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Abstract: Homocysteine is an amino acid related to metabolism in human vivo, which is
closely related to cardiovascular disease, senile dementia, bone fracture, et al. Currently, the
usual medical test methods for homocysteine include high performance liquid
chromatography (HPLC), fluorescence polarization immunoassay (FPIA) and enzyme-linked
immunosorbent assay (ELISA), which are time-consuming or expensive. In this paper, we
first analyze the vibration and rotation of homocysteine molecules by using density functional
theory, and then we ensure that the theoretical absorption peaks are located in the range of the
terahertz spectrum. Then, based on the terahertz time-domain spectroscopy system, we
measured the absorption spectrum of homocysteine under different concentrations. It is found
that as the detection of the concentration, the terahertz results present higher accuracy than
that of the laser Raman spectrum, which can be used as the reference for the evaluation of
pathological stage. These results are of great significance for the exact and quick diagnosis of
homocysteine-related diseases in clinical medicine.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

Introduction

Homocysteine (C4HoNO,S [1]) is a sulphydryl-containing amino acid derived from the
metabolic demethylation of dietary methionine, which is abundant in animal protein [2].
Normally, the concentration of homocysteine is 8.9 + 2.42 umol/L [1,3] in human plasma and
3.5-9.5 pmol/L [4] in urine. The concentration of homocysteine is affected by many factors,
such as nutrition, heredity, environment, et al [1,2], where the environmental factors include
body contained vitamins (such as folic acid, B, and Bg), medications, and lifestyle [2].
Different from the beneficial effects of cysteine [5-7], if the homocysteine metabolizing
pathways are inhibited due to enzymatic defects or vitamin deficiencies, homocysteine will be
accumulated and then leads to an increase of homocysteine levels in plasma/urine [8].

Once the concentration of homocysteine is larger than the normal value, it will be defined
as hyperhomocyteinemia, and can be classified as moderate (15-30 umol/L), intermediate
(30-100 pmol/L), and severe (>100 pmol/L) [8]. Specifically, excess homocysteine has many
bad effects to human health: (1) the chronic elevation of homocysteine concentration in
plasma may induce cellular methylation reactions, bringing about a disturbance of body
metabolism [9]. (2) High concentration homocysteine can lead to various forms of vascular
disease, including the brain or coronary arteries, and the formation of clots [2,10]. In serious
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cases, it can even lead to a stroke [11]. (3) High level of homocysteine can lead to inhibition
of bone collagen synthesis [12]. It is even associated with bone fracture [13,14]. (4)
Abnormal elevation of homocysteine concentration can also be considered as a marker of
Alzheimer’s disease (AD), leading to cognitive dysfunction [14,15].

Currently, there are many medical standard methods for homocysteine detection, such as
high performance liquid chromatography (HPLC), fluorescence polarization immunoassay
(FPIA) and enzyme-linked immunosorbent assay (ELISA). HPLC is based on the separation
of material (rely on the differences in the adsorption characteristics, surface charge, ligand
specificity, and molecular size of protein molecules), which usually needs dozens of minutes
to hours and high cost [13,16]. While the principle of FPIA and ELISA is the specific
combination of antigen and antibody. However, FPLA can only detect the antigen with a
molecular weight less than 160 kilo Dalton (KD) and be time-consuming [17]. ELISA kit is
expensive and can only be used for one time [18].

Terahertz (THz) spectroscopy is a useful method for substances identification and analysis
[19-23]. As the vibration and rotation frequency of many organic molecules lie in this THz
band, their identifications can be made by THz characteristic absorption spectra named
fingerprint spectra [24,25].Therefore, using terahertz spectroscopy is expected to realize the
fast, accurate and low cost identification of homocysteine. In this paper, the absorption
spectrum of homocysteine was firstly calculated and analyzed by density functional theory,
then we used the terahertz time-domain spectroscopy (THz-TDS) to detect the absorption
spectrum of homocysteine as the change of concentration. This study provides a reference for
the later rapid detection of homocysteine content in human plasma/urine, which is of great
significance for clinical medicine.

THz spectra calculated by the density function theory

THz absorption peak is originated from the resonance absorption between the irradiated THz
waves and vibration/rotation of atoms/functional groups in the molecule [26]. Based on the
calculation of the density functional theory (DFT), we can know the exact corresponding
relation between the vibration/rotation modes and each absorption peak. Therefore, a series of
calculations were carried out with Density Function Theory (DFT) to study the vibration and
rational modes of the homocysteine, where Gaussian-09 packets were used with B3LYP
hybrid functional and 3-21G basis set. For the convenience of comparing with the later
experimental results, we only present the calculated results in the range of 0.2-2.8 THz, which
is the effective spectral range of the THz-TDS system in our lab.
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Fig. 1. (a) Spectrum of homocysteine from DFT calculation. (b, ¢) Typical vibration modes of
homocysteine at 1.25 THz (b) and 1.92 THz (c). Gray, white, red, blue, and yellow atoms
present C, H, O, N, S atoms, respectively. The blue arrows indicate the vibrational direction of
the atoms, and the dominant functional groups in the modes of vibration are marked with black
dotted boxes.

