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Abstract

Stereochemical analysis is essential for understanding the complex function of biomolecules.
Various direct and indirect approaches can be used to explore the allosteric configuration.
However, the size, cost, and delicate nature of these systems limit their biomedical usage. Here,
we constructed elliptical dichroism (ED) spectrometer for biomedical applications, whose
performance is validated by experiment and theoretical simulation (Jones/Mueller calculus and
time-dependent density-functional theory). Instead of complicated control of circular
polarization, ED spectrometer adopted the absorbance of left- and right-oriented elliptically
polarized light. With a simplified design, we demonstrated the potential of ED spectrometry as
an alternative for secondary structural analysis of biomolecules, their conformation and
chirality. It not only provides a portable, low-cost alternative to the sophisticated instruments
currently used for structural analysis of biomolecules but also provides superior translational
features: low sample consumption(200pl), easy operation, and multiple working modes, for

noninvasive cancer detection.



1. Introduction

Stereochemical properties play a prominent role in determining the functional parameters of
biomolecules and are widely used to evaluate the pharmacodynamic and pharmacokinetic
properties of drugs, protein interactions, and biorecognition mechanisms (Bertucci et al., 2010).
Various direct and indirect approaches, such as X-ray diffraction (XRD), circular dichroism
(CD), or nuclear magnetic resonance (NMR), are commonly used to explore the allosteric
configuration of a compound (B6 et al, 2019). However, high-end stereochemical
instrumentation is typically benchtop-based with bulky and expensive optical components,
moving parts, and a long optical path (Yang et al., 2021a). In particular, the delicate nature of
these systems limits their practical use in field hospitals and clinical labs. Even in biomedical
research labs, for low-resolution stereochemical analysis, a handy, low-cost, easy-to-use

alternative would be substantially beneficial.

Several conventional methods are available to characterize the structure of biomolecules,
including XRD, CD, NMR, Fourier-transform infrared (FTIR), Raman spectroscopy, and
electron microscopy (Bo et al., 2019; Kaptein et al., 1988; Sali, 1998). Among these
technologies, optical rotation is a comparatively easy-to-measure parameter. CD spectroscopy
measures the difference in the absorption of left- and right-handed circularly polarized light by
the ensemble of peptide bond chromophores in a protein, and thus, is often used to characterize
and quantify the content of secondary structures, such as a-helical, B-sheet, and unordered
structure of the proteins (Corréa and Ramos, 2009; Greenfield, 2006; Miles and Wallace, 2019;
Venyaminov and Vassilenko, 1994). CD spectroscopy is a nondestructive and fast method
providing detailed information for structural analysis. Considering the advantages associated
with the technique, most detailed protein analyses involve CD spectroscopy (Kelly and Price,
2005). However, its application is limited by its high cost, bulky assembly, and complexity of

the control system in clinical settings, where detailed analysis is unnecessary.

Polarimeter is a cost-effective alternative for stereochemical analysis(Kvittingen and Sjursnes,
2020), which has been well-established for many applications(He et al., 2021). Rotating-wave-
plate Stokes Polarimeter (RWPSP) implements a simplified approach of circular polarimetry
based on a rotating compensator(Lin et al., 2011). However, polarimetry is underexplored for
diagnostics or prognostics due to a lack of accessible stereochemical biomarkers. In our recent

study, we found B-sheet rich as a stereochemical feature of pancreatic tumorous cells and



extracellular vesicles (EVs) and their rationale (Rasuleva et al., 2021a), which thus inspires us

to utilize polarimetry for cancer detection.

Here, we designed an elliptical dichroism (ED) spectrometer without using an advanced laser
source and a polarimeter (Comby et al., 2018; Phan et al., 2021) as a practical solution for low-
resolution stereochemical analysis of biomolecules. Unlike conventional CD, ED spectrometers
reconstruct elliptical polarization using a combination of linear polarizer and waveplate,
avoiding the bulky and expensive optical components, namely, monochromator (MNC),
photoelastic modulator (PEM), and photomultiplier tube (PMT); thus, minimizing not only the
apparatus size but also the cost of optical rotation measurements. Compared to CD
measurement providing detailed insight into the analyte, this ED design with a significantly
simplified optical design also reduced the information collected from the measurement.
However, validated by theoretical and numerical simulation (Jones/Mueller calculus and time-
dependent density-functional theory) and experiments, the ED spectrometry demonstrated
adequate performance for chiroptical molecular and protein structural analysis as a low-
specification alternative to CD spectrometry for some basic and clinical cancer research. This
comprehensive study covers the fundamental theoretical reasoning of ED based on classical
optics and quantum mechanical methods, experimental validation of ED on determining
structural features of small and macro biomolecules, and the application to the stereochemical
analysis of cellular proteins for cancer detection. It provided a convenient, low-cost alternative
for daily routine low-specification stereochemical monitoring and demonstrated the potential
in distinguishing malignancy by structural features of the tumor-derived proteins, which might

contribute to the development of preclinical and clinical noninvasive cancer diagnostics.

