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Abstract: Methyglyoxal (MGO) is an important pathological factor for diabetic cardiovascular
complications. Conventional methods for MGO detection in biological samples, such as high
performance liquid chromatography (HPLC)-UV spectrometry, LC-fluorescence spectrometry,
and HPLC-mass spectrometry, are time-consuming, high-cost, and complicated. Here, we
present a method for MGO quantitative detection based on far-IR spectral analyses. Our method
uses o-phenylenediamine (OPD) to produce a chemical reaction with MGO, which results in
multiple fingerprint feature changes associated with the molar ratio of MGO and OPD. We use
the linear relationship between MGO concentration and peak intensity of the reaction product
to quantitatively determine MGO concentration. The corresponding linear detectable range is
5~2500 nmol/mL nmol per mL with a correlation coefficient of 0.999. This quantitative method
is also tested by blood samples with adjusted MGO concentrations, and shows 95% accuracy
with only 30s testing time. Our method provides a fast, simple and economical approach to
determining MGO concentration in blood.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Diabetes mellitus is estimated to affect more than 415 million adults worldwide. The prevalence
is increasing, and it is expected that more than 640 million adults will have diabetes by 2040 [1].
Patients with diabetes are at high risk for adverse outcomes from atherosclerotic cardiovascular
disease [2,3], heart failure [4], and renal disease [5]. As a result of this intersection of diabetes,
atherosclerotic cardiovascular disease, and heart failure, the importance of determining diabetes
therapies that are not only safe but also effective in reducing cardiovascular risk is paramount.
At present, the main diagnostic methods for diabetic cardiovascular complications are coronary
angiography, magnetic resonance (MR) imaging, and computed tomographic (CT) angiography.
Coronary angiography is the golden standard for diagnosing diabetic cardiovascular complications,
but it is invasive and its intravascular 2D imaging cannot provide enough information for accurate
surgical design [6]. While for MR imaging and CT angiography, gadolinium-based contrast
agents are unavoidable and the cost is high [7,8].

As an important pathogenic factor of diabetic cardiovascular complications, methylglyoxal
(MGO) has attracted more and more attention since 2012 [9—13]. In 2017, Y. Dai et al. found that
the accumulation of MGO plays an important role in the formation of glycated apolipoprotein,
which can lead to atherogenesis and eventual cardiovascular complications [14]. In 2018, A.
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Moraru et al. demonstrated that MGO concentration in blood is critical for the progression and
initiation of diabetic cardiovascular complications [15]. At present, the research methods for
MGO analysis are high performance liquid chromatography (HPLC)-UV spectrometry [16—18],
LC-fluorescence spectrometry [19,20], and HPLC-mass spectrometry [21,22]. These methods
mainly depend on MGO separation by chromatography technique. However, their disadvantages,
including expensive instruments, complicated operation flow, and long processing-time, determine
these methods are not suitable for routine clinical use [23,24]. There is no clinical method for
MGO identification in blood now.

In this paper, we present a fast and economical detection method for MGO identification in
blood. Considering that the characteristic absorption peaks of MGO are not sharp or intense
enough to be accurately identified at low concentration, we used o-phenylenediamine (OPD) to
convert MGO into a new chemical product, which has sharp and strong absorption peaks in the
far-IR range. Depending on the far-IR spectral changes before and after the reaction of MGO
with OPD, MGO concentration can be quantitatively detected from 5 to 2500 nmol/mL, with an
accuracy of 95%.