Figure 1 shows the calculated spectrum and the corresponding molecular vibration modes
of homocysteine. We can see that homocysteine has two absorption peaks centered around
1.25 and 1.92 THz. Furthermore, the absorption peaks attribute to two different vibration
modes of homocysteine: 1) the absorption peak at 1.25 THz is main contributed by the
twisting vibration of O = C-OH group; 2) the absorption peak at 1.92 THz is mainly
originated from the wagging vibration of H,C-S-H group.

Experiment setup and sample preparation

After the theoretical calculation proves that the fingerprint spectrum of homocysteine is
located in the detectable THz range, we used a standard THz time-domain spectroscopy setup
(THz-TDS) to measure it. The experimental setup is a commercial Fast scanning system
(EKSPLA), whose single scanning time is ~ 0.09s by using a voice coil stage. The details
about setup and spectrum can be seen in Appendix 1. Here, we just emphasize that the
effective bandwidth for the measured signals is from 0.2 to 2.8 THz, the spectrum resolution
is better than 15 GHz, signal to noise radio (SNR) is larger than 1000:1. Besides, all the
spectra were averaged 128 times to ensure a high SNR.

Pure homocysteine samples (=295%, CAS: 454-29-5) were purchased from Sigma Aldrich.
Before the sample pretreatment, the concentration ranges should be determined in advance.
Considering the content of homocysteine in blood and urine per volume is extremely low, and
the water has great absorption for terahertz wave. We propose this detection for homocysteine
in solution can use the methods of filtration, purification and drying. Take the urine for
instance, two liters of normal urine contains about 2.5 mg homocysteine after concentration
and drying. If we mix it with 120 mg polyethylene (PE) powder (particle size is 40-48 pum,
CAS: 9002-88-4) to get the standard sample, the concentration will be 0.14 mol/L. Therefore,
0.14 mol/L can be used as the baseline to determine whether human homocysteine content is
higher than the normal concentration.

Basing on this concentration analysis, each sample was mixed with PE powder to obtain
different concentrations and then pressed into a Imm thick tablet with 3 tons of force [26,27].
The homocysteine concentration (C, mol/L) is calculated by using the following equations
[20]:
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where w, M, d, and r are the weight of the homocysteine powder, the molecular weight of
homocysteine, and the thickness and radius of the pellet, respectively.

All tablets were controlled at 150 mg, and the mass loss was controlled less than 1%. The
mass mixing ratio (mg:mg) between homocysteine and PE powder was 1:48, 1:24, 1:16, 1:12,
1:10, 1:8, 1:7, 1:6, 1:5 and 1:4, which corresponding to the concentration of 0.14 mol/L, 0.28
mol/L, 0.42 mol/L, 0.56 mol/L, 0.67 mol/L, 0.84 mol/L, 0.96 mol/L, 1.12 mol/L, 1.34 mol/L
and 1.68 mol/L . The entire spectrum system was placed in a sealed box filled with dry air
(humidity less than 3%) to reduce the impact of water vapor [25]. Here, a tablet of 100% PE
was tested and used as the reference [Appendix 2], and the same reference spectrum was used
for each absorbance spectrum of samples.

Results and discussion

Figure 2(a) presents the experimental absorption spectra of homocysteine samples under ten
different concentrations. It is obvious that, all of the spectra has the same absorption peaks at
1.29 and 1.93 THz, which agrees well with the theoretical calculation results.
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Fig. 2. (a) THz absorption spectra of homocysteine samples under different concentrations.
The corresponding concentrations are labeled with different colors. (b) Comparison of the
absorption spectra of homocysteine solution after drying and that of pure homocysteine, 0.42
mol/L(upper) and 1.68mol/L (down).

Here, we must notice that in real cases such as blood or urine, homocysteine molecules
may bond with other molecules such as H,O in the solvent. Even the sample is purified and
dried, the final THz absorption may be different. In order to verify this possible problem, we
tested this process in experiments: pure homocysteine powder was dissolved in water and
made into homocysteine solution. It was then placed in a drying oven (BG2-30), heated at
45°C for 90 mins, which will not affect the property of homocysteine. To ensure the degree of
drying, we place the sample in a dry gas environment for another 60 mins. According to the
method mentioned above, two samples with different concentrations (0.42 mol/L and 1.68
mol/L) was made and measured. As compared with the absorption spectra of pure
homocysteine [see Fig. 2(b)], the dried homocysteine has the same absorption peaks. This
shows that the related methods and results are feasible and effective in actual detection.
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To further quantify the change of absorption peaks with the increase of the homocysteine
concentration, we respectively extracted the amplitude and area of the two absorption peaks
of all spectra as a function of concentration. Then, according to the Beer-Lambert Law, we
performed a linear fitting for the data (see Fig. 3), and the corresponding linear fitting
function expression are:

y=3.81+1.06x [r=0.99305,5 =0.03202] 3)
y=3.50+0.48x [r=0.99848,5 =0.00155] @)
y=485+0.86x [r=0.99282,5 = 0.02064] )

x is the sample concentration, and y is the amplitude or area in the expression, r is the
correlation coefficient, S is the standard deviations. Equations (3) and (4) correspond to the
amplitude at 1.93 and 1.29 THz, Eq. (5) corresponds to the area during the spectral range of
0.84-2.22 THz.
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Fig. 3. (a) The absorbance of absorption peaks at 1.29 (circles) and 1.93 THz (squares) for
different concentrations of homocysteine samples, corresponding to the red and black curve,
respectively. (b) The area under the absorption peaks of all homocysteine samples in the range
of 0.84-2.22 THz. Each value was the average result of six measurements, and the
corresponding error bars were labeled to show the standard deviations. The calculated
functions are shown in the figure with the correlation coefficients (r) and the standard
deviations (S). Each value was the average result of six measurements, and the corresponding
error bars were labeled to demonstrate the analytical utility.

