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ing lactic acid level during intense exercise. In the present study, a unique depen-
dence of visible photoluminescence of Eu®* ions resulting from D, to
7FJ(J =0,1234) transitions, which can be exploited for rapid detection of bio-
markers, both in vitro and ex vivo, has been reported. It is observed that the inte-
grated intensity ratio of photoluminescence signals dominating at 591 and 616 nm
originating from 5Dy to 'F, and °Dy to 'F, transitions in Eu®* ions can be used as
a biosensing and bioimaging tool for detection of biomarkers released at disease
states. The Eu®" integrated photoluminescence intensity ratio approach reported
herein for optical detection of lactates in blood serum, plasma and confocal imag-
ing of brain tissues has very high potential for exploitation of this technique in
both in vitro monitoring and in vivo bioimaging applications for the detection of
biomarkers in various diseases states.
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1 | INTRODUCTION

Chronic diseases such as cancer, ischemic heart disease, dia-
betes, stroke and lung disorders are among the top 10 causes
of morbidity in the world [1]. With the onset of these dis-
eases, various biomarkers are produced in the body such as
free fatty acid, phospholipases and lactates [2, 3]. So as to
fathom the severity of disease, hence to provide earlier treat-
ments, it is essential to determine the elevated levels of bio-
markers [4]. Lactate plays a significant role in various
metabolic cycles in the body including Cori cycle and Krebs
cycle [5-7]. The normal lactate concentration in human
blood plasma is 0.3 to 1 mM and increased lactate levels
indicate possible error in cellular metabolism [3]. Accumu-
lation of lactic acid in the muscle occurs during exercise of
relatively high intensity, and is often related to fatigue. Lac-
tate levels in clinical practice are used to measure illness
severity and also to gauge response to therapeutic interven-
tions. Increased concentration of lactate is observed in the
human brain during ischemic stress conditions. This is
based on the fact that energy production shifts from aerobic
to anaerobic pathway leading to slow clearance of lactates
[8]. Ischemic cardiac disease occurs due to myocellular hyp-
oxia, a condition caused by insufficient supply of oxygen to
the myocytes in heart muscles, resulting from acute injury
due to embolism or plaque formation [9]. This hypoxic
injury causes disruption in functioning of mitochondria,
shifting energy production in the cells from aerobic respira-
tion to anaerobic pathways, leading to accumulation of lac-
tates [10]. Hence, it is critical to estimate the release of
lactates and other toxic metabolites due to ischemia in order
to understand the cellular damage caused during several dis-
eases including cardiovascular diseases, stroke and cancer
[11]. Lactic acid levels are also elevated when the liver is
severely damaged or diseased, because the liver breaks
down lactic acid. Very high levels of lactic acid may cause
a serious, sometimes life-threatening condition called lactic
acidosis. Due to its key role in the human body, the devel-
opment of a fast response and user-friendly methods of lac-
tic acid measurement is essential.

Currently, there are very few methods for early diagno-
sis of these critical disorders, highlighting the need for a
method for rapid identification of potential biomarkers
released during these diseases, so that appropriate treatment
can be provided at early stages. Recent advances in imaging
techniques together with enzyme-linked immunosorbent
assay (ELISA), proteomics and metabolic profiling have
enhanced the feasibility of patient screening for the diagno-
sis with biomarkers [12]. However, it is not suitable for
“point-of-care” at home for the patient or at the general
practice, allowing early diagnosis that should benefit in pre-
venting irreversible physiological damage, thus precluding
from pathogenesis. Also, these current techniques necessi-
tate frequent collection of high volume of blood for tests,

