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Abstract Raman optical activity (ROA) is inherently
sensitive to the secondary structure of biomolecules,
which makes it a method of interest for finding new
approaches to clinical applications based on blood plas-
ma analysis, for instance the diagnostics of several
protein-misfolding diseases. Unfortunately, real blood
plasma exhibits strong background fluorescence when
excited at 532 nm; hence, measuring the ROA spectra
appears to be impossible. Therefore, we established a
suitable method using a combination of kinetic
quenchers, filtering, photobleaching, and a mathematical
correction of residual fluorescence. Our method reduced
the background fluorescence approximately by 90 %,
which allowed speedup for each measurement by an
average of 50 %. In addition, the signal-to-noise ratio
was significantly increased, while the baseline distortion
remained low. We assume that our method is suitable
for the investigation of human blood plasma by ROA
and may lead to the development of a new tool for
clinical diagnostics.
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Introduction

Chiroptical methods are among the few methods inherently
sensitive to the 3D structure of chiral biomolecules [1, 2].
Thus, the sensitivity of chiroptical methods to the structure of
chiral molecules is much higher than in the case of conven-
tional Raman and infrared (IR) spectroscopies, as has been
many times proved and published in literature [3, 2]. This is
most evident, for example, in determining the absolute con-
figuration of small molecules [3, 4], in assessing the enantio-
meric excess in pharmaceuticals [5-7], and in the spectra of
biomolecules such as peptides, proteins, nucleic acids, carbo-
hydrates, and even more complicated structures such as mem-
branes, protein fibrils, viruses, and bacteria [3, 2]. Compared
to conventional methods, the main disadvantages of chiropti-
cal spectroscopy (especially of vibrational optical activity) are
a more complex theory and instrumentation requirements, the
need of a higher analyte concentration for the analyses, and
more time-consuming measurements. To the best of our
knowledge, they have never been used to study real biological
samples such as human blood plasma and other biofluids
(except our previous preliminary studies [8—10]). We suppose
that chiroptical methods have a potential for the detection of
slight conformational and stereochemical changes in the sec-
ondary and tertiary structure of biomolecules caused by path-
ological processes occurring during several diseases [11, 12].
For example, the diagnostics of some neurodegenerative
(Alzheimer’s) and cancer (pancreatic, colon, etc.) diseases is
complicated, mostly unreliable, invasive, or may be too late
[13—15]. On the other hand, the diagnosis based on the anal-
ysis of human blood plasma would be minimally invasive and
more tolerable for patients. Therefore, we use chiroptical
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spectroscopy, as electronic circular dichroism (ECD) and Ra-
man optical activity (ROA), as a promising tool for the inves-
tigation of blood plasma samples and identification of disease-
specific molecular fingerprints based on specific spectral pat-
tern recognition. The ECD measurements of blood plasma are
relatively uncomplicated [8, 9]. On the other hand, due to the
presence of broad bands, ECD is not as sensitive to the
secondary structure of biomolecules as ROA and VCD [1,
16, 8]. Therefore, by allowing a relatively simple measure-
ment of aqueous solutions, ROA seems to be a more promis-
ing method for the analysis of blood plasma. However, the
commercial equipment is limited to a 532-nm laser, which is
the most widespread hardware version [17]. Unfortunately,
excitation in the visible region represents an obstacle because
it causes a strong fluorescence of real biological samples. In
our study, we propose a methodology for the ROA measure-
ments of human blood plasma to obtain reliable spectra.

Materials and methods
Blood plasma samples

Whole blood from 46 volunteers was collected by venipunc-
ture, anticoagulant treated (ethylenediaminetetraacetic acid
tripotassium salt—K3EDTA) using 9-ml sterile blood collec-
tion tubes (BD Vacutainer Systems, Plymouth, UK), and
centrifuged at 1500g and 25 °C for 10 min at the Department
of Oncology, First Faculty of Medicine, Charles University
and General University Hospital in Prague [9]. The plasma
fractions were collected, immediately frozen, and stored at
=75 °C. Before each analysis, the frozen plasma samples were
thawed at room temperature and filtered by centrifugation in
centrifugal tubes with a polyvinylidene fluoride (PVDF) filter
with a pore size of 0.45 um (Grace, Chicago, IL, USA) at
13,000g and 15 °C for 10 min.

