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Abstract 

The optical properties of macrophage-targeted theranostic nanoparticles (MacTNP) prepared 
from a Chlorin e6 (Ce6)-hyaluronic acid (HA) conjugate can be activated by reactive oxygen 
species (ROS) in macrophage cells. MacTNP are nonfluorescent and nonphototoxic in their native 
state. However, when treated with ROS, especially peroxynitrite, they become highly fluorescent 
and phototoxic. In vitro cell studies show that MacTNP emit near-infrared (NIR) fluorescence in-
side activated macrophages. The NIR fluorescence is quenched in the extracellular environment. 
MacTNP are nontoxic in macrophages up to a Ce6 concentration of 10 µM in the absence of light. 
However, MacTNP become phototoxic upon illumination in a light dose-dependent manner. In 
particular, significantly higher phototoxic effect is observed in the activated macrophage cells 
compared to human dermal fibroblasts and non-activated macrophages. The ROS-responsive 
MacTNP, with their high target-to-background ratio, may have a significant potential in selective 
NIR fluorescence imaging and in subsequent photodynamic therapy of atherosclerosis with 
minimum side effects. 

Key words: Reactive oxygen species, macrophage, theranostics, activatable, photodynamic thera-
py. 

Introduction 
Rupture of atherosclerotic plaques and the asso-

ciated thrombotic complications such as myocardial 
infarction, stroke, and limb ischemia remains the 
leading cause of cardiovascular-related mortality 
worldwide [1-3]. Macrophages, constituting up to 
20% of the cells within atherosclerotic lesions, are 
known to play a key role both in the development of 
atherosclerosis and in the formation of unstable 
plaques vulnerable to rupture [4]. Therefore, a large 

number of active macrophages in plaques have been 
considered a biomarker for plaque instability [5] and a 
prime target for the imaging and therapy of athero-
sclerosis [6, 7]. However, it is obvious that only the 
plaque-associated macrophages are undesirable, 
while the majority of monocytes/macrophages in 
circulation and in healthy tissues play important roles 
for homeostasis and immunity. Therefore, a method 
to selectively detect and kill only those macrophages 
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in the plaque would be desirable. 
Photodynamic therapy (PDT) using a combina-

tion of chemical photosensitizers, light, and molecular 
oxygen has long been used to successfully treat can-
cers [8]. Photosensitizers are typically nontoxic to cells 
in the absence of light, but become highly cytotoxic 
when the molecules accumulated at target sites are 
excited by light radiation of a specific wavelength. In 
vivo studies have shown that PDT promotes the stabi-
lization of atherosclerotic plaques and inhibits plaque 
progression by reducing the macrophage content 
[9-11]. Even though a number of photosensitizers 
were shown to accumulate preferentially in athero-
sclerotic plaques, the systemic administration of most 
photosensitizing agents leads to significant side ef-
fects (i.e., prolonged skin photosensitivity) due to 
nonspecific localization of the hydrophobic photo-
sensitizers within the skin [12-15]. Therefore, various 
types of macrophage-targeting PDT agents and mul-
tifunctional theranostics have been tested to improve 
the efficacy of PDT and the selective imaging of the 
activated macrophages [16-20]. An ongoing challenge 
in imaging and atherosclerosis therapy involves the 
use of “activatable” PDT agents that have shown great 
potential against cancers [21-30]. Activatable PDT 
agents with controlled optical properties are nonflu-
orescent and nonphototoxic in their native states, but 
become highly fluorescent and phototoxic upon ex-
posure to various stimuli at target sites (i.e., enzymes 
and low pH). These activatable PDT agents were 
shown to be highly efficient in selectively killing tar-
get cancer cells while minimizing unwanted skin 
photosensitivity. Recently, we showed the first suc-
cessful in vivo results demonstrating the potential 
utility of an enzyme-activatable PDT agent in 
near-infrared (NIR) fluorescence imaging and the 

subsequent PDT of atherosclerosis [31]. The cathepsin 
B-activatable photodynamic theranostic agent re-
duced cathepsin-B activity in mouse atheromata and 
stabilized inflammatory plaques by selectively killing 
the activated macrophages in the diseased regions.  

