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Abstract

A photonic crystal fiber (PCF)-based fluorescence sensor is developed for rapid and sensitive detection of lactic acid (LA)
enantiomers in serum samples. The sensor is fabricated by chemical binding dual enzymes on the inner surface of the PCF
with numerous pore structures and a large specific surface area, which is suitable to be utilized as an enzymatic reaction
carrier. To achieve simultaneous detection of L-LA and p-LA, the PCF with an aldehyde-activated surface is cut into two
separate pieces, one of which is coated with L-LDH/GPT enzymes and the other with b-LDH/GPT enzymes. By being
connected and carefully aligned to each other by a suitable sleeve tube connector, the responses of both L-LA and p-LA
sensors are determined by laser-induced flourescence (LIF) detection. With the aid of enzyme-linked catalytic reactions,
the proposed PCF sensor can greatly improve the sensitivity and analysis speed for the detection of LA enantiomers. The
PCF sensor exhibits a low limit of detection of 9.5 pM and 0.8 pM, and a wide linear range of 25-2000 pM and 2-400 pM
for L-LA and p-LA, respectively. The sensor has been successfully applied to accurate determination of LA enantiomers in
human serum with satisfactory reproducibility and stability. It is indicated that the present PCF sensors would be used as an
attractive analytical platform for quantitative detection of trace-amount LA enantiomers in real biological samples, and thus
would play a role in disease diagnosis and clinical monitoring in point-of-care testing.
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Introduction

Lactic acid (LA) is the final product of anaerobic glycoly-
sis in human organizations [1-5]. Both the optically active
enantiomers, i.e., L-LA and p-LA, exist in healthy human
bodies [6—11]. While the normal level of p-LA is only ~
1.0% of L-LA, the elevated p-LA level in the blood and
urine, which may be caused by an overproduction of intesti-
nal bacteria, or in cases of infection, ischemia, or traumatic
shock, would ultimately result in metabolic acidosis and
lead to severe neurological symptoms [12, 13]. On the other
hand, a high L-LA level can also lead to the drop in blood
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pH value in the body, and even acidosis in severe cases [14,
15]. For coronavirus disease 2019 (COVID-19), LA levels
in blood have been proposed as an important indicator for
its stratification, therapeutic effect evaluation, and prognosis
estimation [16]. For understanding the relative contribution
to metabolic acidosis, it is of great clinical importance to
establish a rapid, sensitive, and effective analytical method
to discriminate and detect LA enantiomers in body fluids.
Traditional analytical methods for analysis of LA enantiom-
ers include capillary electrophoresis (CE), gas chromatography
(GC), and high-performance liquid chromatography (HPLC)
with a chiral stationary phase or a chiral mobile phase [17-21].
These methods generally require complicated instruments
and thus would be difficult to be used in point-of-care testing
(POCT), which is of great importance for rapid determina-
tion of LA levels in blood with a remote manner. In recent
years, biosensors with high sensitivity and good selectivity
have developed rapidly and have shown promising applications
in various fields of POCT [22-26]. Considering LA analysis,
while biosensors using the immobilized enzyme electrochemi-
cal approach were reported for detection of L-LA in biological
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fluids [27-32], no such biosensor has been developed for the
assay of LA enantiomers.

Here, we propose a novel photonic crystal fiber (PCF)
fluorescence sensor which is developed based on an enzyme-
linked catalytic reaction for high-performance detection of LA
enantiomers. Owing to its unique properties, PCF opens up
new applications in nonlinear devices, fiber lasers, high-power
transmission, and many other fields [33-38]. In addition to
guiding light in a hollow core, PCF can be considered analo-
gous to a bundle of capillary tubes with an inner diameter of
several micrometers and has several essential advantages for
assaying trace-amount samples [39—41]. The micro-and nano-
structured PCF can greatly reduce sample volume and the
three-dimensional structure with a large specific surface area
enhances the sensor. In addition, the short diffusion distance of
the micro-channel results in a high mass transfer efficiency and
short signal response time. In recent years, PCF has emerged
as a promising material for fabrication of sensors for the assay
of different targets. For example, Chen et al. proposed a novel
hollow-core PCF volatile trace explosive sensor based on the
fluorescence quenching [42]; Wang et al. developed a hollow-
core-PCF-based miniaturized sensor for the detection of aggre-
gation-induced-emission molecules [43]; Yang et al. developed
a sensitive PCF-based immunosensor for the detection of alpha
fetoprotein [44].

