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A B S T R A C T   

Natural antioxidants, like phenolic acids, possess a unique chemical space that can protect cellular components 
from oxidative stress. However, their polar carboxylic acid chemotype reduces full intracellular antioxidant 
potential due to limited diffusion through biological membranes. Here, we have designed and developed a new 
generation of hydrophobic turn-on fluorescent antioxidant precursors that upon penetration of the cell mem-
brane, reveal a more polar and more potent antioxidant core and simultaneously become fluorescent allowing 
their intracellular tracking. Their activation is stimulated by polarity alteration by sensing intracellular signals 
and specifically biothiols. In our design, the carboxylic group of phenolic acids that originally restricts cell 
entrance is derivatized and conjugated through Copper (I)-catalyzed azide-alkyne cycloaddition (CuAAC) to a 
coumarin derivative that its fluorescence properties are quenched with a biothiol activatable element. This more 
hydrophobic precursor readily penetrates cell membrane and once inside the cell the antioxidant core is revealed 
upon sensing glutathione, its fluorescence is restored in a turn-on manner and the generation of a more polar 
character traps the molecule inside the cell. This turn-on fluorescent antioxidant precursor that can be applied to 
phenolic acids, was developed for rosmarinic acid and the conjugate was named as RCG. The selectivity and 
responsiveness of RCG towards the most abundant biothiols was monitored through a variety of biophysical 
techniques including UV–Vis, fluorescence and NMR spectroscopy. The electrochemical behavior and free ra-
dical scavenging capacity of the precursor RCG and the active compound (RC) was evaluated and compared with 
the parent compound (rosmarinic acid) through cyclic voltammetry and EPR spectroscopy, respectively. The 
stability of the newly synthesized bioactive conjugate RC was found significantly higher than the parent ros-
marinic acid when exposed to oxygen. Cell uptake experiments were conducted and revealed the internalization 
of RCG. The degree of intracellular DNA protection offered by RCG and its active drug (RC) on exposure to H2O2 

was also evaluated in Jurkat cells.   
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1. Introduction 

One of the main principles of the Mediterranean diet is the increased 
intake of plant foods, which are important sources of natural phenolics 
that enumerate more than 8000 compounds and a main sub-class is 
phenolic acids [1–3]. Consumption of plant based phenolic acids is 
associated with antioxidant, anti-inflammatory, anti-viral, anti-tumor 
and neuroprotective properties [4–10]. Phenolic acids can be divided 
into two sub-groups, hydroxycinnamic and hydroxybenzoic acid ana-
logues [11]. The most important hydroxycinnamic acid analogues 
contain a unique chemical C6–C3 backbone structure and include cou-
maric acids, caffeic acid, ferulic acid, and sinapic acid [12]. Their 
pharmacological profile is regulated by the location of the free hydroxyl 
groups and the unsaturated substituted chains [13]. Rosmarinic acid 
(also known as O-caffeoyl-3,4-dihydroxyphenyl lactic acid) has been 
widely studied and has been shown to exhibit an important therapeutic 
profile including antioxidant, anticarcinogenic, and chemo-preventive 
properties [14–16]. Its antioxidant properties originate from the two 
ortho-dihydroxyl (catecholic) groups, which can be oxidized to o-qui-
nones generating free radical oxygen species [17,18]. Recently, in order 
to enhance the bioavailability of natural phenolics, we developed sev-
eral phenolic-based supramolecular complexes and bioconjugates 
through the encapsulation process and molecular hybridization, re-
spectively [19–24]. 

Despite the inherent and dynamic pharmacological profile of phe-
nolic acids, their polar nature (originating from their carboxylic acid) 
restricts their cell membrane permeation and thus their full biological 
potency remains unexploited. Nature, to surmount this issue, through 
the course of evolution, has manipulated the structures of such polar 
compounds through decoration with lipophilic promoieties. A relevant 
example is the case of phenethyl ester of caffeic acid (CAPE), the main 
component of propolis from honeybee hives, where esterification of a 
phenolic acid (caffeic acid), led to a more potent compound that re-
cently entered clinical trials [25–28]. Along these lines, we recently 
developed rosmarinic acid derivatives in which the carboxylic acid 
moiety was substituted by lipophilic side chains via ester or amide 
bonds, achieving enhanced cell penetration and thereby increased an-
tioxidant properties compared to the parent compound [29]. 

Bioinspired by the way that nature has exploited through evolution 
to optimize the efficacy of caffeic acid through esterification in CAPE, 
we aimed to design a new category of molecules, through manipulating 
their unfavorable carboxylic acid moiety, in order to increase the 
bioavailability and functionality of phenolic acids. We developed the 
hydrophobic turn-on fluorescent antioxidant precursors upon penetra-
tion of the cell membrane, reveal a more polar and more potent anti-
oxidant core at the same time becoming fluorescent allowing their in-
tracellular tracking. As a phenolic acid example, we will use rosmarinic 
acid for which we recently validated that its polar carboxylic acid 
chemotype restricts diffusion through biological membranes and thus 
restricts its full antioxidant potential [29]. 

By rehabilitating the lipophilic character of phenolic acids in a 
precursor form and also tethering a fluorescent scaffold in this core, 
potent antioxidant and fluorescent structures could be generated in a 
single chemotype. The fluorescent scaffold can be selected from an 
array of different available structures, including fluorescent imaging 
agents developed to be activated upon sensing intracellular elements 
[30–33]. Glutathione (GSH) is such an element as its intracellular 
concentration (2–10 mM) significantly is higher than in extracellular 
fluids, including plasma (1–2 μM) [34–36]. Coumarin based chromo-
phores have been developed as GSH turn-on fluorescent agents through 
GSH mediated unmasking of their phenol decorated precursor forms 
[37,38]. 