This study aims to develop a reactive oxygen 
species (ROS)-responsive PDT agent as a new 
theranostic agent for targeted imaging and therapy of 
the atherosclerotic lesions. It is well known that ROS 
generated in activated macrophages play an im-
portant immune role [32, 33]. Importantly, excess ROS 
are produced by activated macrophage cells in vari-
ous pathogenic conditions, including atherosclerosis 
[34, 35]. Therefore, we assumed that the excess ROS 
might represent a good target for developing macro-
phage-targeted “activatable” theranostics. According 
to previous reports, polysaccharides including hya-
luronic acid could be depolymerized by ROS [36, 37]. 
Therefore, we prepared macrophage-targeted 
theranostic nanoparticles (MacTNP) by conjugating 
photosensitizers to hyaluronic acid (Figure 1 and 2). 
We expected that fluorescence and singlet oxygen 
generated from the MacTNPs in the native state 
would be inhibited due to self-quenching effect be-
tween the conjugated photosensitizers. When 
MacTNPs are internalized by the activated macro-
phages, the excess ROS in the cells degrades the na-
noparticles by cleaving the chemical bonds of hyalu-
ronic acid. This results in photosensitizer release from 
the nanoparticles, which results in fluorescence emis-
sion and singlet oxygen generation. Such a 
ROS-responsive MacTNP may have great potential in 
selective NIR fluorescence imaging with high tar-
get-to-background ratio and subsequent PDT of ath-
erosclerosis with minimized side effects (i.e., skin 
photosensitivity). 

 
Fig 1. A schematic illustration of activatable nano-photomedicine for macrophage-targeted fluorescence imaging and subsequent photodynamic therapy. 
Fluorescence and singlet oxygen generation of MacTNP are quenched in the native state. When ROS inside the activated macrophage cells degrade 
MacTNP, the photosensitizers (Ce6s) are de-quenched and become highly fluorescent and phototoxic.  
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Fig 2. Synthetic production of HA-Ce6 conjugates.  

 

Materials and Methods 
Materials  

Hyaluronic acid (HA, MW 215,000 Da) was 
purchased from Lifecore Biomedical (Chaska, MN, 
USA). 1-Ethyl-3(3-dimethylaminopropyl) car-
bodiimide (EDC), sulfo-N-hydroxysulfosuccinimide 
(sulfo-NHS), ethylene diamine, and hyaluronidase 
(HAdase, 1,228 units/mg) were purchased from Sig-
ma-Aldrich (MO, USA). Chlorin e6 (Ce6) and dialysis 
membranes (MW cut-off: 50,000 Da) were purchased 
from Frontier Scientific (UT, USA) and Spectrum La-
boratories (CA, USA), respectively. Singlet Oxygen 
Sensor Green (SOSG), which is a sin-
glet-oxygen-detecting reagent, was obtained from 
Invitrogen (NY, USA). 

Lipopolysaccharide (LPS) and recombinant mu-
rine interferon-gamma (INF-γ) were purchased from 

List Biological Laboratories, INC. (CA, USA) and 
PeroTech (NJ, USA), respectively. The Raw 264.7 
macrophage cell line was obtained from the American 
Type Culture Collection (Rockville, MD, USA). Hu-
man dermal fibroblast (HDF) cells were kindly pro-
vided by Dr. Sang Chul Park (College of Medicine, 
Seoul National University, Republic of Korea). Both 
cell lines were maintained in Dulbecco's Modified 
Eagle Medium (DMEM; GIBCO®, Invitrogen) sup-
plemented with 10% (v/v) fetal bovine serum (FBS) 
and 1% antibiotic-antimycotic solution in a humidi-
fied incubator at 37°C, 5% CO2. 