2. Experimental setup and materials

The experimental setup is a commercial Fourier transform infrared spectrometer (Vectex 80v,
Bruker Optics). The far-infrared (IR) light emits from a water-cooled mercury and is detected
by a DLaTGS/polyethylene detector. Thus the spectral region effectively covers 30~680cm™!,
and the signal to noise ratio (SNR) is better than 10000:1. All the spectra are measured with a
resolution of 2 cm™!, a scan number of 64, and a scan speed of 5 kHz in the spectral range from
30cm™! to 500cm ™!,

MGO aqueous solution (CAS: 78-98-8, 6.5 mol/L), OPD powders (CAS: 95-54-5, 99.5%
purity), and liquid 2-methylquinoxaline (CAS: 7251-61-8, 97% purity) were purchased from
Sigma-Aldrich. All chemicals were used as received without further purification. Ultra-pure
water was provided by a lab water purification system (ELGA, UK). Human blood samples were
obtained from healthy volunteers, provided by the Department of Cardiology, Rui Jin Hospital,
Shanghai Jiaotong University School of Medicine (Shanghai, China). Blood samples were
firstly treated with acetonitrile to eliminate the interference of albumin and immunoglobulins
(protein-free serum) [25], then mixed with MGO solution through standard addition method
[26], leading to MGO blood mixtures with MGO concentrations of 100, 150 and 250 nmol/mL,
respectively. These mixtures were used to test the reliability of the detection method presented
here. Silicon wafer (0.3 mm thickness) was used as the reference substance for liquid sample
measurement. Its corresponding spectrum was collected as the reference spectrum.

3. Results and discussion

3.1.  Fingerprint spectra of MGO, OPD and their reaction product

Firstly, the fingerprint spectrum of pure MGO was measured in the range from 30 to 500 cm™! [
Fig. 1(a)]. MGO sample was prepared by dropping 6 uL. of MGO solution (~39 umol) onto a
Si wafer and drying under a high-purity N, flow, leading to a spot of 10 mm in diameter. As
shown in Fig. 1(a), the MGO spectrum can be divided mainly into three broad absorption bands.
The largest band is centered at 86.7 cm™!. The other two bands have small peaks at 254.3cm™!,
280.9cm™!, 376.2cm™!, and 405.3 cm™!. However, the 86.7 cm™! band is too broad, and the
other peaks are too weak, which cannot be used for the effective identification of MGO, especially
at low concentration.

To solve this problem, we use OPD to react with MGO, leading to multiple changes of fingerprint
features according to the molar ratio change between MGO and OPD. The corresponding chemical
reaction equation is described in Fig. 1(b). One molecule of MGO combines with one molecule
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Fig. 1. Fingerprint spectrum of (a) MGO, (c) OPD, (d) 2-methyquinoxoline (2-MQ) and (e)
the reaction product from the same molar amount of MGO and OPD. (b) Chemical reaction
equation of MGO and OPD.

of OPD to form one molecule of 2-MQ and one molecule of water. In the experiments, OPD
sample was prepared by compressing 2 mg of OPD powders (~18.5 umol) into a smooth pellet
with a diameter of 13 mm. 2-MQ sample was prepared by directly spotting 5 puL of liquid
2-methylquinoxaline (~39 umol) onto a Si wafer. Then these samples were measured by a far-IR
spectrometer. As shown in Fig. 1(c), OPD exhibits a small absorption peak at 50.9 cm™!, and
three sharp peaks at 70.3cm™", 130.9cm™!, and 226.2cm™!, respectively. As shown in Fig. 1(d),
2-MQ has a strong and sharp absorption peak centered at 407.6 cm™!, along with four relatively
weak peaks at 190.8 cm™!, 276.1cm™!, 341.8cm™!, and 452.6cm™!, respectively. We notice
that the characteristic peaks of MGO, OPD, and 2-MQ are separated from each other greatly,
benefiting for the spectral identification and analysis. Furthermore, for the highest 2-MQ peak
at 407.6 cm™! (I,g7,,,-1=1.05), its intensity is 7.5 times as that of the highest MGO absorption
peak at 86.7 cm™! (Igg,,,-1 =0.14), although the molar quantity of the 2-MQ sample and the MGO
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sample is almost the same (~39 umol). Therefore, at the same low MGO concentration, the
2-MQ peaks are more easily identified than that of the MGO peaks.