In this study, dual enzymes are immobilized on the inner
surface of the PCF by chemical bonding to fabricate the sensor
for simultaneous detection of LA enantiomers. PCF serves not
only as a carrier for immobilized dual enzymes but also as a
sample container and an enzyme-catalyzed reactor. The pro-
posed PCF fluorescence sensor is used for simultaneous detec-
tion of L-LA and p-LA enantiomers. To achieve this purpose,
the PCF with an aldehyde-activated surface is cut into two sep-
arate pieces, one of which is coated with L-LDH/GPT enzymes
and the other with b-LDH/GPT enzymes, forming sensor L-LA
and sensor p-LA. Both sensors are connected and carefully
aligned to each other by a suitable sleeve tube connector, and
the responses are determined by laser-induced flourescence
(LIF) detection. With the aid of enzyme-linked catalytic reac-
tions, the detection sensitivity of the sensor is improved. The
proposed PCF sensors are sensitive with good reproducibility
and stability. The sensors are successfully applied to determine
LA enantiomers in human serum samples, and the results are
in good agreement with those determined by the clinical kit
method. The proposed method is expected to play a role in
POCT for disease diagnosis and clinical monitoring.
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Experimental section
Reagents and materials

L-LA and p-LA were purchased from Sigma-Aldrich (St.
Louis, USA). L-Lactate dehydrogenase (L-LDH), p-lac-
tate dehydrogenase (pD-LDH), pB-nicotinamide adenine
dinucleotide (NADY), glutamic-pyruvic transaminase
(GPT), and L-glutamic acid (L-Glu) were obtained from
Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai,
China). Sodium alginate, disodium hydrogen phosphate
(Na,HPO,), sodium dihydrogen phosphate (NaH,PO,),
and Tris-HCI were obtained from Beijing Chemical Works
(Beijing, China). Human serum samples were provided by
The First Bethune Hospital of Jilin University. Ultrapure
water was supplied by a Milli-Q Water System (Millipore,
MA, USA). All other chemicals were of analytical reagent
grade and solutions were filtered through 0.22-pm filters
prior to use.

PCF (LMA-20, length 5 cm, core diameter 20 pm, the
voids average channel 4-5 pm) was provided by NKT Pho-
tonics A/S (Denmark). The inner surface morphology of
the PCF sensors was observed using a scanning electron
microscope (SEM) (Philip XL-30 ESEM-FEG). A Fou-
rier transform infrared spectrometer (FTIR) (Nicolet 6700,
Thermo Scientific) and a UV-vis spectrophotometer (Agi-
lent Cary 7000) were used to characterize the PCF sensors.

Fabrication of PCF sensors

The procedure for fabrication of the sensor is schematically
shown in Fig. 1. A PCF was first washed with 0.1 M HCl for
30 min and 0.1 M NaOH for 1 h to clean and hydrophilize
the inner surface of the PCF. After being washed with water
and dried under N,, the PCF was then modified with primary
amines by flushing it with 1% (v/v) 3-ADMS solution in tol-
uene for 1 h and incubated at room temperature for 1 h. After
being washed with toluene and dried under N,, the PCF was
rinsed with 2.5% (w/v) glutaraldehyde (GA) solution for 1
h and incubated at room temperature for another 1 h. Since
the amine groups can bind to one of the aldehyde groups in
GA, an aldehyde-activated surface of the PCF is produced.
After rinsing with ultrapure water, the L-LDH/GPT (or p-
LDH/GPT) solution was filled into the PCF by vacuum and
incubated at 4 °C overnight. The aldehyde groups can form
a covalent bond through the aldehyde amine condensation
reaction; thus, dual enzymes (LDH and GPT) are covalently
immobilized onto the PCF surface. After being washed with
Tris buffer (pH 9, 100 mM) to remove unbound enzyme
molecules, the prepared PCF sensors were stored in 4 °C
when not in use.
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Fig. 1 Schematic diagram of the detection of LA enantiomers using
the PCF fluorescence sensors

Sensing of LA enantiomers

The proposed PCF fluorescence sensors are used for simulta-
neous detection of L-LA and p-LA enantiomers. To achieve
this purpose, a PCF with an aldehyde-activated surface was
cut into two separate pieces. One was coated with L-LDH/
GPT dual enzymes and the other was coated with p-LDH/
GPT, forming the sensor L-LA and the sensor p-LA (see
Fig. 1). For assaying the LA enantiomers, both PCF sensors
were inserted into the sample mixture containing L/D-LA,
NAD™ and L-Glu, then they were connected and carefully
aligned to each other by a suitable sleeve tube connector.
After incubation for several minutes, selective enzyme-
linked catalytic reactions of the enantiomers occurred to
produce NADH in the corresponding sensor (that is, reac-
tions of L-LA in sensor L-LA and those of p-LA in sensor
D-LA). Finally, the fluorescence intensity of NADH from
each sensor was measured using LIF detection.

