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Abstract
Excessive production of reactive oxygen species can lead to alteration of cellular functions
responsible for many diseases including cardiovascular, neurodegenerative, cancer, and aging.
Hydroxyl radical is a short-lived radical which is considered very aggressive due to its high
reactivity towards biological molecules. In this study, a COumarin-NEutral Red (CONER)
nanoprobe was developed for the detection of hydroxyl radical based on the ratiometric
fluorescence signal between 7-hydroxy coumarin 3-carboxylic acid and neutral red dyes.
Biocompatible poly-lactide-co-glycolide (PLGA) nanoparticles containing encapsulated neutral
red were produced using a coumarin 3-carboxylic acid conjugated poly(sodium N-undecylenyl-
Nε-lysinate) (C3C-poly-Nε-SUK) as moiety reactive to hydroxyl radicals. The response of the
CONER nanoprobe was dependent on various parameters such as reaction time and nanoparticle
concentration. The probe was selective for hydroxyl radicals as compared with other reactive
oxygen species including O2

•−, H2O2, 1O2, and OCl−1. Furthermore, the CONER nanoprobe was
used to detect hydroxyl radicals in vitro using viable breast cancer cells exposed to oxidative
stress. The results suggest that this nanoprobe represents a promising approach for the detection of
hydroxyl radicals in biological systems.

INTRODUCTION
Aerobic organisms produce energy through oxidation of biological substrates in the presence
of oxygen. Complete oxygen reduction takes place in mitochondria involving a series of
redox reactions controlled by a complex enzymatic mechanism. Such reactions generate
radical and non-radical reactive oxygen species, i.e. superoxide anion (O2

•−), hydroxyl
radical (OH•), singlet oxygen (1O2), and hydrogen peroxide (H2O2).1-3 The cells of aerobic
organisms experience oxidative stress when an imbalance exists between free radical
production and elimination of such species through reaction with various reducing agents,
enzymes, and antioxidants.4-7 Reactive oxygen species are involved in many metabolic
processes, including signal transduction, carcinogenesis, and inflammatory response. In
addition, excessive production of radical species can lead to alteration of cellular functions
responsible for cardiovascular diseases, neurodegenerative diseases, diabetes, cancer, joint
diseases, as well as aging.8-13 During cellular oxidation processes, hydroxyl radicals can be
produced by Fenton and Habber-Weiss reactions of hydrogen peroxide enabled by transition
metals such as iron or copper.5,12 The hydroxyl radical has a short half-life, and is
considered the most aggressive free radical primarily due to its high reactivity with many
different biological species. Studies have shown that it can react with lipids, amino acids,
proteins, DNA, and sugars at extremely high rates leading to cell damage and even cell
death.14-16
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Reactive oxygen species are detectable using various methods, including electron spin
resonance (ESR), UV-visible, fluorescence, and luminescence spectroscopies.17-19

Fluorescence probes provide several advantages in comparison to other methods such as
high specificity, localized information at the target site, and great versatility in possible
detection schemes including fluorescence spectroscopy and in vitro fluorescence microscopy
are several benefits of the fluorescent probes.20-22 In particular, coumarin 3-carboxylic acid
(C3C) has been used as a fluorescent probe for detecting hydroxyl radicals.23 The non-
fluorescent C3C molecule can react with a hydroxyl radical to undergo hydroxylation at
position C7 of the coumarin structure, producing a highly fluorescent compound, i.e. 7-
hydroxy coumarin 3-carboxylic acid (7-OH C3C). This compound exhibits a strong
emission signal at 450 nm when excited at 400-410 nm.23-25 The chemical structure of C3C
contains a carboxylic acid group in the C3 position that can be easily coupled with other
molecules. Other coumarin derivatives such as the succinimidyl ester of C3C (SECCA),
phospholipid – linked coumarins, and C3C – derivatized amino acids and peptides have
been used for detection of hydroxyl radicals.26-28