2. Experimental section
2.1 Experimental setup

a) Light path and optics design

As demonstrated in Fig. 1, the light path consisted of a deuterium lamp (Hamamatsu, Fig. S1),
lever-actuated iris (Thorlabs), UV-fused silica collimator lens with half-inch diameter
(Thorlabs), Glan-Taylor prism polarizer (Edmund Optics), quarter waveplate (Karl Lambrecht
Corporation), and GaP switchable gain amplified detector (Thorlabs). Optical components were
mounted on an aluminum breadboard (8" x 10", Thorlabs).

b) Optomechanical and cage design



We used a compact electrical motorized rotator for the waveplate (Thorlabs). The sample
holder was fabricated by 3D printing to accommodate a quartz cuvette (Hellma) with a 1 mm
pathlength. Optical and mechanical components were enclosed into an aluminum cage for light
shielding and pneumatic sealing. The case was connected to a vacuum system for ventilation
of the generated ozone and heat dissipation. The final assembly is illustrated in Fig. 1B.

¢) Connection and control

As schemed in Fig. S2, the waveplate motor was connected to a laptop computer through USB
cable. The detector was connected to the same laptop through a digital oscilloscope (TBS1000C,
Tektronix), which functions as an analog-to-digital converter and debugger. The software was
developed to drive the motor and acquire light intensity from the detector simultaneously. All
the measurements were acquired five times, and the average was determined for each rotation
angle of the waveplate. The intensity data at each rotation angle were stored in the laptop.

2.2 ED measurement

Amino acid and protein samples were prepared in phosphate-buffered saline (PBS, pH 7.4) at
1 mg/ml concentration. 200 pl of the solution was loaded into the sample cuvette covered with
lid for the measurements. The system was turned on 30 min prior to each measurement for
stable readout (Fig. S3). Before measuring samples, the solvent solution was measured five
times and averaged as the blank, which corrected the impact from all optical components (e.g.
quartz cuvette) in the lightpath. Each sample was measured five times as well. The absorbance

Iblank(e)

). In the AS mode, the baseline was
Isample(e)

was normalized to the blank using A(6) = log (

corrected by a simple linear subtraction connecting the starting and ending points. In the ED
mode, ED was calculated as ED = A; — A,., where A; and A, are absorbance at left and right
elliptical polarization (0 = 45° and 135°), respectively. Data analysis and graphing were
performed using Origin Pro 2020. ED spectrometry (AS mode) measurements of the amino
acids are summarized in Fig. S4.

2.3 CD measurements

The CD spectra were recorded using a Jasco J-815 spectropolarimeter (Tokyo, Japan), with a
cylindrical cuvette of a 0.1 cm thickness. The light source system was protected by nitrogen
(flow rate: 5 L-min!). Proteins were obtained from cell lysate using a lysis kit (C2978, Sigma-
Aldrich) following the manufacturer's protocol. The protein contents in samples were quantified
by absorption at 280 nm measured with a Nanodrop ND-1000 spectrophotometer (Thermo
Scientific) and diluted to 0.2 mg/ml before CD scan at 200 nm/min in the wavelength region of

200-260 nm. Three scans were averaged for each CD spectrum. Data were analyzed and
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processed using the Jasco Spectra Manager 2 software package. CD measurements of the amino
acids are summarized in Fig. SS5.