To achieve at the same time, increased cellular permeability and 
intracellular tracking of rosmarinic acid, we designed a rosmarinic acid- 
based hydrophobic turn-on fluorescent antioxidant precursor. Once this 
precursor (RCG) penetrates the cell membrane, it reveals a more polar 

and more potent antioxidant core (RC) and at the same time becomes 
fluorescent allowing its intracellular tracking and intracellular trapping 
of the polar compound. In order to achieve a turn-on responsive be-
havior, upon cellular internalization, the phenol group from the chro-
mophore moiety was masked with an activatable biothiol sensing ele-
ment. This leads to the quenching of fluorescence, while the biothiol 
mediated unmasking results in fluorescent enhancement. 

The selectivity and responsiveness of this new fluorogenic thiol re-
sponsive antioxidant precursor, RCG, towards the most abundant bio-
thiols was monitored through a variety of biophysical techniques in-
cluding UV–Vis, fluorescence and NMR spectroscopy. Its 
electrochemical behavior and the free radical scavenging capacity were 
evaluated and compared with the parent compound (rosmarinic acid) 
through cyclic voltammetry and EPR spectroscopy. The ability of RCG 
to protect cells against H2O2-induced DNA damage was also evaluated 
through comet assay. 

Our bioinspired design for the phenolic acid-based hydrophobic 
turn-on fluorescent antioxidant precursor benefitted from the reactive 
but also unfavorable polar nature of the carboxylic acid of phenolic 
acids. This unwanted chemotype was derivatized with an alkyne moiety 
to allow click chemistry tethering of an azide bearing fluorescent probe 
[39]. It should be noted that such tethering could also be conducted in 
vivo, where the more hydrophobic alkyne bearing phenolic acid and the 
bioimaging agent could be administered separately and tethered in-
tracellularly through in vivo click chemistry [40]. Our group is currently 
working along these lines to generate more potent antioxidant and 
bioimaging fluorogenic precursors for in vivo applications. 

2. Materials and Methods 

2.1. UV–Vis spectroscopy 

UV–Vis spectra were recorded with an Analytik Jena SPECORD 205 
spectrophotometer in a 1 cm quartz cell at 25 °C. Typical titration ex-
periments were performed by sequential additions of freshly prepared 
GSH and cysteine solutions (12.5 mM stock solution, freshly made in 
PBS, 10 mM, pH 7.4) to the same 3 mL sample solution (10.0 μM) in a 
quartz cuvette. Absorption spectra in stability measurements against 
oxygen were recorded using an Agilent 8453 diode-array UV–Vis 
spectrometer in a 1 cm quartz cell with a tube closed by stopper and 
filled under argon at 25 °C. The first absorption spectra when exposed 
to oxygen were recorded every 8 s after the cell opening and the cell 
was shaken manually. 

2.2. Fluorescence spectroscopy 

Fluorescence spectra were recorded with a JASCO 8600 (slit = 5, 
excitation at 400 nm) in a 1 cm quartz cell at 25 °C. Typical titration 
experiments were performed by sequential additions of freshly pre-
pared GSH and cysteine solutions (12.5 mM stock solution, freshly 
made in PBS, 10 mM, pH 7.4) to the same 3 mL sample solution 
(10.0 μM) in a quartz cuvette. 

2.3. NMR and diffusion ordered NMR spectroscopy (DOSY) 

1H and 13C NMR spectra were recorded on a Bruker AvanceIII 
400 MHz instruments. Data for 1H NMR spectra were reported as fol-
lows: chemical shift (ppm) and multiplicity (s = singlet, d = doublet, 
t = triplet, q = quartet, m = multiplet). Data for 13C NMR spectra are 
reported in ppm. 

2.4. Diffusion ordered NMR spectroscopy (DOSY) 

Diffusion ordered (DOSY) NMR experiments were recorded using a 
Bruker AV 500 MHz spectrometer (Bruker Biospin, Rheinstetten, 
Germany), with the Topspin 2.1 suite. A pulse field gradient unit 
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capable of producing magnetic field pulse gradients in the z-direction of 
53 G cm−1 was used to record DOSY NMR experiments. For DOSY 
experiments all the samples were dissolved in a system of solvents D2O/ 
ACN-d3 solvent, using 10 mM PBS as buffer. In the NMR tube (600 μL), 
the concentration of the sample was 2.0 mM, The NMR samples were 
subjected to DOSY experiments at 25ο C. The acquisition time and re-
laxation delay were 1.09 s and 4T1 respectively. T1 values were cal-
culated from 2 to 3.5 ms after they have been determined by the in-
version recovery time pulse. DOSY experiment were performed using 
bipolar pulse longitudinal eddy current delay (BPPLED) pulse sequence. 
More specific, 16 BPPLED spectra with 16 K data points were collected 
and the eddy current delay, (Te) was set to 5 ms. The duration of the 
pulse field gradient, δg, was optimized so as to obtain 5% residual signal 
with the maximum gradient strength. The pulse gradient was increased 
using a linear from 2 to 95% of the maximum gradient strength using a 
linear ramp. The diffusion dimension was treated with the Topspin 2.1 
suite, after Fourier transformation and baseline correction. 

2.5. Electrochemistry 

Electrochemical measurements were carried out in three-electrode 
setup using a PGSTAT 12 Autolab potentiostat (Metrohm, Prague, 
Czech Republic) in solution containing 60% 0.1 M KCl and 40% ethanol 
(v/v) under argon. A glassy carbon electrode (diameter 0.8 mm) served 
as the working electrode, the Ag|AgCl|1 M LiCl electrode separated 
from the examined solution by a salt bridge was used as reference 
electrode and a platinum wire was used as the auxiliary electrode. 

2.6. Theoretical calculations 

The spatial distribution of HOMO and LUMO orbitals was calculated 
for the geometry-optimized molecules in vacuum. Calculations of mo-
lecular orbital energies were performed using density functional theory 
(DFT) calculations employing the B3LYP functional and 6-31G* basis 
set with Spartan ’14, v.1.1.8 software (Wavefunction, Inc., USA). 

2.7. EPR spectroscopy 

Electron paramagnetic resonance (EPR) spectra were recorded at 
room temperature with a Bruker ER200D spectrometer equipped with 
an Agilent 5310A frequency counter. The spectrometer was running 
under homemade software based on LabView. Spectra were recorded 
using the following conditions: Modulation Amplitude 4 Gptp, 
Modulation Frequency 100 KHz, Microwave Power 1.26 mW, 
Microwave Frequency 9.53 GHz. 