All optical cells were cleaned prior to and after the spectral
measurements using Starna CellClean solution (Starna Scien-
tific Ltd., Essex, UK), rinsed with demineralized water and
methanol, and dried. In addition, the pH of the blood samples
was monitored by a PHB-213 pH meter (Omega, Stanford,
CA, USA) equipped with a pH microelectrode (Z113441,
Sigma-Aldrich, Milwaukee, WI, USA).

The study was carried out according to the principles
expressed in the Declaration of Helsinki and approved by
the Ethics Committee of the First Faculty of Medicine and
the General University Hospital, Prague. A written informed
consent was secured from all subjects.

Human serum albumin sample

Human serum albumin (HSA, >99 %, fatty acid free, globulin
free, Sigma-Aldrich, Saint Louis, MO, USA) was chosen as a
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model sample, which was prepared by dissolving 45 mg in
1.0 ml phosphate buffer (pH=7.4, NaCl 137 mM, KCl
2.7 mM, KH,PO, 1.5 mM, Na,HPO, 8 mM). This buffer is
commercially available and used to dilute blood plasma in
medical routine. Prior to the spectral analysis, the sample was
filtered by a syringe filter with a 0.45-um PVDF membrane.

Raman optical activity and Raman spectroscopy

Raman optical activity/Raman spectra were measured on the
ChiralRAMAN-2X™ spectrometer (BioTools Inc., Jupiter,
FL, USA) equipped with a Laser Quantum (Stockport, UK)
Opus 2W/MPC6000 system (exCitation at 532 nm) and a
homemade Peltier cell holder to control the sample tempera-
ture. The filtered plasma (100 pl) was measured with a reso-
lution of about 7 cm ™" in a 4x4x 10 mm ROA quartz cell with
an antireflective coating (BioTools Inc., Jupiter, FL, USA) ata
temperature set to 15 °C. Real laser power on the sample was
monitored by an Optical power meter 1916-R with 818-P
sensor (Newport Corporation, Irvine, CA, USA). To correct
a residual distorted baseline in raw ROA/Raman spectra, we
modified the procedure described in the literature [18] and
used a filtering by a fast Fourier transform (FFT) filter. The
measured spectra were highly smoothed to create a virtual
baseline, which was then subtracted from the raw ROA/
Raman spectrum of the sample. Finally, the ROA spectra were
smoothed by the FFT filter (period of ~10 cm ).

We performed two different sets of experiments focusing
on the reduction of the undesired background fluorescence of
human blood plasma. Firstly, we tested sodium iodide (ana-
lytical grade, Penta a.s., Chrudim, Czech Republic) and acryl-
amide (Department of Organic Chemistry, ICT Prague, Czech
Republic) as potential fluorescence quenchers [19, 20]. The
procedure was as follows: 5 mg of acrylamide or 5, 10, and
15 mg of Nal were dissolved in 100 pl thawed and filtered
plasma samples. After 5 min, a Raman spectrum was collected
(280 mW real power on the sample and 0.147 s as the
illumination period of the charge coupled device (CCD) de-
tector, “time 0”) and the level of background fluorescence was
evaluated from the signal at discrete wavenumbers: 671, 1242,
1569, and 1815 cm ™' (positions without any bands and cov-
ering the whole spectral region of interest). The measurement
was repeated after 1, 2, 4, 6, §, 10, and 12 h.

Secondly, we tested the practical efficiency of Nal as a
fluorescence quencher for human blood plasma. At the start, a
quartz cuvette was filled with 100 pl of thawed and filtered
plasma and measured. The real power on the sample was set to
280 mW, and the illumination period of the CCD detector was
0.147 s. Furthermore, 10 mg of solid Nal was added to the
sample as a kinetic fluorescence quencher. After 5 min, the
samples were measured again (280 mW, 0.147 s). Subse-
quently, the sample was photobleached, which means the
background fluorescence was quenched by leaving the sample
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in the laser beam for 12 h (280 mW). Finally, after the
photobleaching, the samples were measured once more
(280 mW, 0.147 s). The level of fluorescence background
was evaluated by the same procedure as in the first experiment
(calculated for signals at four discrete wavenumbers men-
tioned above).

