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CHAPTER  3

Eradication of Multidrug-Resistant 

Staphylococcal Infections by Light-Activatable 

Micellar Nanocarriers in a Murine Model

Liu, Y., van der Mei, H. C.  Zhao, B. Zhai, Y. Cheng, T. Li, Y. Zhang, 

Z. Busscher, H. J. Ren, Y. and Shi, L. Adv. Funct. Mater., 2017, 27, 

1701974.

Reproduced with permission from Wiley VCH. 
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ABSTRACT

Bacterial infections are mostly due to 
bacteria in their biofilm mode-ofgrowth, 
making them recalcitrant to antibiotic 
penetration. In addition, the number of 
bacterial strains intrinsically resistant to 
available antibiotics is alarmingly growing. 
This study reports that micellar nanocarriers 
with a poly(ethylene glycol) shell fully 
penetrate staphylococcal biofilms due to 
their biological invisibility. However, when 
the shell is complemented with poly(β-
amino ester), these mixed-shell micelles 
become positively charged in the low pH 
environment of a biofilm, allowing not only 
their penetration but also their accumulation 
in biofilms without being washed out, as do single-shell micelles lacking the pH-adaptive feature. Accordingly, 
bacterial killing of multidrug resistant staphylococcal biofilms exposed to protoporphyrin IX-loaded mixed-
shell micelles and after light-activation is superior compared with single-shell micelles. Subcutaneous infections 
in mice, induced with vancomycin-resistant, bioluminescent staphylococci can be eradicated by daily injection 
of photoactivatable protoporphyrin IX-loaded, mixed-shell micelles in the bloodstream and light-activation at 
the infected site. Micelles, which are not degraded by bacterial enzymes in the biofilm, are degraded in the liver 
and spleen and cleared from the body through the kidneys. Thus, adaptive micellar nanocarriers loaded with 
lightactivatable antimicrobials constitute a much-needed alternative to current antibiotic therapies.

KEYWORDS: biofilms, infections, multidrug resistance, nanoparticles, photodynamic therapy
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INTRODUCTION

Bacterial infections are for the major part due to bacteria growing in their biofilm mode of growth.1 In a biofilm, 
bacteria embed themselves in a protective matrix of self-produced extracellular polymeric substances (EPS), 
also known as “slime”.2–4 The EPS matrix not only protects its bacterial inhabitants against the host immune 
system but also against antimicrobials.5,6 Although the recalcitrance of bacteria against antimicrobial treatment 
was already described by Van Leeuwenhoek in 1684,7 long before the introduction of the word “biofilm,” 
biofilm-associated infections still remain notoriously difficult to treat effectively. Hitherto, few antimicrobials 
are available that are able to penetrate the EPS matrix surrounding infectious bacteria in a biofilm-mode of 
growth,8,9 while moreover the number of intrinsically antibiotic resistant strains and species is increasing at an 
alarming rate.10–12

Clinically, the problems associated with the treatment of biofilm-associated infections bear similarity with 
tumor treatment.13,14 Photodynamic tumor treatment has provided a more tissue selective way with less side 
effects to eradicate tumors than surgery, radiotherapy, or chemotherapy.15 In the photodynamic treatment 
of tumors, a nontoxic photosensitizer is light-activated to produce high local, cytotoxic concentrations of 
reactive oxygen species (ROS).14,16 ROS can not only be cytotoxic but also bactericidal with no record of 
stimulating resistance among bacterial strains.17,18 Accordingly, photodynamic antimicrobial chemotherapy 
has focused on treating planktonic bacteria and on improving ROS generation.19–21However, photodynamic 
antimicrobial chemotherapy has been little succesful with respect to bacteria in their biofilm mode of growth, 
due to the lack of penetration of photosensitizers into a biofilm.22 In addition, photosensitizers often aggregate 
during transport in the bloodstream, which may reduce ROS generation.23 Aggregation of photosensitizers 
in blood can be prevented by their micellar encapsulation.24  Polymeric micellar nanocarriers equipped with 
stealth and pH-adaptive surface features have turned out to be ideal for transporting chemotherapeutics in the 
bloodstream for tumor treatment,25 as well as for transport in blood of drugs alleviating Alzheimer’s disease.26 
Whereas all polymeric micellar nanocarriers are pH-adaptive with respect to their charge and hydrophilicity 
up to a certain degree, only hydrophilic mixed shell polymeric micelles (MSPMs) composed of the copolymer 
poly(ethylene glycol)-block-poly(ε-caprolactone) (PEG-b-PCL) and poly (ε-caprolactone)-block-poly(β-
amino ester) (PCL-b-PAE) show complete charge reversal from a negative charge under physiological pH 
to a positive charge when pH drops to below 6.5.25,27 Acidity within infection sites has been unequivocally 
demonstrated for highly diverse strains including staphylococci, through a variety of techniques.28 Low pH 
of infections sites29 is mainly due to a combination of low oxygen tension triggering anaerobic fermentation 
and the production of organic acids.30 Accordingly, once in the acidic environment inside a tumor or biofilm, 
the positive charge adapted by MSPMs targets the micelles toward negatively charged tissue or bacterial cell 
surfaces including infection sites in vivo, respectively.27,31 Here we hypothesize that negatively charged MSPMs, 
loaded with protoporphyrin IX (PpIX) as a photosensitizer and composed of PEG and pH-adaptive PAE, will 
be able to circulate freely in the bloodstream and fully penetrate and accumulate in bacterial biofilms where 
they become positively charged under the low pH conditions in a biofilm to selectively target themselves to 
negatively charged bacterial cell surfaces. Once targeted to a bacterial cell surface, external light-activation will 
yield generation of ROS in the close vicinity of the target pathogens. We anticipate that these features of PpIX-
loaded MSPMs will yield enhanced bacterial killing of bacteria in their biofilm mode of growth, as compared 
to single shell polymeric micelles (SSPMs) composed of only PEG-b-PCL.

