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Oxygen is one of the most significant elements for life because almost all living organisms utilize oxy-
gen for respiration and energy generation. However, some derivatives of oxygen including free radicals
called reactive oxygen species (ROS) are detrimental and cause several diseases such as neurodegen-
eration, diabetes, cancer and atherosclerosis. Oxidative stress is essentially an inability of our body to
counteract or detoxify the harmful effects of ROS through neutralization by antioxidants. Till date direct
in-vivo measurements of oxidative stress are challenging. In this work, we have developed a novel 2,7-
dichlorodihydrofluorescein (DCFH) impregnated genomic DNA-based biomaterial, which is completely
insoluble in water and forms excellent thin film layers on optical fiber tips. The biomaterial-sensitized
fiber tip fluoresces brightly in the proximity of ROS as the entrapped DCFH is oxidized to highly fluo-
rescent DCF. We have demonstrated that an indigenously developed biomaterial-sensitized optical fiber
tip can work as an efficient ROS/oxidative stress sensor in an aqueous medium as well as in the blood
phantom (hemoglobin solution). A preclinical study on the minimally invasive direct in-vivo oxidative
stress detection in mice model has also been successfully demonstrated.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction ance between the production of ROS and the ability of our body

to counteract or detoxify the harmful effects through neutral-

Molecular oxygen is one of the most important elements for
living beings on the earth because almost all living organisms uti-
lize oxygen for respiration and energy generation. But oxygen'’s
derivatives, reactive oxygen species (ROS), can be very detrimen-
tal. The generation of ROS has been implicated in the onset and
progression of several diseases (e.g., neurodegeneration, diabetes,
cancer, and atherosclerosis) [1]. These species were thought only
to be released in host defence roles by phagocytic cells; how-
ever, it is now clear that at molecular level, ROS exhibit signaling
and cell-function-modifying roles for many biological systems
[2,3]. They are easily inter-converted and can subsequently react
with larger biological molecules, causing chain reactions to occur,
which can lead to changes in both the function and structure
of cellular components. Oxidative stress is essentially an imbal-
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ization by antioxidants. Several analytical approaches have been
used to detect ROS using nanoparticles, chemiluminescence, var-
ious fluorescence probes, mass spectrometry probes etc [4,5].
However, all of the techniques have some relative advantages
as well as disadvantages too. Among these fluorescence probes,
2,7-dichlorodihydrofluorescein diacetate (DCFH-DA) is the most
widely used one for detection of intracellular oxidative stress. The
probe is added to cells in culture and the intracellular oxidation
of 2,7-dichlorodihydrofluorescein (DCFH) results in formation of
a fluorescent product, 2,7-dichlorofluorescein (DCF), which can
be monitored by several fluorescence-based techniques (confocal
microscopy, spectroscopic fluorescence detection, flow cytometry
etc.) [6,7]. The increased fluorescence intensity usually reflects the
presence of ROS in the cells. This type of fluorescence techniques
using some specific fluorophores are usually applied for detect-
ing oxidative stress in cellular environment [8,9]. However, use of
these fluorescent probes in applications such as in-vivo measure-
ment of oxidative stress is sparse in the literature. Direct in-vivo
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measurement of oxidative stress using specific fluorescence probes
with negligible additional cytotoxicity remains a great challenge
to the researchers. Some other analytical techniques for oxida-
tive stress detection such as nuclear magnetic resonance (NMR),
electron paramagnetic (spin) resonance (EPR), derivatization with
attendant mass spectrometric (MS) analysis and liquid scintillation
counting can also be quite useful but are less portable and often
require highly trained technical expertise making the techniques
to be highly expensive [7]. The aforementioned factors encourage
us to develop a cost effective, simple, efficient and non-invasive or
minimally-invasive technique for direct oxidative stress measure-
ment.