In developing a successful fluorescent probe for free radical detection, several aspects
should be taken into consideration. For example, instrumental artifacts and sensitivity to
environmental factors such as temperature and pH can alter the reliability of fluorescent
probes. Furthermore, real time in vitro imaging becomes challenging if other molecules
interfere with the probe within the cellular medium resulting in photobleaching or the
generation of secondary radicals.18 Therefore, fluorescence ratiometric detection can be
employed to reduce such limitations. The ratio of the two signals represented by the
fluorescence intensity of a reporting molecule and the fluorescence intensity of a reference
molecule can be used for detection of various radicals. In the recent literature, C3C-coupled
polyacrylamide nanoparticles incorporating Texas Red as a reference dye were used as
ratiometric nanoparticles, and hydroxyl radicals were detected based on the fluorescence
intensity ratio between these two dyes.29 In the present manuscript, we propose a strategy
where biocompatible CONER nanoprobes are developed and used as ratiometric fluorescent
nanoprobes for hydroxyl radical detection according to the schematic illustrated in Figure 1.

Novel molecular micelles containing lysine-C3C conjugates were used for synthesis of
biocompatible poly-lactide-co-glycolide (PLGA) nanoparticles through emulsification
solvent evaporation.30,31 The reference dye neutral red (NeR) dye was encapsulated inside
the polymeric matrix which in turn promoted protection from side reactions with reactive
species. Nanoparticles containing only the C3C moiety and nanoparticles containing only
the NeR dye were also synthesized using emulsification solvent evaporation. Optimization
of CONER nanoprobe response was performed. In addition, CONER nanoprobe was
investigated in the presence of other reactive oxygen species such as superoxide anion
radical, hydrogen peroxide, hypochlorite and singlet oxygen. The CONER nanoprobe was
tested on MCF-7 breast tumor cells exposed to H2O2 – induced oxidative stress. In vitro
detection of hydroxyl radicals was achieved by use of fluorescence microscopy.

EXPERIMENTAL SECTION
Materials

Poly (D,L-lactide-co-glycolide) (PLGA, lactide:glycolide 50:50, MW 40,000-75,000),
undecylenic acid, ethyl acetate, trifluoroacetic acid (TFA), sodium carbonate, coumarin 3-
carboxylic acid, Nε-Boc lysine, dimethyl sulfoxide (DMSO), anhydrous dimethyl
formamide (DMF), sucrose, hydrogen peroxide, and neutral red (NeR) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). NeR was neutralized with NaOH in water, resulting
into a water-insoluble red precipitate that was freeze-dried and used further in the nanoprobe
preparation. Dibasic sodium phosphate was purchased from Mallinckrodt (Hazelwood, MO,
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USA). N-hydroxysuccinimide (NHS), N,N′-dicyclohexylcarbodiimide (DCC), and cuprous
sulfate were purchased from Fluka (Milwaukee, WI, USA). Dichloromethane (DCM),
sodium phosphate monobasic, isopropyl alcohol, tetrahydrofuran, and hexanes were
purchased from EMD Chemicals Inc. (Gibbstown, NJ, USA). Sodium bicarbonate and
sodium hydroxide were purchased from Fisher Scientific (Pittsburgh, PA, USA). Doubly-
distilled deionized water was obtained from an ELGA PURELAB Ultra water polishing
system (US Filter, Lowell, MA, USA). All reagents were of analytical grade and were used
as received. Synthesis of coumarin functionalized molecular micelles is presented in
Supporting Information.

Nanoparticle Synthesis
PLGA nanoparticles were synthesized by use of an emulsification solvent evaporation
method. Briefly 0.5 mL of 1 mg/mL NeR in DCM was added to 0.5 mL DCM solution
containing 50 mg of PLGA. An aqueous phase was prepared by dissolving C3C-poly-Nε-
SUK in 5 mL water. The organic phase was added dropwise to the aqueous phase under
stirring conditions using a homogenizer (model 398, Biospec Products, Inc., Racine, WI,
USA), at 15,000 rpm for 2 minutes, resulting in a single o/w emulsion. The emulsion
droplets were further reduced by sonication using a probe ultrasound processor (model
VC750, Sonics and Materials Inc., Newton, CT, USA), operating at an amplitude intensity
of 35 %, for 10 minutes. The solvent was evaporated using a rotary evaporator (Büchi
rotovapor R-200, Brinkmann Instruments, Inc., Westbury, NY, USA). The nanoparticles
were centrifuged at 10,000 rpm for 30 minutes, followed by washing by centrifugation in the
same conditions. The nanoparticle suspension was stored at 4 °C until further use.
Nanoparticles containing only C3C (blank nanoparticles) were prepared using C3C-poly-
Nε-SUK and DCM as the replacement for NeR dye solution. For non-C3C-functionalized
NeR-loaded nanoparticles, C3C-poly-Nε-SUK was replaced with a non-C3C functionalized
Boc-protected poly-Nε-Boc-SUK molecular micelle.