which are difficult to implement clinically in high-risk
patients and in children. Currently, positron emission
tomography modality combined with radioactive glucose
tracer fluorodeoxyglucose (‘°F) is used in medical imaging
to detect the amount of lactate in the cancer affected region
[13]. However, there are various implications related to this
technique due to its restricted access to investigation area,
expensive procedures, use of radioactive tracers and non-
suitability to be applied in hyperglycemic patients [14].
Besides this, photoacoustic imaging modality has also been
investigated extensively by using various photoacoustic
contrast agents comprising dye and nanoparticles to visual-
ize the structure and function of biological tissues for bio-
medical and biomedicinal applications [15-17]. For
instance, Zhong et al. [16] studied photoacoustic treatment
and imaging of human epithelial carcinoma (HeLa) tumor
cells in vivo by utilizing contrast therapeutic agents such as
single-walled carbon nanotubes, indocyanine green contain-
ing nanoparticles (ICG-PL-PEG) and gold nanorods
(AuNRs) conjugated with folic acid.

Trivalent rare earth (RE) elements are characterized by
their (4f")6s> electronic configuration and have been
actively investigated for biomedical applications [18-20].
The above electronic configuration allows their functionali-
zation with weak acids and polar organic systems near neu-
tral to acidic pH. The complexation of lactate with RE
elements such as neodymium (III) (Nd**) and europium
(II) (Eu**) was reported by Guoxin et al. [21]. Eu®* com-
plexes have been identified as novel materials for quantify-
ing anion concentrations such as lactate, citrate, bicarbonate
and urate using emission bands in the red wavelength
(>613 nm) and their fluorescence intensity ratios [22-24].
The most stable and common valence state of RE ions is 3
+, although some do have 4+ and 2+ states also. The elec-
tronic shielding of 4f" level electrons with 6s> weakens RE
ions’ interaction with their organic/inorganic host and hence
allows distinctive display of photoluminescence (PL), which
not only reflects the optical properties of the ions but also
their molecular environment, especially when PL is supple-
mented by the lifetime decay analysis while considering its
biosensing and bioimaging applications. The europium ions
(Eu*/**) are specific for their sensitivity to chemical envi-
ronment which affects the oscillator strength of optical tran-
sitions, and consequently emit different proportions of light
when excited using a coherent light source (eg, a laser).
Therefore, Eu’™ ions are proposed as a credible alternative
to organic molecules since organic molecules undergo auto-
degradation which is not suitable when biosensing or bioi-
maging application is considered [25, 26]. On the other
hand, upconversion PL of lanthanide-doped nanoparticles
has attracted great research attention and is used in many
studies as well. This is another effective optical imaging
method of biological cells and tissues due to its advantages,
which include the absence of photodamage to living
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organism, high light penetration depth in biological tissues
and high detection sensitivity [27, 28].

A few studies focused on the toxicological effects of RE
ions using human osteosarcoma cell line MG63, umbilical
cord perivascular cell and mouse macrophages; reported
large concentration or systemic accumulation of these ions
could lead to acute pathology and cellular toxicity [29, 30].
However, these studies produce variable results. Therefore,
it is important to test these ions in the biological system
especially on human primary cells before they have been
used in biosensing or bioimaging purposes.

In this paper, we report a novel methodology for analyzing
Eu’* ions conjugated with lactic acid in aqueous medium and
rodent’s brain tissue based on a photoluminescence intensity
ratio (PLIR) approach using fluorescence measurements in the
yellow and red wavelengths. This method can be employed to
other biomarkers as well. Lactate exists in 2 isomers: L-lactate,
produced as a result of anaerobic metabolism in human and p-
lactate, byproduct of bacterial metabolism. Our lactate mea-
surements only include L-lactate, the primary isomer produced
in humans. Our investigation focuses on the following aspects:
(1) evaluation of the cytotoxicity of europium nitrates [Eu
(NO3)3] on human primary cells, (2) determination of pH-
dependent absorption spectra and PL excitation spectra of Eu-
conjugated lactic acid, (3) analysis of the relative intensities of
PL emissions of the Eu®* ions results from °Dy to 'F, and °D,
to 'F, energy-level transitions occurring in the yellowish red
region of the electromagnetic spectrum and (4) determination
of the PLIR of the above 2 transitions as an approach for imag-
ing lactates in biological samples and rodent tissues.