The ROA spectra were collected after the aforementioned
treatment by 10 mg of Nal and after photobleaching the
sample for 12 h. The laser was set to 250 mW, and the
illumination period was chosen according to the optimal
working range of the CCD detector (from 1 to 2.5 s depending
on individual samples). Total exposure time for the ROA
spectra was kept at 24 h.

Signal-to-noise ratio (SNR) was calculated as the ratio of
the ROA signal in the amide I region (intensity difference of a
positive ~1675 cm™ ' and a negative ~1642 cm ' band) and
root mean square (RMS) noise determined in the 2100-
2200 cm ' region, where no signals attributable to plasma
biomolecules are found.

NIR-FT-Raman spectroscopy

NIR-FT-Raman spectra of raw blood plasma, blood plasma
with sodium iodide (10 mg/100 pl) before and after light
exposition during the ROA experiments, were recorded on
an FT-Raman system consisting of an FRA 106/S module
attached to an FT-IR spectrometer Equinox 55/S (Bruker,
Ettlingen, Germany). The system was equipped with a quartz
beam splitter, a Ge detector cooled with liquid N», and a 1064-
nm laser (Coherent, Santa Clara, CA, USA). The Raman
spectra of the samples were recorded in a glass cell at
250 mW of laser power and the sample temperature of
22 °C. One thousand and twenty-four independent scans were
co-added to generate each individual spectrum with a resolu-
tion of 2 cm . The averaged spectra were obtained from five
independent experiments.

Results and discussion
Methodology of measurements and fluorescence quenchers

In the Raman spectra of raw blood plasma, we observed a high
background with a strong fluorescence (Fig. 1), which caused
two problems. Firstly, to avoid the saturation of the CCD
detector, it was necessary to use a very short illumination
period. Because of a delay time (0.93 s) between the laser
pulses (CCD readout, changing the half-wave plates, setting
liquid crystals to different polarity), the collection of the 24 h
exposure time after pulses with 0.29-0.54 s takes 100-74 h
real time of the measurement. Secondly, the fluorescence
caused a strong distortion of the raw Raman and ROA spectra.
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Fig. 1 Raman spectra of unfiltered raw plasma (dotted line) and plasma
filtered by a 0.45-um PVDF filter (solid line)

We found that filtration had a positive effect on the unde-
sirable background fluorescence (Fig. 1), which decreased
with the decreasing pore size in the filters [9]. On the other
hand, when the pores were too small, the high molecular
weight proteins in plasma were removed and the signals were
very low [9]. We examined two different pore sizes: 0.22 and
0.45 um. By means of our observation, the ideal pore size for
ROA/Raman experiments was established at 0.45 pum. Ac-
cording to Millipore, the producer of PVDF filters, the pore
size of 0.45 pm is much larger than most plasma proteins.
These filters are able to retain particles with sizes comparable
to cells or larger. This means that only a small part of chylo-
microns (lipoproteins) [21], possible insoluble protein aggre-
gates, or residual blood cells can be removed from blood
plasma samples. The aforementioned particles can cause un-
specific scattering or exhibit intrinsic fluorescence [22, 23].
After removing them by filtration, the background fluores-
cence was reduced by approximately 20-50 % (depending on
the sample; see Fig. 1).

Forasmuch as the fluorescence background reduction was
not sufficient enough, in the next step, we used the combina-
tion of photobleaching in a laser beam and the addition of
sodium iodide or acrylamide as fluorescence quenchers [19,
20]. The effect of the kinetic quencher on the undesirable
background was immediate and persistent during
photobleaching in the laser beam (Fig. 2). After the addition
of sodium iodide, the level of fluorescence decreased immedi-
ately (compare upper spectra in Fig. 2a, b). On the other hand,
after the addition of acrylamide, the fluorescence increased
temporarily due to intrinsic fluorescence of the used acrylam-
ide (compare upper spectra in Fig. 2a, ¢, and Supplementary
materials Fig. S1). After 12 h, the fluorescence level decreased
by about 64 % (compared to the start of photobleaching/*time
0”) in the case of raw blood plasma (Fig. 2a), by 80 % after the
addition of acrylamide (Fig. 2¢), and even by 91 % after adding
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Fig. 2 The time dependence of the fluoresce level of blood plasma in Raman spectra during photobleaching: raw blood plasma (a), plasma with 10 mg
of sodium iodide (b), and 5 mg of acrylamide (c¢) per 100 pul. Spectra were measured after O (upper spectrum), 1,2, 4,6, 8, 10, and 12 h

sodium iodide (Fig. 2b). The time-dependence experiment (0,
1,2,4,6,8, 10, and 12 h) was repeated with two samples. In
both cases, the results showed the similar effect and trends in
the fluorescence reduction (Fig. 3) although the initial level of
fluorescence was different.