In this paper, we aim to verify the above hypothesis and show that MSPMs loaded with PpIX can penetrate 
and accumulate more deeply into in vitro staphylococcal biofilms than SSPMs and kill bacteria in their biofilm-
mode of growth upon lightactivation. Moreover, in vivo efficacy of light-activatable PpIX loaded MSPMs 
vis-à-vis SSPMs and vancomycin treatment will be demonstrated in a murine model against a vancomycin 
resistant staphylococcal infection using bio-optical imaging. This study was carried out with two strains of 
Staphylococcus aureus (S. aureus). S. aureus is involved in many soft tissue infections and infections associated 
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with biomaterials implants and devices.32 Moreover, multidrug-resistant S. aureus strains are rapidly emerging.33 
In order to allow the use of bioluminescent imaging, one of the two strains used here was bioluminescent, 
while the other strain was green-fluorescent. Both strains were resistant to multiple antibiotics (see Table S1, 
Supporting Information), most notably vancomycin. 

RESULTS

Physicochemical Characteristics of Single- and Mixed-Shell Micellar Nanocarriers. SSPMs 
were prepared by combining PEG5k-b-PCL10k in tetrahydrofuran in acetate buffer, while for the preparation 
of MSPMs, equal volumes of PEG5k-b-PCL10k and PCL10k-b-PAE11k in tetrahydrofuran were combined in 
acetate buffer. Resulting micelle suspensions were dialyzed in a dialysis bag to remove tetrahydrofuran and 
subsequently suspended in phosphate buffer. First, micelle diameters were measured using dynamic light 
scattering for unloaded and PpIX-loaded micelles. The widths of the intensity peaks in dynamic light scattering 
are rather narrow (Figure S1A, Supporting Information), yielding micelle diameters between 142 and 100 nm 
for SSPMs and MSPMs respectively, regardless of pH and PpIX-loading (Figure 1A). Transmission electron 
micrographs of the micelles confirm a spherical morphology (Figure S1B, Supporting Information). As in 
vivo, micelles are exposed to blood at pH 7.4 before entering the acidic environment of a biofilm, micelle 
diameters were also measured after exposure to plasma at pH 7.4.34,35 Plasma exposure slightly increased the 
hydrodynamic diameters of the micelles, indicating the formation of a protein corona around the micellar 
nanocarriers.36 Zeta potentials of both types of micelles are negative at physiological pH 7.4 (Figure 1B), 
while MSPMs become more negatively charged upon PpIX-loading, which has previously been attributed to a 
contribution of PpIX to the negative charge.37 Importantly, only MSPMs acquire a positive zeta potential at pH 
5.0. Exposure to plasma at pH 7.4 made the negative zeta potentials of the micelles slightly more negative, but 
the presence of a protein corona did not impede charge reversal upon pH decrease.

PpIX-Loading of Micelles and ROS Generation by Micellar Nanocarriers. For PpIX-loading, 
polymer solutions in tetrahydrofuran were first mixed with a PpIX solution in the dimethylformamide. PpIX-
loadings of SSPMs and MSPMs were evidenced by strong UV–VIS absorption bands around 407 nm (Figure 
2A). UV–VIS absorbance of PpIX-loaded MSPMs was about twice stronger than of PpIX-loaded SSPMs, 
indicating higher loading efficiency. Fluorescence intensities of PpIX-loaded SSPMs and MSPMs at around 
630 nm were similar due to self-quenching of PpIX in the micelles, but relatively weak compared to PpIX in an 
organic solvent (Figure 2B).

ROS generation upon light-activation of PpIX-loaded micelles was evaluated using commercially available, 
water-soluble 9,10-anthracenediyl-bis(methylene)-dimalonic acid (ADA) as a 1O2 probe. Trapping of ROS 
by ADA upon light-activation of PpIX-loaded MSPMs yielded a decrease in the absorption bands at 380 and 
401 nm (Figure 2C). Quantitative comparison of the relative absorbances of ADA upon light-activation of 
SSPMs and MSPMs showed a twofold higher decrease in ADA absorption bands for MSPMs than for SSPMs 
(Figure 2D), indicative of higher amounts of ROS generation. This is likely due to the higher loading efficacy 
of PpIX and its monomeric nature in MSPMs (Figure 2A). Importantly, light-activation of ADA in absence 
of PpIX-loaded micelles did not cause any decrease in relative absorbance, whereas the presence of PpIX-
loaded MSPMs in absence of light-activation also yielded stable absorbances. Neither UV–VIS absorption nor 
fluorescence emission spectra of PpIX in SSPMs and MSPMs nor ROS generation were affected by exposure 
of the micelles to 10% plasma.