Preparation of MacTNP 
MacTNP were prepared from a hyaluronic ac-

id-chlorin e6 (HA-Ce6) conjugate (Figure 2). First, 
amine-functionalized HA was synthesized by conju-
gating ethylene diamine with the carboxylic acid 
component of HA using standard EDC/NHS chem-
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istry. Briefly, 200 mg of HA was dissolved in phos-
phate buffer solution (pH 7.4, 10 mM, 19 mL); EDC (35 
mM, 0.5 mL) and sulfo-NHS (42 mM, 0.5 mL) were 
sequentially added to the HA-dissolved aqueous so-
lution. After 30 min, ethylene diamine (93 mg), dis-
solved in the phosphate buffer (pH 7.4, 10 mM, 1 mL) 
was added to the activated HA solution, and the re-
action was allowed to proceed overnight at room 
temperature. The reactant was then dialyzed against 
deionized (DI) water and lyophilized. To conjugate 
the amine-functionalized HA with Ce6, the carboxylic 
acid of Ce6 (50 mg, 10 mL) was activated with EDC 
(21 mM) and sulfo-NHS (28 mM) in dimethyl sulfox-
ide (DMSO). Aminated HA (200 mg) was dissolved in 
dimethylformamide (DMF):H2O cosolvent (1:1 v/v, 5 
mL), mixed with the activated Ce6 solution, and then 
reacted for 18 h at room temperature. The resulting 
HA-Ce6 solution was dialyzed against phosphate 
buffer (pH 7.4, 10 mM) and then with DI water to 
remove unreacted Ce6s and the byproducts. 
Self-assembled HA-Ce6 nanoparticles (henceforth 
called MacTNP) were formed during the dialysis 
procedure in the aqueous solution. MacTNP was fi-
nally freeze-dried. The products obtained at each step 
were analyzed by proton nuclear magnetic resonance 
(1H-NMR) (Supplementary Material: Figure S1). 

Characterization of MacTNP 
The surface charge of MacTNP was measured 

using a zeta potential/particle-sizer (Malvern In-
strument, Malvern, UK), after dispersing the particles 
in DI water. The hydrodynamic size was measured 
after dispersing in phosphate-buffered saline (PBS; 6.7 
mM, pH 7.4, 154 mM NaCl). 

For the analysis of the optical properties, 
MacTNP were dispersed in PBS. For comparison, free 
Ce6 was dissolved in Tween 20-containing PBS solu-
tion (1% v/v) to avoid photosensitizer aggregation in 
the aqueous solution. Then UV/Vis spectra of 
MacTNP and free Ce6 solutions were measured with 
an UV/Vis spectrometer (DU730, Beckman Coulter, 
Brea, CA) to check the aggregation of Ce6s in the na-
noparticles (final concentration, 5 µM Ce6). The con-
centration of Ce6 in MacTNP and free Ce6 stock solu-
tions was calculated by dissolving the nanoparticles 
in 0.1 M NaOH/0.1% sodium dodecyl sulfate (SDS), 
and then the absorbance at 400 nm was measured. 
Ce6 is known to have a molar extinction coefficient of 
1.5 × 105 M-1·cm-1 at 400 nm [38]. The fluorescence 
spectra of MacTNP and free Ce6 (with 400 nm excita-
tion) were obtained on a multifunctional microplate 
reader (Safire 2; Tecan, Männedorf, Switzerland). 
MacTNP and free Ce6 were maintained at a final 
concentration of 5 µM Ce6. 

The inhibitory characteristics of singlet oxygen 

generation (SOG) in MacTNP were evaluated by 
measuring the fluorescence intensity increase of SOSG 
during light irradiation, which was then compared 
with that of free Ce6. SOSG was dissolved in PBS 
saturated with oxygen gas containing either MacTNP 
or free Ce6. The final concentration of SOSG reagent 
was maintained at 1 µM. The final concentration of 
MacTNP and free Ce6 were 0.5 µM Ce6. SOSG fluo-
rescence intensity ( λex 504 nm, λem 525nm) was then 
measured periodically, during light irradiation with a 
670-nm CW laser (irradiation dose rate 50 mW/cm2).  

ROS-responsive recovery of fluorescence and 
SOG in the MacTNP 

To examine the ROS-mediated recovery of fluo-
rescence and SOG, MacTNP were reacted with vari-
ous ROS and the fluorescence intensity and SOG were 
measured. ROS generators were prepared according 
to a previous report [37]: 50 µM KO2 for the superox-
ide anion (O2

·-), 50 µM H2O2 with 5 µM ferrous per-
chlorate for the hydroxyl radical (·OH), 50 µM hy-
drogen peroxide (H2O2) with 50 µM NaOCl for hy-
pochlorite (OCl-), and 50 µM H2O2 with 10 µM nitrite 
for peroxynitrite (ONOO-) [37]. MacTNP (final con-
centration: 0.5 µM Ce6) were incubated for 2 h with 
various ROS in PBS (pH 7.4), and then the fluores-
cence intensity of Ce6 was measured (λex 400 nm, λem 
660 nm). Next, the samples were mixed with an oxy-
gen-saturated PBS solution containing concentrated 
SOSG. The final concentration of SOSG was adjusted 
to 1 µM. The fluorescence intensities of the samples 
were measured before light irradiation to check if ROS 
in the samples could alter the fluorescence of SOSG. 
Finally, SOSG fluorescence changes were measured 
after irradiating the solutions with a 670-nm contin-
uous wave (CW) laser (irradiation dose rate 50 
mW/cm2) for 120 s. All the experiments were per-
formed in quadruplicate.  