The combination of optical fiber-based probes and DNA-based
biomaterial offers an attractive non-invasive or minimally-invasive
novel approach for various applications in biomedical and envi-
ronmental sensor design [10,11]. In this study we have attached
a fluorescent probe to the fiber tip surface through DNA-based
biomaterial matrix assuring negligible discharge of the probe to
the solution under investigation for the direct or localized mea-
surement of ROS [10,11]. DNA, ‘the molecule of life’ has been
used extensively for biomaterials development in the last few
decades [12]. Among different types of DNA based biomaterials
the DNA-lipid (surfactant) complex is most popular [13]. On the
other hand, Fiber-Optic Sensors (FOS) are popular since 1987 [14]
as FOS based system can be handled by any non-expert with little or
no knowledge of instrument handling. In some recent reviews the
development of Fiber-Optic Biosensors (FOBS) and Chemical Sen-
sors (FOCS) has also been summarized [15-18]. However, reports
on the direct in-vivo measurement of ROS or oxidative stress in bio-
logical systems are limited in the contemporary literature. There
are few reports on potential FOS tools for the detection of hydro-
gen peroxide [19], with limited portability, cost-effectiveness and
versatility. On the other hand there are several reports on the offline
measurement of ROS [7,20,21]. However, cost effectiveness and
versatility in the measurement capability, which are essential for
the conclusive diagnosis of oxidative stress in a physiological con-
dition have been profoundly compromised in the reports. In the
given context, development of a highly efficient, portable and inex-
pensive DNA-based FOS for direct measurement of ROS/oxidative
stress in physiologically relevant environments is the motivation
of the present work.

In this work, salmon sperm DNA, a waste product of fish-
processing industry, is used to produce sensor biomaterial. The
highly water soluble DNA forms complex polymers upon interac-
tion with cationic surfactants. The complex is insoluble in water but
completely soluble in alcohol [22], which is not only privileged in
terms of casting DNA thin-films over any surface but also supreme
for sensing applications. We have utilized the exceptional affin-
ity of DNA towards different dyes in order to encapsulate DCFH
into the DNA-complex matrix [23]. The DCFH is impregnated into
the DNA matrix during the complexation reaction with a cationic
surfactant, CTAB (cetyltrimethyl ammonium bromide) in aque-
ous solution. The DCFH entrapped biomaterial (DNA-DCFH-CTAB
complex) eventually dried and re-solubilized in alcohol. We have
sensitized a chemically etched fiber tip by dipping the tip into
the biomaterial in alcohol solution and dried in air for a minute
(dip-coating) for direct measurement of ROS/oxidative stress in
physiologically relevant environments. The regenerative use of the
fiber tip can be achieved by wiping the fiber tip using ethanol fol-
lowed by further dip-coating of the tip. Here we have followed
the increase in fluorescence intensity and quenching of fluores-
cence intensity of the sensitized fiber tip upon interaction with
well-known ROS generator (Mn304 nanoparticles: NPs [24]) and
ROS quencher (sodium azide: NaNj [25]), respectively. The effects
of blood phantom (aqueous hemoglobin solution) and real blood
(mice model) on the sensitized fiber tip have also been studied.

The fluorescence of sensitized fiber tip gets increased depending
upon the concentration of ROS present in the blood phantom/blood
samples. Picosecond time-resolved studies on the sensitized fiber
tip in presence of ROS with hemoglobin (Hb)/blood samples have
confirmed the reabsorption of fluorophores’ energy by Hb/blood.
In order to assess the effectiveness of the sensor fiber tip, ROS was
monitored directly in anaesthetized mice.

2. Materials and methods
2.1. Materials

In this study analytical grade chemicals were used as received
without further purification for synthesis and sample prepa-
ration. DNA, CTAB (cetyltrimethyl ammonium bromide; lipid),
silicon oil, trisodium citrate (Na3CgHs07), sodium azide (NaN3),
hemoglobin human, copper sulfate pentahydrate (CuSO4-5H;0)
and hydro fluoric acid (HF) were obtained from Sigma-Aldrich
(USA). Ethanol, hydrogen peroxide (H,O,; 30%) and sulfuric
acid (H,SO4) were obtained from Merck (N], USA). DCFH-DA
(2,7-dichlorodihydrofluorescein diacetate) was obtained from Cal-
biochem. Milli-Q (from Millipore) water was used throughout the
experiments. Bifurcated optical fiber, SMA connector and other
optical components were purchased form Ocean Optics, USA. For
the sensor development, we used multimode silica core fiber
(FT1000UMT) from Thorlabs, USA. ‘F-3000 Fiber Optic Mount’
(Jobin Yvon, HORIBA) was used as an external attachment with the
fluorimeter for experiment.