2 | MATERIALS AND METHODS

2.1 |

Phosphate buffer saline (PBS), Dulbecco’s modified Eagle’s
Medium/Ham’s Nutrient mixture F12 (DMEM), antibiotics
(Penicillin-Streptomycin), L-glutamine, NaOH pellets (99.99%),
HCl (36%-38%), lactic acid solution (85%), Tris(tris(hydroxy-
methyl)aminomethane) buffer (99.9%) and poly-D-lysine
hydrobromide were purchased from Sigma-Aldrich (Dorset,
UK), while fetal bovine serum (FBS) of South American Origin
was obtained from Labtech.com. Phospholipid (L-a-lecithin
from egg yolk, 98%) was obtained from Calbiochem, Merclifes-
ciences, (Merck, Kenilworth, New Jersey). New born calf serum
was obtained from Biosera, Essex, UK. Europium nitrate hexa-
hydrate ((Eu(NOs3)3.6H,0), 99.9%) was obtained from Alfa
Aesar, (Heysham, Lancashire UK). Europium nitrate dissolved
in water was used as a precursor solution for Eu®* conjugation
with lactic acid, cells and rodent tissues.

Materials

2.2 | Invitro cell culture and cell viability test

Human primary brain astrocytes were purchased from
ScienCell (Carlsbad, CA, USA). Astrocytes were cultured
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in F12 (DMEM) medium, supplemented with 10% sterile-
filtered FBS of South American Origin, 1% antibiotics
(Penicillin-Streptomycin) and 1% r-glutamine at 37°C in 95%
air and 5% CO,. Cells were supplemented with fresh media
every 3 to 4 days, depending on the requirements, until con-
fluency was achieved. The cells were then transferred to 24-
well plates filled with poly-L-lysine, rinsed with PBS and trea-
ted with Eu(NOs);. Cell viability was assessed using the 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide
(MTT, Sigma, Thermo Fisher Scientific (Life Technologies)
PaisleyPA4 9RF, UK) reduction assay as described previously
[28-30]. Absorbance of the cells was measured using a spec-
trophotometer at a test wavelength of 570 nm and a reference
wavelength of 630 nm. Student’s 7 test (unpaired) was used to
determine the significance of differences between means, with
P values <.05 being considered significant. Cell viability was
expressed as a mean percentage of absorbance of control
cells £ SEM.

2.3 | Rodent tissue preparation

All experiments were performed on 12-week-old (25-30 g)
male C57BL/6J mice (Harlan-Olac, Bicester, UK) weighing
24 to 26 g under appropriate UK Home Office personal and
project licenses and adhered to regulations as specified in the
Animals Scientific Procedures Act (1986). After a habituation
period of 1 week, the mice were sacrificed by decapitation
under halothane anesthesia. Small samples of brain tissue
were carefully dissected, weighed and homogenized using
tris-buffered saline. Different dilutions of Eu(NOs); in dis-
tilled water (1, 10, 100 pM) were added directly to homoge-
nized brain tissue (HBT). Brain tissue treated with Eu®* ions
was kept on a shaker table for 24 hours at 40°C. The tissue
samples were then mounted on slides, cover slipped using
mounting medium and observed under laser confocal micro-
scope (Zeiss LSM 510, Carl Zeiss, Heidelberg, Germany).