Nanoparticle Characterization
Nanoparticle size and morphology were investigated using transmission electron microscopy
(TEM) (JEOL 100CX, JEOL USA Inc., Peabody, MA, USA) operating at 80kV. A drop of
nanoparticle suspension was dried at room temperature on a carbon coated copper grid and
negatively stained using a 2 % solution of uranyl acetate. Polydispersity index (PDI) was
measured by use of dynamic light scattering (DLS) (Zetasizer NanoZS, Malvern Instruments
Ltd., Malvern, UK). Nanoparticle zeta potential was measured by use of laser doppler
anemometry (Zetasizer NanoZS, Malvern Instruments Ltd., Malvern, UK) using a capillary
cell. The reported values represent the average of three different nanoparticle batches.

Dye Content
The NeR dye content (% w/w) was determined by difference between the known dye
amount added to the formulation and the amount eliminated in the purification steps by
centrifugation. The supernatant containing the excess dye was analyzed by the use of
absorbance spectroscopy (UV-3101PC UV-Vis-near-IR scanning spectrometer, Shimadzu,
Columbia, MD) using a reduced volume (1.4 mL) quartz cuvet. A calibration curve was
constructed for NeR by representing the absorbance intensity at 530 nm as a function of
NeR concentration (y = 1.1178×−0.0019, R2 = 0.9989). Similarly, a calibration curve was
constructed for C3C by representing the absorbance intensity at 290 nm as a function of
C3C concentration (y = 0.0111×−0.0258, R2 = 0.9927). The C3C coverage (% w/w) was
calculated based on the C3C content of poly-Nε-SUK remaining attached on the surface of
nanoparticles after purification.
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Hydroxyl Radical Generation
Hydroxyl radicals were generated in phosphate buffer (pH=7.4) based on the reaction of
cuprous sulfate and hydrogen peroxide in the presence of ascorbic acid, as described by
equations (1) and (2).27 The reduction of Cu2+ takes place in the presence of ascorbic acid
resulting into Cu+ that further reacts with hydrogen peroxide leading to the formation of
hydroxyl radicals. The concentration of OH• was varied by varying the concentration of
cuprous sulfate added to the reaction. For various experiments, the reaction was stopped at
various time intervals using DMSO as OH• scavenger.

(1)

(2)

Fluorescence Spectroscopy
Steady-state fluorescence spectra were recorded using Fluorolog-3 spectrometer (model
FL1073, Horiba Jobin Yvon, Edison, NJ) operated in the front face mode, at 25°C as
provided by a temperature control chamber. The samples were prepared in phosphate buffer
(pH 7.4), and a short path (0.4 cm2) cuvet was used. The excitation and emission slit widths
were both set at 5 nm, respectively. The samples were excited at 410 nm, and the emission
was collected from 420 to 700 nm. The blanks containing all reagents except nanoparticles
were subtracted for each sample. All measurements were performed in triplicates.

In the experiments for nanoparticle reaction with hydroxyl radicals the reaction conditions
were 0.07 mg/mL nanoparticles, 200 μM CuSO4, 20 mM H2O2 and 200 μM ascorbic acid
that reacted for 5 minutes in a total volume of 500 mL. For the experiments investigating the
effect of coumarin location, the reaction mixture contained 0.07 mg/mL nanoparticles, 200
μM CuSO4, 20 mM H2O2 and 200 μM ascorbic acid. The mixture was allowed to react for 5
minutes in a total volume of 500 mL before collecting the fluorescence spectra. In the
experiments for the effect of nanoparticle concentration, various concentrations of
nanoparticles (0.03, 0.07, 0.10, 0.14, 0.21 mg/mL nanoparticles) were reacted with 400 μM
CuSO4, 20 mM H2O2 and 200 μM ascorbic acid for 5 min in a total volume of 500 mL. In
the experiments for the effect of hydroxyl radical concentration, ratiometric nanoparticles
(0.07mg/mL) were incubated with 20 mM H2O2, 200 μM ascorbic acid, and various
concentrations of CuSO4 (10, 20, 30, 40, 50, 100, 200, 400, and 1000 μM respectively) for 5
min in a total volume 500 mL. For the selectivity experiments, the nanoparticles (0.07 mg/
mL) were reacted with OH• (400 μM CuSO4, 20 mM H2O2 and 200 μM ascorbic acid), O2