2.2. Methods

2.2.1. Synthesis of citrate functionalized Mn30,4 nanoparticles
Synthesis of bulk Mn3O4 NPs was carried out following a
reported ultrasonic-assisted approach for preparation of colloidal
Mn304 NPs at room temperature and pressure without any addi-
tional surfactants or templates [26]. We followed earlier reports
[24,27] for surface functionalization of the bulk NPs with cit-
rate ligand. In brief, as prepared bulk Mn304 NPs were added to
0.5M aqueous ligand (citrate) solution of pH 7.0 (~20 mg Mn30,4
NPs/mL ligand solution) and were extensively mixed for 12h in a
cyclomixer. A syringe filter of 0.22 wm pore diameter was used to
eliminate the non-functionalized bigger-sized NPs. The resulting
filtrated solution was used for all successive experiments without
further dilution. The final concentration of the as prepared func-
tionalized NPs was estimated to be 250 M [28]. Our earlier studies
showed the average particle size distribution of the prepared citrate
functionalized NPs to be around 3.6 nm +0.15nm [24,27,28].

2.2.2. Preparation of DNA-based biomaterial

The DNA-based biomaterial (DNA-DCFH-CTAB) was prepared
with minute modification of the procedure reported earlier [10].
For preparation of biomaterial, firstly DCFH was prepared from
the DCFH-DA by mixing 0.5 mL of 1.0 mM DCFH-DA in methanol
with 2.0 mL of 10 mM NaOH at room temperature for 30 min, then
the mixture was neutralized with 10 mL of 25 mM NaH,PO4 [29].
After that, the DNA stock was prepared by dissolving the fiber-
like NaDNA in 50 mM phosphate buffer (6.5 g/mL), and incubated
overnight at room temperature in stirring condition. For the prepa-
ration of the DNA-DCFH-CTAB complex, the as-prepared 2 mL DCFH
(Fig. 1) was added to a 10 mL volumetric flask containing 3 mL of
stock DNA solution and 5 mL Mili-Q water. The DNA, DCFH mixture
was kept in dark for 60 min under stirring condition at room tem-
perature for complete complexation reaction. Under continuous
stirring condition 500 L of 40 mM CTAB solution (in water) was
added into the DNA-DCFH mixture. The DNA-DCFH-CTAB complex
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Fig. 1. (a) UV-vis absorption spectra of DCFH in presence of Mn304 NPs with time
and Mn304 NPs (Blue) in aqueous medium. Inset shows the reaction kinetics of DCFH
in presence and absence of Mn304 NPs. (b) Steady-state fluorescence emissions
(Nex =480nm) and excitation (Aem =530 nm) spectra of DCFH in absence and pres-
ence of ROS generator NPs (Mn304) with time. It has to be noted that the emission
peak of DCFH appears at 520 nm. The excitation spectra are collected at detection
wavelength of 530 nm to measure complete pattern. Inset shows the reaction kinet-
ics of DCFH in absence and presence of ROS generator NPs. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)

started to form spontaneously and accumulated around the stir-
ring bid. The precipitate was collected by filtration, washed with
Mili-Q water and then lyophilized overnight. The resultant bioma-
terial was dissolved in ethanol through vortexing for 30-60 min.
The water insoluble DNA-DCFH-CTAB complex was formed due
to the binding of CTAB cationic polar head to the negative phos-
phate sugar chain of the DNA strands. The prepared biomaterial
was stored at —20°C and used without further modifications. For
dip coating an alcohol solution of the biomaterial was prepared for
further use. The preparation of DNA-based biomaterial is shown
schematically in Fig. 2(a).

2.2.3. Fiber tip preparation and sensitization with
DNA-biomaterial

The optical fibers of 10 cm length were taken for the sensiti-
zation with biomaterial. After removal of jacket (manual etching)
from the tip (~1 cm), the fibers were dipped (the tip portion) into
HF solution with a layer of silicone oil atop the solution and kept
overnight [30,31]. The chemical etching of the fibers led to a sharp
needle like fiber tip as shown in Figs. 2(a) and 3 . The etched fiber tip
was then coated with the biomaterial by dipping into the biomate-
rial alcohol solution and dried in air for a minute (dip-coating). The
overall fiber tip preparation and sensitization with the biomaterial
is shown schematically in Fig. 2(a).

2.2.4. Experimental setup

For our study we used a commercially available FluoroLog
system with a minute modification of the sample chamber. For
the fluorescence-based study a ‘F-3000 Fiber Optic Mount’ was
attached externally to the FluoroLog for transmitting the excitation
from the fluorometer and to collect the fluorescence from the tip of
the sensitized fiber. Through one end of the Fiber Optic Mount the
excitation (Aex =500 nm) was introduced into the sensitized fiber
to excite the DCF present in the biomaterial. The green fluorescence
of the DCF was collected from another end of the Fiber Optic Mount,
which was the signal measured by the fluorometer. All studies were
carried out after continuous dipping of the functionalized fiber tip
in the samples of interest (Fig. 2(b)). The detailed experimental
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Fig. 2. (a) Schematic representation of the DNA-Biomaterial preparation, Optical fiber etching and fiber tip sensitization. Inset shows the SEM image of sensitized fiber tip.