Figure 3 shows averaged Raman signals at wavenumbers
671, 1242, 1569, and 1815 cm ™' (see “Materials and
methods”). The inset represents the percentage of average
signal decrease, where the initial fluorescence values were
normalized to 100 % for clarity and their decrease was ob-
served at the aforementioned discrete wavenumbers. Due to
experiment variability, the error bars were added. Sodium
iodide exhibited higher efficiency to reduce the undesirable
fluorescence than acrylamide at the same molar concentration
(10 mg of sodium iodide or 5 mg of acrylamide per 100 pl of
blood plasma). Acrylamide also provided several Raman
bands (1673, 1635, 1601, 1140, 1290, 1125, 1057, 978, 838,
626, 496, and 304 cm ™', Fig. S1 in Supplementary materials)
[24] that cause spectral interference with substances in human
blood plasma (for instance, 1673 and 1635 cm ' with amide I
of proteins [1]). Because of the stronger effect, no toxicity, and
no significant spectral interferences, sodium iodide was finally
chosen as the suitable kinetic quencher. Consequently, we
tested the optimal amount of sodium iodide (see Supplemen-
tary materials Fig. S2). We observed that 10 and 15 mg of
sodium iodide had a stronger effect in the reduction of fluo-
rescence (the fluorescence level decreased approximately by
90 %) than 5 mg (approximately 80 % decrease; see the inset
of Fig. S2 in Supplementary materials). The effect of 10 and
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15 mg was almost the same after several hours; therefore, for
our further experiments, we used the lowest amount having
maximum efficiency, i.e., 10 mg.

Due to the addition of a foreign substance (Nal) to the
plasma samples, we tested its influence on the ROA spectra.
Human serum albumin is a protein with the highest content in
human blood plasma [25]. Therefore, HSA was chosen as a
model sample and used for testing together with raw human
blood plasma. The spectral pattern and detailed band

2.4x10° 100% |
80%
2.0x10°
g 80%
3 &
1.6x10° g or k{ T .
\\
B 20% | § _L
= 8 a:
+q 1:2x10 " o
8 10 1

.
6
Time [h]

L L
2 4 2

8.0x10"

o .\.\a
4.0x10" F N b
. \.\ — D
— . . c
0.0 . ! . 1 . 1 A 1 . 1 .
0 2 4 6 8 10 12
Time [h]

Fig. 3 The effect of kinetic quenchers on the reduction of fluorescence
background in the Raman spectra during photobleaching; raw blood
plasma (), plasma with 5 mg of acrylamide (b), and 10 mg of sodium
iodide (c) per 100 pl; the inset shows the average signal decrease with its
standard deviation (the initial levels were normalized to 100 % for clarity)
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interpretations of HSA can be found in literature [1, 8, 26].
Figure 4a, b shows negligible changes in the pair comparison
of Raman/ROA spectra of HSA with/without Nal and spectra
of raw blood plasma with/without Nal (Fig. 5). Some other
differences shown in Figs. 4 and 5 originated mainly from
residual background fluorescence after its mathematical
correction.

Moreover, the ROA spectrum of raw blood plasma (with-
out Nal) had a noticeably higher level of noise, especially in
the region of 18002000 cm ™' (Fig. 5). The pH values were
not influenced by adding either acrylamide or sodium iodide.
Due to the natural buffer capacity of blood plasma (the system
of bicarbonate [25, 27] and phosphate buffers [27]), the ob-
tained values were stable.