 Micellar Interaction with Staphylococci and Tissue Cells in Suspension. In order to 
microscopically examine micellar interactions with bacteria and tissue cells, micelles were loaded with 
fluorescent Nile red by mixing the polymer solutions in tetrahydrofuran with Nile red instead of PpIX solution. 
Nile red-loaded MSPMs were highly selective in their interaction with mammalian cells or staphylococci 
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(Figure 3A). At neither pH did Nile red loaded MSPMs adhere to any of the three mammalian cell lines 
included, nor was the metabolic activity of the cells affected by growth in the presence of PpIX-loaded micelles 
(Figure S2A, Supporting Information). However, whereas Nile red-loaded micelles could not be demonstrated 
on staphylococcal cell surfaces at pH 7.4, Nile red-loaded MSPMs were found in ample numbers on bacterial 
cell surfaces at pH 5.0 (yielding yellowish fluorescence) due to the positive charge adapted by MSPMs 
yielding electrostatic attraction to the negatively charged staphylococcal surfaces (see Table S2, Supporting 
Information). Aliquots of light-activated staphylococcal suspensions on agar plates showed clear colony 
forming units in absence of PpIX loaded micelles or when exposed to light-activated PpIX-loaded SSPMs, but 
not when exposed to light-activated PpIX-loaded MSPMs micelles (Figure 3B). Note that light-activation 
of a bacterial suspension in absence of PpIX-loaded micelles up to 60 min did not affect bacterial viability. 
More quantitative analysis of the reduction in the number of colony forming units (CFUs) in suspensions 
with PpIX-loaded micelles and staphylococci showed that the percentage viability decreased faster upon light-
activation with increasing micelle concentration and to a lower level for MSPMs than for SSPMs (Figure 3C), 
likely because MSPMs target better to negatively charged staphylococcal cell surfaces. Figure 3D,E shows 
that 10 min light-activation suffices to achieve maximal killing of planktonic staphylococci. Light-activation of 
PpIX-loaded micelles during mammalian cell growth did not affect the metabolic activity of human umbilical 
vein endothelial cells (HUVEC) or human epithelial colorectal adenocarcinoma (Caco-2) cells, while 
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Figure 1. Micelle characterization. (A) Micelle diameters of SSPMs and MSPMs with or without 
PpIX loading measured using dynamic light scattering in 10 × 10−3 M phosphate buffer at pH 
5.0 and pH 7.4 prior to and after 24 h exposure to 10% murine plasma at pH 7.4. After plasma 
exposure, micelles were separated from the plasma by ultracentrifugation and resuspended in 10 
× 10−3 M phosphate buffer with the appropriate pH. Error bars denote the width of the intensity 
peaks in dynamic light scattering (see also Figure S1, Supporting Information). (B) Similar to 
panel (A), now zeta potentials. Error bars denote standard deviation (SD) values over three 
different experiments with separately prepared micelles.
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metabolic activity of human skin fibroblasts (HSF) was only slightly reduced above micelle concentrations of 
80 μg mL−1 (Figure S2B, Supporting Information). Next bio-optical imaging was applied as a rapid method to 
determine the effect of concentration and time on the viability, or strictly speaking, on the metabolic activity of 
planktonic staphylococci as a function of the light-activation time of PpIX-loaded micelles for different micelle 
concentrations. Bioluminescent images (Figure 3F,G) of planktonic S. aureus Xen36 were quantitated using 
image analysis software, yielding the conclusion that MSPMs killed planktonic S. aureus Xen36 faster and at 
lower micelle concentrations than did SSPMs (Figure 3H,I). The percentage reduction observed upon light-
activation of a suspension of bioluminescent S. aureus Xen36 and PpIX-loaded micelles (Figure 3H,I) parallels 
the percentage reduction in staphylococcal viability (Figure 3D,E), except for the micelle concentrations 
below 20 μg mL−1 at short light-activation times. This is due to the stimulating effect of low dose lightirradiation 
on bacterial metabolism,38 similar as low doses of antibiotics increase bacterial metabolism and therewith 
bioluminescence.39 For higher micelle concentration and longer light-activation times, ROS generation is 
sufficiently high to kill the staphylococci immediately without initial stimulation of their metabolic activity and 
bioluminescence.

Penetration and Accumulation in Staphylococcal Biofilms and Killing Efficacies by PpIX-
Loaded Micelles. Biofilms were exposed to Nile red-loaded micelles and penetration and accumulation 
examined using confocal laser scanning microscopy (CLSM). The 3D CLSM images in Figure 4A show 
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Figure 2. PpIX-loading of micelles and ROS generation. (A) UV–VIS absorption spectra of 
PpIX in SSPMs and MSPMs, measured in N,N-dimethylformamide, as well as in 10 × 10−3 M 
phosphate buffer (pH 7.4). (B) Same as panel (A), now fluorescence emission spectra. (C) UV–
VIS absorption spectra of ADA and PpIX-loaded MSPMs after light-activation up to 10 min. The 
inset indicates conversion of ADA after reaction with ROS. (D) Relative UV–VIS absorption of 
ADA at 380 nm as a function of the light-activation time of PpIX-loaded SSPMs and MSPMs, 
measured in 10 × 10−3 M phosphate buffer (pH 7.4). L. A. is light-activation. Data in absence of 
light-activation and for light-activated ADA in absence of PpIX-loaded micelles are included as 
controls. Absorbance prior to light-activation was set at 100% and relative absorbances at 401 nm 
fully coincided with the ones measured at 380 nm. 
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Figure 3. Selective micellar interaction with staphylococci over tissue cells in suspension and 
killing of planktonic bacteria. (A) Confocal laser scanning microscopy (CLSM) micrographs 
of HUVEC, HSF, and Caco-2 cells, and S. aureus WHGFP after interaction with Nile red-loaded 
MSPMs in 10 × 10−3 M phosphate buffer at pH 5.0 and 7.4. Red and blue fluorescence indicate 
micelles and cell nuclei, while bacteria appear green, respectively. Red fluorescent micelles 
interacting with green fluorescent bacteria appear yellowish (at pH 5.0). Bar marker is 25 μm. (B) 
S. aureus Xen36 colonies on tryptic soy broth (TSB) agar plates from aliquots of staphylococcal 
suspensions (106 bacteria mL−1) in phosphate buffered saline (PBS, pH 7.4) combined  with 
PpIX-loaded SSPMs and MSPMs (40 μg mL−1) and light-activated for 15 min. 1. No micelles, 2. 
PpIX-loaded SSPMs, and 3. PpIX-loaded MSPMs. (C) Relative bacterial viability of planktonic 
S. aureus Xen36 after 15 min light-activation as a function of the concentration of PpIX-loaded 
micelles in PBS (pH 7.4). For details, see caption of panel (B). Bacterial viability in PBS without 
micelles was set at 100%. All data are expressed as means ± SD over triplicate experiments with 
separately prepared micelles and different staphylococcal cultures. (D, E) Relative bacterial 
viability of planktonic S. aureus WHGFP (108 bacteria mL−1) in PBS (pH 7.4) as a function of 
the light-activation time for different concentrations of PpIX-loaded SSPMs (panel (D)) and 
MSPMs (panel (E)). Bacterial viability in PBS (micelle concentration 0 μg mL−1) was set at 
100%. All data are expressed as means ± SD values over triplicate experiments with separately 
prepared micelles and different staphylococcal cultures. (F, G) Bioluminescence images of 
planktonic S. aureus Xen36 (1010 bacteria mL−1) in PBS after different light-activation times 
for different concentrations of PpIX-loaded SSPMs (panel (F)) and MSPMs (panel (G)). For 
details, see caption of panel (B). Image columns were put together from different experiments, 
while pseudocolor scales in different experiments were adjusted to equal scales. (H, I) Relative 
bioluminescence intensity of planktonic S. aureus Xen36 after different light-activation times 
for different concentrations of PpIX-loaded SSPMs (panel (H)) and MSPMs (panel (I)). For 
details, see caption to panel (B). Bioluminescence intensity before light-activation was set at 
100%. All data are expressed as means ± SD values over triplicate experiments with separately 
prepared micelles and different staphylococcal cultures.
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Figure 4. Penetration and 
accumulation of Nile-red-
loaded SSPMs and MSPMs 
into staphylococcal biofilms 
and killing efficacies by PpIX-
loaded micelles. (A) Examples 
of 3D CLSM micrographs of 
S. aureus WHGFP biofilms after 
penetration and accumulation 
for different time intervals 
of Nile red-loaded MSPMs 
(0.1 mg mL−1) in 10 × 10−3 M 
phosphate buffer at pH 5.0. 
(B) Percentage fluorescence 
intensity upon penetration 
and accumulation of Nile-red-
loaded MSPMs into S. aureus 
WHGFP biofilms at pH 5.0 as a 
function of depth in the biofilm 
after different time intervals 
up to 180 min. Percentage 
fluorescent intensity was 
expressed as the number of red-
fluorescent pixels versus the 
total number of pixels in an 
image plane at a given depth. 
(C) Accumulation of Nile red-
loaded MSPMs into S. aureus 
WHGFP biofilms at pH 5.0 as 
a function of exposure time. 
Accumulation was expressed 
as the area under the curves in 
panel (B). (D) Accumulation 
of Nile-red-loaded micelles into 
S. aureus WHGFP biofilms at 
pH 5.0 and pH 7.4, for SSPMs 