In another set of experiments, the effect of per-
oxynitrite concentration on fluorescence intensity of 
MacTNP was tested by incubating MacTNP (equiv. 
Ce6 concentration of 0.5 µM) with peroxynitrite at 
different concentrations (0, 5, 10, 20, 40, and 100 µM) 
in PBS (pH 7.4) for 2 h, and then measuring the fluo-
rescence intensity of MacTNP (λex 400 nm, λem 660 
nm).  

All the experiments were performed in quadru-
plicate.  

The effect of hyaluronidase on fluorescence 
recovery of MacTNP 

The effect of hyaluronidase (HAdase) on the re-
covery of MacTNP fluorescence was evaluated by 
treating MacTNP (equiv. Ce6 concentration of 1 µM) 
with hyaluronidase in different concentrations (0, 10, 
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50, 100, and 500 U/mL) in sodium acetate buffer (100 
mM, pH 4.5, 100 mM NaCl) for 1 h. Then the samples 
were diluted with PBS (pH 7.4), and fluorescence in-
tensity of Ce6 was measured (λex 400 nm, λem 660 nm). 
The experiments were performed in quadruplicate.  

Evaluation of fluorescence quenching and re-
covery in activated macrophage cells: live cell 
fluorescence imaging 

MacTNP and free Ce6 were diluted in fresh 
DMEM medium supplemented with 10% FBS to ob-
tain 1 µM Ce6.  

Raw 264.7 cells were plated at a density of 1 × 106 
cells/well in a 12-well plate (BD Biosciences) and in-
cubated for 24 h to allow cell attachment. The cells 
were activated by treatment with 1 µg/mL lipopoly-
saccharide (LPS) and 50 ng/mL interferon-gamma 
(INF-γ) for 24 h. The cell culture medium was re-
placed with fresh medium containing the photosensi-
tizers. Then, without washing the cells, NIR fluores-
cence images (λex 640 ± 15 nm, λem 690 ± 25 nm) of the 
activated macrophage cells were recorded every 15 
min for 2 h using a Live Cell Imaging System (Axio 
observer Z1, 10×, NA 0.55, Carl Zeiss, Germany). All 
the images were acquired at the same microscope 
settings in order to ensure reproducibility. 
Intracellular uptake of MacTNP 

MacTNP were diluted in the culture medium 
containing 10% FBS to obtain a final Ce6 concentra-
tion of 1 µM Ce6. Normal HDF cells were selected as a 
ROS-negative control. HDF and Raw 264.7 cells were 
seeded in a 96-well plate at 1 × 104 cells/well and in-
cubated for 24 h for cell attachment. Raw 264.7 cells 
were activated by treatment with LPS (1 µg/mL) and 
INF-γ (50 ng/mL) for 24 h. For comparison, both HDF 
cells and nonactivated macrophage cells were incu-
bated for 24 h in the absence of LPS and INF- γ. Then 
the existing culture medium was replaced with 100 μL 
of fresh medium containing MacTNP. At 2 h 
post-incubation, all the cells were washed 3 times 
with PBS, and treated with 200 µL of 0.1 M 
NaOH/0.1% SDS solution for 2 h for inducing both 
cell lysis and complete disaggregation of the 
self-assembled MacTNP. Finally, the Ce6 fluorescence 
of the cell lysates was measured on a multifunctional 
microplate reader (λex 400 nm, λem 660 nm). The fluo-
rescence of MacTNP in the cell lysate was completely 
de-quenched by using 0.1 M NaOH/0.1% SDS, 
thereby enabling quantitative comparison of the in-
ternalized photosensitizers in the cells. As untreated 
controls, HDF, non-activated and activated macro-
phage cells were treated with cell culture media 
without MacTNP for 2 h. Then, the cells were washed 
3 times with PBS, treated with 200 µL of 0.1 M 

NaOH/0.1% SDS solution for 2 h, and the Ce6 fluo-
rescence of the cell lysates was measured (λex 400 nm, 
λem 660 nm). All the experiments were performed in 
quadruplicate. 