(b) Experimental setup using F-3000 Fiber Optic Mount.
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Fig. 3. The comparative study of different biomaterial coated fiber tips under bright field (Integration time (t)=50ms) and UV excitation (t=500 ms): (a) DNA coated fiber
tip, (b) DNA-Biomaterial coated fiber tip before interaction with NPs, (c) DNA-Biomaterial coated fiber tip after interaction with NPs.

setup using F-3000 Fiber Optic Mount is shown schematically in
Fig. 2(b).

2.2.5. Optical study

All absorbance and fluorescence measurements were studied
using a Shimadzu UV-2600 spectrophotometer and a Horiba Flu-
oroLog fluorimeter, respectively. In order to study the surface
morphology of the fiber tip, we used Quanta FEG 250 scanning
electron microscope (SEM). The DNA-DCFH-CTAB complex was
lyophilized using Heto PowerDry LL1500 Freeze Dryer to get the
DNA-based biomaterial as a powder. ‘Bright field’ and ‘Fluores-
cence’ images of the fiber tips were taken using an Olympus BX51
fluorescence microscope. Picosecond-resolved fluorescence tran-
sients were carried out using a commercial time correlated single
photon counting (TCSPC) setup from Edinburgh Instruments, UK.
For 510 nm excitation, we used a picosecond pulsed laser diode
with 160 ps instrument response function (IRF). The emission was
monitored through a polarizer oriented at 55° with respect to the
vertically polarized excitation beam. Curve fitting of the observed
fluorescence transients were carried out using a nonlinear least
square fitting procedure with multi-exponential (n) function [32],

n

ZA,-exp (—t/ ‘L',-) where, A;’s are weight percentages of the decay
i=1
components with time constants of t;. The average excited state

n n
lifetime is expressed by the equation Tayg = ZAJ,-, when ZAi =
i=1 i=1
1. The quality of the curve fitting was evaluated by reduced x? and
residual data.

2.2.6. Mice treatment protocol

Swiss albino mice of both sexes (4-6 weeks old, weighing
23+4¢) in good physical conditions were used for this study.
Animals were kept in standard, clean polypropylene cages (temper-
ature 22 +3°C; relative humidity 45-60%; 12 h light/dark cycle).
Water and standard laboratory pellet diet for mice (Hindustan
Lever, Kolkata, India) were available ad-libitum. One week of
acclimatization was provided to all of them before the experi-
ment. All animals received human care according to the criteria
outlined by the Committee for the Purpose of Control and Super-
vision of Experiments on Animals (CPCSEA), New Delhi, India, and
the study was approved by the Institutional Animal Ethics Commit-
tee (approval number IAEC/RES/DEY’S — 12/S/2016 Under Animal
Welfare Board, Ministry of Environment Forest and Climate Change,
Govt. of India).

In total eight animals were randomized into two groups (n=4
in each group). Group-1 served as sham control and was treated
with olive oil (0.5 mL/kg body weight (BW)) in alternative days
for a period of 4 weeks. For induction of oxidative stress, Group-
2 received carbon tetrachloride solution (25% CCly in olive oil)
1mL/kg BW in every alternative days for a period of 4 weeks.
All inductions were carried out through intraperitoneal injection.
At the end of the experiment, the animals were kept in fasting
condition overnight and sacrificed by cervical dislocation. Blood
samples were collected in sterile tubes (nonheparinized) from retro
orbital plexus just before sacrifice and allowed to clot for 45 min.
Serum was separated by centrifugation at 5000 rpm for 15 min.
AST and total bilirubin were measured using commercially avail-
able test kits (Autospan Liquid Gold, Span Diagnostics Ltd., Gujarat,
India) following the protocols described by the corresponding man-
ufacturers. MDA content was determined following the protocol
described elsewhere [33]. SOD and Catalase activity were measured
using commercially available test kit (Sigma, USA) following the
included protocol.

2.2.7. Direct in-vivo oxidative stress measurement procedure in
mice model

For the purpose of this study, first the sensitized fiber tip was
fixed in an anticoagulated capillary tube. Then for the comparative
study, data were collected from both normal (control) as well as
CCly induced mice. General anaesthesia was used before perform-
ing direct ROS measurement in mice model. For the measurement,
the mouse was restrained in such a manner that it cannot move, but
was breathing well. Then the eyelid was gently pulled back from
the globe and the capillary tube with sensitized fiber tip was gen-
tly inserted between the lid and the globe, pushing backward with
even pressure, puncturing the conjunctiva, and gaining access to
the retro orbital plexus. The blood was then allowed to drip on the
surface of sensor tip, inside the capillary tube, by capillary action.