2.8. EPR sample preparation - spin trapping with DMPO 

The EPR spectrum of the samples were recorded in capillaries, at 
room temperature. Control samples were examined that contained all 
reactants except the antioxidant with an increasing concentration of the 
oxidant. OH radicals were detected using the spin trap 5,5-Dimethyl-1- 
pyrroline N-oxide (DMPO) [41]. In 2980 μL of the reaction mixture, 
20 μL of DMPO was added from a 100 mM stock solution in water. Each 
sample (total volume = 3 mL) contained 0.030 μmol of the antioxidant 
dissolved in DMSO, 0.030 μmol FeSO4·7H2O, and 0.030/0.075/0.150/ 
0.300 μmol H2O2 in a pH 6.0 buffer solution of HEPES (10 mM)/MES 
(10 mM). 

We have calibrated the OH-generation efficiency of our H2O2 

system vs. the theoretically expected based on the Fenton reaction [42] 
and found that the H2O2/Fe system we use generates at least 88% of the 
theoretically expected OH radicals. Thus, the OH-quenching efficiency 
of the studied antioxidants was calculated based on the precise OH 
concentration based on this calibrated method. 

2.9. Cell culture 

RPMI-1640 growth medium supplemented with L-glutamine and 
glucose oxidase (from Aspergillus niger, 18,000 units/g) were obtained 
from Sigma-Aldrich (St. Louis, MO, USA). Fetal bovine calf serum (FBS), 
Nunc tissue culture plastics, low melting-point agarose and penicillin/ 
streptomycin antibiotics were obtained from Gibco GRL (Grand Island, 
NY, USA). Microscope superfrosted glass-slides were supplied by 
Menzel-Glaset (Menzel, Germany). 

Cell cultures of Jurkat cells (ATCC, clone Ε6-1) were grown in 
RPMI-1640 containing 10% heat-inactivated FBS, 2 mM glutamine, 100 
U/mL penicillin and 100 ng/mL streptomycin, at 37 °C in 95% air and 
5% CO2. Jurkat cells in the log phase were harvested by centrifugation 
(250 g, 10 min), resuspended at a density of 1.5 × 106 cells per mL and 
allowed to stay for 1 h under standard culturing conditions before the 
treatment. 

2.10. Evaluation of the protection offered against H2O2 -induced DNA 
damage 

Cells were treated with each compound for the indicated time 
period under otherwise standard culture conditions and then exposed 
for 10 min to continuously generated H2O2 formed by the action of the 
enzyme “glucose oxidase” which was added directly to the growth 
medium. The amount of the added enzyme was estimated to generate 
approximately 10 μM of H2O2 per min. Cells were then collected and 
analyzed for the formation of single strand breaks in their DNA by 
comet assay. 

The alkaline comet assay was performed essentially as described 
previously by Singh et al. [43] with minor modifications [44]. In brief, 
cells were suspended in 1% (w/v) low-melting-point agarose in PBS, pH 
7.4, and pipetted onto superfrosted glass microscope slides, precoated 
with a layer of 1% (w/v) normal melting-point agarose (warmed to 
37 °C prior to use). The agarose was allowed to set at 4 °C for 10 min, 
and the slides were then immersed for 1 h at 4 °C in a lysis solution 
(2.5 M NaCl, 100 mM EDTA, 10 mM Tris, pH 10, 1% Triton X-100) in 
order to dissolve cellular proteins and lipids. Slides were placed in 
single rows in a 30 cm-wide horizontal electrophoresis tank containing 
0.3 M NaOH and 1 mM EDTA, pH ~13 (unwinding solution) and kept 
at 4 °C for 40 min in order to allow DNA strand separation (alkaline 
unwinding). Electrophoresis was performed for 30 min in the un-
winding solution at 30 V (1 V/cm) and 300 mA. Finally, the slides were 
washed for 3 × 5 min in 0.4 M Tris (pH 7.5, 4 °C) and stained with 
Hoechst 33342 (10 mg/mL). Hoechst-stained nucleoids were examined 
under a UV-microscope with a 490 nm excitation filter at a magnifi-
cation of ×400. DNA damage was not homogeneous, and visual scoring 
was based on the characterization of 100 randomly selected nucleoids, 
as previously described [44]. In brief, the comet-like DNA formations 
were categorized into five classes (0, 1, 2, 3 and 4) representing an 
increasing extent of DNA damage visualized as a ‘tail’. Each comet was 
assigned a value according to its class. Accordingly, the overall score for 
100 comets ranged from 0 (100% of comets in class 0) to 400 (100% of 
comets in class 4). In this way the overall DNA damage of the cell po-
pulation can be expressed in arbitrary units. 

2.11. Cellular uptake through fluorescence spectroscopy 

DLD1 colon cancer cells (2 × 106 cells per well) were seeded into 
six-well plates and the next day the cells were treated with 25 or 50 μM 
of RC or RCG for 30 or 60 min. At the indicated time points the cells 
were washed twice with PBS buffer and lysed using an ice-cold solution 
of ACN: dH2O (3:1 v/v). Then the samples were sonicated (3 × 10 s) 
and centrifuged at 16 × 103 g for 10 min. The supernatants were 
collected and reconstituted at final volume of 3 mL (ACN: PBS, 1:1, pH 
7.4, 10 mM). Cells without treatment were used as control where no 
endogenous fluorescence was observed. During the experimental period 
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the DLD1 cells were cultured in McCoy’s 5A medium (Hyclone) sup-
plemented with 10% fetal bovine serum (Gibco) and 1% Penicillin/ 
Streptomycin (Gibco). The cells were split every two days and main-
tained at 37 °C in humidified atmosphere of 5% CO2. For the cell uptake 
investigation of RCG in the presence of NEM, DLD1 cells were pre-
treated with 1.5 mM of N-ethylmaleimide (NEM) for 30 min before the 
addition of RCG. All small molecules were initially diluted in DMSO and 
the maximum final percentage of DMSO in the cells did not exceed 
0.25%. 