2.4 | UV-Vis absorption, fluorescence and PL
spectroscopic experiment

The absorption spectra of europium ions (Eu®*) in lactic
acid and europium nitrate solution with varying pH were
measured using Perkin-Elmer Lambda 19 DM UV/Vis/NIR
spectrometer (PerkinElmer, Llantrisant UK). The initial
solutions with low pH were prepared by adding 100 mM
Eu(NO;); and 5 mM lactic acid. To increase the pH from
5 to 6, we added a small quantity of NaOH solution to
it. The fluorescence excitation spectrum of 1 M Eu®" ion in
water at room temperature was recorded using FS920 Spec-
trofluorometer (Edinburgh Instruments, Livingston, UK)
with visible photomultiplier tube detector. This experiment
was performed to determine the fluorescent emission as well
as excitation spectrum; xenon flash lamp with monochroma-
tor was used as excitation light source. In addition, 10 mM
stock solutions of Eu(NO3)3.6H,O and L-lactic acid were
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prepared in distilled water (aqueous solution). Then, 1 mL
working solution of 1 mM Eu(NO3)3;.6H,O with different
concentrations of L-lactic acid ranging from 0.5 to 5.0 mM
in aqueous solution, serum and plasma were finally prepared
for fluorescence studies. The sample solution in 10 mm path-
length cuvette was placed in a CUV-ALL-UV 4-way cuvette
holder and excited with laser diode operating at 395 nm
(module of KVANT Scientific) and a current of ~40 mA. A
high-pass filter with a cut-on wavelength of 515 nm was
employed between the cuvette and optical fiber charge-
coupled device (CCD) array to block second-order wave-
length and the short wavelength radiation. Fluorescence emis-
sion was focused onto the optical fiber CCD camera to the
USB2000 spectrometer (Largo, FL, USA). Fluorescence spec-
tra were recorded using Ocean Optics software (Largo, FL,
USA) in the wavelength range of 550 to 850 nm to determine
the calibration curve for L-lactic acid.

2.5 | Confocal laser scanning microscopy

Conjugation of europium with biological metabolites, lactate
and phospholipids has been studied using a confocal laser scan-
ning microscope Zeiss LSM 510 equipped with a diode laser at
405 nm, which excites the Eu®* ions in the conjugated medium
and produces a corresponding characteristic fluorescence spec-
trum in the visible wavelength region (570-650 nm).

3 | RESULTS AND DISCUSSION

3.1 | Cell viability studies

Cytotoxicity of ions was determined in human astrocytes
incubated in various concentrations of Eu(NO3); at 24 hours
and 5 days, and is shown in Figure 1. This was performed to
ensure that Eu(NOj3); does not exert any toxicity on the bio-
logical tissue/fluid and can be used in biosensing. Student’s
t test (unpaired) was utilized to evaluate the significance of
differences between mean values. The concentrations of
Eu(NO3); from the control to 1000 pM in human astrocytes
increase with the cell viability (expressed as %), followed by
a rapid loss of cell viability at higher concentration
(10 000 pM). After 5 days, the concentrations of Eu(NO3)3
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FIGURE 2 pH-dependent absorption spectra of europium nitrate with

lactic acid; inset shows those peaks with very low absorbance magnified

showed slightly increased cell viability which ranged from
10% to 40% (Figure 1B) as compared to Figure 1A. Thus,
cytotoxicity studies signify that the Eu** ions are nontoxic at
concentrations ranging from 1 to 1000 pM and to some
extent are cytoprotective as cell viability is increased at these
concentrations compared to the control. However, cell viabil-
ity is deceased compared to the control when the concentra-
tion of Eu®* jons is increased to 10 000 pM.

3.2 | Absorption spectroscopy of Eu** ion in solutions

The room temperature absorption spectra of 100 mM
Eu(NO3); in lactic acid solution with varying pH are shown
in Figure 2. This experiment was carried out to evaluate the
binding mode of lactates with Eu®* ion complexes. As we
increase the lactic acid to Eu(NOs); solution ratio (pH 3.22
and 3.28), there is no notable change to the peak positions in
absorption spectra while changing pH from 5 to 6; by adding
NaOH solution, a hypochromic shift is observed, which is
described in terms of decrease in absorption with rise in pH
in all absorption peaks. It is important to point out that this
decrease in the absorption is due to the formation of euro-
pium hydroxide upon addition of NaOH; therefore, the
increased basicity around Eu" ions is responsible for such
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24 hours and B, 5 days. Significance levels:
*P < .1, **P < .01
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FIGURE 3  Energy level diagram of Eu** ions showing different
absorption and emission transitions