As the second type of experiment focusing on the
undesirable fluorescence, we tested the practical efficien-
cy of sodium iodide on 46 real human blood plasma
samples. After the addition of 10 mg of Nal per 100 ul
of blood plasma, the fluorescence background was re-
duced with an average efficiency of about 31 % in 41
samples (calculated from signals at 671, 1242, 1569,
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Fig. 4 Raman spectra of HSA (a): raw HSA (dotted line), HSA with
10 mg of sodium iodide (solid line) and ROA spectra of HSA (b): raw
HSA (dotted line), HSA with 10 mg of sodium iodide (solid line) per
100 pl
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Fig. 5 ROA spectra of blood plasma: raw blood plasma (dotted line),
plasma with 10 mg of sodium iodide (solid line) per 100 pl

1815 cm '). Negligible effect was observed only in five
cases. Additional photobleaching of the samples in a laser
beam (12 h) had an average reduction efficiency of about
76 % in comparison to the sample with Nal and about
89 % in comparison to the sample without Nal.

Figure 6 shows how Nal reduced the fluorescence
background within one sample. The measurement con-
ditions were equal (except the addition of Nal). The
baseline distortion in ROA is significantly lower; com-
pare Fig. 6e, d. In addition, while SNR achieved for
raw blood plasma (Fig. 6d) was equal to 8.3, significant
improvement to 20.9 was observed for plasma with
sodium iodide (Fig. 6e) and to 34.4 after applying our
methodology (filtration through a 0.45-um PVDF filter,
addition of sodium iodide, photobleaching, baseline cor-
rection, and FFT filtration; Fig. 6f). Thus, SNR was
improved by a factor of 4.1. In the case of Raman,
the spectrum in Fig. 6b has a significantly lower level
of fluorescence than in Fig. 6a, which means longer
acquisition time can be used, so the real time of the
measurement of 24 h exposure time can be shorter. In
this case, the measurement with a 1.83-s illumination
period takes 36 h instead 64.5 h with a 0.55-s illumi-
nation period.

For 12 samples, we tested our procedure consisting of
filtering combined with the addition of a kinetic quencher
and photobleaching. The real time of the measurements
was reduced from 70-100 h to 44—48 h (depending on the
sample, for a 24-h acquisition period). Another very im-
portant benefit of our methodology was a better quality of
the ROA spectra with an average increase of SNR by a
factor of 3.3 (Table 1) and even in some cases allowing
the ROA measurement in general.
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Fig. 6 The Raman (top frames) and ROA (bottom frames) spectra of
blood plasma: raw blood plasma (a, d), plasma with 10 mg of sodium
iodide (b, e) per 100 pl, and plasma with 10 mg of sodium iodide per

Testing the methodology

Based on the abovementioned experiments, we established
the following procedure for the Raman/ROA measurements
of’blood plasma-based samples and spectral data processing to
suppress the undesirable fluorescence. Sodium iodide (10 mg)
was added into 100 pl filtered sample of blood plasma
(0.45 um PVDF) and photobleached in a laser beam
(280 mW) for 12 h. Then, the laser was set to 250 mW, the
illumination period was selected according to the optimal
working range of the CCD detector (from 1 to 2.5 s depending
on the individual sample), and the ROA spectrum of the
sample was collected. Total exposure time for the ROA/
Raman spectra was kept at 24 h to achieve high SNR.
Figure 7 shows the two most different examples of the
Raman and ROA spectra of human blood plasma treated with
the abovementioned procedure. Three intense Raman bands at
1007, 1158, and 1519 ecm ™' (Fig. 7a) can be assigned to

100 pl after baseline correction and FFT filtering (¢ + its inset and f); 24 h
of acquisition time

carotenoids [8, 28-32]. Their concentration in blood plasma
is low [33, 34]; however, they probably attend such intensities
due to the resonance enhancement at 532-nm laser excitation.
This interpretation was supported by the fact that carotenoids
disappeared in the spectra with the excitation at 1064 nm
(shown later in Fig. 8). Other bands localized at 1657 and
1285 cm ! arose from the amide I and amide III vibrations of
the peptide bond, respectively [1]. Other bands associated
with proteins, 879 cm™" and partly 1450 cm™' (due to aliphatic
side chains), overlap with phospholipids [8]. Phenylalanine
and tryptophan show specific bands at 1588 and 1196 cm ',
and also a band at 1007 cm™' (phenylalanine, overlapped by
carotenoids). Lastly, the spectra show a band of carbohydrates
at 961 cm ', A more detailed interpretation of the particular
spectral features in Raman/ROA was published previously in
our work [8].

