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ARTICLE INFO ABSTRACT

Keywords: Hemoglobin content is recognized as a momentous and fundamental physiological indicator, especially the

Spectrophotometry precise detection of trace hemoglobin is of great significance for early diagnosis and prevention of tumors,

;olarlzelm]:).n difference cancer, organic injury, etc. Therefore, high-sensitivity hemoglobin detection is imperative. However, effective
emoglobin

detection methods and reliable detection systems are still lacking and remain enormous challenges. Herein, we
present a synthetical strategy to break through the existing bottleneck based on polarization-differential spec-
trophotometry and high-performance single-frequency green fiber laser. Importantly, this framework not only
has precisely extracted the two-dimensional information of intensity and polarization during the interaction
between laser and hemoglobin, but also has taken advantage of the high monochromaticity and fine directivity in
the optimized laser source to reduce the undesirable scattered disturbance. Thus, the hemoglobin detection
sensitivity of 7.2 x 107> g/L has advanced a hundredfold compared with conventional spectrophotometry, and
the responsive dynamic range is close to six orders of magnitude. Results indicate that our technology can realize
high-sensitivity detection of trace hemoglobin content, holding promising applications for precision medicine
and early diagnosis as an optical direct and fast detection method.

High-sensitivity
Single-frequency fiber laser

leukemia (Kalluri and LeBleu, 2020), diabetes (Jian and Felsenfeld,
2021), perivascular disease (Manberg et al., 2021), etc. Furthermore,

1. Introduction

Hemoglobin (Hb) is a kind of significant protein in red blood cells
from higher organisms (Pillai et al., 2020). This protein has consisted of
one globin and four heme centers, acting as a carrier that mainly
transports molecular oxygen from the lungs to the rest organs and tissues
in the body (Zhao et al., 2017). The disorder of the Hb concentration can
be related to various diseases such as anemia (Pasricha et al., 2021),

compared with the high concentration of Hb analysis in the blood test,
trace Hb detection is also purposeful in clinical diagnoses such as he-
moglobinuria (Zhou et al., 2021) and fecal occult blood (Mimee et al.,
2018), which may be the sign of tumor (Dell’Olio et al., 2021), and
cancer (Das et al., 2016), even related to gene mutation (Kowalczyk
et al., 2019).
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Nowadays, many methods have been attempted for Hb detection
(Baugh et al., 2017), including fluorescent analysis (Tenner et al., 2021),
electrochemical analysis (Suhito et al., 2022), spectrophotometry
(Wyatt et al., 1986), and so on. Fluorescent analysis and electrochemical
analysis respectively utilize fluorescent signals (Dai et al., 2017) and
electrochemical signals (Ryu et al., 2016) for Hb detection with some
biochemical (Amiri et al., 2021) and physical treatment (Eissa and
Zourob, 2017) of the blood sample, which are cumbersome and
time-consuming (Han et al., 2019). As an optically direct detection
method, spectrophotometry is performed by detecting monochromatic
light intensity variation caused by the absorption of Hb or its derivatives
based on the Lambert-Beer law (Vlk et al., 2021). Until now, toxic
chemical reagents (Heil et al., 2021) in traditional spectrophotometry
are gradually replaced by nontoxic ones or even unnecessary (Passos
et al., 2019), and the detection light source also substitutes with light
emitting diode (LED) (Shuhang et al., 2022) and laser diode (LD) (Ra
et al., 2020). As a result, a lower limit of detection (LLOD) (Huang et al.,
2013) of 1.85 x 1073 g/L (Fiedoruk-Pogrebniak et al., 2018) is realized.
However, the detection sensitivity is still limited by the light source with
slightly poor stability, monochromaticity and directionality.

In recent years, some other detection methods based on optical
principles, such as photoacoustic spectrometry (Arslanov et al., 2012),
dynamic spectrometry (Dremin et al., 2019) and spectral imaging
method (Sereda et al., 2013) has also attracted much attention of re-
searchers. Photoacoustic spectrometry applies the quantitative rela-
tionship between the strength of the photoacoustic signal and Hb
concentration to detection. The process is easy to operate, but the
photoacoustic signal is weak and easily drowned by noise. Dynamic
spectrometry is based on photoplethysmography signals in
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subcutaneous vessels to realize detection. However, the optical prop-
erties of skin are complex, which may lead to unstable detection results.
The spectral imaging method utilizes the spectral characteristics of the
detection site to carry on the imaging analysis, but the instrument of this
imaging method is complex and has high requirements for the detection
site. These methods explore extensive information on the interaction
between biology and light from different dimensions, and can realize the
non-invasive and real-time detection of Hb. However, their sensitivity,
accuracy, and stability are vulnerable to adverse effects due to much
interference during detection.