and MSPMs prior to and after 24 h exposure to 10% murine plasma. Accumulation was expressed 
as the area under curves, as presented in panel (B). All data are expressed as means ± SD values 
over triplicate experiments with separately prepared micelles and different staphylococcal cultures. 
(E,F) Relative bioluminescence intensity of S. aureus Xen36 in a biofilm-mode of growth after 
different light-activation times for different concentrations of PpIX-loaded SSPMs (panel (E)) and 
MSPMs (panel (F)). Bioluminescence intensity before light-activation was set at 100%. All data 
are expressed as means ± SD values over triplicate experiments with separately prepared micelles 
and different staphylococcal cultures. (G,H) Same as panels (E) and (F), now for the relative 
viability of S. aureus WHGFP in its biofilm-mode of growth. Bacterial viability was determined by 
agar-plating of bacteria dispersed from the biofilms by sonication, setting bacterial viability before 
light-activation was set at 100%.
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Figure 5. Micelle treatment of a subcutaneous, vancomycin-resistant staphylococcal infection in 
a murine model studied using bio-optical imaging. (A) Workflow for staphylococcal injection, 
treatment, and bio-optical imaging in a murine, subcutaneous infection model till sacrifice. (B) 
Time series of bioluminescence images for one and the same mouse after initiating treatment 
with saline (100 μL of 154 × 10−3 M NaCl, every 24 h). Day 0 is the day at which bioluminescence 
has reached a maximum in absence of treatment (see Figure S5, Supporting Information). Scale 
bar equals 2 cm. (C) Time series of bioluminescence in one and the same mouse after initiating 
treatment with vancomycin (120 mg kg−1, every 24 h). Day 0 is the day at which bioluminescence 
has reached a maximum in absence of treatment (see Figure S5, Supporting Information). 
Scale bar equals 2 cm. (D) Time series of bioluminescence in one and the same mouse after 
initiating treatment with PpIX-loaded SSPMs (5 mg mL−1, 100 μL every 24 h followed by 30 
min light-activation at the infected site). Day 0 is the day at which bioluminescence has reached 
a maximum in absence of treatment (see Figure S5, Supporting Information). Scale bar equals 
2 cm. (E) Same as panel (C), now for PpIX-loaded MSPMs. (F) Relative bioluminescence 
intensity arising from the infection site as a function of time after initiating treatment with saline, 
vancomycin, SSPMs, or MSPMs. Bioluminescence intensity before treatment was set at 100%. 
Error bars represent SD values over six mice per group. * indicates p < 0.05 different from all 
other treatments. #p < 0.05 different from all previous time points and the same as all following 
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accumulation of Nile red-loaded MSPMs into S. aureus WHGFP biofilms. Micelles penetrate and diffuse 
over the depth of the biofilm progressively with exposure time (Figure 4B,C). MSPMs accumulate in 
staphylococcal biofilms only at pH 5.0 and regardless of whether exposed to plasma or not. MSPMs at pH 7.4 
do not penetrate and accumulate staphylococcal biofilms, while SSPMs neither accumulate in staphylococcal 
biofilms at pH 5.0 nor pH 7.4 (Figure 4D). In line with the absence of penetration and accumulation of 
SSPMs in staphylococcal biofilms, exposure of staphylococcal biofilms to PpIX-loaded SSPM and light-
activation neither yielded a reduction in biofilm bioluminescence (Figure 4E) nor in biofilm viability (Figure 
4G). PpIX loaded MSPMs on the other hand greatly reduced staphylococcal biofilm bioluminescence (Figure 
4F) and viability (Figure 4H), already at a micelle concentration of only 10 μg mL−1.