3. Results and discussion 

3.1. Bioinspired rational design of the hydrophobic turn-on fluorescent 
antioxidant precursors of phenolic acids 

The inspiration for the rational design of the fluorogenic thiol re-
sponsive antioxidant precursor was based on the way the phenethyl 
ester of caffeic acid (CAPE) in propolis has evolved in nature from 
caffeic acid [25]. CAPE has been evolved to be a more hydrophobic 
precursor of caffeic acid as it is reflected in its more enhanced partition 
coefficient P. Specifically, the calculated CLogP of CAPE is 3.28 and of 
its parent compound caffeic acid is 0.97. This enhanced hydrophobicity 
enables its more effective passive diffusion in cells and after the activity 
of non-specific esterases the more polar parent compound is released 
and is concomitantly intracellularly trapped due to its polar nature. 
Along these lines, we realized that in order to exploit the full potential 
of phenolic acids, it is essential to neutralize the negative charge de-
rived from the carboxylic acid unit. In the same time, the ortho-dihy-
droxyl (catecholic) groups that function as radical scavengers, should 
be retained intact to keep the antioxidant capacity of these compounds. 
Moreover, a fluorescent unit should be installed in their core in order to 
be able to track their cell entrance. The most favorable position for this 
tethering is the carboxylic acid functional group decorating the core of 
phenolic acids. This is since it is a reactive group and can thus parti-
cipate in different conjugation reactions and also its polar nature should 
be avoided since it hinders the cell permeation of phenolic acids. To 
allow a biorthogonal labeling of fluorescent agents to the rosmarinic 
acid core, we tethered in its carboxylic acid unit, through a stable amide 
bond, an alkyne reactive handle (compound 1, Scheme 2). The alkyne 
unit has been selected since it can allow click chemistry reactions that 
can be also conducted in vivo [40]. To follow the rationale that nature 
has utilized to evolve CAPE we had first to generate a compound that 
will bear a higher lipophilicity in its precursor form so as to allow its 
rapid cell uptake. Additionally, the compound should then increase its 
polarity inside the cell to enable its intracellular trapping. The polarity 
enhancement could be achieved upon sensing an intracellular stimu-
lating element like esterases in CAPE cleaving off the ester group in 
CAPE releasing the polar caffeic acid unit. We thus had to follow a 
scheme of intracellular stimulated altered polarity. To visualize this in 
cells we first screened in a pool of available azide derivatized 

fluorescent candidates to conjugate in the alkyne derivatized phenolic 
acid core. 7-hydroxy-3-azido coumarin was selected since: i) its con-
jugation to the alkyne derivatized rosmarinic acid (compound RC,  
Scheme 2) leads to a fluorescent active compound that bears a similar 
lipophilicity to the parent compound of CAPE, caffeic acid 
(CLogP = 1.5, whereas caffeic acid has CLogP = 0.97); ii) all the ca-
techol units responsible for the antioxidant activity remained intact and 
iii) coumarin delivers an additional phenol group that could lead to a 
more enhanced antioxidant effect with respect to the parent compound 
(rosmarinic acid). In order to design a precursor for RC similar to CAPE 
we had to enhance its lipophilicity in a reversible way that could be 
responsive to an intracellular event. Because of that, a lipophilic bio-
thiol labile element, 2, 4-dinitrobenzenesulfonyl group (DNBS) was 
selected to conjugate to the phenol group of coumarin. This resulted to 
compound RCG (Scheme 2) that had a higher value of CLogP = 2.23 
compared to 1.5 of compound RC and its fluorescent properties were 
quenched due to photo-induced electron-transfer (PET), as expected 
[45]. Thus, compound RCG may bear quenched fluorescent properties 
and enhanced lipophilicity that could enable its cell entrance. These 
properties will be investigated further together with fluorescent, elec-
trochemical properties and free radical scavenging capacity (see  
Scheme 1). The hypothesis is that the biothiol labile and responsive 
element DNBS will be cleaved from the RCG once onside cells, due to 
the enhanced intracellular biothiol content, revealing the more polar 
fluorescent and antioxidant unit of RC. 

The synthesis the rosmarinic acid-coumarin-DNBS conjugate RCG, 
which is applicable to phenolic acids, is illustrated in Scheme 2. The 
synthesis begins with the reaction of the carboxylic group of rosmarinic 
acid with propargyl amine to afford compound 1. In order to synthesize 
the rosmarinic acid-coumarin conjugate RC a CuAAC click reaction was 
performed between the alkyne terminated compound 1 and 7-hydroxy- 
3-azido coumarin. Subsequently, to substitute the phenolic hydroxyl 
group of coumarin by the biothiol sensing and activatable element, (2, 
4-dinitrobenzenesulfonyl group) the catecholic groups of rosmarinic 
acid were Boc-protected [46]. This afforded compound 2 (the Boc 
protected compound 1). The rosmarinic acid-coumarin-DNBS conjugate 
RCG was prepared by applying CuAAC click chemistry between com-
pound 2 and 7-hydroxy 3-azido coumarin followed by the substitution 
of the phenol group of coumarin with 2, 4-dinitrobenzenesulfonyl 
group and Boc deprotection. 

3.2. Monitoring the biothiol responsiveness of RCG to generate RC utilizing 
an array of biophysical techniques 

Having in hand the rosmarinic acid-coumarin-DNBS conjugate RCG 
we first efforted to validate our hypothesis that it can be responsive to 
intracellular biothiols. To achieve this, the reaction process of RCG with 
biothiols was tested using as typical standards glutathione (GSH) and 
cysteine [47]. The reaction with different equiv. of the biothiols GSH 
and cysteine was monitored by UV–Vis, fluorescence and NMR 

Scheme 1. Architecture of RCG and its mechanism of intracellular biothiol sensing and conversion to the active RC.  
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spectroscopy. In the UV spectra, as illustrated in Fig. 1A–B, upon the 
gradual titration of GSH and cysteine the absorbance of RCG was in-
creased by~1.4-times and the λmax was hypsochromically shifted from 
330 nm to 338 nm and 342 nm, respectively. Moreover, a clear iso-
sbestic point at 316 nm was observed. Upon the cleavage of the DNPS 
group by biothiols the UV–Vis spectrum of the regenerated compound is 
identical with RC, suggesting the release of RC. 