Figure 7b shows the examples of ROA spectra of human
blood plasma. The overall spectral pattern is typical for

Table 1  The signal-to-noise ratio of ROA spectra gained with and without application of our methodology

Sample no. 1 2 3 4 5 6 7 8 9 10 11 12
Without methodology 6.0 17.2 21.4 14.4 42 12.7 17.6 12.1 24.9 7.4 9.9 10.5
With methodology 16.7 383 60.3 344 28.9 78.6 27.7 39.9 28.6 46.3 22.1 242
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Fig. 7 An example of the final Raman (a) and ROA (b) spectra of the
two most different human blood plasma samples

predominant o-helical proteins represented by a negative-
positive couplet at (—)1645 and (+)1675 cm ™' (amide I) [1,
35, 36] and also positive bands at 1295, 1311, and 1342 cm !
(amide III and the extended region of amide III) [1, 36]. A
band for a higher contribution of B-sheets (1232 cm™ ') can
also be observed.

FT-Raman spectroscopy

NIR-FT-Raman spectroscopy (exCitation at 1064 nm) was
chosen as an alternative method to VIS-Raman spectroscopy
to estimate the sodium iodide influence on the main biomol-
ecules of blood plasma (proteins, lipids, carbohydrates, etc.)
during the ROA experiment. As VIS-Raman, NIR-FT-Raman
spectroscopy provides important information about structural
and environmental changes in blood plasma components.
Moreover, because most biological molecules do not absorb
near 1064 nm, undesirable intrinsic fluorescence is commonly
suppressed or even eliminated at this excitation wavelength.
Also, at an excitation over 600 nm, degradation processes
rarely occur [37]; therefore, we used Raman with the excita-
tion at 1064 nm to follow spectral changes and fluorescence of
the samples if compared to excitation at a 532-nm laser.
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Fig. 8 FT-Raman spectra of blood plasma; raw plasma (dotted line, a),
plasma with 10 mg Nal (solid line, a), plasma with 10 mg Nal and
photobleached for 24 h by a 532-nm laser (dash-dotted line, a); difference
of plasma with/without Nal (dotted line, b), difterence of plasma with Nal
and non-bleached/photobleached by a 532-nm laser (solid line, b); spectra
are offset for clarity

The average NIR-FT-Raman spectra of raw blood plasma,
blood plasma with sodium iodide before and after laser expo-
sition, and their differences are shown in Fig. 8. The spectrum
of raw plasma demonstrates the characteristic bands of main
blood plasma components. The bands of carotenoids (1007,
1158, and 1519 em'; Fig. 7a) disappeared, which is the
experimental verification of their resonance enhancement
with the 532-nm laser. A weak negative band at 1633 cm™'
was found in the difference spectrum between raw blood
plasma and the plasma with the addition of sodium iodide.
However, its intensity is less than two times higher than the
peak-to-peak spectral noise. The attained results demonstrate
that the presence of Nal does not significantly affect the
spectral response of human blood plasma even at the 1064-
nm excitation, and the samples are stable during the whole
measurement. After the ROA experiment, any other signifi-
cant spectral changes were not observed in the plasma con-
taining sodium iodide (data not shown).

Conclusion

We analyzed real human blood plasma samples using Raman
optical activity supplemented by Raman spectroscopy while
suppressing the influence of the undesired background fluo-
rescence. To the best of our knowledge, this is the first study
describing an entire experimental procedure that enables the
analysis of highly fluorescent blood-based samples by ROA
with the excitation at 532 nm.

Because the filtration of the samples prior to the measure-
ments did not sufficiently reduce the fluorescence, kinetic
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fluorescence quenchers were added and the samples subjected
to a laser treatment (photobleaching). Due to its higher effi-
ciency, lack of toxicity, and lack of spectral interference,
sodium iodide was chosen as a suitable fluorescence quencher.
The combination of sodium iodide with laser photobleaching
of the sample led to a satisfactory reduction of the spectral
background approximately by 90 %. In addition, the signal-to-
noise ratio was significantly increased (in average by a factor
of 3.3), while the baseline distortion remained low. Moreover,
the decrease in fluorescence reduced the time required for
each measurement by an average of 50 %. Indeed, without
our method, it would not even have been possible to analyze
some of the real human blood plasma samples, due to their
strong intrinsic fluorescence.
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