Considering all these factors, we present a new method to combine
intensity variation and polarization difference for Hb detection,
polarization-difference spectrophotometry, whose contribution is more
than simply pooling their efforts together. Besides, a self-made green
single-frequency fiber laser (SFFL) with excellent monochromaticity and
directionality is used as the detection laser source, whose linear polar-
ization performance is further adjusted by the spatial element, and then
interacts with the above sample. By detecting the combined value of
intensity change and polarization difference of the laser emitted from
the sample, i.e., polarization-differential absorbance (PDA), and
analyzing the correlation between PDA and Hb concentration, the
following results are finally obtained. The responsive dynamic range of
the above samples covered nearly six orders of magnitude with the LLOD
7.20 x 107° g/L, and the mean relative error (MRE) of Hb test value
from the volunteers is 3.19%. The results indicate that the detection
accuracy and sensitivity are both excellent, which can be applied to
early diagnosis of diseases, and rapid detection (<10 ms) also has ad-
vantages in reducing detection duration.
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Fig. 1. Comprehensive optimization of Hb detection strategy. Effects of (a) isotropic and (b) anisotropic absorption on linearly polarized detection light. (c)
Schematic diagram of polarization-differential spectrophotometry. (d) Absorption spectrum of Hb and transmission spectrum of normal saline in the wavelength

range of 460 nm-660 nm.
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2. Material and methods
2.1. Main idea

Fig. 1 (a) and (b) briefly reveal the effects of isotropic and anisotropic
absorption on linearly-polarized detection beams, respectively. Hb ex-
hibits anisotropy macroscopically owing to the nonuniform and
discontinuous arrangement of its various microscopic particles. Because
the absorption coefficient of anisotropic medium is different in vertical
and horizontal polarized directions (K,#K,), the intensity change and
the polarization plane rotation of the detection light is induced together,
while the absorption by anisotropic medium only changes the former.
The rotation angle arising from anisotropic absorption is proportional to
concentration of the substance within a certain range, which is called
polarimetry (He et al., 2021) and can be used for quantitative analysis.
Regrettably, similar to spectrophotometry with single-dimensional in-
formation about light intensity, polarimetry only utilizes polarization
information, which limits the sensitivity and accuracy of detection. In
addition, some studies (Mu et al., 2012) utilize polarization-differential
two-dimensional information to reduce undesirable disturbance and
enhance detection sensitivity to realize detection of substance content or
distribution, which also gives us some new ideas.

Consequently, as shown in Fig. 1(c), we introduce polarization-
differential spectrophotometry to precisely extract the two-
dimensional information of intensity and polarization difference dur-
ing the interaction between light and Hb. The combination of absor-
bance and polarization difference can reduce undesirable disturbances
in the detection process (Venables et al., 2022). Specifically, the
polarization-differential factor (Is-Ip)/Ip and the conventional absor-
bance A=-Ig{(Is + Ip)/Ip} are combined and corrected to obtain the
expression for PDA (Ap):

(st Is—1Ir
2 IU IO

A, = ) —KCL M

where Ij is the incident beam intensity, Is and I is the transmitted beam
intensity in vertical and horizontal polarized directions, respectively, K
is the absorption coefficient, C is the concentration of the analyte, and L
is the thickness of the analyte. Eq. (1) reveals that the concentration of
the analyte is proportional to PDA when the incident light and the an-
alyte are stable, which can be used as a quantitative analysis of the Hb
detection (Veenstra et al., 2019). This method can not only enhance the
information extraction of the interaction effect between Hb and light to
advance the sensitivity, but also eliminate the disturbance influence
from the isotropic impurities to boost the accuracy.