Flow cytometric analysis and confocal fluo-
rescence microscopy 

To check the fluorescence recovery in macro-
phages, fluorescence intensities of the 
MacTNP-treated cells were measured by fluores-
cence-activated cell sorting (FACS). HDF and Raw 
264.7 cells were plated at 1 × 106 cells/well onto a 
12-well plate and incubated for 24 h for cell attach-
ment. Raw 264.7 cells were activated with LPS (1 
µg/mL) and INF-γ (50 ng/mL) for 24 h. For compar-
ison, HDF and non-activated Raw 264.7 cells were 
incubated for 24 h in the absence of LPS and INF- γ. 
Then, the existing cell culture medium was replaced 
with fresh medium containing MacTNP at the equiv-
alent concentration of 1 µM Ce6. After incubation for 2 
h, the cells were washed 3 times with PBS, harvested, 
and their fluorescence intensities were analyzed by 
FACS (λex 633 nm, λem 660 ± 20 nm).  

For NIR confocal fluorescence imaging study, 
Raw 264.7 cells were seeded at 1 × 105 cells/well in a 
LabTek II Chambered Coverglass (Nalge Nunc In-
ternational Corp.) and incubated for 24 h for cell at-
tachment. Activated macrophages were obtained by 
treating Raw 264.7 cells with LPS (1 µg/mL) and 
INF-γ (50 ng/mL) for 24 h. HDF and non-activated 
Raw 264.7 cells were incubated for 24 h in the absence 
of LPS and INF- γ. Then, the existing cell culture me-
dium was replaced with fresh medium containing 
MacTNP (equiv. Ce6 concentration of 1 µM). After 
incubation for 2 h, the cells were washed 2 times with 
PBS, and incubated in fresh culture medium. NIR 
fluorescence images (λex 633 nm, λem 700 ± 50 nm) of 
the cells were acquired by confocal scanning-laser 
microscopy (CSLM, ZEISS LSM 510 META).  

Cytotoxicity testing 
Raw 264.7 macrophages were seeded in a 96-well 

plate at 1 × 104 cells/well, incubated for 24 h for cell 
attachment, and then activated with LPS and INF-γ 
for 24 h. MacTNP were diluted in cell culture medium 
containing 10% FBS to obtain Ce6 concentrations of 1 
µM, 3 µM, 6 µM, and 10 µM, respectively. The existing 
culture medium was replaced with 100 μL of fresh 
medium containing MacTNP, and then the cells were 
further incubated for 24 h. After the cells were washed 
twice, fresh cell culture medium was added. The cell 
viability was measured using a cell counting kit 
(CCK-8; Dojindo Laboratories, Mashikimachi, Ku-
mamoto, Japan). The absorbance was measured at 450 
nm (reference = 650 nm) using a microplate reader 
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(Tecan Safire 2, Switzerland). The viability of the un-
treated controls was taken to be 100%, while the me-
dium served as the background. Data are expressed as 
the mean (SD) of 4 data samples. 

In vitro phototoxicity testing 
Raw 264.7 macrophage cells were seeded in a 

96-well plate at 1 × 104 cells/well, incubated for 24 h 
for cell attachment. Activated macrophages were ob-
tained by treating Raw 264.7 cells with LPS (1 µg/mL) 
and INF-γ (50 ng/mL) for 24 h. HDF and 
non-activated Raw 264.7 cells were incubated for 24 h 
in the absence of LPS and INF-γ. Then, the existing 
cell culture medium was replaced with fresh medium 
containing MacTNP at the equivalent concentration of 
1 µM Ce6. After incubation for 2 h, the cells were 
washed twice, fresh cell culture medium was added, 
and the cells were irradiated using a 670-nm CW laser 
at light doses of 5 and 10 J/cm2 (light dose rate: 50 
mW/cm2). The cells were further incubated for 18 h. 
The viability of the cells was analyzed using the 
CCK-8 kit. The viability of the untreated HDF and 
Raw 264.7 cell controls was taken to be 100%, while 
the medium served as the background. Data are ex-

pressed as the mean (SD) of 4 data samples. 

Results and Discussion  
Characterization of MacTNP 

To synthesize HA-Ce6 conjugates, the carboxylic 
acids of the HA backbone were first modified with 
ethylene diamine and then conjugated with Ce6s us-
ing EDC/NHS chemistry (Figure 2 and Supplemen-
tary Material: Fig. S1). Based on the UV/Vis spectrum 
analysis, the number of conjugated Ce6s per a single 
HA backbone was calculated to be 91.  