Eradication of a Vancomycin-Resistant Staphylococcal Infection in a Murine Model.  
Eradication of a vancomycin-resistant staphylococcal infection was subsequently studied in a murine model 
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Figure 6. Clearance of micelles from the bloodstream in mice. (A) Workflow for micelle 
injection, urine collection and fluorescence imaging of micelle accumulation in different 
organs. Fluorescent MSPMs were injected intravenously (5 mg mL−1, 200 μL) at t = 0 h. (B) 
Fluorescence images of different organs for examination of the presence of Cy5.5-loaded MSPMs 
in the heart (He), liver (Li), spleen (Sp), lungs (Lu), and kidneys (Ki) of mice sacrificed at 
different times following a single injection at t = 0 h. (C) Cumulative excretion of fluorescent 
MSPMs in urine as a function of time after injection. Excretion was expressed as a percentage 
with respect to the total fluorescence of the Cy5.5-loaded micelles injected. Error bars represent 
SD values over three mice per group.

time points for PpIX-loaded MSPMs. (G) Same as panel (F), now for the relative area of the 
bioluminescent site. Bioluminescent area before treatment was set at 100%. * indicates p < 0.05 
different from all other treatments. #p < 0.05 different from all previous time points and the same 
as all following time points for PpIX-loaded MSPMs.
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using bio-optical imaging. Dosage of infecting bacteria is critical in animal studies to cause infection and at the 
same time prevent death of the animals. After pilot experiments and analysis of the literature,40,41 it was decided 
to inject a dose of 2 × 107 bioluminescent  S. aureus Xen36 in the left and right flanks of the mice to initiate 
infection at two sites, according to the workflow in Figure 5A (see Table S1 of the Supporting Information 
for vancomycin resistance of S. aureus Xen36). In absence of treatment, bioluminescence reached a maximum 
at day 2 after injection, after which bioluminescence gradually decreased, concurrent with a decrease of the 
bioluminescent area. Accordingly, experiments comparing treatment with saline as a control, vancomycin and 
PpIX-loaded SSPMs and MSPMs were initiated at day 0, i.e., two days after injection of staphylococci. Time 
series of bioluminescence images for one and the same mouse after initiating the various treatments are shown 
in Figure 5B–E, while quantitative analysis of the bioluminescence arising from the infected sites and the 
area of the infected site are presented in Figure 5F,G. Differences in efficacies of saline, vancomycin, or SSPM 
treatments were small, while treatment with MSPMs induced clearance of the infection significantly sooner 
and to lower levels than any other treatment, including vancomycin treatment.

Clearance of Micelles from the Bloodstream in Mice. Importantly, MSPMs collected either in 
the biofilm (Figure 5) or in the liver and spleen of the mice, as evidenced in a separate experiment involving 
mice that were injected with Cy5.5-labled fluorescent MSPMs, according to the workflow in Figure 6A. 
Fluorescence of the liver and spleen was maximal 1–6 h after micelle injection (Figure 6B), but decreased to 
low levels within 48 h. During these 48 h, urine was found to become fluorescent (Figure 6B,C), indicating 
enzymatic breakdown of the micelles in the liver and spleen and excretion through the kidneys into the urine. 
After 48 h, cumulative excretion leveled off, leaving 50–60% of the fluorescence unaccounted for, probably 
because of enzymatic degradation of the fluorescent probe in the liver.42 

DISCUSSION

We have developed light-activatable micellar nanocarriers multidrug-resistant staphylococcal infections in a 
murine model, as schematically summarized in Figure 7. Our MSPMs are equipped with a shell composed 
of poly (ethylene glycol) that makes the micelles biologically invisible at physiological pH and allows them 
to circulate long term in the blood stream without interaction with proteins or cells. Once penetrated in a 
bacterial biofilm, posing a much more acidic environment to the micelles, MSPMs expose the poly (β-amino 

Figure 7. Schematics 
of the mechanisms 
involved in eradication 
of biofilmassociated 
infection using light-
activatable PpIX-loaded 
MSPMs in vivo.
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ester) in their shell to create a positively charged micellar outer surface that interacts strongly with negatively 
charged bacterial cell surfaces to prevent wash-out and allow their accumulation. Taken together, these unique 
features allow our MSPMs to break the biofilm barrier impeding antimicrobial penetration into biofilms and, 
upon light-activation of their PpIX content, kills multidrug resistant staphylococci over the depth of a biofilm.

The protoporphyrinIX-loaded MSPMs composed of PEG and pH-responsive PAE are negatively charged 
while circulating in blood (pH 7.4) and do not interact with tissue cells. MSPMs due to their PEG shell can 
stealthily enter the low pH infection site where they become positively charged and bind to negatively charged 
bacteria. Light-activation will stimulate ROS generation and kill bacteria in their biofilm-mode of growth. 
Micelles that have not been degraded in the biofilm through bacterial enzymes are degraded in the liver and 
excreted through the kidneys.

The central point of our work is that a subcutaneous infection with vancomycin-resistant staphylococci in 
a murine model was cured significantly faster using light-activatable PpIX loaded MSPMs than with similarly 
loaded SSPMs or systemic vancomycin treatment (note that in animal models, infections are mostly cured by 
the immune system and dose-depending, seldom leading to death, as most human infections do).43 Bacterial 
resistance to ROS generated by light-activation of PpIX has not been reported,44 while last but not least 
micelles which are not degraded by the enzymes in the biofilm were degraded in the liver and spleen to find 
their way out of the body through excretion by the kidneys, attesting to their biological invisibility when under 
physiological pH conditions.

It is somewhat surprising that light-activated ROS production yields such rapid eradication of a multidrug 
resistant biofilm-associated infection, since ROS is extremely short-lived. On average, singlet oxygen and 
hydroxyl radicals have short lifetimes of only several microseconds.45 Likely, the targeting of our pH adaptive 
micelles directly to the bacterial cell surface is responsible for this strong antibacterial efficacy despite 
ROS being short-lived. Alternative loading of the micellar nanocarriers with more stable, light-activatable 
antibiotics46,47 might prolong the duration of antimicrobial activity in a biofilm after light-activation and 
therewith the bacterial killing efficacy. However unlike ROS, antibiotics always bear the risk of being or being 
ineffective due to bacterial resistance.