In addition to the above optimization of the detection method, next
strategy is to enhance the performance of the detection light source.
Affected by the molecular structure of Hb, whose autochrome group
results in redshift of absorption spectrum in the ultraviolet band (Miao
etal., 2021), it absorbs yellow-green light strongly (Kim et al., 2005). Hb
absorption and transmission spectrum from 460 to 660 nm wavelength
ranges are described in Fig. 1(d), and there are two strong absorption
peaks at 541.5 nm (green light) and 576 nm (yellow light). Compared
with yellow light, the transmittance of green light in water (Langford
et al., 2001) or normal saline (Lee et al., 2013) is more excellent, so
water or normal saline used to dilute the blood sample also has less or
negligible disturbance for Hb detection. Besides, the penetrability of the
light source in the medium is closely related to its monochromatism and
directionality, and its optimization can effectively suppress biological
scattering. Therefore, rather than continuing the use of LED or LD, we
adopt a 1 pm SFFL along with the waveguide-mode second-harmonic
generation method to produce an ideal light source for Hb detection. It
has favorable monochromaticity and directionality, meanwhile, more
details are given in the next part.
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2.2. Experimental program design

The experimental setup of the Hb detection is depicted in Fig. 2(a),
which consists of a laser source and a detection unit. The laser source
includes linearly-polarized single-frequency seed laser, polarization-
maintaining fiber amplifier, and second-harmonic generator. The
structure schematic diagram of the laser cavity is shown in Fig. 2(b),
based on a self-made Yb3+-doped phosphate fiber (YPF) (Xu et al.,
2011), a distributed Bragg reflector (DBR) SFFL with a central wave-
length of 1083 nm is used as the seed laser. Then the power of the seed
laser is increased to exceed the threshold of second-harmonic generation
via the fiber amplifier, and a band-pass filter (BPF) at the end of the fiber
amplifier is used to filter out stray light and further improve mono-
chromaticity. Relevant techniques can be found in our previous work
(Zou et al., 2009). Periodically poled LiNbO3 waveguide (PPLN WG), as
the second-harmonic generation device, is chosen for obtaining 541.5
nm laser, whose all-fiber structure is beneficial to stable performance.
Fig. 2(d) is an object picture of the 541.5 nm laser output spot after the
PPLN WG.

Then, the green laser is perfectly collimated output to reduce
divergence with distance, and further promote directionality. After
passing through a rotatable half-wave plate (HWP) and a rotatable linear
polarizer (LPOL), the polarization direction of the aforementioned
541.5 nm laser is corrected, resulting in a satisfactory vertically linearly
polarized beam. Then it is divided into the reflected beam and the
transmitted beam by a non-polarizing beam splitter (NPBS). The re-
flected beam is used as the reference light, which is real-time monitored
by the first photodetector (PD;) to reduce the adverse effect of the weak
fluctuation in optical power. As the detection light, the transmitted light
vertically irradiates the medical cuvette containing the blood sample.
Then the outgoing light beam is divided into two light beams in the
vertical direction (S) and the horizontal direction (P) through a PBS,
which are received by PD, and PDs, respectively. The optoelectronic
signals originated from three PDs transmitted to a high-precision data
acquisition board with four channel A/D converter of 24-bit resolution
(NI PXIe-4464), and how to obtain the value of PDA in Eq. (1) can be
seen in Fig. 2(e) for the schematic diagram of signal processing. Finally,
all signals are real-time monitored, processed, and analyzed through the
computer chassis with the LabVIEW program. The physical diagram of
light source and Hb detection device is shown in Fig. 2(c). The size of the
whole machine including light source, detection device, and signal
processing device is 18 x 16 x 12 inches, which has the potential for
miniaturization by designing integrated circuits and nesting optical
structures.

2.3. Experimental detection steps

Polarization-differential spectrophotometry is conducted by
combining polarization difference and absorbance based on traditional
spectrophotometry, whose detection steps are described in detail as
follows:

(1) After the detection beam passes through pure normal saline (The
blank control sample), the intensity of the transmitted light is
tested as Iy (I1=Is;+Ip1, Is; and Ip; are S and P beam intensity of
the transmitted light, respectively). The reference beam intensity
is recorded as I, synchronously. Ap of the blank control sample
can be regarded as 0, so I; can be used as the initial intensity of
the reference beam. Then the proportional coefficient K=I; /I, is
obtained, which is used to correct the error caused by the fluc-
tuation of the reference beam.

