser group and pure carrierM@CaP
± Laser group did not change significantly which around
25 µm, which is consistent with the P. aeruginosa bacte-
ria result. The results showed again that pure laser and
pure materials had no biofilm dispersion effect. Later, for
D+I without laser group, the bacteria density inside the
biofilm was still high, but the biofilm thickness decreased
to 14 µm.This demonstrated the diffusion inhibition capac-
ity of DNase I into the biofilm, and the necessity for com-
bination with other antibacterial agents. Then, for D+I
+Laser group, the tightness of biofilm was visually weak-
ened, and most bacteria were damaged. This is because
the laser irradiation stimulated the photothermal ther-
apeutic ability of IR780, promoting the inside bacterial
death due to excessive heat after the biofilm was weak-
ened by DNase I. However, the free IR780 suffers from
poor photothermal conversion ability and was extremely
easy to degrade, which severely hampers its bactericidal
effect.
For the MI@CaPD laser-free group, biofilm aggrega-

tion and shrinkage occurred, demonstrating amore potent
biofilm inhibition capability compared with D+I with-
out laser group. This phenomenon reflected the enhance-
ment of the biofilm inhibitory function of DNase I by
calcium phosphate. Subsequently, the biofilms in the
MI@CaPD (+) group were all replaced with red fluo-
rescence, which reflected that the bacterial cells growth
had been completely inhibited. The addition of laser
significantly enhanced the antibacterial ability of NPs,
which clearly showed that this enzyme/photosensitizer
nanocomposite system could successfully remove biofilm,

as attributed to the strong degradation ability of biofilm as
well as the outstanding photothermal conversion ability.
To further quantitatively evaluate the extent of biofilm

dispersion of MI@CaPD NPs, we treated matured biofilms
(cultured for 48 hours) with different therapeutic groups
under 5 minutes 808 nm laser illumination and stained
the remaining biofilm biomass with crystal violet for both
P. aeruginosa and S. aureus (Figure S4) bacteria sepa-
rately. From the results of the residualP. aeruginosa biofilm
biomass stained with crystal violet, it could be observed
that PBS and blank M@CaP (with or without laser irra-
diation) group had no effect on the removal of P. aerugi-
nosa biofilms. However, 40% of biofilm biomass lost was
detected in D+I without laser group (Figure 5A), which
was consistent with the previous live-cell wall damaged
bacteria staining test results. These results suggested that
DNase I had a strong biofilm dispersion ability. Further-
more, when IR780 was activated by 808 nm laser for 5 min-
utes, the biofilm of D+I +Laser group was significantly
inhibited (50%), which indicated that DNase I and IR780
had a strong synergistic effect while suffering low effi-
ciency for free IR780. Fortunately, with theMI@CaPD with
laser group, 80% of the biofilm biomass was inhibited,
due to the Ca2+-mediated enhanced DNase I activity and
the strong photothermal conversion efficiency of micelle-
protected IR780. It has been reported that near infrared
(808 nm) radiation combined with ciprofloxacin exhibited
excellent biofilm dispersion.[41] This result is consistent
with the composite system we designed.
At the same time, for the result of inhibition of S. aureus

biofilm in each group, PBS and the pure nanomaterial
carrier cannot inhibit biofilm. Meantime, D+I (+) group
results showed DNase I could effectively inhibit biofilm
formation, and IR780 could only produce antibacterial
effect when laser was applied. We found that this DNase I
and IR780 combination strategy reflected higher therapeu-
tic effects for S. aureus bacteria comparing with P. aerugi-
nosa, 80% of the biofilm biomass was inhibited by free drug
only (Figure 5A). Also, theMI@CaPD NPswith laser group
could achieve highest biofilm inhibition efficiency (90%).
This might be due to that the S. aureus and P. aeruginosa
bacteria have different growth rates, since we also found
that the growth rate of S. aureus bacteria was found to be
slower than P. aeruginosa when culturing these bacteria
(Figure 5B).
Since crystal violet is measuring bacteria and EPS

together, while EPS production which is probably much
higher in P. aeruginosa than in S. aureus, therefore, we
stained the EPS alone by using ConA-FITC (Figure S5).
From the resultswe found that theEPS ofP. aeruginosawas
very thick and denser than S. aureus. These fully explained
why the biofilm of P. aeruginosa bacteria is more difficult
to remove.
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F IGURE 5 Dispersion of P. aeruginosa and S. aureus biofilms by PBS, M@CaP, D+I, MI@CaPD with or without NIR laser by measuring
the remaining biofilm. A, B, The biofilms of P. aeruginosa and S. aureus were visualized by crystal violet staining. The amount of remaining P.
aeruginosa or S. aureus biofilms after incubation with different treatments. C, D, Antibacterial effects and (E, F) Quantitative analysis of log
CFU mL-1 in different treatment groups toward P. aeruginosa and S. aureus bacterial biofilms. (6 hours of incubation and 5 minutes of NIR
irradiation, 808 nm, 1W cm-2. The concentrations of IR780 and DNase I were 200 and 150 µg mL-1)