The fluorescent biothiol responsiveness of RCG was examined by 
means of fluorescence spectroscopy. As shown in Fig. 2A and B, RCG 
exhibits weak fluorescence centered at 485 nm upon excitation at 
400 nm. After the gradual addition of GSH and cysteine to the solution 
of RCG (10.0 μM) in ACN: PBS (10 mM, pH 7.4, 1:1 v/v) the fluores-
cence intensity at λmax 485 nm was gradually increased. A distinct 20- 
fold and 32-fold increase in fluorescent signal was recorded, upon the 
addition of 10 eq. of GSH and cysteine, respectively. This indicates that 
the DNBS moiety of RCG can be readily cleaved in a dose-dependent 
manner, by both GSH and cysteine, the most abundant biothiols in cells, 
leading to the release of RC. Furthermore, the fluorescence intensity at 
485 nm displays a linear relationship (R2 = 0.996 and R2 = 0.935) 
with cysteine and GSH concentrations from 2.5 to 50 μM. The detection 
limit was calculated (Fig. S3) to be 13.2 and 24.75 nM for cysteine and 

GSH, respectively, indicating that RCG is particularly sensitive to the 
detection of intracellular thiols. 

To confirm that the signal enhancement, as observed by UV–Vis and 
fluorescent spectroscopy, was the result of the transformation of RCG to 
RC, 1H NMR experiments were conducted (the assignment of the atom 
numbers is described in Scheme 2). Upon the addition of 1.0 equiv. of 
cysteine in the NMR tube containing a 2.0 mM solution of RCG in ACN- 
d3: deuterated PBS (10 mM, pD = 7.4, 1:1 v/v) and after 5 min in-
cubation, the NMR spectra revealed the biothiol-mediated transforma-
tion of RCG to RC. As illustrated in Fig. 3, the protons assigned to the 
DNPS group and coumarin core have the most intense NMR perturba-
tion, as expected. More specifically, there is an apparent change in the 
chemical shift of 0.61 ppm for the proton H-33 originated from the 
chromophore moiety, followed by H-32 and H-35 (0.46 and 0.36 ppm 
respectively). 

In order to further verify the biothiol responsiveness and mediated 
transformation of RCG to RC, diffusion-ordered spectroscopy (DOSY) 
was utilized. DOSY is an NMR technique that can discriminate com-
pounds spectroscopically based on their different diffusion coefficients. 
The self-diffusion coefficients of compounds can be determined as also 
information related to the size, shape and molecular weight can be 

Scheme 2. Synthetic pathway of RC and RCG: (i) propargyl amine, DIC, HoBT, (ii) Boc2O, DMAP, THF, (iii) CuSO4*5H2O, sodium ascorbate, 7-hydroxy 3-azido 
coumarin (iv) TEA, 2, 4-dinitrobenzenesulfonyl chloride and (v) 20% TFA in DCM. 

Fig. 1. Absorption spectra of RCG (10 μM) in the presence of different equivalents (0, 0.25, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 7.5, 10.0, 15.0, 20.0, 25.0 eq.) 
of A) GSH and B) cysteine in ACN: PBS (10 mM, pH 7.4, 1:1 v/v). Each spectrum was obtained 10 min after each GSH/cysteine addition. 
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Fig. 2. A) Emission spectra of RCG (10 μM) in the presence of different equivalents (0, 0.25, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 7.5, 10.0 eq.) of A) GSH and 
B) cysteine in ACN: PBS (10 mM, pH 7.4, 1:1 v/v). Each spectrum was obtained 10 min after each GSH/cysteine addition. λex = 400 nm, slit width: (5.0, 5.0). 

Fig. 3. Selected region of the 1H NMR spectra of A) RC (2.5 mM) B) RCG (2.0 mM), C) RCG (2.0 mM) upon the addition of 1.0 equiv. of cysteine and after 5 min 
incubation. Each spectrum was obtained in ACN-d3: deuterated PBS (10 mM, pD = 7.40, 1:1 v/v). The black spheres indicate the protons assigned to the coumarin 
core and pink spheres indicate the protons assigned to DNPS group 
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extracted through this technique [48]. Initially we recorded the DOSY 
NMR of RCG and its diffusion constant was calculated to be 
3.36 E−10 m2/sec (Fig. S3). DOSY NMR spectra were recorded in the 
same NMR tube after the addition of 1.0 equiv. of cysteine and 5 min of 
incubation (Fig. S4). As expected, the new recorded DOSY spectrum 
indicated the presence of a new compound of reduced size with a dif-
fusion coefficient of 3.16 E−10 m2/sec. This clearly verified that the 
incubation of RCG with cysteine quantitatively converted the larger 
RCG compound to the smaller size RC due to the cysteine mediated 
cleavage of DNPS from the RCG coumarin core. An overlay of the DOSY 
spectrum of RGC and of the generated RC after the incubation of RGC 
with cysteine are illustrated in Fig. 4. 

The electrochemical behavior of rosmarinic acid, RC and RCG was 
evaluated in a solution of 0.1 M KCl and 40% ethanol (v/v). As can be 
seen in Fig. 5, rosmarinic acid is oxidized in one oxidation step at 
0.595 V. The quasi-reversible shape of cyclic voltammograms is caused 
by the participation of subsequent chemical reaction. The reduction of 
the resulting oxidation product occurs at 0.293 V at backward scan. In 
the contrary, cyclic voltammograms of RC and RCG yield two oxidation 
waves in the range of potentials from −0.3 V to 1.3 V. The first oxi-
dation wave labelled as 1 at 0.527 V (RC) and 0.595 V (RCG) has si-
milar properties as that of rosmarinic acid. Also, the response of oxi-
dation product formed at the electrode is visible at 0.185 V and 0.116 V 
for both compounds, respectively (peak 3c, Fig. 5B and C). The new 
counter peak at 0.203 V belonging to the formed product oxidation 