(2) The pure normal saline is changed into the blood dilution sample,
and then the transmitted light intensity I3 (Is=Is3+Ip3) and the
reference light intensity I4 are measured synchronously, and then
the real-time value Is—=I4-K of the initial light intensity was
obtained.
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Fig. 2. Experimental setup of Hb detection (not to scale). (a) Main device diagram (LD: laser diode; DBR: distributed Bragg reflector; YPF: Yb®*-doped phosphate
fiber; BB: broadband; FBG: fiber Bragg grating; NB: narrowband; PM: polarization-maintaining; ISO: isolator; WDM: wavelength division multiplexer; YSF: Yb®*-
doped silica fiber; BPF: band-pass filter; PPLN WG: periodically poled LiNbO3; waveguide; COL: collimator; HWP: half-wave plate; LPOL: linear polarizer; NPBS: non-
polarizing beam splitter; PBS: polarizing beam splitter; PD: photodetector). (b) The structure schematic diagram of the laser cavity. (c) Physical diagram of light
source and Hb detection device. (d) Object pictures of the 541.5 nm laser output spot after the PPLN WG. (e) Schematic diagram of signal processing.

(3) Finally, PDA is obtained via A, = — %lg (1531% %)

All the above laser intensity values are substituted with the average
value (average count 50, sampling rate 5000 Sa/s) of proportional
voltage, which is processed by four channel data acquiring board and
controlled by the LabVIEW program of the aforementioned experi-
mental device part.

To ensure smooth operation of the Hb detection, it should be noted
that: (1) The detected laser power should not be too high to ensure the
integrity of the experimental sample, and the low-level laser of less than
5 mW can fully meet the requirements. (2) The cuvette used to hold
samples must be selected in advance to ensure the uniformity of quality
and light absorption. (3) It should be noted that since the detection light
is visible, all detection processes need to be shielded. Otherwise, natural
light will adversely affect the detection results. (4) To eliminate the
adverse effect of its dark current, the background of the PD needs to be
deducted before detection. (5) The environment’s temperature and hu-
midity of the entire detection system are better to kept unchanged.

2.4. Reagent and material

The normal saline (Lefeke) is standard 0.9% NaCl solution to dilute
blood samples. The normal saline and blood sample are shifted by
pipette guns (DragonLab, 0.01 mL, and 0.1 mL model). All samples to be
tested are injected into cuvettes (Thermo Fisher, 4.5 mL model, 10 mm
optical path) for corresponding experiments, which have Fisher-
injectable silicone cover to prevent sample pollution. To configure
testing samples at different concentrations, blood samples are accurately
and gradually diluted by the gradient dilution method. These blood
samples experience no additional processing beyond dilution.

The fiber-based components include LD (Lumentum, S27 Series, 460
mW output power), SFFL (Self-made), WDM (Advanced Fiber Resources
(AFR), 980/1083 nm, crystal type), ISO (AFR, 1083 nm, isolation: 39
dB), BPF (AFR, 1083 nm, 3 dB bandwidth: 1 nm), PPLN WG (HC

Photonics, 1 x 1 model 541.5 nm), and COL (AFR, 1083 nm, Minimum
spot diameter: 0.25 mm). These components are connected into a whole
by the polarization-maintaining fiber fusion machine (Fujikura, FSM-
100P). The spacial components include HWP (Daheng Optics (DHC),
GCL-0605, liquid crystalline polymers material), LPOL (DHC, GCL-0510,
Silver nanoparticles film material), NPBS (Edmund Optics, 50:50), PBS
(DHC, GCC-4020, Polarized extinction ratio>33 dB), and PD (Thorlabs,
PDA100A2, 3 dB bandwidth: 11 MHz). These devices are fixed to an
optical platform by an optical bench and screws.

3. Result and discussion
3.1. System performance testing

The monochromatic and directionality of the laser source will
directly affect the sensitivity and accuracy of the detection of the Hb
(Epah et al., 2022). Monochromaticity can be demonstrated via laser
linewidth and spectral purity, and directionality can be represented
through beam quality. As shown in Fig. 3(a), a sharp unimodal spectrum
with a center wavelength of 541.5 nm is presented, and there is no other
stray light. The inset is a 1.90 kHz linewidth result via the
self-heterodyne method, indicating the favorable monochromaticity of
this laser source. From Fig. 3(b), the beam quality of the laser is Mi =
1.01, M% = 1.03, which is near the diffraction limit, and the spot
diameter of beam waist after collimation is only about 300 pm with a
working distance of 50 mm. Combined with the uniform and symmet-
rical spot cross-section, it means that the laser source has extraordinary
directionality. Moreover, the stability of the laser system is also critical
for the reliability and consistency of experimental detection.