An in-house-constructed LIF detection system was used
to measure the fluorescence signal of the PCF sensors (see
Electronic supplementary material Figure S1). The PCF
sensors were inserted into a holder installed in a chamber
made of black polytetrafluoroethylene (PTEF). A laser
beam passed through a 375-nm band-pass filter (Beijing
Bodian Optical Technology Co., Ltd., China) to produce
a 375-nm monochromatic excitation light, which was

focused on the PCF detection window through an optical
convex lens (Beijing Zolix Instrument Co., Ltd., China).
The fluorescence from the product NADH produced by
the enzyme-linked catalytic reaction in the sensor was col-
lected perpendicular to the excitation light. After being fil-
tered by a 450-nm band-pass filter (Beijing Bodian Optical
Technology Co., Ltd.) and passing a microscope objective,
the fluorescence was measured by a photomultiplier tube
(PMT) (CH-253, Beijing Hamamatsu Photon Technique
INC) operated at 800 V. In our LIF system, the holder
mounting the PCFs can be fine adjusted to allow the detec-
tion of the response of either sensor L-LA or sensor b-LA
without changing the optical system of the LIF. A chro-
matography work station (Shanghai Vanshine Instrument
Co., Ltd., China) was used to acquire the data.

Results and discussion
Characterization of the PCF sensor

Several spectroscopic techniques are utilized to charac-
terize the immobilized-dual-enzyme PCF sensor. We first
show in Fig. 2A—C the SEM images to characterize the
morphology of the PCF sensor. PCF has 126 micro-chan-
nels with hexagonal symmetry which has good permeabil-
ity and high mass transfer efficiency for the immobilization
of enzymes (see Fig. 2A). Such a multi-channel structure
can be viewed as a bunch of micro-capillaries, with a large
specific surface area which can improve the response of
the PCF sensor. The effect of dual-enzyme immobilization
on the PCF inner surface can be observed in Fig. 2B, C.
While the inner surface of a bare PCF is quite smooth (see
Fig. 2B), the surface turns rough after LDH/GPT enzymes
are immobilized (Fig. 2C).

Immobilization of enzymes on the PCF surface is further
characterized by FTIR and UV-vis absorption spectra. Fig-
ure 2D shows the FTIR spectra of dual-enzyme-immobilized
PCF (LDH/GPT-PCF), a bare PCF, and free enzymes. In
the FTIR spectra of PCFs, strong absorption bands at 1100
cm~! and 797 cm™! can be attributed to Si-O—Si asymmet-
ric stretching and Si—OH stretching vibrations, respectively.
After enzyme immobilization, additional peaks at 1650 cm™
and 1540 cm™" appear in the spectrum of LDH/GPT-PCF,
which can be assigned to C=O stretching vibration and N-H
bending vibration of enzymes. Figure 2E presents the results
of UV-vis absorption spectra. The characteristic absorption
of proteins at 279 nm can be clearly seen in the spectrum of
LDH/GPT-PCF, which is almost identical to the results of
free enzymes. The results of both FTIR and UV-vis spectra
strongly prove the successful immobilization of enzymes on
the inner surface of the PCF.
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Fig.2 SEM images of the cross section of a PCF (A) and the inner surface of a bare PCF (B) and a LDH/GPT-PCF (C); D FTIR and E UV-vis