appeared at 0.1 V/s for RCG (peak 3a, Fig. 5C). This wave was recorded 
at the second scan at higher scan rate also for RCG (peak 3a, Fig. 5D). 
The second oxidation wave 2 of both, RC and RCG, occur at 1.050 V and 
1.040 V, respectively (Fig. 6B and C). The oxidation potential of RC is 
slightly lower than Ep of rosmarinic acid under the same conditions. It 
can be suggested that RC has comparable or even better antioxidant 
properties than rosmarinic acid. In the case of RCG, the first oxidation 
wave occurs at the same potential as that of rosmarinic acid, never-
theless, the shape of cyclic voltammogram implies that electron transfer 
is slower in comparison with rosmarinic acid and the response of the 
formed oxidation product is higher due to its adsorption on the elec-
trode surface. The electrochemically active site of all studied molecules 
is most likely the same, possibly dihydroxy phenyl moiety or double 
bond between carbons C2 and C3 undergo oxidation as suggested from 
calculations of frontier orbitals. The HOMO is delocalized at catechol 
moiety and double bond (Fig. 6). The molecular orbital energy 
EHOMO

RC = −5.32 eV calculated for RC has the higher value than 
EHOMO

RCG = −5.41 eV calculated for RCG. This is in agreement with their 

Fig. 4. Selected region of the DOSY NMR spectra of 
RCG (2.0 mM, red) and RCG (2.0 mM, blue) upon the 
addition of 1.0 equiv. of cysteine and after 5 min 
incubation. Each spectrum was obtained in ACN-d3: 
deuterated PBS (10 mM, pD = 7.40, 1:1 v/v). The 
vertical axis corresponds to the diffusion coefficient 
of each compound and the horizontal axis to the 
chemical shift, respectively. Exploring the redox be-
havior of rosmarinic acid, RC and RCG.. (For inter-
pretation of the references to colour in this figure 
legend, the reader is referred to the Web version of 
this article.) 

Fig. 5. Cyclic voltammograms of A) 0.20 mM rosmarinic acid, B) 0.13 mM RC 
and C) 0.09 mM RCG in 0.1 M KCl and 40% ethanol (v/v) on glassy carbon 
electrode. Dotted curve represents cyclic voltammograms where applied po-
tential was changed to backward direction behind the first oxidation wave. The 
scan rate was set at 0.1 V/s. Panel D shows cyclic voltammogram of 0.05 mM 
RC at the scan rate 0.25 V/s. 

Fig. 6. HOMO spatial distribution obtained for A) rosmarinic acid, B) com-
pound 4 and C) compound 1 calculated by DFT calculations employing B3LYP 
functional and 6-31G* basis set. 
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oxidation potentials measured experimentally. The calculated value of 
EHOMO

RosA = −5.79 eV for rosmarinic acid cannot be comparable because 
of the large difference in the volume of molecule and its dipole moment. 
Nevertheless, experimental findings confirmed that all compounds are 
oxidized at similar potentials. 

3.3. Stability evaluation of rosmarinic acid, RC and RCG in aqueous 
solution under ambient conditions 

The stability of rosmarinic acid was investigated in aqueous solution 
in 0.1 M KCl and 3.6 mM KOH. This concentration of KOH was present 
in solution to be able to compare the reaction with oxygen with other 
polyphenols described in literature [49]. The oxygen was removed from 
this solution by passing of a stream of inert gas argon. After recording of 
the first absorption spectrum the cell was open to the air and manually 
shaken. Absorption spectra were recorded in dependence of time when 
the solution was exposed to the air oxygen (Fig. 7A). The absorption 
band at 369 nm decreases during oxidation while wide absorption band 
at 485 nm belonging to the anion radical is developed. Also, a new 
absorption band at 251 nm increases. The shift of isosbestic point in-
dicates the presence of the second coupled reaction while a new ab-
sorption band 267 nm develops and absorption band at 369 nm un-
dergoes slight blue shift. The kinetics of the process are shown in the 
inset. Rate constant calculated for assumption of the kinetics of the first 
order (oxygen is in the large excess) was found k = 
(6.00  ±  0.06).10−4 s−1. This value is slightly lower than rate constant 
of known antioxidant quercetin calculated and measured under the 
same conditions in previous report [50]. It is apparent that the stability 
of compounds in laboratory conditions has to be taken into account. 
The absorption spectrum (j) in Fig. 7A shows the absorption spectrum 
of rosmarinic acid in 3.3 h signifying that the compound has already 
decomposed. 

The stability of RC and RCG was investigated under the same con-
ditions as for rosmarinic acid. Absorption spectrum of RC recorded 
under inert atmosphere yields absorption bands at 208 nm, 266 nm, 
300 nm and 380 nm. During the exposure to the air oxygen the ab-
sorption bands at 208 nm and 380 nm decreased and new absorption 
bands at 269 nm and 484 nm appeared (Fig. 7B). From the change of 
absorbance at 380 nm the rate constant k = (0.95  ±  0.09).10−4 s−1 of 
the decomposition was calculated. Importantly, the stability of newly 
synthesized conjugate RC is significantly higher than parent rosmarinic 
acid when exposed to oxygen. Similarly, absorption spectrum of RCG 
yields absorption bands at 212 nm, 236 nm, 300 nm and 372 nm. 
During the exposure to the oxygen, absorption bands at 236 nm and 

372 nm decreased and new bands at 273 nm and 485 nm increased 
(Fig. 6C). Calculated rate constant of the process was k = 
(0.65  ±  0.10).10−4 s−1. In conclusion, this finding shows that RCG is 
the most stable when exposed to the oxygen from all studied com-
pounds. 