Fig. 3(c) shows the power stability and polarization extinction ratio
(PER) stability of the 541.5 nm laser system. Power instability in 2 h is
less than +0.61%, indicating that the laser has exceedingly good per-
formance on optical intensity. A PER>31 dB with an instability of less
than £0.57%@2 h also means excellent and stable linear polarization
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Fig. 3. Specifications of 541.5 nm laser system. (a) Output spectrum. The inset is testing result of linewidth. (b) Beam quality. The inset is energy distribution
diagram at the waist. (c) Output power and PER stability. (d) Synchronization of reference beam and detection beam. The inset is the ratio stability of the above two.

characteristic, which is helpful to improve the sensitivity of detection.
Furthermore, the reference beam is used to eliminate the adverse effects
of optical power fluctuations, so it is essential to ensure that the fluc-
tuations of the reference beam are consistent with that of the detection
beam. Synchronicity is shown in Fig. 3(d), whose Pearson correlation
coefficient is up to 0.999, and the inset image reflects a <+0.55%
fluctuation in the ratio of the above two beams in 2 h. The synchronism
of intensity fluctuations of the detection beam and the reference beam
ensures the accuracy of the subsequent detection.

3.2. Hb detection results

Before the formal detection, the PDs need to be corrected by
deducting the dark current. Subsequently, the blank control sample
(pure normal saline) is beforehand measured, and PDA of the blank
control sample can be regarded as 0. Then, the intensity ratio of the
detection beam and the reference beam is recorded in advance, as a
conversion factor, which can accurately obtain the real-time intensity of
the detection beam. Finally, by testing the biological samples and
extracting the optoelectronic signals of three PDs via PDA from Eq. (1),
the Hb content can be precisely acquired.

The venous blood of healthy volunteers is used in these subsequent
experiments. All steps involving biological samples are performed in
collaboration with The Third Affiliated Hospital of Southern Medical
University. Before configuring these samples, we need to test the orig-
inal Hb concentration (Mindray BC-6800Plus) of the blood samples (the
blood of the same sample group is taken from the same volunteer and
sampled in the same time period), and use this test value as the initial
value for the subsequent configuration of the samples for concentration
conversion. As can be seen from Fig. 4(a), there are 24 samples diluted
by normal saline in total to be detected, which can be divided into 8

groups according to the concentration after dilution (all units are g/L):
(1) 14.4 x 10%,7.2 x 10, 3.6 x 10%;(2) 14.4,7.2,3.6; ... ... ; (8)14.4 x
1075, 7.2 x 1079, 3.6 x 107°. Although the samples in the last four
groups appeared to be transparent, they still contain blood cells and free
Hb. In normal saline, red blood cells can maintain a normal form and
only very few Hb free naturally, which is equivalent to no damage to the
blood sample. Parenthetically, blood samples will maintain activity and
no significant change in Hb content in normal saline for a longer period
of time if properly preserved (Yakushiji et al., 2021), which will be
supported by subsequent experimental data.

As shown in Fig. 4(b), we use commercial LED and our homemade
SFFL with the same power (3 mW) and the same collimation effect (the
spot size is the same at the same position before incidence) as the light
source to incident the same normal saline dilution sample. Compared
with the transmission image of LED, it is obvious that the scattering
angle of SFFL in the sample is smaller, and the spot of the front view is
also smaller and brighter, which verifies the excellent performance of
SFFL as the light source and reduction of adverse effects on biological
scattering.

It should be added that the detection results of each sample are
almost instantaneously acquired (<10 ms), but they are usually based on
average values of all data collected by the LabVIEW program in about 1 s
for accuracy. Fast detection speed usually means high detection effi-
ciency, which can result in significant savings in detection time in the
case of a large number of samples.