2.2.8. Statistical analysis

All quantitative data are expressed as mean = standard devi-
ation (SD) unless otherwise stated. Unpaired t-test (parametric)
following Welch'’s correction is executed for comparison of differ-
ent parameters between the groups using GraphPad Prism (version
5.00 for Windows), GraphPad Software (CA, USA). p<0.01 is con-
sidered to be significant.
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DCF, which is highly fluorescent. The prepared DCFH solution was Wavelength (nm)
characterized by the absorbance as well as the fluorescence spec- - -
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is increasing with time from zero to finite values in presence of NPs. 8 900 530 nm
For more convenience the time dependant change in absorbance of 5
DCFH at 500 nm in presence and absence of NPs are shown in the § 750 { Emission
inset of Fig. 1(a). In addition the excitation spectra of DCFH moni- § 300 at 530 nm
tored at 530 nm with time is shown in Fig. 1(b). Fig. 1(b) also reveals [
the strong emission of DCFH at around 520 nm, upon excitation at g S0 0 S 508 45 w00 S5 )sf
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at 520 nm of the DCFH in presence and absence of NPs is observed 0 - ’ - ' . -

(inset of Fig. 1(b)). The observed result indicates that the NPs can
efficiently generate ROS for more than 15 min.

3.2. Characterization of the DNA-based biomaterial coated fiber
tips

After preparation of the biomaterial and the fiber tip, the DNA-
based biomaterial was coated on the etched fiber tip by dip-coating.
The SEM image of the biomaterial coated fiber tip (sensor tip)
confirmed the sharp needle like shape of the sensitized fiber tip
(Fig. 2(a)). The comparative microscopic images of different bio-
material coated fiber tips under bright field (Integration time
(t)=50ms) and UV excitation (t=500ms) are presented in Fig. 3.
We considered three variants of the biomaterial for our study
namely (a) DNA, (b) DNA-DCFH and (c¢) DNA-DCF (CTAB was com-
mon for all). As shown in Fig. 3, all the observations under bright
field were almost the same. However, under UV excitation the fiber
tip in the panel (a) was invisible and those in panels (b) & (c) were
visible. Though the concentration of biomaterial present in both the
fiber tips ((b) & (¢)) were same but tip shown in panel (c) fluoresces
exceptionally high due to the interaction with NPs. Because in pres-
ence of NPs (ROS generator) very low-fluorescent DNA-DCFH was
converted to highly fluorescent DNA-DCF.

The indigenously developed experimental setup was used to
collect the spectroscopic signal from the biomaterial coated fiber
tip, as shown in Fig. 2(b). The emission and excitation spectra of the
biomaterial coated fiber tip were recorded under the experimental
setup (Fig. 2(b)) are represented in Fig. 4(a). A low green (530 nm)
emission was observed from the sensitized fiber tip upon excita-
tion at 500 nm wavelength. However, no emission was observed
from the fiber tip before sensitization. The excitation spectra cor-
responding to Aem ~540nm reveals the excitation wavelength
maxima to be at around 510 nm. The emission maximum of the DCF
was shifted from 520 nm (in methanol) to 530 nm (in DNA-matrix)
due to the solvent effect. Significant increase in emission/excitation
intensity of the biomaterial coated fiber tip after interaction with
Mn304 NPs was due to the ROS generation in the solution by NPs.
DCFH present in the biomaterial on the sensitized fiber tip, on oxi-

350 400 450 500 550 600
Wavelength (nm)

Fig. 4. Steady state fluorescence emissions (Aex=500nm) and excitation
(Aem =540 nm) of: (a) the fiber tip before and after sensitization with DNA-based
biomaterial. (b) the sensitized fiber tip before and after interaction with Mn3;O4
NPs. Inset shows the fluorescence kinetic of the sensitized fiber tip in absence and
presence of Mn304 NPs.

dation by ROS forms DCF showing an emission maximum at 530 nm
is represented in Fig. 4(b). Inset of Fig. 4(b) reveals that the fluores-
cence intensity of the sensitized fiber tip is increasing with time due
to the continuous oxidation of DCFH by the NPs in the test solution
and is found to increase up to about 8 fold within 15 min. The per-
sistent increase in DCF fluorescence represents the continuous ROS
measurement ability of the sensor tip.