By comparison, it is found that the change rule presented in the black square curve (1.93
THz) in Fig. 3 (a) and 3(b) are approximately consistent. This change trend will help us to
detect different concentration levels of homocysteine in human plasma/urine with high
sensitivity and to realize quick quantitative analysis based on the linear fitting equation. This
is useful for the later clinical test with high speed and sensitivity.
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Fig. 4. Comparison of homocysteine measured by terahertz spectroscopy vs Raman
spectroscopy. The green solid curve represents standard values of concentration and the
corresponding methods are labeled with different symbols. S is the standard deviations.

After the quantitative analysis of homocysteine samples, we also want to compare our
detection methods with other measurement techniques. Here, we mainly evaluate the
accuracy of the test results. We used Raman spectroscopy [Appendix 3] to repeat the above
experiments, and then compared the results of the two detection methods. Considering the
difference in unit of measurement, we normalize the terahertz absorbance and Raman
intensity, and compare their linear deviation in the same figure. The theoretical prediction is
the fitting line basing Beer-Lambert Law. As shown in Fig. 4, the standard deviation (S) of
Raman spectrum to theoretical prediction line is much larger than that of terahertz spectra
(Sraman = 0.60245, S s011, = 0.22545, S 931, = 0.23301). Therefore, we can deduce that in the
detection of samples with different concentrations, the terahertz method has higher accuracy
than that of the Raman method.

Conclusion

In this paper, we provide a new detection method to realize the fast, accurate and low cost
identification of homocysteine. Based on the DFT function in Gaussian software, we got the
calculated spectrum and corresponding relationship between absorption peak and molecular
vibration mode. After proving the effective fingerprint spectrum in terahertz frequency range,
we have done a series of tests. Combining with the fitting equations, as long as we can obtain
the amplitude or areas at the two absorption peaks, we can accurately detect the
concentrations of homocysteine samples.

Of course, in human blood and urine, there are many other amino acids, which also have
their own THz fingerprint spectra and may superpose with the homocysteine spectrum. For
this problem, it can be solved from four aspects: (1) using high speed centrifuge to separate
different substances with different molecular weight; (2) using chromatographic instrument;
(3) using filter paper with different pore size to separate different substances with different
molecular size; (4) combing with the purified spectra obtained in this study and the mixture
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algorithm [26,28] to extra the absorption peaks of homocysteine. These measurements are
also our next work plan.

Overall, the result of this study not only provide reference value for the detection of
homocysteine in human plasma/urine, but also realize early monitoring and post-treatment of
the diseases like cardiovascular disease, senile dementia, bone fracture, et al. These results are
of great significance to the diagnosis of clinical medicine.

Appendix 1: Experimental setup, standard waveform and Fourier transform of
THz radiation

The experimental setup we used is a commercial Fast scanning system (EKSPLA) [see Fig.
5], whose time-domain waveform and frequency spectrum are shown in Fig. 6. The single

scanning time is ~0.09 s by using a voice coil stage, and the time required to collect each set
of 128 spectra is about 12 s.
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Fig. 5. Optical layout of THz spectroscopy kit in transmission configuration.
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Fig. 6. Waveform and Fourier transform of THz radiation (room temperature and undried).

Appendix 2: Reference spectrum

In our experiments, we used the 120 mg 100% PE tablet as the reference, whose time domain
waveform is shown in Fig. 7(a). Before the FFT, the reflection peak was removed and 1578
points was zero-padding to keep the total points is 2048. The frequency spectrum is shown in
Fig. 7(b).
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Fig. 7. Time domain waveform and frequency spectrum of 100% PE tablet (room temperature
and 3% humidity).

Appendix 3: Raman spectroscopy and spectrum

The Spectroscopy we used is Raman station 400F, excitation wavelength is 532 nm, optional
power is 250 mW. Here, the characteristic peak we selected is located at 1295.62 cm™', which
is originate from the vibration of ®CH” + tNH* + BCCH [29]. The Raman spectrum of
homocysteine with different concentrations was shown in Fig. 8. We extracted the Raman
intensity at 1295.62 cm™' under different concentrations. Considering the signal intensity
stands for the amounts of radicals and molecules, thereby, we obtained the corresponding
relationship between Raman intensity and homocysteine concentration [see Fig. 4].
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Fig. 8. Raman spectrum of homocysteine samples under different concentrations. The
corresponding concentrations are labeled with different colors.
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