−•

(200 μM KO2), H2O2 (20 mM), OCl− (200 μM NaOCl), and 1O2 (200 μM H2O2 + 200 μM
NaOCl).

In vitro Detection of Hydroxyl Radicals
Human mammary MCF-7 tumor cells (HTB-22, American Tissue Culture Collection,
ATCC, Manassas, VA) were grown to 90% confluence according to ATCC's instructions
and used for in vitro detection of hydroxyl radicals. Specifically, the cells were incubated
with nanoparticle suspension (0.07 mg/ mL cell suspension) in a 6-well plate at 10,000 cells/
well. After two hours of incubation, the cells were washed with growth media to eliminate
the excess of nanoparticles. The cells were then exposed to H2O2-induced oxidative stress
(400 μM) for 10, 20 and 40 minutes, and washed with phosphate buffer. Fluorescence
images were taken before and after exposure, using a Leica DM RXA2 upright microscope
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(Leica Microsystems Inc., Bannockburn, IL) equipped with GFP and TRITC filter cubes,
and an immersion 40X objective.

RESULTS AND DISCUSSION
Nanoparticle Characterization

In this study, a CONER nanoprobe based on molecular micelle-modified PLGA
nanoparticles was prepared by emulsification solvent evaporation using fluorescent
molecular micelles (C3C-poly-Nε-SUK) as emulsifiers. Previously, PLGA nanoparticles
were successfully synthesized in our laboratory using molecular micelles as emulsifiers,
offering many advantages including small size, monodispersed suspension, and excellent
stability.30 The molecular micelle-modified NeR loaded PLGA nanoparticles synthesized in
this study had an average size of 65 ± 4 nm as measured by TEM. In addition, the
nanoparticles were monodispersed as expressed by a low PDI value of 0.052 ± 0.012. A zeta
potential of −52.77 ± 0.76 mV indicating high stability of nanoparticles in solution was
afforded by the anionic molecular micelle present on the nanoparticle surface. Electron
microscopy images showed spherical individual nanoparticles as shown in Figure 2.

Molecular micelle – modified PLGA nanoparticles have been previously reported by our
group for the encapsulation and delivery of hydrophobic molecules.31 In this study, NeR
was neutralized with NaOH to produce a neutral and hydrophobic reference dye. NeR was
then encapsulated in the PLGA nanoparticles using C3C-poly-Nε-SUK as emulsifier. NeR
content was determined by UV-vis. Typical NeR content was 83.9 ± 0.8 % w/w while C3C
content was 48.4 ± 0.9 % w/w as determined using the same approach.

Reaction with Hydroxyl Radicals
In contrast with variations of a single signal, ratiometric detection involved changes in the
ratio of two signals. The first signal was given by a reporting dye that reacted with the
molecule of interest, while the second signal was given by a reference dye that corrected for
instrumental and environmental artifacts. Nanoparticles that contain both reference and
reporting dyes were used in the ratiometric detection scheme. In the absence of hydroxyl
radicals, the CONER ratiometric nanoprobe did not display a fluorescent signal at 450 nm
(Figure S4, Supporting information). In contrast, the ratiometric nanoprobe exhibited two
distinct signals, at 450 and 540 nm corresponding to reporting dye and reference dye,
respectively. The reporting dye was 7-OH C3C-poly-Nε-SUK that resulted from the reaction
of OH radicals with C3C-poly-Nε-SUK molecular micelle present on the nanoparticle
surface. The product of such reaction presented a fluorescent signal at 450 nm when excited
at 410 nm. At the same time, the reference dye, NeR, provided a separate fluorescent signal.
The two signals obtained after the reaction with OH• can be observed in Figure 3, graph c.