2.4 Electronic circular dichroism spectra simulation

All density functional (DFT) calculations were performed by the Gaussian09 program package
(M. J. Frisch, G. W. Trucks, H. B. Schlegel et al., n.d.) at 298 K. Initially, molecular structures
of amino acids were optimized to their ground state using the Becke’s three-parameter hybrid
B3LYP (Becke, 1998) exchange-correlation function and the double-zeta polarized 6-31g(d)
basis set (Petersson et al., 1998). Using the optimized geometries and at the same theory level,
the TD-DFT was employed to calculate excitation energy (eV), excitation wavelength (nm),
and rotatory strength R in the dipole velocity (R,,;) and dipole length (R,.,,) components (Ding
etal., 2007). Next, the ECD spectra, A€ (L mol ! cm™"), were defined as the difference between
the left and right molar absorptivity of circularly polarized light and calculated using the
following Gaussian function (Stephens and Harada, 2010)

A
1 1 2
A€ (E) = ZAE.R. [-(E-AE;/20)]
E) = 3207x 10 Vg L. AERE
J

where o (eV) represents half of the bandwidth at 1/e height. E; (eV) and R; (10740 cgs)

represent the excitation energies and rotatory strengths for transition j, respectively. In this
study, o0 = 0.33 eV and R,,,; were used. Optimized amino acid structures for DFT simulation
are summarized in Fig. S6. Simulated ECD curves are shown in Fig. S7.

2.5 Simulation of incident light polarization and absorbance

The incident polarization was modeled with the Jones vector, where the polarized light is
expressed by a column vector with two rows, and the polarization elements are represented by

the 2 x 2 Jones matrix(Goldstein, 2017; Pedrotti et al., 2017). Since a broadband linear polarizer
was used, vertical polarized light (E;(1) = /I5(4) [(1)]) was assumed to be incident on the

quarter waveplate (Teare, 2017), where I,(1) was derived from the light source (Fig. S1).
Jone vector of the waveplate rotated by an angle 6 was defined in (Collett, 2005) as

](l/)' 0) = R(_G)JQWPR(H)

where R(6) is a rotation matrix R(8) = [ cosf sinf 1 0 ]

—sinf cos 9] and Jowp = [0 e i)

Since the zero-order magnesium fluoride waveplate at 214 nm was used, a linear model was
used for simulation: ¢(A) = 53.52771. The optical field of the beam emerging from the

waveplate (E;) can be calculated by E; = JE;.



To model the polarization-dependent absorbance of the sample, we describe the sample by the
Mueller matrix Msgmpie = MypyMcpMigMcq where My, Meo, Mg, and Mcq are the Mueller
matrixes describing the linear birefringence (LB), circular birefringence (CB), and linear
dichroism (LD) properties of the sample, respectively(Pham and Lo, 2012). For simulation
simplicity, we ignored the matrixes except Mcd. The Mcq was defined as

ad) 0 0 CD()
0 ad) O 0
0 0 ad) O
cD() 0 0 a()

Mcq (}L) =

where CD(A) was derived from CD measurements, and a(1) =1 — :(—A), where A(4) =

g(A)cl follows Beer-Lambert law (Ball, 2006), ¢ represents the analyte concentration, /
represents the light path (0.5 cm), and ¢ represents molar absorption coefficients measured by
a spectrometer (Nanodrop1000, Thermo Scientific, see Fig. S8 for the £(1) of BSA).

The output Stokes vector is calculated as Ssgmpie = Msampie MwprS; Where S;(1) was the

emergent Stokes vector of the linear polarizer and is given by

1
-1
S =L |
0
Mueller matrix of the rotating waveplate was constructed as (Goldstein, 2017)
1 0 0 0

o

y o = cos? @ + cospsin?0 (1 —cos¢p)sinfcosd —singsind
wpr($,0) = 0 (1—cos¢)sinfBcosf sin?6 + cos¢pcos?O  singcosh
0 sin ¢ sin 6 —sin ¢ cos 0 cos ¢

Integrating output Stokes vector over the broadband wavelengths of 200-260 nm restricted by

the available CD measurement data, the transmission intensity of the sample Isgppe () can be

Isample (9)
obtained from the first Stokes parameter of the integral [ Ssampte (6) dA = ggz%
v (6)
The absorbance was then calculated as
Iblank (9) )
A®) = o <—
g Isample (9)

where I1qn, (6) was calculated using a similar procedure as Isgmpie (8) With Spignk = Myp,-S;.
The simulation was conducted using MATLAB with the Mueller—Stokes—Jones Calculus add-
in(Vogel, 2022).