3.3. ROS measurements in aqueous media

Different measurement times are reported in the literature for
using DCFH assay for ROS measurements, spanning from min-
utes to one hour [34,35]. As shown in Fig. 5, we investigated the
fluorescence kinetics of the sensor tip over 15min of exposure
to ROS generator (NPs) with different concentrations. As demon-
strated in Fig. 5(a), we observed an increase in ROS generation
with increasing concentrations of NPs in the solution without any
saturation in the fluorescence intensity. The observation reveals
that the probe fiber tip would be able to monitor the status of
ROS of a given medium for at least 15 min continuously. A con-
trol study on the probe fiber tip dipped into water is also shown
in Fig. 5(a), revealing negligibly small auto-oxidation of DCFH in
the biomaterial. In another controlled experiment we confirmed
that the fluorescence kinetics of the sensor tip after dipping into
water for 1 h shows comparable kinetic profile with respect to un-
dipped tip. The observation concludes a negligible leaching of the
biomaterial including entrapped DCFH to the solution under inves-
tigation. In order to confirm the increased oxidative stress in the
solution containing NPs, we used sodium azide (NaN3), which is a
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concentration of H,O, [36]. Fig. 5(c) shows the calibration rela-
tionship between the relative fluorescence intensity (F/Fy: F is the
fluorescence intensity of DCF in presence of ROS generator and Fy is
the fluorescence intensity of DCF in absence of ROS generator) and
H,0, concentration in presence of constant Cu?* ions (150 wM).
The calibration equation obtained from the linear regression curve
is F[F3=0.317 x [Hy0,] +1.11, with the Pearson’s correlation coef-
ficient r=0.999. We also calibrated the concentration of the NPs
used in our present study as ROS generator in terms of equivalent
H,0, concentration using the relative fluorescence of DCF in the
corresponding solution as shown in the inset of Fig. 5(c). As shown
in the figure, the estimated ROS concentration values in the aque-
ous medium generated by 0.13, 0.32, 0.64, 0.96, 1.28, and 1.60 .M
NPs are found to be 2.30, 8.48, 13.54, 20.27, 26.84 and 36.85 uM,
respectively.

3.4. ROS/Oxidative stress measurement in blood phantom and
mice blood

Direct measurement of oxidative stress in physiological milieu
is very difficult due to following two important factors. Firstly, the
concerned ROS are having very short lifetime [37] revealing erro-
neous results upon detachment of test sample (e.g. blood) from
the main body. This fact requires an In-vivo placement of the sen-
sor probe to the main body. Secondly, the reaction of the sensor
probe with the test sample reveals toxicity in the main body dur-
ing the measurements. In-vivo measurements require a non-toxic
sensor probe for the measurement of oxidative stress in physiolog-
ical milieu. Thus, oxidative stress assessment is usually performed
by indirect methods measuring ROS-induced oxidative damages on
proteins, membrane lipids, and DNA, the most vulnerable biologi-
cal targets for oxidative stress [38]. Although thousands of articles
have been attributed for evaluation of oxidative damage by mea-
suring the increase of protein oxidation, direct measurement of ROS
in the biological system is still missing. Here we choose blood as a
system for direct monitoring of ROS levels. It is well known that
red blood cells (RBC) may exert both antioxidant and pro-oxidant
activity because of the high-iron concentration [38]. Keeping this
fact in mind we select hemoglobin (Hb) solution as a blood phan-
tom for examining its pro and antioxidant activity. Fig. 6(a) reveals
that the fluorescence intensity of the developed sensor tip signif-
icantly increases with time in presence of Hb compared to that
in control sample (water). The observation is consistent with the
pro-oxidant activity of Hb in the proximity of the sensor probe. It
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Fig. 5. The fluorescence kinetics (emission at 530 nm) of the sensitized fiber tip:
(a) with increasing concentrations of NPs (ROS generator), (b) with increasing con-
centrations of NaN3 (ROS quencher) keeping fixed NPs concentration (1.60 wM).
(c¢) Calibration curve of relative fluorescent intensity obtained from the reaction
between DCFH and H,0; in presence of constant Cu?* ions (150 wM) with incuba-
tion time 15 min. The linear dependency is remarkable. Inset shows the relation
between concentration of NPs and equivalent H,O, concentration estimated from
relative DCF fluorescence. Note the linear relationship in this case also.