As expected, the amphiphilic HA-Ce6 conjugates 
self-assembled into nanoparticles having hydrody-
namic size and zeta potential of 103.1 ± 38.4 nm and −
22.6 ± 16.5 mV, respectively, in aqueous solution 
(Figure 3A). The significant broadening of the Soret 
band region in the UV/Vis spectrum of MacTNP 
(Figure 3B and Supplementary Material: Fig. S2) also 
confirmed the aggregation of the conjugated hydro-
phobic Ce6 molecules in the aqueous environment, 
while the negative zeta potential of the MacTNP in-
dicated that the hydrophilic HA backbones were lo-
calized at the surface of MacTNP.  

 

 
Fig 3. Characterization of MacTNP. (A) Hydrodynamic size distribution of MacTNP in PBS solution. (B) UV/Vis absorption and (C) fluorescence spectra 
of free Ce6 (solid line) and MacTNP (dotted line) at 5 µM Ce6. (D) Time-dependent singlet oxygen generation of free Ce6 and MacTNP during light 
irradiation (670-nm CW laser, light dose rate: 50 mW/cm2). The dashed line represents the baseline SOSG fluorescence.  
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Fig 4. ROS-responsive recovery of fluorescence and SOG. MacTNPs were reacted with various ROS (n=4). Then, (A) the Ce6 fluorescence in the samples 
was measured and compared with that of the control (i.e., PBS-treated MacTNP). (B) Relative SOG after treatment with ROS. ROS-treated samples were 
irradiated using a 670-nm CW laser for 120 s, and the relative SOG was calculated by comparing the normalized SOSG fluorescence of the samples with 
that of the control. 

 
As shown in Figure 3C, due to the aggregation of 

Ce6s in the self-assembled nanoparticles, the fluores-
cence of MacTNP was dramatically quenched (i.e., 
only 1.6% of the fluorescence intensity of free Ce6). A 
consistent quenching in the MacTNP production of 
reactive singlet oxygen was observed, where the sin-
glet oxygen sensor green (SOSG) reagent was used as 
a probe to detect SOG by free Ce6 and MacTNP (Fig-
ure 3D). During the 670-nm laser irradiation, in com-
parison to that from free Ce6, a minor increase in the 
SOSG fluorescence emission was observed for 
MacTNP, indicating that MacTNP SOG was inhibited. 
SOG from MacTNP was 16-fold lower than that from 
free Ce6.  

ROS-responsive recovery of fluorescence and 
SOG in the MacTNP 

Next, we checked if ROS could act as a switch for 
fluorescence emission recovery and SOG by 
de-quenching of Ce6 by degrading MacTNP (Figure 
4). Previous studies have examined the degradation of 
HA backbones and its mechanism [38-41]. In particu-
lar, peroxynitrite is known to induce HA fragmenta-
tion in a site-selective manner at the 
N-acetylglucosamine β-(1→ 4) glycosidic bonds re-
sulting in the formation of oligosaccharides differing 
by disaccharide units [39]. Accordingly, we expected 
that the degradation of MacTNP upon ROS treatment 
would result in the release of Ce6 and the subsequent 
recovery of the fluorescence intensity. When MacTNP 
in PBS (0.5 µM Ce6) were treated with various chem-
ically generated ROS at 50 µM for 2 h, only peroxyni-
trite (ONOO-)-treated MacTNP showed 9.3-fold in-
crease in the fluorescence intensity compared to 
PBS-treated MacTNP as the control (Figure 4A). The 
other ROS did not induce a significant recovery of 
MacTNP fluorescence, probably because of insuffi-
cient disintegration of the self-assembled MacTNP.  

When fluorescence intensity of MacTNP incu-
bated with peroxynitrite at different concentrations (0, 
5, 10, 20, 40, and 100 µM) was measured, fluorescence 
recovery of MacTNP was dose-dependent on the 
peroxynitrite concentration (Supplementary Material: 
Figure S3). Particularly, there was a linear depend-
ence (r2 = 0.959) of the fluorescence intensity on the 
peroxynitrite concentration in the 0 – 40 μM range. 
Previous reports note that the stimulated expression 
of inducible nitric oxide synthase is associated with 
atherosclerosis, and the activity of this enzyme pref-
erentially promotes the formation of peroxynitrite 
[42]. Therefore, the dose-dependent fluorescence re-
covery of MacTNP by peroxynitrite suggests that 
MacTNP may also be useful for the specific imaging 
of peroxynitrite levels in atherosclerotic lesions. 