2.6 Cell lines and cell culture

The human pancreatic cancer cell lines MIA PaCa-2 and HPNE were obtained from the
American Type Culture Collection (Manassas, Virginia). MIA PaCa-2 cells were cultured in
DMEM medium (Hyclone, GE Healthcare Life Sciences), and HPNE cells were cultured in
DMEM (Hyclone, GE Healthcare Life Sciences) with 0.1ng/ml epidermal growth factor (EGF,
Novus Biologicals, USA). All cultures except nonstarvation condition were supplemented with
10% fetal bovine serum (FBS; Life technology, Thermo Scientific Inc.), penicillin (1 U), and
streptomycin (1 pg/ml). All cells were maintained in a humidified incubator with 5% CO- at
37°C. All cell lines were cultured in triplicate under the same conditions and then harvested to
collect independent EV samples. Cell lysates were collected when reached confluence using
100uL Cellytic™ M cell lysis reagent (Sigma-Aldrich) to the culture dish for 30 min. Total
protein content in each sample was quantified by a Nanodrop 1000 spectrometer.

2.7 EV isolation from culture media

Cells were grown in culture media with serum until 10 cells were obtained, washed three times
with phosphate-buffered saline (PBS) (pH 7.0), and then cultured for 48 h in serum-free
media(Sun et al., 2021). For nonstarvation condition, the cells were cultured in a medium with
10% EV-depleted FBS (Thermo Scientific, US). Culture supernatants were then filtered by a
0.2 um filter and centrifuged at 10,000 g for 30 min to remove cell debris. The supernatant was
carefully centrifuged at 200,000 g for 70 min. The resulting EV precipitates were collected,
dissolved in 100 uLL PBS (pH 7.0), and stored at 4°C. TEM (JEOL JEM-2100) and a tunable
resistive pulse sensing instrument (qNano system; IZON Science Ltd, Christchurch, New
Zealand) were used to validate EV samples.

2.8 Statistics

Comparisons between two groups were performed using an unpaired two-tailed Mann—
Whitney U-test (unpaired samples), paired two-tailed Mann—Whitney U-test (paired samples),
and two-tailed Student’s t-test (normally distributed parameters). Multiple samples were
compared using a Sidak multiple comparison test, Kruskal-Wallis test (non-grouped), and
ANOVA with Friedman test for multiple comparisons (grouped). All comparison groups had
equivalent variances. p <0.05 was considered to be statistically significant. The clustering
analysis and the normalized distant map based on ED value were generated using the
Hierarchical Cluster Analysis of Origin Pro software. Correlation analysis and other data
analyses were performed using Origin Pro software. Matrix correlation was measured by

corrcoef function from MATLAB. Data were presented either as representative examples or



means £ SEM of 4+ experiments. p values were obtained using unpaired two-tailed Student’s

t-test or two-way ANOVA. #p < 0.05, x*p <0.01, and ***p < 0.001, and ****p<0.0001.

3. Results
3.1 Concept and design

CD spectroscopy, defined as the unequal absorption of left- and right-handed circularly
polarized light, is a sophisticated but excellent rapid indicator of protein secondary structure,
folding, and binding properties (Miles and Wallace, 2016). A CD spectrometer utilizes
monochromator, polarizer, and PEM to generate right- and left-handed circular polarized light,
and a sensitive PMT detector to quantify the analyte absorbance against the oriented circular
polarization. Since these major components are bulky, complicated, and expensive, CD

spectroscopy consumes several resources.

Inspired by the Rotating-wave-plate Stokes Polarimeter, the combination of linear polarization
and rotating waveplate was introduced in our design, as described in Fig. 1A. Although the
theoretical model has been established (Goldstein, 2017; Pedrotti et al., 2017; Schellman, 1975),
our design tried to avoid an intricated laser source or an expensive polarimeter (Comby et al.,
2018; Phan et al., 2021). This combination eliminated PEM. Instead of using MNC for precise
wavelength filtering, it was considered that the entire wavelength range of the light as the
incident on ED spectrometer might be registered, thus lowering the requirements to the light
source intensity and the detector sensitivity, which made it possible to use a low-intensity
deuterium lamp and GaP detector, respectively. The deuterium lamp emitted a far UV range
(mainly 200-275nm, Fig.S1), covering peptide bond absorption to determine the secondary
structure of the proteins (Kelly and Price, 2005). These changes significantly decreased the cost
and space of the apparatus, and reduced the complexity of the control system. As demonstrated
in Fig. S2, only the waveplate rotation and the synchronization of the detector readout need to
be automated in the ED system. A remarkably simplified optical design thus enabled a portable,
low-cost spectrometry for stereochemical analysis (Fig. 1B). Fig. 1C describes the advantages

of ED compared to CD spectrometers.