changes. The predominant peaks in the absorption spectrum are
at 296 and 392 nm and they correspond to the transition from
"Fy — Dy and "Fy — °Lg levels as shown in Figure 3. The
broad absorption band centered at 296 nm could be due to addi-
tional contribution from the weak z* < n transition of the car-
boxylic group of lactic acid [31, 32]. An important aspect of the
absorption spectroscopy of aqueous solutions is that the above
2 absorption peaks at 296 and 392 nm are always present in the
range of pH studied in the current study. Henceforth, laser diode
operating at 395 nm which is in close proximity to the absorp-
tion band of Eu** centered at 392 nm was utilized as excitation
source for fluorescence measurements.

3.3 | Luminescence spectroscopy and optical sensing
of biomarkers using PLIR

The excitation spectrum of the 1 mM aqueous Eu(NO;);
was obtained as a reference for selecting the suitable excita-
tion wavelengths for Eu’-conjugated lactate as a bio-
marker. The excitation spectrum of Eu®* in aqueous
solution recorded for a fixed emission wavelength of
616 nm is shown in Figure 4. The most prominent peak is
at 395 nm and this wavelength has been used as wavelength
of excitation for the measurement of luminescence spec-
trum. At 395 nm excitation, the Eu®* ions in the medium
are excited from the ground level “Fy to the energy level
L (as in the energy level diagram—Figure 3). As can be
seen from the spectrum, there are other wavelengths of exci-
tations which may also be used for Eu" containing
medium. However, the "F, to L absorption is known to be
less dependent on the variations in the surrounding medium,
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Fluorescence excitation spectrum for 1 M europium nitrate for

hence optimized as the excitation wavelength for the current
experiment [32]. Figure 5 shows that the emission peaks of
Eu’™ ion conjugated with lactic acid that occurred at
591 nm (5D0 7F1) and 616 nm (SDO 7F2) are more intense,
which represent the change in concentration of lactic acid in
the micromolar range. Other PL emission bands present in
Figure 5 are at 535 nm (D, "F)), 556 nm °D; ’F,) and
650 nm °Dy "F3); °Dy 'E, is possible at 696 nm.

PLIR measurement is a special technique that uses lumi-
nescence or fluorescence intensities from 2 closely spaced
energy levels to monitor change in luminescence intensity
ratio. The magnitude of luminescence intensity is dependent
on both intrinsic properties of the compound and well con-
trolled experimental parameters, comprising of the intensity
of excitation source and concentration of the anion compo-
nent of the compound. The change in the luminescence
intensity Ir, as a function of concentration at low absor-
bance is given as [33, 34]:

Iy =@, (1—e~>), (1)

where @ is the fluorescence quantum efficiency, I, is the
incident radiant power, €, is the molar extinction coefficient
which is wavelength dependent, [ is the path length of the
cell or cuvettes containing the sample and c¢ is the molar
concentration. Using MacLaurin series, the terms in the
parenthesis of Eq. (1) can be expanded as follows [33]:

23e,lc)*  (2.3¢;lc)?
( o ) +( Al ) +... (2)

Ir=®I,| 2.3¢;lc—

It is important to point out that theoretically lumines-
cence or fluorescence intensity vs concentration is not actu-
ally linear as shown in Egs. (1) and (2). However, if the
absorbance 2.3elc < ~0.05, then the higher order terms
becomes insignificant [34]. Henceforth, at low concentra-
tions the fluorescence intensity of a sample is approximately
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FIGURE 5 Fluorescence emission spectra of europium nitrate with lactic

acid in lower concentration when excited at 395 nm

linearly proportional to the concentration which is given
by [34]:

IF =2.3CDIO€;LIC (3)

In order to obtain a linear fluorescence response as a func-
tion of concentration, it is essential to maintain a concentration
that has an absorbance ~0.1 or lower. It is worth mentioning
that as the sample concentration increases, it reaches a point
where fluorescence intensity eventually decreases, this is due
to increases in the absorbance of the excited sample.