Before examining SOG recovery, we checked 
whether ROS caused any change in the fluorescence 
intensity of SOSG reagent. Since NaOCl caused the 
denaturation of Ce6 (Supplementary Material: Figure 
S4), we excluded the NaOCl-treated samples in this 
experiment. As a result, it was confirmed that ROS 
did not affect SOSG fluorescence (Supplementary 
Material: Figure S5). As in the fluorescence experi-
ment, the treatment of MacTNP with peroxynitrite 
induced an 18-fold increase in SOG while the other 
ROS produced no significant increases (Figure 4B).  

Effect of HAdase on the fluorescence recovery 
of MacTNP 

HAdase rapidly degrades HA through preferen-
tial cleavage of β-(1→4) glycosidic bonds [43], similar 
to peroxynitrite. HAdase activity has been reported to 
increase in atheromatous plaques [44]. Therefore, we 
checked if MacTNP fluorescence could be affected by 
HAdase in addition to ROS (Figure 5). Interestingly, 
the effect of HAdase on the fluorescence intensity of 
MacTNP was negligible, showing only 30% increase 
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in MacTNP fluorescence even upon treatment with 
100 U/mL HAdase.  

 

 
Fig 5. Fluorescence intensity of MacTNP after treatment with different 
concentrations of hyaluronidase (n=4). 

 

Live cell imaging of fluorescence recovery in 
activated macrophage cells 

In order to demonstrate the utility of MacTNP in 
macrophage-targeted imaging, we applied both free 
Ce6 and MacTNP to the activated Raw 264.7 cells 
(Figure 6). Since the fluorescence of MacTNP is ex-
pected to be quenched in the extracellular environ-
ment and turned on only inside the activated macro-
phages, the NIR fluorescence were acquired every 15 
min for 2 h without washing the photosensitizers. As 
expected, only weak fluorescent signals were detected 
in the extracellular space surrounding the 
MacTNP-treated cells at 15 min, whereas a highly 
intense fluorescence was continuously observed in the 
free Ce6-treated cells. As shown in Figure 6 (upper 
images), the cells became noticeably brighter with 
time and were strongly fluorescent after 2 h of incu-
bation, indicating the fluorescence turn-on inside the 
cells. This result indicates that activatable MacTNP 
are potentially useful in the selective NIR fluorescence 
imaging of atherosclerotic lesions with a high tar-
get-to-background ratio in vivo. 

Intracellular uptake of MacTNP in normal fi-
broblast and macrophage cells 

Before evaluating differences in fluorescence ac-
tivation of MacTNP in normal HDF and macrophage 
cells, we compared the amount of MacTNP intracel-
lular uptake in these cells. HDF, non-activated and 
activated Raw 264.7 cells were incubated with 
MacTNP at Ce6 concentration of 1 µM for 2 h, washed 
3 times with PBS, treated with 0.1 M NaOH/0.1% SDS 
solution for inducing both cell lysis and disaggrega-
tion of the self-assembled MacTNP, and fluorescence 

intensities of the cell lysates were measured. Since 
treatment of the cells with 0.1 M NaOH/0.1% SDS 
solution induces complete disassembly of MacTNP 
and subsequent de-quenching of Ce6 fluorescence, 
intracellular uptake of MacTNP in these cells could be 
compared by measuring fluorescence intensities of 
Ce6 in the cell lysates. Strong NIR fluorescence was 
measured from the MacTNP-treated cells while minor 
fluorescence was detected from the untreated control 
cells (Figure 7A). There was no statistically significant 
difference in fluorescence intensity between the cells, 
indicating that similar amount of MacTNP was in-
ternalized. 