To study the theoretical rationale of the ED design, a simulation based on the Jones calculus
(see Experimental section for the detailed deduction) was performed to model the polarization
generated by the waveplate. Fig. 2 illustrates the simulated polarization ellipse of the ED
spectrometer’s incident light. We chose a wavelength range covering most of the emission band
of the deuterium lamp with corresponding intensity (Fig. S1). Linear polarized light passing

through the waveplate forms elliptically polarized light according to the waveplate rotation
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angle (0). As demonstrated in Fig. 2A, the polarization ellipse corresponded to the wavelength
of incident linearly polarized light and waveplate rotation angle (0, Fig. 2A). Each wavelength
was characterized by a different tilt of the ellipse at each 6 (Movie S1). The waveplate rotation
at 45° and 135° represents the polarization ellipses corresponding to right and left elliptical
polarization, respectively. Thus, the corresponding absorbance was used to calculate ED. Since
none of these two angles generated perfect circular polarization, thus the absorbance difference
was named the ED. Following the convention of CD, ED was calculated as ED = A; — A,,
where A; and A, represent absorbance at left and right elliptical polarization, respectively (i.e.,

0 =45° and 135°).

Selecting the peak wavelength (240 nm) of the light source as an example, the incident light
after the rotated waveplate possesses a vertical symmetry in Poincaré¢ sphere (Fig. 2B, left).
Poincaré sphere representation (Fig. 2B, right) of the broadband light source reveals the
symmetric polarization distribution on the vertical (V) hemisphere across the equatorial plane
in respect to the waveplate rotation. The tilt angle and ellipticity angle in the broad range
manifested a repeated radical symmetric pattern (Fig. 2C), suggesting the same ellipticity (tilt
angle and ellipticity angle) for left and right elliptical polarizations (6 = 45° and 135°) in ED

calculation.

3.2 Stereochemical analysis of biomacromolecules using the ED spectrometer

Proteins are linear biomacromolecules of well-defined primary sequences folded for biological
functioning (Martz, 2012). The protein structure determines its biological function. The
analysis of protein folding (secondary structure) is extensively employed for protein biology
studies (Pelton and McLean, 2000). CD is a rapid tool for determining the secondary structure
and folding properties of proteins (Greenfield, 2007a). To evaluate ED spectrometry for
stereochemical analysis (secondary structure) of a protein, we simulated and measured bovine

serum albumin (BSA), a standard reference protein, by ED spectrometry.

As represented in Fig. 1, the spectrometer works in the following two analysis modes: angle
sweeping (AS) and ED. In the AS mode, the absorbance (A) was recorded with the waveplate
rotation. In ED mode, the absorbance difference is calculated at 6 =45° and 135°. Although the
incident polarization varies according to the waveplate angle, the absorbance should be
consistent with the Beer-Lambert law (Swinehart, 1962) at each 6 for a given analyte in

absorption spectrometry:

A(O) = log<

9

Iblank (9) )
Isample (6)



We thus calculated Ip;qnx (6) and Iggmpie () through Mueller calculus, which involves molar
absorption of BSA (Fig.S8, see the detailed description in Experimental section). The simulated
transmission intensity at each wavelength depends on 6 (Fig. 3A), which is consistent with the
optical model based on the Jones calculus (Fig. 2A). The broadband absorbance (A) integrated
over the wavelength range demonstrated elliptical profiles with reflected elliptical orientation

to the transmission intensity (Fig. 3B vers. A), consistent with the Beer-Lambert law.

To demonstrate the potential for secondary structural analysis experimentally, we tested three
representative proteins with apparent structural differences using both CD and ED
spectrometers. BSA was studied as an a-helix-dominated protein (as labeled in Fig.3D), which
was calculated using the bioinformatics method (UniProt) reported in our previous study
(Rasuleva et al.,, 2021a). On the contrary, chymotrypsin and avidin were compared as
representatives of B-sheet dominating proteins. CD spectrum of BSA involved an a-helix-rich
pattern, while chymotrypsin and avidin contained B-sheet-rich patterns in Fig. 3E (Greenfield,
2007b). Far UV region CD bands corresponding to peptide bond absorption, could be used to
analyze secondary structural features. For example, a-helix is featured by negative bands at 222
nm and 208 nm and due to n—n* and n—n* transition, respectively (Miles and Wallace, 2016).
However, since ED measurement uses broadband, to be comparable to stepwise
monochromatized CD readout, it is only fair to compare areas under the curve (AUC)
integrating CD spectra over the wavelength range, with ED. As in Fig. 3F, CD AUCs are
apparently different over various structural compositions. AS patterns measured by ED
spectrometer were also distinguishable (Fig. 3C). Structural differences were easier
discriminated in the ED mode (Fig. 3D), and correlated to the CD AUCs (Fig. 3F). Notably,
ED measurements varied more in a-helix-dominating BSA than that in -sheet-dominating
proteins, which may be due to the instability of a-helix folding against UV radiation (Cerpa et
al., 1996; Lednev et al., 1999).