Photodynamic antimicrobial chemotherapy with PpIX-loaded MSPMs to treat subcutaneous infection 
has never been evaluated before in an animal model. Photodynamic antimicrobial chemotherapy with 
photosensitizers alone, without encapsulation in micelles, has been applied against oral biofilms, skin infections 
of surgical and burn wounds (see for an overview48). These applications however, do not require the targeting 
feature that makes our MSPMs unique. Our MSPMs can find their way through the blood circulation into an 
infectious biofilm remote from the injection site. Therewith also total internal, biofilm-associated infections 
like diabetic mice,49 diabetic foot ulcers,50 cystitis, prostatitis, and biofilm-associated infections of biomaterials 
implants and devices are within target reach by our micelles, when used in combination with advanced, deep-
penetrating light-activation methods, such as laser and narrow-band LED sources with or without the use of 
fiber technology.51

The translational pathway for photodynamic antimicrobial treatment using drug-loaded micelles has 
been partly paved in cancer treatment. The Food and Drug Administration (FDA) has approved small 
molecular photosensitizers for cancer photodynamic therapy,52,53 as well as PEG-b-PCL nanocarriers,54 
although not their combination.55 MSPMs that include PAE, even though biodegradable, have not yet been 
FDA approved.56 Many animal and human clinical studies have been performed pointing out advantages of 
photodynamic therapy toward treatment of cancer.53 In cancer treatment, photodynamic therapy has been 
used in conjunction with surgery, radiotherapy, or chemotherapy. Because it is activated locally and has 
limited tissue penetration, photodynamic therapy can be tissue sparing57 and lacks traditional adverse effects 
of radiotherapy or chemotherapy. As a drawback, intravenously administered photosensitizers may induce 
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skin photosensitivity, necessitating patients to avoid light,57 typical side-effects being pain, fever, and nausea.53 
Solutions to relieve patients side-effects might be provided by the high targeting ability of our MSPMs (note 
that no negative side-effects of micelle injection were observed in mice, while micelles were cleared rapidly 
from the body). Furthermore photoswitches based on Förster resonance energy52 transfer are currently under 
development that will impede inadverted light activation of photosensitizers in patients.

Benefit demonstration as part of the FDA regulatory requirements of light-activatable PpIX-loaded MSPMs 
to warrant further downward clinical translation toward biofilm-associated infection in general and infections 
caused by multidrugresistant bacteria in specific will be relatively easy considering the numbers of patients 
suffering from diverse types of biofilm-associated infections, including notoriously hard to treat biomaterial-
associated ones.58 Downward clinical translation of anti-infection strategies for biomaterial-associated 
infections such as coatings require benefit demonstration for regulatory approval in unrealistically large 
patients groups.59 Therefore clinical translation of antimicrobial coatings for biomaterial implants and devices 
has virtually arrested nowadays.60,61 Since further downward translation of our light-activatable PpIX-loaded 
MSPMs for the control of biofilm-associated infection can be done using any type of biofilm-associated 
infection, efficacy demonstration in clinical studies becomes statistically and therewith financially feasible, to 
the benefit of patients suffering from infections in general and biomaterial-associated ones at the same time.

MATERIALS AND METHODS

Preparation and Characterization of PpIX-Loaded Single-Shell and Mixed-Shell Polymeric 
Micelles. Micelles were prepared, as previously published.27 For the preparation of SSPMs, PEG5k-b-PCL10k 
(2 mL, 5 mg mL−1) in tetrahydrofuran was added dropwise into an acetate buffer (7 mL, pH 4.5, 100 × 10−3 M) 
at a rate of 1 droplet (20 μL) per 20 s under magnetic stirring for 4 h to form a micelle suspension. The micelle 
suspension was dialyzed in a dialysis bag with molecular weight cut off of 6–8 kDa against ultrapure water for 
24 h to remove tetrahydrofuran. The dialyzed micelle suspension was diluted to a final concentration of 1 mg 
mL−1 and stored in a refrigerator at 4 °C. For the preparation of MSPMs, equal volumes (1 mL) of polymer 
(PEG5k-b-PCL10k and PCL10k-b-PAE11k, 5 mg mL−1) in tetrahydrofuran were combined, as described above 
for SSPMs preparation. For PpIX-loading, polymer solutions in tetrahydrofuran were first mixed with a PpIX 
solution in the dimethylformamide (1 mg mL−1). The mass ratio of PpIX to the polymers was kept at 4 wt%. 
The mixed polymer/PpIX solution was then added dropwise to acetate buffer (pH 4.5, 100 × 10−3M) and 
followed by dialysis to remove tetrahydrofuran and dimethylformamide.

In occasional experiments, micelles were loaded with fluorescent Nile red in order to demonstrate micelle 
penetration and accumulation in biofilms and possible accumulation in different organs in animal experiments 
aimed to demonstrate in vivo efficacy of our PpIX loaded micelles. Loading the micelles with Nile red was 
essentially done as described above for PpIX. A Nile red stock solution in dimethylformamide (1 mg mL−1, 1 
wt % with respect to the amount of polymer) was mixed with polymer solution in dimethylformamide (5 mg 
mL−1) to a total volume of 2 mL. Under rigorous magnetic stirring, acetate buffer (pH 4.5, 100 × 10−3 M) was 
dropwise added to initialize the micellization, followed by a dialysis to remove the organic solvent, as described 
in detail before.27

Diameter, size distribution, and zeta potentials of the micelles and both staphylococcal strains were 
measured at 25 °C using a Zetasizer Nano-ZS (Malvern Instruments, Worcestershire, UK) in 10 × 10−3 M 
potassium phosphate buffer at pH 5.0 and 7.4. The micelle concentration was 0.5 mg mL−1, while bacteria were 
suspended to a concentration 1 × 108 bacteria mL−1. SSPMs or MSPMs were also characterized after exposure 
to plasma at pH 7.4. To this end, a micelle suspension (0.2 mg mL−1) was mixed with 10% murine plasma 
(Sigma-Aldrich) in 10 × 10−3 M phosphate buffer at pH 7.4 for 24 h at 37 °C after which the suspension was 
filtrated using ultrafiltration centrifuge (filter cut-off size: 0.2 μm, 10 000 g, 5 min) to separate the micelles from 
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unadsorbed plasma proteins and micelles were resuspended in buffer for measurements.