spectra of bare PCF, free LDH, free GPT, and LDH/GPT-PCF

Performance of the PCF sensor
for the determination of LA enantiomers

The proposed PCF sensors can realize the sensitive detec-
tion of LA enantiomers based on LDH/GPT enzyme-linked
synergistic catalytic reaction. The excitation wavelength
of 375 nm and emission wavelength of 450 nm are used
for fluorescence measurement. Figure S2 in the Electronic
supplementary material presents the fluorescence inten-
sity under different conditions, which verifies the feasibil-
ity of the enzyme-linked synergistic catalytic reaction for
enhancement of the fluorescence signal. Several key fac-
tors, which are critical to the generation of NADH and thus
would directly influence the detection sensitivity of the
sensor, have been investigated and optimized. The results
are presented in Figure S3 of the Supplementary material,
including the concentration of LDH, the ratio of LDH/GPT,
and the concentrations of NAD* and L-Glu. As shown in
Figure S3A, the fluorescence intensity increases with the
increase of L/D-LDH concentration in the range of 10-100 U/
mL (for L.-LDH) or 50400 U/mL (for b-LDH). Considering
both sensitivity and enzyme cost, the concentrations of L-
LDH and p-LDH are chosen to be 50 U/mL and 200 U/mL,
respectively. The effect of the concentration ratio of dual
enzymes (LDH:GPT) on the fluorescence intensity is shown
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in Figure S3B, the results of which indicate that the optimal
ratio of LDH/GPT is 1:1. For the concentration of coenzyme
NAD™, the maximal fluorescence intensity is observed at 4.5
mM in the range of 1-8 mM (see Figure S3C). Concerning
the concentration of L-Glu, the fluorescent intensity tends
to be saturated after the concentration is higher than 110
mM, indicating pyruvate produced by the enantiomeric reac-
tion of LA is nearly consumed (see Figure S3D). We also
investigate the effect of incubation time on the fluorescence
intensity for the PCF sensor, as shown in Electronic sup-
plementary material Figure S4. The results show that an
incubation time of only 3 min or 5 min for L.-LDH or p-LDH
reaction is enough to achieve the best response of the sensor.
To meet the requirement of simultaneous detection of LA
enantiomers, the incubation time is selected as 5 min.
Under the optimal conditions for sensing, we evaluate
the performance of the proposed PCF sensor. In Fig. 3A, B,
we show the batch-to-batch reproducibility of sensor L-LA
and sensor D-LA, respectively, and the results of the run-to-
run reproducibility and day-to-day stability are presented
in Fig. 3C, D, respectively. The sensor exhibits good batch-
to-batch reproducibility with RSD (rn = 5) of 0.86% and
1.12%, for sensing L.-LA and p-LA, respectively. For run-
to-run reproducibility, 10 continuous assays are performed
by using one PCF sensor, and the fluorescence intensity
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remains almost unchanged (RSD (n = 10) of 1.19% and
1.31% for L-LA and p-LA). The day-to-day stability of the
PCF sensors is evaluated over a period of 7 days. As indi-
cated by the blue lines in Fig. 3C, D, no significant changes
are observed in the response for either detection of L-LA
or D-LA during 7 days, indicating excellent stability of the
proposed PCF sensor.

The linear range and limit of detection (LOD) of the pro-
posed PCF sensor for the detection of LA enantiomers are

The concentration of D-LA (pM)

7
number
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presented in Fig. 4A. The fluorescence intensity exhibits an
excellent linear correlation to the concentration of L/D-LA.
The linear detection ranges are 25-2000 pM (Y = 0.3556X +
0.2737, R* = 0.9968) and 2400 uM (Y = 2.2683X + 3.1596,
R2=0.9983) for the detection of L-LA and p-LA, respec-
tively, and the LOD are determined to be 9.5 pM and 0.8
pUM. Figure 4B, C shows the selectivity of the proposed PCF
sensor for the determination of L-LA and p-LA, respectively.
Various chemicals, including urea, uric acid, ascorbic acid,
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Fig.4 A The linear relationship between the fluorescence intensity
and L/D-LA concentration. B and C Selectivity of the PCF sensors
for detection of L-LA and p-LA. The concentrations of L-LA and p-
LA are 0.25 mM and 0.02 mM, and those of urea, uric acid, ascor-
bic acid, NaCl, KCl, and CaCl, are 10 mM. The conditions of the L-
LA PCF fluorescence sensor: 50 U/mL v-LDH, L-LDH:GPT = 1:1,
4.5 mM NAD™, 110 mM L-Glu, incubation time 5 min; p-LA PCF

fluorescence sensor: 200 U/mL p-LDH, p-LDH:GPT = 1:1, 4.5 mM
NAD™, 110 mM L-Glu, incubation time 5 min. The excitation light
power is 10 mW. The excitation wavelength is 375 nm and the emis-
sion wavelength is 450 nm. A fluorescence intensity is measured fluo-
rescence intensity minus background fluorescence intensity. The error
bars represent the standard deviation of three replicated assays

@ Springer



1646

ChiZ.etal

NaCl, KCl, and CaCl,, are investigated as the interferents. It
can be seen that even with a high concentration of 10 mM,
neither of the interferents induces a significant fluorescence
signal. The results indicate that the PCF sensor presents sat-
isfactory selectivity for quantitative determination of the LA
enantiomers.