C3C-only nanoparticles (NeR-free nanoparticles containing C3C-poly-Nε-SUK) exhibited a
peak at 450 nm as a result of the reaction of OH• with C3C, while the fluorescence peak at
540 nm was absent (Figure 3, graph a). In contrast, NeR-only nanoparticles prepared using a
non-functionalized Boc-protected poly-Nε-Boc-SUK molecular micelle as emulsifier had no
C3C fluorescence (Figure 3, graph b). This confirmed that the two fluorescence peaks in the
CONER probe spectrum were generated by the reference and the reporting dyes,
respectively. In addition, the effect of coumarin location is discussed in Supporting
Information. It was observed that the coumarin moiety present on the surface of
nanoparticles was able to react with hydroxyl radicals. In contrast, the encapsulation of
coumarin moiety into the polymer matrix produced no clear signal at 450 nm, suggesting
that a polymer shielding effect took place.
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Effect of Hydroxyl Radical Concentration
CONER nanoprobes were incubated with increasing concentrations of OH•. In general, if
the reporting and reference dyes of a ratiometric probe are in close proximity, and there is an
overlap between the fluorescence signal of the reporting dye and the absorbance of the
reference dye, fluorescence resonance energy transfer (FRET) occurs. For such probes, the
signal of the reporting dye decreases while the one of the reference dye increases. The
reporting dye signal strictly depends on the reaction with OH•, and an increase in radical
concentration will produce an increase in the reporting dye signal. The fluorescence spectra
of CONER nanoprobe in the presence of different concentrations of OH• is shown in Figure
4. In this experiment, the concentration of OH• was changed by changing the concentration
of CuSO4, as described in the experimental section.

In the presence of OH•, it was expected that the C3C moiety present on the surface of
nanoparticles would react with the radicals, resulting in formation of 7-OH-C3C. The
fluorescence intensity of 7-OH-C3C depends on various factors: OH• concentration, C3C
concentration, and Förster resonance energy transferred to NeR. The observed FRET
phenomenon was favored by the spectral overlap and short spatial distance between the
reporting and reference dyes. If the OH• concentration is constant and C3C concentration
increased (nanoparticle concentration increased), then both 7-OH-C3C and NeR peaks
increased (Figure S2, Supporting information). This was observed primarily because both
C3C and NeR concentrations increased (both were incorporated into the same nanoparticle
system) and the effect of energy was not observed. If the C3C and NeR concentrations were
held constant (nanoparticle concentration was constant), then the fluorescence intensity of 7-
OH-C3C decreased with an increase in concentration of OH•, primarily because of energy
transfer to NeR. Therefore, the NeR peak increased, and 7-OH-C3C decreased. In the
absence of NeR, 7-OH-C3C increased with an increase of OH• concentration. In Figure S4
(Supporting information), the fluorescence spectra of blank nanoparticles containing only
C3C are represented for two OH• concentrations. Since the NeR was absent in this
nanoprobe, energy transfer was also absent, and consequently the fluorescence intensity of
7-OH-C3C increased with an increase in OH• concentration. Furthermore, the I450/I528 was
calculated as the ratio between C3C fluorescence intensity at 450 nm and NeR fluorescence
intensity at 528 nm, and represented as a function of OH• concentration (Supporting
Information, Figure S6). Using the linear region of the graph, a limit of detection of 0.73 μM
OH• was calculated.

Reaction with Other Radicals
The selectivity of CONER nanoprobes for OH• is important in particular for radical
detection in biological samples. Under steady state conditions, mitochondrial ROS
concentrations are in the nanomolar range.32 However, under conditions of oxidative stress,
ROS concentrations increase to dangerous levels. For example, hydrogen peroxide produces
cell damage at 10 μM.5 In the present studies, the CONER probes were exposed to various
radical and non-radical reactive species such as superoxide anion (O2

•−), hydrogen peroxide
(H2O2), singlet oxygen (1O2), and hypochlorite anion (OCl−). The reactions took place in
phosphate buffer using the same nanoparticle concentration, reaction volume and reaction
time. The ratio between C3C fluorescence intensity at 450 nm and NeR fluorescence
intensity at 528 nm (I450/I528) is shown in Figure 5 for each investigated radical.