The above results can also be directly observed from the
colony images of plate coating results for both P. aerugi-
nosa (Figure 5C) and S. aureus (Figure 5D) bacteria. First,
we cultured the biofilm in 24-well plates, and treated the
biofilm with the above-mentioned different treatment reg-
imens. After 6 hours of incubation, the laser group was
irradiated by 808 nm laser for 5 minutes and further cul-
tured for 18 hours. After ultrasonic collection, the biofilm

was diluted by 105 times for plate coating test. The results
showed that the number of colonies in pure DNase I and
IR780 without laser irradiation groups decreased com-
pared with PBS group in both P. aeruginosa and S. aureus
bacteria. This is due to the degradation of biofilm by
DNase, which reduces the number of free bacteria inside.
In addition, when the laser was applied, the number of
colonies decreased significantly, which indicated that NIR



RAN et al. 9

activated IR780 could effectively kill the bacteria inside
the degraded biofilm. For MI@CaPD +Laser group, we
observed potent bacteriostatic activity against S. aureus
and P. aeruginosa and these were indicated by the colony-
forming unit (CFU) value (6 for P. aeruginosa, 5.6 for S.
aureus) as shown in from Figures 5E and 5F.

3 CONCLUSION

In summary, based on the strategy of first disrupting the
biofilm, exposing its internal bacteria, and then killing
the free bacteria, an IR780/DNase I core–shell nanocom-
posite has been successfully prepared with enhanced EPS
eDNA cleavage function and NIR-triggered photothermal
therapeutic effect, for enhanced biofilm disruption and
(gram-positive and gram negative) bacteria killing. This
novel enzyme and drug cascade delivery system exhibits
a powerful synergistic therapeutic effect. The experimen-
tal results showed that the encapsulation of IR780 into a
micellar hydrophobic core could significantly improve its
photothermal conversion ability. Furthermore, Ca2+ could
greatly increase the bacterial biofilm dispersion capabil-
ity of DNase I. It is found that CaP mineralized DNase I
exhibited more than 20% increase in eDNA cleavage rel-
ative to pure DNase I. When the biofilm EPS lyses, inter-
nal bacteria were exposed and killed by the excessive heat
generated by the NIR-activated IR780. The results exhib-
ited that laser-triggeredMI@CaPD nanoparticles could kill
80% of the bacteria and disperse 90% of mature biofilm
biomass for both Staphylococcus aureus and Pseudomonas
aeruginosa bacteria, and the biofilm eradication effect
for S. aureus is more efficient compared to P. aerugi-
nosa. Hence, this multifunctional synergistic system pro-
vided a new strategy for enhancing the efficacy of biofilm
eradication.

4 EXPERIMENTAL SECTION

Materials
1,2-distearoyl-snglycero-3-phosphoethanolamine-N-
[methoxy (polyethylene glycol)-2000] (DSPE-PEG2000)
was purchased from Shanghai Ponsure Biotechnology
(Shanghai, China). IR-780 iodide was purchased from
Macklin Biochemical (Shanghai, China). DNase I was
purchased from Roche Diagnostics GmbH Mannheim
(Germany). SYTO 9 green fluorescent nucleic acid stain
and SYTOX Green was purchased from Thermo Fisher
Scientific. Propidium iodide was obtained from Beyotime
Biotechnology (China). Crystal violet was purchased from
Fluca chemi.

Preparation and characterization of MI, MI@CaPD and
M@CaP
First, 40mg of DSPE-PEGwas dissolved in 2mL ofMilli-Q
water. Subsequently, 4mg of IR780was dissolved in 1mL of
ethanol. The organic phase was slowly added dropwise to
that aqueous phase at 500 rpm and stirred for 30 minutes.
The mixture was stirred at 500 rpm, and the organic phase
was evaporated to dryness in an oil bath 95°C to obtain
MicelleIR780.[4]
MI@CaPD were fabricated by combining two

solutions.[42] Solution A consisted of 0.42 mL of CaCl2
(2 M), 0.84 mL of Tris buffer (pH = 10, 10 mM) and
2 mL of MI. Solution B consisted of 0.43 mL of HEPES
buffer (280 mM NaCl, 15 mM Na2HPO4 and 50 mM
HEPES) and 0.3 mL of DNase I (10 mg mL-1). Solution
B was added dropwise to solution A at 500 rpm and the
MicelleIR780@CaPDNase I nanoparticles were precipitated
by stirring for 30 minutes. The MI, CaP and MI@CaPD
nanoparticles were diluted in PBS to determine dynamic
light scattering (DLS) particle size, zeta potential by
Zetasizer Nano, Malvern and the morphology images by
JEM-1400 Plus Transmission Electron Microscope.
M@CaP was the blank carrier in the nanosystem. First,