3.4. Evaluating the antioxidant capacity of rosmarinic acid, RC and RCG 
through EPR spectroscopy 

In order to evaluate the free radical scavenging capacity of ros-
marinic acid, RC and RCG, EPR experiments were conducted. The 
spectral line shape, i.e. 1:2:2:1 quartet, is typical for the DMPO/OH 
adduct1 observed when DMPO reacted with OH generated by the 
Fenton system, as shown in Fig. 8. EPR spectra of DMPO/OH obtained 
at various concentrations of oxidant. A spin trapping method with 
methyl-1-pyrroline-N-oxides as a spin trap reagents is an efficient tool 
to determine radicals of polyphenols [51]. Spectra A, B, C, and D cor-
respond to OH radicals produced in the absence of antioxidant, in the 
presence of rosmarinic acid, in the presence of RC, and in the presence 
of RCG, respectively. We emphasize that no other oxygen-based or 
other transient radicals were detected in any of the studied systems. 

Fig. 7. Panel A shows absorption spectra of 0.02 mM rosmarinic acid in 0.1 M KCl and 3.6 mM KOH recorded at different time of exposure to oxygen: a) 0 s, b) 152 s, 
c) 312 s, d) 420 s, e) 570 s, f) 630 s, g) 660 s, h) 750 s, i) 960 s and j) 12060 s. Panel B shows absorption spectra of 0.06 mM RC recorded at different time of exposure 
to oxygen: a) 0 s, b) 296 s, c) 840 s, d) 1540 s, e) 2740 s, f) 3040 s, g) 3640 s, h) 5140 s, i) 7540 s, j) 9640 s and k) 13240 s. Panel C shows absorption spectra of 
0.07 mM RCG recorded at different time of exposure to oxygen: a) 0 s, b) 40 s, c) 272 s, d) 900 s, e) 1230 s, f) 1840 s, g) 3040 s, h) 4840 s, and i) 13240 s. Figures in 
inset show determination of rate constant for all compounds. 

Fig. 8. EPR spectra of the DMPO/OH spin adducts generated by the Fenton 
system (0.300 μmol H2O2): (A-black line) no antioxidant; (B-red line) in the 
presence of 0.030 μmol Rosmarinic Acid; (C-green line) in the presence of 
0.030 μmol RC; (D-blue line) in the presence of 0.030 μmol RCG. (For inter-
pretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.) 
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In Fig. 9, we present the time evolution of OH generation in the 
presence of 0.030 μmol of the three antioxidants for four different H2O2 

quantities, 0.030 μmol in: (A), 0.075 μmol in (B), 0.150 μmol in (C), and 
0.300 μmol in (D). We notice the following trends: i) all tested anti-
oxidants have a clear OH-quenching efficiency; ii) the OH-quenching 
efficiency depends on the initial H2O2 concentration. At low H2O2 

concentrations, all antioxidants show comparable efficiency and ki-
netics while at higher [H2O2], rosmarinic acid and RC have a higher 
efficiency than RCG; iii) at 0.300 μmol of H2O2, rosmarinic acid and RC 
were able to quench a significant part of the OH even at early times of 
reaction. The reaction kinetics of OH-quenching at 0.300 μmol of H2O2 

clearly shows above mentioned trends, rate constant calculated as the 
slope of linear dependence 1/[OH radicals] vs. time resulted in rate 
constants kRosA = 0.0093  ±  0.0004 μmol−1 L s−1, 
kRC = 0.0125  ±  0.0005 μmol−1 L s−1, for rosmarinic acid and con-
jugate RC, respectively. These values are significantly higher than rate 
constant of RCG: kRCG = 0.0019  ±  0.0002 μmol−1 L s−1. 

In Fig. 10, we compare the reaction rates and OH-quenching effi-
ciency per mole of antioxidant. The reaction rates (μmol/min) reflect 
the initial rate of radical quenching and were calculated from the initial 
slope of the OH radicals’ population evolution for each antioxidant and 
the different H2O2 concentrations. The efficiency parameter, n, was 
calculated as: 

=n moles of quenched OH
moles of antioxidant

We observe that for all three antioxidants, as the H2O2 concentra-
tion increases, the efficiency parameter, n, as well as the initial rate, r, 
increases, albeit not in the same manner in all cases [52]. RC has the 
ability to quench more OH radicals than RCG, and in the early stages of 
the reaction, too, resulting in much lower levels of OH radicals at the 
end of the reaction. Upon the incubation with increased concentrations 
of H2O2, both the efficiency parameter and reaction rate of RC display a 
slight increase in comparison to the corresponding values of rosmarinic 
acid. These results combined with the results obtained from the cyclic 

voltammetry experiments further indicate that RC has slightly better 
antioxidant potential in comparison to rosmarinic acid and more pro-
nounced antioxidant potential in comparison to the RCG conjugate. 
Taking into account the higher stability of RC than rosmarinic acid in 
ambient conditions the newly synthesized conjugate RC is a promising 
antioxidant. 

3.5. Cellular uptake studies of RC and RCG 

To evaluate the cell uptake of RC and RCG we followed a protocol 
according to which cells are incubated with the compounds for specific 
time periods, lysed and processed in order to extract the internalized 
amount of RC and RCG. The quantity of each compound is estimated 
through fluorescence spectroscopy and specifically by measuring the 
fluorescence intensity of RC and RCG in the cell extracts. Herein, DLD1 
colon cancer cells were incubated with either RC or RCG. As it is shown 
above, RC emits fluorescence upon excitation at 400 nm and thus its 
signal can be directly measured. Unlike RC, RCG’s fluorescence is 
quenched, however upon cell internalization it is subsequently con-
verted - by the intracellular biothiols - to RC. Therefore, the same 
fluorescence spectroscopic parameters were applied in order to quantify 
the two conjugates. Firstly, a calibration curve of RC was established 
(Fig. S7) through the incubation of various concentrations of the 
compound (5, 10, 25, 50 and 75 μΜ) with already lysed -in order to 
simulate the 100% uptake of RC in each concentration- DLD1 cells. 
After the extraction, the fluorescence signals were recorded and plotted 
against the known concentrations. Τhe calibration curve displays a 
linear relationship (R2 = 0.963) and the limit of detection was 4.35 μΜ. 