The 2 luminescence emissions bands, with peaks cen-
tered at 591 and 616 nm occur (Figure 5) when Eu®* ions
radiatively relax from 5DO level to 'F 1 and 7F2 levels,
respectively. The Dy to "F; (591 nm) transition is magnetic
dipole (MD) allowed and is relatively unaffected by the
chemical surroundings of the local site symmetry of Eu’*
ions, henceforth, very weak emission intensity. However,
the °Dy to 'F, (616 nm) transition is allowed by the electric
dipole (ED) transition. Consequently, the intensity of this
ED transition is strongly dependent on the degree of mixed
parity and, hence, there is lack of inversion symmetry at the
Eu’" site. Such differences in luminescence intensity of
these 2 closely spaced transition bands allow easy analyses
of PLIR [22, 24]. The PLIR defined by I04-640 nmy/I(s70-
604 nm) 1 the ratio of integrated intensity of ED transition to
MD transition, and provides information about the distortion
from local sites inversion symmetry of the Eu** ions in the
ligand complex. The PLIR plotted in Figure 6 is always
greater than unity at lower concentrations of lactic acid in
the micromolar range, which is still detectable at ease.
When fluorescence image is recorded under these condi-
tions, such a medium will be predominantly reddish as
shown in section 3.3.

Figure 7A-C illustrates the selected luminescence spec-
tra of various concentrations of lactic acid ranging from 0.5
to 5.0 mM in 1 mM Eu(NOs);.6H,O in aqueous solution
and in biological fluids such as blood serum and blood
plasma. From Figure 7A, it is clear that the spectra peaks

500 Eu(NO,), Fo- 4500
400+ {450 =
= E
Y 2
5 300- 1400 ®
8 =
.f_:—: 200+ 1350 S
5 s
100 1300 5
1]

Lactic Acid
0- - 1250
T T T T T T

. —
1.05 1.08 1.1 1.14 1.17 1.20

PLIR (I(eo4 -640 nm)l|(570 - 604 nm))

FIGURE 6 Photoluminescence intensity ratio corresponding to
PLIR > 1 mol of lactic acid in solution (left Y-axis) and for mole fraction
of europium nitrate in solution (right Y-axis)

are predominant at 593 nm (5D0 — 7F1) electronic transi-
tion rather than 616 nm (°Dy — ’F,) transition. This indi-
cates that Eu®* ion is located at high symmetry sites [35],
whereas Figure 7B shows luminescence spectra of the same
concentrations of lactic acid in serum and 1 mM
Eu(NO;)3.6H,0 aqueous solution. This figure shows small
change in luminescence intensities at 591 and 616 nm as
compared to Figures 5 and 7A. Figure 7C shows lactic acid
concentrations in 1 mM Eu(NOs);.6H,0 in the plasma. The
emission signature centered at 616 nm transition is more
predominant as compared to Figure 7A,B. It can be seen
that as the lactic acid concentrations in the biological fluids
increase, the fluorescence intensity also increases
(Figure 7A) and decreases (Figure 8B,C) slightly. This
noticeable quenching in Figure 7B,C in the luminescence
intensity may be ascribed to the binding mode polarity, sen-
sitive of Eu®* linked to biological fluids and lactic acid, as
well as OH vibration. Many studies have shown that Eu®*
luminescence peak at D, — ’F; transition is relatively
strong, and exhibited no/little change on the surrounding
ligand environment due to its MD contribution [35-40].
Similarly, the Dy, — ’F, electronic transition is predomi-
nantly electric dipole and the intensity is highly sensitive to
the Eu** coordinate environment [31, 33-35] as mentioned
above.