40mgofDSPE-PEGwas dissolved in 2mLofMilli-Qwater.
Subsequently, 1 mL of ethanol was slowly added dropwise
to that aqueous phase at 500 rpm and stirred for 30 min-
utes. The mixture was stirred at 500 rpm, and the organic
phase was evaporated to dryness in an oil bath 95°C to
obtain Micelle (M). M@CaP were fabricated by combin-
ing two solutions.[42] Solution A consisted of 0.42 mL of
CaCl2 (2 M), 0.84 mL of Tris buffer (pH = 10, 10 mM) and
2mLofM. SolutionB consisted of 0.43mLofHEPESbuffer
(280 mM NaCl, 15 mM Na2HPO4 and 50 mM HEPES) and
0.3 mL Milli-Q water. Solution B was added dropwise to
solution A at 500 rpm and the Micelle@CaP (M@CaP)
nanoparticles were precipitated by stirring for 30 minutes.

DNase I loading of MI@CaPD
The MI@CaPD nanoparticles were centrifuged at
15,000 rpm for 10 minutes. The residual protein con-
centration in the supernatant was then determined by
BCA protein assay (Thermo Fisher Scientific) and the
amount of DNase I encapsulated was calculated using the
following equation.[14]

Loading capacity (%) =

initial DNase I amount-residential DNase I amount
amount of M@CaP

× 100%

Release of DNase I
0.5 mL MI@CaPD nanoparticles were centrifuged at
14,000 rpm for 10 minutes and the supernatant was dis-
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carded. Add 1 mL each of pH (6.5, 7.4) Phosphate-buffered
saline (PBS) buffer to Eppendorf tubes. At selected time
points (1, 2, 4, 6, 12 and 24 hours), the release medium was
all removed, and the Bicinchoninic acid assay (BCA) kit
was applied to determine the release of DNase I. Reference
standard curve was applied. Next, 1 mL of fresh release
medium was added to the Eppendorf tube.

Phototherapy of free-living bacteria with MI@CaPD
The nanoparticles were diluted with PBS to different con-
centrations (IR780 at 0, 8, 15, 30, 60, 120 µg mL-1) and incu-
bated with planktonic bacteria (final concentration of both
S. aureus and P. aeruginosa in each well was ∽107 CFU
mL-1) for 6 hours. Each well was incubated for an addi-
tional 18 hours after being irradiated with a NIR laser at
808 nm for 5 minutes and its absorbance at 595 nm was
determined using a microplate reader.

Bacteria strains and media
S. aureus (ATCC 25923, S. aureus) and P. aeruginosa (PAO1
DSM 19880, P. aeruginosa) were stored at -80°C and used
as the Gram-positive and Gram-negative models. S. aureus
and P. aeruginosa aerobically grown in lysogeny broth agar
plate at 37°C. A single colony was picked for overnight cul-
ture and further studies in lysogeny broth media. After
overnight incubation, bacterial suspensions of P. aerugi-
nosa and S. aureuswere centrifuged at 3750 rpm for 5 min-
utes each to remove the supernatant. The bacterial Pel-
let was resuspended with fresh PBS and the bacteria were
counted at 600 nm using the cell density meter (Ultro-
spec10) and adjusted to 108 CFU mL-1 for following exper-
iments.

Biofilm growth
10 µL of the bacterial suspension at 108 CFU mL-1 were
mixed with 990 µL of tryptic soy broth (TSB) and added to
24-well. After the biofilm was grown under aerobic condi-
tion at 37°C for 24 hours, the old culture medium was dis-
carded, followed by washing of the biofilm with PBS and
gentle shaking of 24-well to remove the loosely attached
bacteria on individualwells. Fresh TSBmediumwas added
into the wells, and the biofilm was statically cultured for
further 24 hours at 37°C. The above washing operationwas
then repeated to obtain a 48-hour biofilm.

Confocal laser scanning microscopy (CLSM)
The biofilm was grown in the confocal dish for 48h.
Then, the biofilms were treated by different groups (PBS,
M@CaP, D+I, MI@CaPD) for 1 hour. The nanoparticles
were diluted with PBS to the concentration of 200 µg mL-1
(IR780) and 150 µg mL-1 (DNase I). For groups with laser,
each group would be given NIR laser (1 W cm-2, 5 min-
utes). Then, the treated biofilm would be further cultured

for 18 hours. After that, the loose bacteria were washed
away by PBS. SYTO 9 (5 µM) and propidium iodide (5 µM)
were then used to visualize live and damaged bacteria
cells, respectively. The biofilm was incubated with the
mixed dyes in a dark environment at room temperature
for 30 minutes. Next, after the excess dye was washed with
PBS, 500 µL of PBS was added to prepare the sample. Ran-
dom locations of biofilm were imaged with Zeiss LSM880
confocal lasermicroscopy by×20 objective using ZEN soft-
ware and excitation with 488 and 543 nm lasers.
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