Then, we performed a chemical reaction starting with equal parts of MGO and OPD, to make
sure the efficiency of the reaction and the purity of the reaction product. The experimental
formulation is presented in Table 1 [equivalent MGO reaction (MGO = OPD)]. The detailed
reaction process is described as follows: 1) MGO aqueous solution (1 mol/L, 20 L) and OPD
aqueous solution (1 mol/L, 20 uL) are mixed and stabilized for eight hours. 2) The reaction
solution is dotted on Si wafer and left to dry. 3) The dried sample is measured by a far-IR
spectrometer. The spectrum, as shown in Fig. 1(e), has two small OPD peaks at 70 cm™!
and 230cm™!, as well as five characteristic peaks of 2-MQ, which are respectively located at
189cm™!, 276 cm™!, 341 cm™!, 407 cm™!, and 451 cm™!. Among these peaks, the 407 cm™!
peak with the highest intensity is selected to monitor the yield of 2-MQ. In comparison with the
407 cm™! peak in Fig. 1(d) (I;g7om-1=1.05, 39 umol 2-MQ), the intensity of the 407 cm~! peak
in Fig. 1(e) is 0.51, indicating that the corresponding yield of 2-MQ is ~18.9 pmol. Similarly,
in comparison with the 70 cm™! peak in Fig. 1(c) (I70.,-1=0.34, 18.5 umol OPD), the residue
amount of OPD is calculated to be ~1.1 pmol according to the intensity of the 70 cm™! peak
in Fig. 1(e) (I79.,-1=0.02). The MGO concentration can be deduced by combining the yield
of 2-MQ and the residue amount of OPD [Fig. 1(b)]. Basing on the values above, the reaction
efficiency is calculated to be 90%. Also, the chemical reaction of MGO and OPD has the
advantages of a simple technological process and ambient temperature in nearly neutral aqueous
media.

Table 1. Representative examples of equivalent MGO, excess MGO, and insufficient MGO reactions
MGO:OPD (OPD

MGO (umol)  OPD (umol) percentage) Reaction name  Reaction type
20 20 4:4 (100%) 100% reaction equivalent MGO reaction (MGO = OPD)
20 5 4:1 (25%) 25% reaction .

excess MGO reaction (MGO > OPD)
20 10 4:2 (50%) 50% reaction
20 30 4:6 (150%) 150% reaction . . .

insufficient MGO reaction (MGO < OPD)
20 40 4:8 (200%) 200% reaction

3.2. Qualitative and quantitative analysis of MGO

Considering that MGO concentration in human blood varies from person to person, it is important
to choose an appropriate amount of OPD to react and then determine the unknown concentration
of MGO. Here, we did four experiments to explore how the spectrum of the reaction product
changes with the molar ratio of MGO:OPD. Detailed experimental formulations are shown in
Table 1. In these reactions, MGO is kept at 20 umol and OPD is varied from 5 to 40 umol. For
simplicity, these reactions are named after the initial molar percentage of OPD.

The spectra of the chemical products starting with different molar ratios of MGO and OPD are
shown in Fig. 2(a-b). 1) 100% reaction represents the equivalent MGO reaction [MGO = OPD,
see Fig. 1(e)]. 2) 25% and 50% reaction represent the excess MGO reactions [MGO > OPD, see
Fig. 2(a)]. In comparison with the product from the equivalent MGO reaction, the products from
excess MGO reactions only have four 2-MQ peaks, which are respectively located at 189 cm™!,
296cm™!, 407 cm™!, and 452 cm™! [Fig. 2(a)]. The intensities of the 2-MQ peaks from the 50%
reaction are higher than those of the corresponding peaks from the 25% reaction, suggesting that
the 50% reaction yields more 2-MQ than the 25% reaction. 3) 150% and 200% reactions stand for
the insufficient MGO reaction [MGO < OPD, see Fig. 2(b)]. For products from insufficient MGO
reactions, there are not only these 2-MQ peaks but also four OPD peaks, which are respectively
located at 70cm™', 130cm™!, 226 cm™! and 296 cm™! [Fig. 2(b)]. Compared to the product
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from the 150% reaction, the product from 200% reaction has higher OPD peaks, indicating more
residual unreacted OPD in the 200% reaction.
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Fig. 2. Spectra of products from reactions with different molar ratios of MGO and OPD:
(a) excess MGO reaction and (b) insufficient MGO reaction. Intensities of (c) OPD peak at
70cm~! and (d) 2-MQ peak at 407 cm™~! as a function of the OPD percentage.