Using the luminescence emission spectra shown in
Figure 7, calibration curves for Eu®* ion conjugated with
different concentrations of lactic acid in different biological
fluids mentioned above were developed. The integrated
PLIR of the 2 emission bands centered at 591 and 616 nm
was implemented and recorded. These were plotted as a
function of the concentrations of lactic acid and fitted with
exponential function (integrated 0.60 < PLIR < 1.06), lin-
ear function (integrated 0.089 < PLIR < 0.95) and second-
order polynomial function (integrated 2.50 < PLIR < 2.75)
depicted in Figure 8A-C. Figure 8D depicts the calibration
graph constructed for vL-lactic acid (mM) in 200 pM
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Eu(NO3)3.6H,O and HBT with a linear function (integrated
0.45 < PLIR < 0.95).

The calibration curve shown in Figure 8A suggests that
PLIR varies exponentially and increases with lactic acid
concentration, which is in agreement with what had been
reported previously by Pal et al. [22] and Yu et al. [24] for
lactate analysis of prostate or seminal fluids and citrate in
diluted prostate fluid. The PLIR values obtained in this
study at various concentrations are approximately related to
Pal et al. measurements, even though Pal et al. [22] and
Butler and Parker’s [23] study utilized the intensity ratio of
the emission peak occurred at 616/686 or 613/619 or
613/622 or 692/619 to develop the calibration curves for
lactate and citrate. An important difference from the previ-
ous study is the use of luminescence emission band centered
at 616 nm, which is more sensitive to change in coordina-
tion environment, and the emission peak centered at
592 nm, which is unaffected by the changes in chemical
surroundings. Butler and Parker [23] demonstrated that Eu
and Tb bind to bicarbonate or citrate anions in water were
the only samples which show a large change in the emission
spectral in lower concentration range (<10 mM) by adding
HCOj;™. However, anions such as lactate were only detect-
able in concentrations ranging from 10 to 100 mM in the
presence of up to 100 mM citrate using the [EuL]’~ com-
plex [23]. This indicates that bonding of [EuL]®~ with lac-
tate at lower concentration was unstable, therefore, their
inability to notice any variation in emission spectral as com-
pared to this studies. In this study, Eu®>*-conjugated lactate
in aqueous solution revealed a significant variation in

Wavelength(nm)

emission spectral intensity at different concentrations rang-
ing from 1 to 5 mM as shown in Figure 8A, signifying very
low detection limit, as well as easy to use approach without
using any rare earth complexes.

On the contrary, Figure 8B,C illustrates the calibration
recorded for different concentrations of lactic acid in serum
and plasma, which are indeed quite different from
Figure 8A in terms of PLIR values. These noticeable differ-
ences in PLIR observed between the biological fluids cali-
bration curves is attributed to low affinities of the serum,
plasma and HBT binding to same site in the Eu’* ion as
compared to aqueous solution. For instance, very high PLIR
value of the plasma, which ranges from 2.50 to 2.75, indi-
cates a strong deformation of the symmetry around the Eu®*
ion, and the water molecules surrounding the Eu** ion have
been replaced. Henceforth, this may signify the absence of
inversion center. In case of serum, the PLIR less than 1, sig-
nifying idealized symmetry around the Eu’" jon than
plasma, specifies the presence of isotropic environment.
This indicates that Eu®>* ion environment is surrounded by
water molecules, and is coordinated to the OH stretching
frequencies which lead to multiphonon relaxation [40].
Thus, the presence of OH vibration in the neighbor shell of
the Eu’" ion plays a significant role in the luminescence
quenching. Also, the PLIR does not change so much with
adding the lactate in both biological fluids (serum and
plasma), indicating that the lactate seems not to change the
Eu’" ion complexation state. The decrease in PLIR value in
serum and plasma can also be attributed to different micro-
environments and interaction between these biological fluids
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tissue (HBT)