well-known ROS quencher in aqueous solution [25]. As shown in
Fig. 5(b), the extent of fluorescence enhancement in the sensor fiber
tip decreased with the increase in NaN3 concentration in the test
solution at a fixed NPs concentration (ROS generator). Therefore,
the nature of ROS was found to be singlet oxygen, as the oxidation
of DCFH decreased significantly in presence of NaN3, a well-known
singlet oxygen quencher [25,33]. In order to get a quantitative esti-
mation of ROS in various environments including mice blood, we
calibrated the fluorescence enhancement of DCF in presence of dif-
ferent measured amounts of H,0,, a well-known ROS source in
presence of Cu?* jons [25]. Thus the concentration of ROS mea-
sured in our developed sensor tip is essentially equivalent to the

is also reported that Hb shows antioxidant properties in environ-
ment with high oxidative stress [39]. Fig. 6(a) presents how the
ROS generation ability of NPs is reduced due to the presence of Hb
in the solution. The Fig. also shows that even in the presence of
fixed concentration of ROS generator NPs (1.28 wM) the oxidation
of DCFH was dramatically decreased with increasing concentration
of Hb resulting in a decrease in the fluorescence intensity of the
sensor tip. The above results reveal that the developed sensor tip is
able to efficiently measure the presence of ROS, the major cause of
oxidative stress in blood phantom.

In order to measure the oxidative stress in real blood, blood sam-
ples were collected from retro-orbital sinus plexus of Swiss albino
mice. Freshly obtained blood samples were immediately diluted
into two different ways and stored on ice prior to analysis. For sam-
ple 1,5 pL of fresh blood was diluted in 4 mL of phosphate buffered
saline water. For sample 2, 5 L of the same blood was diluted in
4 mL of phosphate buffered saline water in presence of different
concentrations of oxidant (NPs). The ROS measurement study was
carried out with our indigenously developed setup (Fig. 2) using the
prepared samples. As shown in Fig. 6(b), the fluorescence intensity
(at 530 nm) of the sensor fiber increases significantly in sample 1
compared to that in buffer solution. The study demonstrates the
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Fig. 6. (a) The effect of Hb concentration on fluorescence kinetics of the sensor tip
with fixed oxidant (NPs) concentration (1.28 wM). (b) Oxidative stress measurement
in mice blood with different concentrations of oxidant (NPs). (c) Picosecond time-
resolved fluorescence transients of the sensor tip in presence of NPs, NPs + Hb, and
NPs + Blood upon excitation at 510 nm. Inset shows the corresponding steady-state
fluorescence spectra.

pro-oxidant activity of the whole blood. Fig. 6(b) also shows that the
fluorescence intensity of the DCF in presence of sample 2 increases
with increasing oxidant (NPs) concentration for a fixed concentra-
tion of blood in the medium. The observation is consistent with the
fact, that the developed sensor would be able to measure oxidative
stress and its different extents in real blood sample.

The inset of Fig. 6(c) presents the steady-state fluorescence of
the sensor fiber in presence of NPs (ROS generator), Hb + NPs and
whole blood + NPs in aqueous solution. A significant quenching of
the florescence intensity in presence of Hb and whole blood is
evident. In order to unravel the photophysical basis of the fluores-
cence quenching, we performed picosecond resolved fluorescence
transient measurement monitored at 560 nm (excitation 510 nm)
as shown in Fig. 6(c). The fluorescence transients of sensor tip in
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Fig. 7. (a) Comparison of conventional biomarker levels (serum and liver function
parameters), which are used to evaluate the oxidative damage, between the normal
(control) and CCly induced mice. (b) Direct in-vivo measurement of oxidative stress
in mice model by the developed fiber optics sensor. Inset shows the corresponding
steady state fluorescence spectra of the direct in-vivo measurement at the end (after
15 min).

presence of NPs exposed single-exponential time constants with
lifetime (7) of 3.4 ns, which remained unchanged in the presence
of Hb and whole blood. The results rule out any kind of exited
state processes including electron transfer and/or complexation
of the biomaterial on the fiber tip and Hb/blood in the aqueous
medium, other than mere re-absorption of the fiber tip emission
by the Hb/whole blood [40].