To show the peak intensity changes more clearly, OPD peak at 70 cm™~! and 2-MQ peak at
407 cm™! are selected as two typical features, as shown in Fig. 2(c-d). With an increasing
relative percentage of OPD in the reagents, the intensity change of the OPD peak follows the
order from invisible, negligible (OPD percentage < 100%), to gradually strengthened (OPD
percentage > 100%). While for the 2-MQ peak [Fig. 2(d)], its intensity increases almost linearly
until the OPD percentage grows up to 100%. Further increase of OPD percentage cannot result
in any noticeable intensity change at 407 cm™!.

Basing on the linear relation between the intensity of the 407 cm~! peak and the concentration
of MGO, a calibration curve of MGO is built up. As illustrated in Fig. 3, the linear regression
equation is

Crco = 33.82 X Iyggem-1 X 103 (1)

Lyo7em-1 Tepresents the measured intensity of 407 cm™! peak (a.u.), and CyGo represents the
concentration of MGO (nmol/mL), in a range of 5~2500 nmol/mL. The corresponding correlation
coefficient (R?) is 0.999. This fact indicates that the intensity at 407 cm™! has a highly linear
response to the MGO concentration over four orders of magnitude.

The limit of detection (LoD) of this method is determined by Eq. (2). [27]

LoD =3 x S8.D./ slope 2)
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Fig. 3. (a) Spectral changes of the reaction products and (b) corresponding intensity changes
of the 2-MQ peak at 407 cm™! due to the increasing MGO concentrations.

S.D. is the standard deviation, 8.43274x1074, corresponding to the lowest detectable concentration.
slope is 1/(33.82x10%), representing the slope of the intensity of 407 cm™! peak. Here LoD is
86 nmol/mL.

3.3. Quantitative detection of MGO in blood

After confirmed the limit of detection and the linear coverage range of this detection method, we
then verify its reliability and effectiveness by testing blood samples. These samples are prepared
by adjusting MGO concentration in protein-free serum. Each sample was tested ten times, and
each test took about 30s.

The results are shown in Fig. 4. For blood samples, the intensity of 407 cm™' peak increases
linearly with MGO concentration. At 407 cm™', the measured peak intensity is 0.0036 +0.0012
for 100 nmol/mL MGO, 0.0053 +0.0013 for 150 nmol/mL MGO, and 0.0073 + 0.0005 for
250 nmol/mL MGO, respectively. According to the Eq.(1), the predictive intensity at 407 cm™" is

x 103
0.5
linear relationship
Cugo (nmol/mL) = 33.82 x /97, x 10°
04} 95% confidence interval
- B Measured data
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002}
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Fig. 4. Test results of MGO concentration in protein-free serum.
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0.0030 for 100 nmol/mL MGO, 0.0045 for 150 nmol/mL MGO, and 0.0060 for 250 nmol/mL
MGO, respectively. These experimental results lie within the range defined by the 95% confidence
interval, fitting well with the theoretical prediction. This result indicates that this method has
good reliability in the quantitative detection of MGO in blood.

4. Conclusion

We demonstrate a method for determining the concentration of methylglyoxal (MGO) in blood.
The chemical reaction between MGO and o-phenylenediamine (OPD) is used to induce multiple
fingerprint feature changes according to the molar ratio change between MGO and OPD. By
adjusting the relative molar ratio of MGO and OPD, we find that the absence of the OPD peaks,
especially at 70cm™" and 230cm™', can be served as signatures for abnormally high MGO
concentration. Besides, the 407 cm™! peak has a linear response to the blood MGO concentration,
over four orders of magnitude (5~2500 nmol/mL) with a good correlation (R>=0.999). This
method is used to test protein-free serum samples with different MGO concentrations and shows
good reliability (95% accuracy). The detection method is easy to operate and economical. This
work has a great meaning for the future clinical detection of MGO in many diseases.
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