The I450/I528 ratio was 0.63 ± 0.03 for OH radicals. Three to four times smaller ratios were
obtained for singlet oxygen (0.18 ± 0.04) and superoxide anion (0.17 ± 0.00). The smallest
ratio was observed for hypochlorite anion (0.09 ± 0.01), representing a ratio seven times
smaller than that of hydroxyl radicals. These results suggest that our CONER probe was
more selective for OH• than for other reactive oxygen species.
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In vitro Detection of Hydroxyl Radicals
In comparison with other reactive oxygen species, hydroxyl radical is a short-lived and
highly reactive with numerous biological molecules including lipids, proteins and DNA.
Therefore, a selective and sensitive detection method of OH• constitutes a vital technique for
the diagnostics and understanding of OH• interaction with cells and its role in diseases. In
order to verify the ability of CONER nanoprobe to react with hydroxyl radicals generated in
a biological environment, live breast tumor cells were incubated with CONER nanoprobe
over various periods of time.

Oxidative stress was further induced using hydrogen peroxide. Hydroxyl radicals were
likely generated by reaction of hydrogen peroxide with transition metals present in the
cellular environment, following a route similar to the one described in the experimental
section.4,5 The fluorescence signal was observed by fluorescence microscopy at different
incubation times as shown in Figure 6. Since C3C was not fluorescent under the
experimental conditions, the cells appeared initially red due to the NeR fluorescent signal.
As the OH• became available in the cell environment after H2O2 exposure, the cells
progressively started fluorescing green after 10, 20 and 40 minutes. Green fluorescence is
strongly determined by NeR since the NeR fluorescence shifted from red to green due to the
cellular environment. However, green fluorescence also increased in time due to more
radicals reacting with C3C and increasing energy transfer towards NeR. Therefore, it can be
inferred that the increase in green fluorescence correlates to an increase in OH•

concentration.

For control experiments (Supporting Information), the cells were exposed to oxidative stress
conditions in the absence of nanoparticles. Under these conditions, the cells displayed a
weak green autofluorescence that was significantly lower (by visual comparison of
identically processed images) than the fluorescence observed for cells incubated with
CONER probes. In addition, the cells were incubated with nanoparticles containing only
C3C moiety as well as nanoparticles containing only NeR. The fluorescence of 7-OH-C3C
was not observed during in vitro experiments using the GFP cube. Therefore, in the absence
of NeR there was no green fluorescence. In contrast, when only NeR was present, green
fluorescence was observed, and the red fluorescence remained unchanged before and after
exposure to oxidative stress. The imaging experiments suggested that the presence of both
C3C and NeR were required in order to obtain a change in the fluorescence of cells exposed
to oxidative stress.

CONCLUSION
The detection of reactive oxygen species is critical to the understanding of the mechanism of
hydroxyl radical, one of the most reactive radicals involved in oxidative stress. In this study,
biocompatible CONER nanoprobe (C3C-poly-Nε-SUK – modified NeR – loaded PLGA
nanoparticles) was successfully developed and used to detect hydroxyl radicals by
fluorescence ratiometric detection conferred by a 7-OH C3C reporting dye and a NeR
reference dye contained within the same nanoparticle system. The ratiometric nanoparticles
were sensitive and selective for hydroxyl radicals as compared to other reactive oxygen
species such as superoxide anion (O2

•−), hydrogen peroxide (H2O2), singlet oxygen (1O2),
and hypochlorite (OCl−). In summary, the CONER probe successfully detected hydroxyl
radicals in viable cells exposed to oxidative stress allowing them to be a great analytical tool
for in vitro studies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Design of ratiometric CONER nanoprobe.
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Figure 2.
TEM micrograph of CONER nanoprobes with average diameter of 65 nm.
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Figure 3.
Normalized fluorescence of nanoparticles after reaction with OH• a) C3C-only
nanoparticles; b) NeR-only nanoparticles; c) complete ratiometric nanoprobe .
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Figure 4.
Fluorescence spectra of nanoparticles after reaction with OH• (at various CuSO4
concentrations).
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Figure 5.
Fluorescence spectra of nanoparticles after reaction with various radicals.
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Figure 6.
Fluorescence micrographs of CONER probe response in live cells exposed to H2O2 –
induced oxidative stress a) before the addition of H2O2 and at b) t=10, c) t=20, and d) t= 40
minutes after the addition of H2O2.
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