Fig. 4(c) illustrates the Hb concentration curves calibrated by venous
blood diluted samples in normal saline. It can be seen that the detection
ranges from 3.60 x 10! g/L to 1.44 x 10~* g/L meets satisfactory linear
fitting (Correlation coefficient R?> = 0.972). Thanks to improving the
detection strategy and optimizing the laser source, the detection linear
range has achieved nearly four orders of magnitude, which is expanded
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(b) Transmission images based on LED and SFFL as detection light sources for blood samples in normal saline. (c) Hb concentration detection. (d) LLOD of Hb.

tenfold compared to traditional spectrophotometry. Due to the
complexity of whole blood samples, the detection linear range of whole
blood is often slightly unsatisfactory. Fortunately, our experimental
results have made a breakthrough to some extent with the bottleneck of
the detection linear range. When Hb concentration is above 3.60 x 107}
g/L, the absorption characteristic has changed and deviated from the
linear interval, which can be ascribed to the decrease in the average
distance of the molecules and the influence of the intermolecular charge
distribution interaction (Wang et al., 2019). Moreover, the higher the
concentration, the farther the deviation, and finally has converged to the
upper limit of the detection concentration (14.40 g/L). After that, the
detection values show irregular fluctuations. Similarly, when the con-
centration is below 1.44 x 10~ g/L, Ap starts to deviate from the linear
interval. The PDA decreases as the Hb concentration c decreases, and the
value of PDA begins to deviate from the linear relationship at concen-
trations as low as 1.44 x 10~* g/L, but is still on a decreasing trend.
When the concentration is reduced to 7.2 x 107> g/L, the PDA begins to
fluctuate up and down, and no useful information about the concen-
tration could be extracted, so the cut-off point is regarded as the LLOD
[Masson, 2020; Huang et al., 2013]. The LLOD is demonstrated from the
comparison of absorbance values of low-concentration samples in Fig. 4
(d). Regarding the low-concentration sample, the number of red blood
cells per unit volume of normal saline is too small to interact evenly with
the probe light, causing the detection signal to fluctuate, which limits
the further reduction of LLOD.

3.3. Accuracy and repeatability testing

Although the linear fitting is well to characterization, it still exists a

certain deviation, especially in terms of accuracy testing. Concerning
this issue, polynomial fitting correction, as a common method for multi-
influence factors, is adopted to further reduce deviation (Costa et al.,
2011). A second-order polynomial fitting of Hb concentration and PDA
(C-Ap) is given in Fig. 5(a), and this correlation coefficient has reached
0.999, which is quite superior to the linear fitting correlation coefficient
of 0.972. To verify the detected accuracy of Hb concentration, we have
conducted comparative experiments between the commercial analytical
instrument (Mindray BC-6800Plus) in the Hospital and this experi-
mental system. Before monitoring with our experimental system, we
first dilute the blood sample of the volunteer. Then the PDA value of the
sample is measured and substituted into the expression to obtain the
dilution concentration value Cy. Finally, Cy is multiplied by the dilution
factor to obtain the Hb concentration test value of the volunteer. Based
on the collected blood samples from volunteers, 10 groups of detected
data coming from the two approaches are very close, as shown intui-
tively in Fig. 5(b). MRE of the concentration obtained by the C-A,
expression is 3.19%, indicating that this experimental system has com-
parable accuracy for Hb detection.

The experimental samples with the same Hb concentration are tested
seriatim to validate the repeatability. Fig. 5(c) shows the relative stan-
dard deviation (RSD) of 10 tests on the same sample (RSD = 1.37%) and
ten different samples of the same diluted Hb concentration (RSD =
2.74%). The changes in the results confirm that the measurement data
are closely distributed and stable, and have good repeatability.
Compared with the ten test results of the same sample, ten different
samples with the same diluted Hb concentration introduced deviation
caused by the cuvette itself, but the test results are still relatively stable.

To further illustrate the long-term reliability of post-sampling
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Fig. 5. Accuracy and repeatability testing of Hb detection. (a) Curve C-Ap of the blood sample diluted by normal saline. (b) Accuracy testing of Hb concentration in
blood samples from 10 volunteers. (c) Repeatability testing. (d) Long-term reliability test results of Hb concentration of healthy and anemic subject.

results, we measure Hb concentration within 7 days after sampling. The
biological properties of blood samples usually do not alter too much for a
relatively long time at a low temperature of 4 °C (Wong et al., 2017), so
this temperature is chosen to store the blood samples. Fig. 5(d) describes
changes in the Hb concentration test value of the healthy subject and the
anemic subject with the increasing storage days. The deviation of Hb test
values from the reference values for the first seven days is minimal with
only a small decrease starting on the fifth day, which confirms the
long-term reliability of the detection results and the detection repeat-
ability in practical medical applications.