and the Eu®* ion environment. For instance, Figure 8C
shows the effect of increasing lactic acid concentrations in
the plasma fluid on the PLIR values of the Eu*" ion transi-
tions centered at 596 and 616 nm. This could be due to dif-
ference in concentration and interaction between other metal
ions (eg, potassium and sodium) in the biological fluid.
Thus, causing change in the local environment of the Eu®*
ion and then decreasing the PLIR values. Furthermore, the
overall luminescence intensity is much higher in plasma
than with serum and lactate. In case of brain tissue, the
PLIR starts at ~0.5 (related to the Eu’* aqua ion) and
increases with rising lactate concentration (as in Figure 8A),
indicating that the brain tissue does not show binding
behavior to Eu’* ion. The integrated PLIR plotted in
Figure 8 can be used to calibrate the image at concentration
levels in the millimolar range in different media. For
instance, the image will be yellowish in the case where the
integrated intensity ratio is less than 1.0 (PLIR < 1.0),

whereas integrated PLIR greater than 1.0 (PLIR > 1.0) will
exhibit reddish fluorescence image.

The confocal laser fluorescence images were recorded in
the 570 to 650 nm wavelength range where the 2 character-
istic peaks of Eu’" were observed in the fluorescence spec-
troscopy. Figure 9A-D shows the confocal fluorescence
image of lactic acid, HBT, Eu®*-conjugated lactic acid and
Eu®* doped in HBT under 405 nm (which is within the
394 nm excitation band shown in Figure 5) laser excitation.
The confocal fluorescence images of only lactic acid and
only HBT do not show any fluorescence in the 570 to
650 nm wavelength range as shown in Figure 9A,B, respec-
tively. The image of lactic acid conjugated with Eu>* is pre-
dominantly reddish (marked regions 1 and 2) in color when
lactic acid is greater than 1 mM concentration as in
Figure 8A. Figure 9C demonstrates this spectroscopic image
in those regions where the lactic acid forms complexes with
Eu®* ions. When lactic acid concentration is low, the Eu’*
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FIGURE 9
microscope images of (A) lactic acid (control),
(B) homogenized brain tissue without Eu®*),
(C) Eu**-conjugated lactic acid and (D) Eu®*
conjugated homogenized brain tissue

Confocal laser scanning

emission will be more yellowish and this is demonstrated in
regions 1 and 2 of HBT in Figure 9D. This also agrees with
the calibration data in Figure 8D where the linear increase
in PLIR is observed with increase in concentrations of lactic
acid but is predominantly yellowish up to 5 mM when
200 pM of Eu(NO;); is used as the assay.

4 | CONCLUSION

The present study demonstrates the application of visible PL of
Eu’* resulting from °D,, to 'F, transitions for rapid detection
of lactic acid in biological samples (serum, plasma and brain
tissue). The cell viability studies show that europium nitrate up
to 1000 pM concentrations are safe and to some extent cyto-
protective. Calibration curves of lactic acid in 1 mM
Eu(NO3)3.6H,0O and various biological fluids were constructed
using rapid fluorescence measurements. The uniqueness of the
integrated Eu®* PLIR reported for L-lactic acid in the current
study could be used as a bioimaging tool and then extended to
other different metabolites released at disease states. This
method could be extended for early diagnosis of chronic dis-
eases by detecting metabolites noninvasively through superfi-
cial blood vessels and carotid artery by the use of skin-safe
laser wavelengths. One of the main advantages of using lantha-
nides is that they have a long-lived emission which can be used
to help distinguish this emission from background signals (eg,
autofluorescence or scattering of the excitation laser from bio-
logical fluids or tissue). Moreover, fluorescence emission

PHOTONICS

spectra from different lanthanides may be differentiated using
appropriate filters which may lead to the development of simul-
taneous detection and imaging of 2 or more metabolites in a
single sample. Therefore, the proposed methodology of using
PLIR ratio can be applied for concentration profiling and bio-
sensing of lactic acid in tissues as well. However, further stud-
ies are needed to understand the cofounding effects of other
components in the HBT on Eu’* ions.
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