Real sample analysis using the PCF sensors

To explore the applicability and feasibility of the proposed
PCF fluorescence sensors for real sample assays, standard
samples spiked with different concentrations of L/p-LA
are analyzed. The results are presented in Table 1. The
recoveries of L-LA and p-LA in human serum are in the
range of 96.1-105.5% with RSD (n = 3) less than 9.3% and

Table 1 L/D-LA recoveries in human serum using the PCF sensors

Sample Spiked  Measured Recovery (%) RSD (%)
(human (n=3)
serum)
L-LA/mM 0 1.26 +0.23 - 5.7

0.1 1.34 +£0.25 105.5 7.2

0.2 1.47 +£0.18 100.7 6.0

0.5 1.69 +0.33 96.1 9.3
p-LA/pM 0 62.53 +0.45 - 35

10 70.26 + 0.68 96.9 6.6

50 11045 +0.54 98.2 5.7

200 27155 +£0.76 103.4 8.4

96.9-103.4% with RSD (n = 3) less than 8.4%, respectively.
This indicates that the proposed PCF sensor can achieve
satisfactory accuracy and feasibility for the determination
of LA enantiomers in human serum.

Six clinical human serum samples are analyzed using the
proposed PCF sensors, and the results are compared with the
Megazyme lactate assay kit (K-DLATE, Beijing Microwise
Co., Ltd., China). The relationship between our results and
the Megazyme lactate assay kit results is shown in Fig. 5.
It was found that the two methods have a good correlation,
with the correlation coefficients of 0.9969 and 0.9973 for L-
LA and p-LA, respectively. Our results show the capability
of the proposed PCF sensors for the assay of LA enantiom-
ers in human serum samples.

In Table 2, we compare the performance of the proposed
PCF sensors for detection of LA enantiomers with those
reported in the literature. The proposed method exhibits a
low LOD with a short analysis time for assay of LA enan-
tiomers. It is worth mentioning that our method can simul-
taneously determine LA enantiomers in several minutes
without any complicated instruments, and thus would be
of great value in POCT application for the detection of LA
enantiomers in clinical biological samples.

Conclusion

In this study, we present a novel PCF sensor for sensitive
detection of LA enantiomers. LDH/GPT dual enzymes are
efficiently immobilized on the inner surface of the PCF via
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Table 2 Comparison of the

. Methods Analytes Linear range (uM) LOD (upM) Analysis time  Refs
performances of dlffer.ent (min)
methods for the detection of LA
enantiomers Electrochemical L-LA 10-100 3 1 [45]
p-LA 25-300 9
HPLC L-LA 500-4000 150 20 [7]
p-LA 10-200 5.24
GC-MS L-LA 300-10,000 0.11 20 [6]
p-LA 3-200 0.13
CE L-LA 25-5000 15 42 [46]
p-LA 25-2500 20
Enzymatic L-LA 100-10,000 20 - [47]
p-LA 100-10,000 22
PCF sensors L-LA 25-2000 9.5 5 This work
p-LA 2-400 0.8

chemical bonding. Based on dual enzyme-linked catalytic
reactions, the conversion of the LA enantiomers is enhanced
to form fluorescent product NADH; thus, the response of the
sensor is improved. Thanks to the multi-channel structure of
PCEF, the proposed PCF sensor is very sensitive for detection
of L-LA and p-LA with LOD as low as 9.5 pM and 0.8 pM,
respectively. In addition, the proposed PCF sensor shows
several essential advantages, including rapid analysis with
low sample consumption, high reproducibility and stability,
and excellent selectively toward the LA enantiomers assay.
As we have shown in the study, the PCF sensor is capable of
being used to accurately determine LA enantiomers in real
human serum samples. It is expected that the PCF-based
biosensors would be promising in various disease diagnosis,
clinical detection, and POCT applications.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00216-021-03788-5.
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