Flow cytometric analysis and confocal fluo-
rescence microscopy 

Recovery of Ce6 fluorescence in the activated 
macrophages was further evaluated by FACS analysis 
(Figure 7B). HDF, non-activated and activated Raw 
264.7 cells were incubated with MacTNP at Ce6 con-
centration of 1 µM for 2 h, washed 3 times with PBS, 
harvested, and their fluorescence intensities analyzed 
by FACS. MacTNP-treated activated Raw 264.7 cells 
showed 3-fold greater mean fluorescence intensity 
than MacTNP-treated HDF cells. Also mean fluores-
cence intensity of the MacTNP-treated non-activated 
Raw 264.7 cells was only 61% of that of the 
MacTNP-treated activated Raw 264.7 cells. Since in-
tracellular uptake of MacTNP was similar in these 
cells (Figure 7A), FACS results indicate the release of 
Ce6 molecules from MacTNP, with subsequent fluo-
rescence recovery inside the activated macrophage 
cells. In addition, significantly higher fluorescence 
recovery of MacTNP was obtained in the activated 
macrophages compared to their non-activated coun-
terparts. NIR fluorescence images obtained by confo-
cal laser scanning microscopy (CLSM) also supported 
MacTNP fluorescence recovery within the activated 
Raw 264.7 cells (Figure 7C). 

Cytotoxicity testing 
Activated Raw 264.7 cells were treated with 

MacTNP for 24 h over a Ce6 concentration range of 
0–10 µΜ  in order to determine Ce6 toxicity in the 
dark. As expected, cells treated with MacTNPs 
showed no cytotoxicity even at the highest Ce6 con-
centration (Figure 8A), confirming the excellent bio-
compatibility of MacTNP. 

In vitro phototoxicity testing 
In contrast to the dark cytotoxicity test, cell via-

bility following treatment with MacTNP (equiv. Ce6 
concentration of 1 µM) decreased in a light 
dose-dependent manner upon irradiation with 
670-nm CW laser (Figure 8B). In particular, 66% of the 
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activated Raw 264.7 cells were dead after light irradi-
ation (10 J/cm2) whereas no statistically significant 
decrease in cell viability was observed in the HDF 
cells after light irradiation. As expected from the 
FACS analysis, PDT effect of MacTNP in the activated 

macrophages was significantly higher than in 
non-activated macrophage cells (P < 0.001). The order 
of phototoxicity observed was HDF < non-activated 
Raw 264.7 cells < activated Raw 264.7 cells.  

 
 

 
Fig 6. NIR fluorescence images obtained from live cell fluorescence microscopy. Activated macrophages were incubated with MacTNP and free Ce6 at 1 
µM Ce6, and then, without washing the cells, NIR fluorescence images were obtained every 15 min for 2 h. The red color indicates the fluorescence signals 
generated from Ce6 photosensitizers (λex 640 ± 15 nm, λem 690 ± 25 nm). 

 
 

 
Fig 7. (A) Fluorescence intensities measured from the cell lysates (λex 400 nm, λem 660 nm). MacTNPs in the cell lysates were completely de-quenched by 
0.1 M NaOH/0.1% SDS solution, thereby enabling comparison of the amount of photosensitizer in the cell lysates. No significant difference in Ce6 fluo-
rescence was observed between MacTNP-treated cells (n = 4). (B) Flow cytometric analysis of Ce6 fluorescence in HDF, non-activated and activated Raw 
264.7 cells (λex 633 nm, λem 660 ± 20 nm). (C) Confocal scanning fluorescence images of the MacTNP-treated HDF, non-activated and activated mac-
rophages (λex 633 nm, λem 700 ± 50 nm). 
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Fig 8. (A) Dark toxicity testing of MacTNP. Cells were treated with MacTNPs at various concentrations for 24 h and cell viability was measured without 
light irradiation (n = 4). (B) In vitro phototoxicity test (n = 4). Cells were treated with MacTNP at Ce6 concentration of 1 µM for 2 h, washed 2 times, and 
irradiated using a 670-nm CW laser at various light doses (light dose rate: 50 mW/cm2). ** P<0.01, *** P<0.001. 

 

Conclusions 
Biocompatible MacTNP are nonfluorescent and 

nonphototoxic in their native state. However, they 
become highly fluorescent and phototoxic upon 
treatment with peroxynitrite. In vitro cell studies con-
firm that the fluorescence emission and SOG of 
MacTNP are recovered inside the activated macro-
phages. We believe that the MacTNPs developed in 
this study may be potentially useful for selective NIR 
fluorescence imaging and PDT of atherosclerosis le-
sions in vivo. 

Supplementary Material 
Fig.S1 - Fig.S5. 
http://www.thno.org/v04p0001s1.pdf 
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