3.3 Stereochemical analysis of small biomolecules using the ED spectrometer

Numerous small molecules have molecular asymmetry, where the structure is not
superimposable on its mirror image, known as chirality. Among the technologies to measure
chirality, optical rotation is comparatively easy to measure. We thus evaluated the potential of
using ED for chirality analysis. Conventional CD spectrometry was capable of discriminating
L and D forms of amino acids (Fig. 4A and B). Similarly, ED spectrometry yielded
distinguishable AS and ED results (Fig. 4C-F). Notably, the AS patterns of L. and D forms are
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highly analogous (Fig. 4C and D compared to Fig. 3C, analogous vs. non-analogous molecules),

implying the potential of this method for analyzing structural proximity.

To evaluate the potential of ED spectrometry for small biomolecule stereochemical analysis,
all common soluble amino acids (L form) were experimentally tested by ED and CD
spectrometry (Fig. 5A). Theoretically, the molecule configuration can be determined from its
optical rotation or electronic circular dichroism (ECD) (Warnke and Furche, 2012). Time-
dependent density-functional theory (TD-DFT) was employed to calculate excitation energy
and rotatory strength R in the form of dipole velocity (Rvel) and dipole length (Rien). The
calculated rotatory strengths were simulated by an ECD curve (see details in Experimental
section), and the AUC was integrated from 200 to 300 nm. ECD represents the theoretical
response of molecules to circular polarization from the quantum mechanical point of view.
Kendall correlation analysis was performed to study the relation between ED, CD, and ECD.
Both ED and CD show a weak correlation with the theoretical ECD (Fig. 5B and C), revealing
the inadequacy of using the existing theory (rotation strength) to explain circular/elliptical
dichroism of small molecules. However, the ED-ECD correlation was one-order higher
compared to that of CD-ECD, suggesting ED as a more effective experimental method for

evaluating rotatory strength.

We further verified the ED-based analysis by performing cluster analysis (Fig. 5D).
Interestingly, the cluster analysis results coincided with the common amino acid categorization
by polarity. Almost all amino acids in group 3 are nonpolar, and those of group 2 are charged.
It suggests that ED may be used for the analysis of chemical-physical properties of the
molecules. To further explore this possibility, we constructed a distance matrix based on ED
(Fig. 5E) and compared the exchangeability matrixes and Epstein’s coefficients (Fig. 5F and
G), representing the chemical and physical properties, respectively. Experimental
exchangeability, the measure of the mean effect of substituting one amino acid with another
one (Yampolsky and Stoltzfus, 2005), was depicted as chemical exchangeability. Epstein’s
coefficient of difference, based on the differences in polarity and size (Epstein, 1967), was
selected as a physical and structural reference. The matrix correlation analysis revealed that ED
leans two times more to Epstein’s coefficient than the exchangeability (0.2910 vs. 0.1672),
suggesting that ED may be more suitable for structural analysis responding to physical

properties.
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3.4 Stereochemical analysis of biological samples using the ED spectrometer for
cancer detection

We found the B-sheet richness of the malignant cells and their extracellular vesicles (EVs) in
our previous study, and developed a clinical method for cancer screening (Rasuleva et al.,
2021a). CD can be used to identify cell lysates and EV from malignant cells (Fig. 6A and B)
due to their B-sheet richness, as described in our previous study. The malignant cell is B-sheet
rich and exocytoses EVs of the same structural richness, thus corresponding to a lower AUC
of CD spectra. To validate the potential clinical application of ED, we tested the potential to
discriminate tumorous cells and EVs from nonmalignant counterparts using ED. Malignant
cells demonstrated significant differences from nonmalignant counterparts at both cellular and
EV levels (Fig. 6C and D). ED follows the trend of CD AUC, indicating the tumor cells and
EVs enrichment with B-sheets. These data demonstrate the potential of ED spectrometry for

cancer detection.