ROS Generation Efficiency. In order to determine the ROS generation efficiency a water-soluble ROS 
trap ADA was used. Briefly, freshly prepared PpIX-loaded SSPMs or MSPMs (0.2 mg mL−1) was mixed with 
ADA solution (10 × 10−6 M) and added to a cuvette. The cuvettes were  irradiated with a LED light source 
(wavelength: 630 ± 30 nm, power density: 20 mW cm−2). The UV−VIS absorption spectrum variations were 
recorded on an UV-2550 UV−VIS spectrophotometer (Shimadzu, Kyoto, Japan) every minute up to 10 min. 
The ROS trapping by ADA was monitored via decreasing of ADA UV−VIS absorption at 380 nm and 401 
nm.

Bacterial Culturing and Harvesting. Two multidrug-resistant staphylococcal strains were employed 
in this study: green-fluorescent S. aureus WHGFP and commercially available bioluminescent S. aureus 
Xen36 (PerkinElmer Inc., Waltham, MA, USA). Bioluminescent S. aureus Xen36 originates from S. aureus 
ATCC49525, a clinical strain isolated from bacteremia patient and made bioluminescent by inserting a 
modified Photorhabdus luminescens luxABCDE operon into the bacterial genome.62 Its bioluminescence 
requires adenosine tri-phosphate (ATP) and nicotinamide adenine dinucleotide phosphate hydrogen 
(NADPH) to maintain a sufficiently high level of aldehydes for the emission of light (see Figure S4, Supporting 
Information). Both strains were cultured at 37 °C in ambient air. S. aureus WHGFP was cultured on agar plates 
with 10 μg mL−1 tetracycline, while S. aureus Xen36 was cultured on agar plates with 200 μg mL−1 kanamycin. 
For experiments, bacteria were cultured and harvested according to our previous protocol27 and suspended in 
(PBS, 5 × 10−3 M K2HPO4, 5 × 10−3 M KH2PO4, and 150 × 10−3 M NaCl, pH 7.0) to concentrations required 
in the respective experiments, as determined in a Bürker–Türk counting chamber. pH of the suspension was 
adjusted when the experiment required so, through titration of aqueous solutions of diluted hydrochloric acid 
or potassium hydroxide.

Micelle Interactions with Mammalian Cells versus Staphylococci. First, mammalian cells were 
cultured, HUVEC were isolated from fresh umbilical cords after treatment with collagenase. HSF were kindly 
provided by Dr. Theo van Kooten (Universitair Medisch Centrum Groningen, The Netherlands), while 
Caco-2 were purchased from Sigma-Aldrich (ATCC CRL-2102). HUVEC and HSF were cultured in RPMI 
1640 media supplemented with 0.1% GlutaMAX-I, 0.1% GA-1000 (gentamicin, amphotericin-B), and 20% 
fetal bovine serum for HUVEC and 10% for HSF. Caco-2 were grown in Dulbecco’s modified Eagle medium 
with 20% fetal calf serum and 1% nonessential amino acids. 

To demonstrate preferential interaction of the micelles with staphylococci over mammalian cells, mammalian 
cells (105 cells mL−1) were seeded into 6 well plates (3 × 105 cells per well), and cultured at 37 °C for 24 h. After 
removal of the growth medium, S. aureus WHGFP (108 bacteria mL−1) were jointly suspended in 10 × 10−3 M 
phosphate buffer and freshly prepared Nile red-loaded MSMPs were added to each well with pH adjusted 
to pH 5.0 or pH 7.4. Interaction was allowed for 60 min at 37 °C, after which the suspension was removed 
and rinsed with PBS (1 mL well−1). The cells were fixed with 3.7% paraformaldehyde solution for 15 min at 
ambient temperature and permeabilized with 0.1% Triton X-100 (1 mL well−1) in PBS. Nuclei were stained 
with 4′,6-diamidino-2-phenylindole (DAPI) solution in PBS (4 μg mL−1) for 1 h at room temperature. Cells 
were observed using a confocal laser scanning microscopy (TCS SP2, Leica, Wetzlar, Germany), equipped 
with an argon ion laser at 488 nm to excite Nile red and a violet (405 nm) laser to excite DAPI. Fluorescence 
was detected at 430−500 nm (blue) and 583−688 nm (red), respectively.

Killing of Planktonic Staphylococci by PpIX-Loaded Micelles. In order to determine 
staphylococcal killing by PpIX-loaded micelles, 100 μL of a staphylococcal suspension in PBS at pH 7.4 was 
mixed with 100 μL of each micelle suspension with a micelle concentration range of 0–160 μg mL−1. After 
different light-activation times at 630 ± 30 nm using a 12× 8 LED matrix with a power density of 20 mW 
cm−2, aliquots were taken from the suspensions and serially diluted. 10 μL diluted suspension was spread 
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over a TSB agar plate and incubated for 24 h at 37 °C after which the number of CFUs were counted. For 
controls, buffer and unloaded micelles (80 μg mL−1) were used, as well as PpIX-loaded micelles in absence of 
light-activation. The experiments were done in triplicate with separately grown bacterial cultures. In similar 
experiments, staphylococcal killing in suspension as a function of light-activation time was evaluated from 
the bioluminescence of the suspensions using a bio-optical imaging system (IVIS Lumina II Imaging System, 
Perkin Elmer). Bioluminescence images (image acquisition factors: 20 s exposure time, medium binning, 1 
F/Stop, Open Emission Filter) were taken every 5 min light-activation. Light-activation was applied for 5 min 
periods with 10 min intervals in between up to a total of 20 min lightactivation time. Images were automatically 
corrected for background noise. Regions of interest (ROIs) were manually created for each well and average 
radiances over the ROIs were converted to photon fluxes (p/s) using Living Image software (Perkin Elmer).