The cellular internalization of RC was evaluated (Fig. S8) through 
the quantification of the fluorescent signal. However, no significant 
fluorescent signal was recorded, a fact that could be explained due to 
the increased polarity of this compound, that hampers its permeability 
through the cell membrane. This result validated our hypothesis that 
the more polar nature of RC hindered its cell entrance. Because we have 
determined that RC does not penetrate cell membranes, we evaluated 

Fig. 9. Time evolution of the OH radicals’ 
number of moles different quantities of 
oxidant: (A) 0.030 μmol, (B) 0.075 μmol, 
(C) 0.150 μmol, (D) 0.300 μmol (−) OH 
radicals produced in the absence of any 
antioxidant; (■) μmols of OH radicals in the 
presence of 0.030 μmol of rosmarinic acid; 
(●) μmols of OH radicals in the presence of 
0.030 μmol of RC; (▲) μmols of OH radicals 
in the presence of 0.030 μmol of RCG. 
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the cell uptake ability of the more lipophilic fluorogenic thiol re-
sponsive antioxidant precursor RCG. As illustrated in Fig. 11A, upon the 
incubation of 25 μM RCG in DLD1 cells only a small fraction of initial 

concentration could be internalized in the cells within 30 min which 
was detectable. After 60 min of incubation, a distinct 3.2-fold en-
hancement of the fluorescent signal (18% of the treated concentration) 
is clearly observed, indicating that the internalization takes place in a 
time-depended manner. Subsequently, 50 μM of RCG were incubated 
with DLD1 cells for 30 min and 60 min appointed that there is clearly 
increased internalization (10.3% and 17.3%, respectively) compared to 
25 μM incubation. We monitored RCG fluorescence signal in cell uptake 
experiments in the presence of N-ethylmaleimide (NEM) to probe the 
specificity and responsiveness of RCG to intracellular GSH. NEM has 
been established as a GSH scavenger through masking GSH sulfhydryl 
groups [53]. Thus, in this experiment since GSH has been scavenged by 
NEM RCG would not be transformed to the fluorescent compound RC. 
Indeed, as illustrated in Fig. 11B, no significant fluorescent signal was 
recorded in this experiment, confirming the reduced intracellular 
availability of RC and thus the cellular selectivity of RCG to biothiols. 

3.6. Protection of DNA offered by rosmarinic, RC and RCG in cultured cells 
exposed to H2O2 

From the previous experiments we found that new conjugate RCG 
enters the cell cytoplasm, while RC, as rosmarinic acid do not. The 
conjugate RCG is able to convert to RC in the cell. Therefore, we can 
expect for RC and rosmarinic acid, although they present in vitro anti-
oxidant potential, since they cannot enter cells their intracellular an-
tioxidant behavior to be limited. In contrast, since RCG is able to enter 
and be transformed intracellularly to RC, it expresses high intracellular 
antioxidant potential. The degree of DNA protection offered by the 
different compounds was evaluated in Jurkat cells by using the comet 
assay methodology, as we previously reported for other phenolic 
compounds [29,54,55]. Compounds RC and RCG were added to Jurkat 
cells for 20 min, before the exposure to H2O2. As shown in Fig. 12A, RC 
did not offer a significant degree of DNA protection. Although in our in 
vitro electrochemical and EPR study it became evident that RC bears the 
highest antioxidant potential this is not reflected in the cellular pro-
tection of DNA. This result, which is in line with our rational design 
highlighting the polar nature of this compound, is explained by the cell 
uptake studies that indicated that RC is not taken up by cells. On the 
contrary, preincubation of the cells with RCG offered considerable 
protection of DNA damage at concentrations > 100 μM (Fig. 12B). 
Based on our previous findings that compounds bearing the ortho-di-
hydroxyl moiety were able to chelate labile iron and thereby to prevent 
H2O2-induced DNA damage [54,55], it was hypothesized that the low 
effectiveness of RC arises from its inability to penetrate the plasma 
membrane. Interestingly, at the used concentration of 100 μM ros-
marinic acid did not confer any protection from H2O2-induced DNA 
damage and its relevant effect started to appear at a concentration of 
more than 500 μM, a fact explained from its inability to penetrate 
plasma membrane [29]. 

Fig. 10. Kinetic rates, r (blue) and efficiency parameters, n (red) for all three 
antioxidants in increasing oxidant concentrations. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 11. Emission spectra of RCG upon cell incubation in ACN: PBS (10 mM, pH 7.4) A) in absence B) present of 1.5 mM NEM.  
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4. Conclusions 

Bioinspired by the naturally sculpted efficacy of CAPE, we designed 
phenolic acid-based hydrophobic turn-on fluorescent antioxidant pre-
cursors. Their activation is stimulated by polarity alteration through 
sensing intracellular signals and specifically biothiols. To achieve our 
design, we exploited the reactive but also unfavorable polar nature of 
the carboxylic acid of phenolic acids. Using this chemotype we installed 
a fluorescent probe in the phenolic acid core resulting in compound RC 
that retained a high polarity but also, as verified in vitro by electro-
chemistry and EPR, it has a more enhanced antioxidant potential than 
the parent compound rosmarinic acid. Additionally, the stability of the 
newly synthesized conjugate RC was found significantly higher than the 
parent rosmarinic acid when exposed to oxygen. Importantly, we de-
corated its core with a rationally selected biothiol labile and hydro-
phobic element resulting to compound RCG. The design targeted to 
enable RC to enter cells (its hydrophobicity was enhanced in the RCG 
formulate) and in order to achieve its intracellularly stimulated polarity 
alteration. The biothiol responsiveness of RCG was verified by UV, 
fluorescence and NMR spectroscopy and its cellular uptake and in-
tracellular biothiol stimulation to RC was monitored by cell uptake 
experiments. The efficacy of RCG to offer cellular protection from H2O2- 
induced DNA damage was also demonstrated. Based on our experi-
mental findings, the enhanced hydrophobicity of RCG in comparison to 
RC allows its cellular internalization and high antioxidant potential, 
thus we consider that the potential of this new conjugate should be 
further exploited. 

The design principles described herein of intracellularly stimulated 
polarity alteration and the promising results we have generated estab-
lish the basis for further development of the vast unexplored chemical 
space that the large pool of available phenolic acids can offer, driving 
exploitation of their full biological potential and health benefits. 
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