3.5. Direct in-vivo measurement of oxidative stress in mice model

In order to validate the developed sensor in preclinical model,
we induced mice with CCl4 to generate oxidative stress [33]. To
confirm the induction of oxidative stress in the CCl4 induced mice,
we evaluated some serum parameters (SOD, Catalase, AST, Total
Bilirubin and Lipid Peroxidation) which are conventionally con-
sidered as the potential biomarkers [33]. SOD and Catalase are
the two mutually supportive kingmakers of in-vivo antioxidant
defence system. SOD converts superoxide anions to H,0,, which
is further converted to H,O with the help of GPx and CAT. SOD
also inhibits hydroxyl radical production. In our study, as shown
inset of Fig. 7(a), CCly caused substantial downregulation of the
SOD (~28.9%) and CAT (~32.9%) activities, indicating the intro-
duction of high oxidative stress. We further studied the effect of
CCly on liver function parameters as the liver serves as the primary
target organ of this genotoxic agent. Fig. 7(a) presents both AST
(~369.1%) and total bilirubin level (~266.7%) were much higher
than the respective control groups; further signifying that free rad-
icals induced severe liver damage. Rapid lipid peroxidation of the
membrane structural lipids was proposed as the basis of CCl4 liver
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Table 1

Comparison of various oxidative stress markers between Normal and CCly intoxicated mice.

Marker Normal mice CCly induced mice Change in% p value
SOD (U/mg protein) 45+03 32+04 28.9 0.0025
CAT (U/mg protein) 14.6+1.2 9.8+1.1 329 0.0011
AST (IU/L) 81+5.2 3804+40.1 369.1 0.0006
BILIRUBIN (mg/dL) 0.3+0.04 1.1+£0.05 266.7 0.0001
MDA Content (mmoles/mg protein) 20+3.1 45+4.2 125.0 0.0014
Measured ROS (M) using the proposed method 4.16+0.12 5.00+£0.20 20.2 0.0009

Data are expressed as mean + standard deviation (n=4).
p value computed using unpaired t-test (parametric) with Welch’s correction.
*p<0.01 compared to Normal mice.

Preclinical Evaluation
Developed of Oxidative Stress

Fiber Optic

Sensor \

Capillary

Scheme 1. Schematic representation of the direct in-vivo measurement of oxidative
stress in mice model by the developed fiber optics sensor.

toxicity. So, we monitored the levels of MDA, an index of oxida-
tive damage and one of the decomposition products of peroxidised
polyunsaturated fatty acids, to evaluate the effect of CCly induc-
tion. As shown in Fig. 7(a), significant increase of MDA (~125.0%)
in the CCl4-treated group strongly confirmed that the substantial
oxidative damage had been induced. All the results are tabulated
in Table 1. The direct in-vivo measurements of oxidative stress
in both normal (control) as well as CCl, —treated mice were car-
ried out by our developed sensor for the comparisons (data were
collected following the describe method (Section 2.2.6) using the
developed setup (Fig. 2(b))). The obtained results were then val-
idated with the conventional biomarker levels which are used to
evaluate the oxidative damage as mentioned above. As shown in
Fig. 7(b), the collected fluorescence intensity (at 530 nm, up to
15 min) of the sensor from the CCl4 induced mice is significantly
different compared to the control one (normal mice) at every time.
The difference is evident in the steady state fluorescence spectra
also, as shown inset of Fig. 7(b). The concentration of ROS in the
CCly induced and normal mice are estimated to be 5.00 + 0.20 uM
and 4.16 £0.12 uM respectively (p <0.01). The direct in-vivo mea-
surement of oxidative stress in mice model is shown schematically
in the Scheme 1. The above facts indicate the sensor result is well
consistent with the conventional biomarker levels for evaluation of
oxidative stress. The observed results also confirm the direct in-vivo
oxidative stress measurement ability of the developed sensor in the
living animal models. Although a thorough study for direct in-vivo
oxidative stress measurement is under investigation, the proof of
concept experiment clearly showed a promise for the direct in-vivo
measurement of oxidative stress.

4. Conclusions

In summary, we have developed a DNA-based portable fiber
optic sensor for the direct in-vivo measurement of oxidative stress
in physiological milieu. Impregnated DCFH assay in a water insolu-
ble DNA-lipid complex at the sensitized tip of a multimodal optical
fiber is shown to play a crucial role in the sensing mechanism.
Significant increase in fluorescence intensity of the indigenously
developed biomaterial functionalized fiber tip is shown to be a
key factor for the aforementioned sensing. Moreover, the sensor is
shown to monitor ROS/oxidative stress efficiently and continuously
in the aqueous medium as well as in the biological samples, without
forming any complexations or reaction with the biological samples.
To our understanding, the scope for further development of the con-
cept is extensive, which offers great potential for the development
of economical, portable devices for the direct in-vivo measurement
of oxidative stress efficiently. In the future, our study is expected
to find relevance in the quick measurement of oxidative stress in
human subjects in a minimally invasive way.
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