3.4. Comparative analysis

Compared with conventional spectrophotometry, the superiority of
polarization-differential spectrophotometry includes: (a) superior
detection sensitivity of Hb, which can be used to assist in the early
diagnosis of cancer and tumors and as a criterion biosensor for the

Table 1
Performance indicators of Hb detection techniques.

photometric-based Hb detector; (b) accurately avoid the disadvantage of
single signal interference, which has potential to distinguish rare blood
disorder with essentially-unchanged Hb concentration.

The comparison of performance indicators of Hb detection tech-
niques is shown in Table 1. For the dynamic range, sensitivity, and linear
interval of Hb detection, polarization-differential spectrophotometry
has overall advanced by two orders of magnitude compared to con-
ventional spectrophotometry. The sensitivity of polarization-differential
spectrophotometry is close to that of fluorescent analysis or electro-
chemical analysis. Delightingly, polarization-differential spectropho-
tometry, as an optical detection strategy, has non-destructive effect on
the sample, and does not require preprocessing. The time consumption
of polarization-differential spectrophotometry is only <10 ms, which
will greatly promote the detection efficiency of Hb.

Performance Fluorescent analysis (Yang Electrochemical analysis (Han Spectrophotometry (Fiedoruk-Pogrebniak Polarization-differential
indicators et al., 2017) et al., 2019) et al., 2018) spectrophotometry
Dynamic range (g/L)  / / 6.0 x 1073~60.0 7.2 x 107°~14.4
Sensitivity (g/L) 5.8 x 107 3.0x10°° 6.0 x 1073 7.2 x10°°
Linear interval (g/L) 1.6 x 107>~ 1.0 x 107* 0.5-30.0 1.4 x 1074~
4x107° ~1.0 3.6 x 107!

Non-destructive Not Not Yes Yes

samples
Require Yes Yes No No

preprocessing
Time consumption >12h 1h / <10 ms
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4. Conclusion

To conclude, we demonstrate high-sensitivity Hb detection based on
polarization-differential spectrophotometry, and laser intensity varia-
tion caused by Hb absorption and polarization state variation owing to
Hb anisotropic absorption is considered comprehensively. Benefiting
from the combination of two-dimensional information and the superior
performance of the self-made 541.5 nm SFFL source, the LLOD of 7.20 x
107> g/L and the responsive dynamic range of about six orders of
magnitude are obtained for Hb detection. Apart from this, the high ac-
curacy and repeatability of the detection results also confirm the reli-
ability of the test method and the system.

Given the foregoing, the polarization-differential spectrophotometry
along with 541.5 nm SFFL holds the following potential benefits: (1)
High sensitivity and accuracy can achieve the detection of trace Hb in
special parts of the body, which can help medical researchers in the early
detection of diseases such as cancer, tumors and organic injuries. (2) The
Hb concentration of mild hereditary anemia caused by gene defects
(such as thalassemia (Merola et al., 2016) and hereditary stomatocytosis
(Risinger and Kalfa, 2020)) is almost normal, while the red blood cells
have appeared pathologically abnormal, which suggests invalid diag-
nosis by means of detecting light intensity changes due to Hb absorption
singularly. Our initiative to harness two-dimensional information (i.e.,
PDA) is expected to realize the diagnosis of the above abnormal blood
lesions in time. (3) All signal acquisition processes are completed
simultaneously based on compact device, which is easy to operate,
practical and reliable. (4) Optically direct detection method means
virtually no artificial damage to the blood sample, and does not affect
subsequent tests.

In the current experimental setup, we have optimized the detection
method and device, and achieved high-sensitivity detection in the
experimental stage, but further research and improvement are needed in
the following aspects: (1) Part of the experimental apparatus is
composed of space optical components, and the anti-shock and anti-
disturbance properties cannot be guaranteed. If penetrating into next
research and application, the device needs to be integrated to facilitate
relocation. (2) The above benefits of this method in medical diagnosis
have been confirmed only at the experimental level, and it would be
better if the subsequent research could be combined with some specific
diseases for more practical and concrete verification.
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