Killing of Staphylococci in Their Biofilm Mode of Growth by PpIX Loaded Micelles. In order 
to determine the killing efficiency of staphylococci in their biofilm mode of growth by PpIX-loaded micelles, 
biofilms were grown by adding 100 μL of staphylococcal suspension (108 bacteria mL−1) in PBS to 96-wells 
plates at 37 °C for 1 h to allow bacteria to adhere. Next, bacterial suspensions were removed and the wells 
were washed with 100 μL PBS. Subsequently, 200 μL TSB was added and adhering bacteria were grown into a 
biofilm for 48 h at 37 °C. Then, TSB medium was replaced by 100 μL of PpIX-loaded SSPMs or MSPMs (0–
160 μg mL−1) in PBS for 2 h. After 2 h incubation at 37 °C, micelle suspension was removed from wells and the 
biofilms were rinsed with 100 μL PBS. Light-activation was applied for 5 min periods with 10 min intervals in 
between up to 40 min total lightactivation time. After each light-activation, biofilms were scraped off a well and 
staphylococci suspended in PBS pH 7.4 and serially diluted up to 106 fold. 10 μL of each diluted was spread 
over a TSB agar plate for 24 h incubation at 37 °C and the CFUs were counted. In a separate experiment, 
biofilms were imaged immediately after each lightactivation, as described above.

Murine Skin Infection Model. BALB/c nude mice (18–20 g each) were obtained from Vital River 
Laboratory Animal Technology Co. (Beijing, China). All animals were housed in the on-site animal facility 
of Nankai University and experimental procedures were approved by the Institutional Animal Care and Use 
Committee of Nankai University, Tianjin, China. Two subcutaneous infection sites were created in each 
mouse by injecting a dose of 2 × 107 bioluminescent and vancomycinresistant (see also Table S1, Supporting 
Information) S. aureus Xen36 in the left and right flanks of the mice to initiate infection. Bioluminescent 
intensity and area were recorded using a bio-optical imaging system (IVIS, 45 s exposure time, medium 
binning, 1 F/Stop, Open Emission Filter). Images were analyzed using “Image J” (NIH Research Services 
Branch, USA) software.63

Since bioluminescence reached a maximum at day 2 after injection (Figure S3, Supporting Information), 
infected animals were randomly assigned after two days into four groups of six animals each, receiving either 
daily, subcutaneous injection (i) 154 × 10−3 M saline (untreated control), (ii) 200 μL vancomycin in PBS (10 
mg mL−1 yielding 120 mg vancomycin per kg body weight), (iii) 100 μL SSPM + PpIX (5 mg mL−1, light-
activated for 30 min at 1 h postinjection), and (iv) 100 μL MSPM + PpIX (5 mg mL−1, light-activated for 30 
min at 1 h postinjection). Antibiotic regimen was designed to achieve a concentration above the minimal 
inhibitory concentration (MIC) of susceptible strains in serum, based on the use of a similar murine model in 
the literature.64 Treatment was initiated 2 d postinfection and continued for 5 consecutive days. Bioluminescent 
imaging was performed daily, after daily light activation. 

In order to follow the trajectory of injected micelles, MSPMs were loaded with fluorescent Cy5.5, as 
described above for Nile red-loading, mixing Cy5.5-PEG-b-PCL (2 mg, 10 wt% with respect to the total 
amount of polymer) with PEG-b-PCL (8 mg mL−1) and PCL-b-PAE (10 mg mL−1) in dimethylformamide 
to a total volume of 4 mL (Figure S5, Supporting Information). Subsequently 15 BALB/c nude mice were 
intravenously injected with 200 μL Cy5.5-labeled MSPMs (5 mg mL−1) and divided into 5 groups of 3 mice 
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Figure S1. Micelle morphology. (A) Micelle diameters distribution of PpIX-loaded MSPMs 
and SSPMs at pH 7.4, measured using dynamic light scattering. (B) Transmission electron 
micrographs of PpIX-loaded SSPM and MSPMs. Scale bar indicates 100 nm for both images. 

Figure S2. Biocompatibility of mammalian cells with PpIX-loaded SSPMs and MSPMs and their 
light-activated ROS generation. (A)  Relative metabolic activity of HUVEC, HSF and Caco-
2 cells after 24 h growth in the presence of PpIX-loaded SSPMs and MSPMs as a function of 
the micelle concentration. Metabolic activity in absence of micelles was set at 100%.  (B) Same 
as panel (a), now after 15 min light-activation at the onset of growth. Metabolic activity in 
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× 106

absence of micelles was set at 100%. All data are expressed as means ± SD values over triplicate 
experiments with separately prepared micelles and different cell cultures.  Metabolic activity was 
quantitated using an MTT assay. Cells (5 × 104 cell mL–1) were seeded in gelatin-coated 96-well 
plates and incubated at 37°C and 5% CO2 for 24 h, after which the supernatant was removed, 100 
μL micelle suspension with different concentrations of micelles added (0–160 μg mL–1) in growth 
medium was added to each well for 24 h incubation at 37°C. Subsequently, growth medium was 
replaced by 100 μL MTT (Sigma-Aldrich, 1 mg mL–1) in growth medium. After 4 h, supernatant 
was removed and 100 μL i-propanol was added to dissolve violet crystals and absorbance was 
measured at 560 nm on a Fluostar® microplate reader (Ortenberg, Germany). Experiments were 
carried out with and without light-activation (15 min) of the PpIX-loaded micelles. 
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Figure S3. Development of bioluminescence of a sub-cutaneous, vancomycin-resistant 
staphylococcal infection in a murine model without treatment, studied using bio-optical imaging. 
Mice were sub-cutaneously injected at t = 0 at two sites with a suspension of bioluminescent S. 
aureus Xen36 (20 μL, 109 bacteria mL–1). (A) Time series of bioluminescence images for one 
and the same mouse after injection of a staphylococcal suspension in absence of treatment. (B) 
Bioluminescence flux as a function of time after staphylococcal injection, averaged over left and 
right injection sites in six animals. Error bars indicate SD values over six animals. (C) Same as panel 
B, now for the bioluminescent area of the infected site.
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Figure S4. Biochemical mechanisms of bacterial bioluminescence production.62

Figure S5. Synthesis route of Cy5.5-poly(ethylene glycol)-block-poly(ε-caprolactone) (Cy5.5-PEG-
b-PCL). Boc refers to t-butyloxy carbonyl group, TFA to trifluoroacetic acid, Cy5.5-NHS (95%, 
Sigma-Aldrich) to Cy5.5 mono N-hydroxysuccinamide ester, DMSO to dimethyl sulphoxide, and 
TEA to trimethylamine. 
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