4. Discussion

In general, there are limited ways of spectrometer miniaturization (Yang et al., 2021b), which
necessitates a compromise with respect to degradation of its resolution, dynamic range, or
signal-to-noise (SNR) ratio. We reconstructed the method of generating elliptically polarized
light, using the combination of a waveplate and a linear polarizer, eliminating the need in PEM
modules to generate circularly polarized light. The SNR of CD spectrometer, determined by the
PMT and varied with the wavelength, reached 20 (Dinitto and Kenney, 2012). The ED
spectrometer possesses a slightly downgraded SNR of approximately 14 (Fig. S9 and Table S2)
due to the downgrading of the detector. However, the SNR of ED was optimized by increasing
the number of measurements and their average. Therefore, SNRs of CD and ED are comparable.
According to the function of the quarter waveplate (Pedrotti et al., 2017) for a linearly polarized
incident light, the output polarization should follow the repeating pattern along with 8, as shown
in Fig. 2. If a line was drawn from 0° to 180°, the absorbance of the analyte should be radical
symmetric against the line. Overall, the broadband absorption was symmetrical in Fig. 3B.
However, when the baseline was subtracted, eliminating the impact of the analyte quantity,
some of the analytes manifested obvious asymmetry (Fig. 3C, 4C, and D). It can be caused by
two possible reasons. The first one might be related to the stability of the analyte under UV
light. The waveplate was driven by a step motor, whose angular velocity was restricted by the
motor speed and the settling time for acquiring stable output from the detector for each step.

Larger 0 corresponds to longer UV exposure (Table S1). Therefore, longer UV exposure may
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cause stereochemical changes of the analyte, which affect the absorbance. The a-helix to 8-
sheet transition has been reported under external stimuli (Litvinov et al., 2012; Morillas et al.,
2001). UV exposure promoting the a-helix to B-sheet transition (Litvinov et al., 2012) may
explain the asymmetry of a-helix-dominated proteins as compared with that of B-sheet-rich
proteins (Fig. 3C). Therefore, a possibility to extend ED applications to evaluate the UV analyte
stability through asymmetry should be verified. Furthermore, the asymmetry may be caused by
the baseline correction method (Blakemore, 1987). We used a linear baseline correction method
to compensate for the detector decay along with the light exposure, which was selected
considering the simplicity and similar fitting results of the different correction models (similar
R?, Fig. S10). However, this baseline model may not be ideal for all analytes. A unique baseline

correction model for each analyte may be necessary to reduce the asymmetry.

CD spectrometry determines a certain wavelength absorbance at high resolution. A CD
spectrum of a given protein can be approximated by a linear combination of spectra of the
secondary structures, thus evaluating the structural composition of proteins (Greenfield, 2007a).
However, most CD-based protein structural analysis methods are empirical (Bulheller and Hirst,
2009; Sreerama and Woody, 2000; Whitmore and Wallace, 2004). Using detailed high-
resolution CD spectrometry for the empirical study of protein structure study is not rational. On
the contrary, a low-resolution detection by integrating the wavelength range in ED spectrometry
is more suitable and handier for the stereochemical analysis of macro biomolecules. Since DNA
is more vulnerable to UV light than proteins, we did not test DNA molecules. However, reduced

UV emission may potentiate the ED spectrometry for DNA structural analysis.

Liquid biopsy, especially EVs, contains tumor-specific molecules and provides useful real-time
information on tumor development (Li et al., 2017). Most of the methods of noninvasive
diagnostics based on liquid biopsy have focused on establishing assays that detect the increased
expression of a single cancer-associated marker or marker signature based on multiple
detections of this biomarker. The disadvantages of these biomarkers are their subtype-
specificity, leading to false negatives, or being easily masked by high-background signals,
leading to false positives. In addition, the technologies currently used to detect biomarkers in
liquid biopsy for cancer screening (immunoassay, LC-MS, qRT-PCR, microarray, and
sequencing) are challenging, particularly for low- and middle-income countries, because they
require a time-consuming and expensive assay, advanced instrumentation and qualified

technicians, large sample volumes (>1ml), and long turnover times, limiting their utility as

13



clinical screening tests. We previously reported that a malignant cell secretes more -sheet-rich

proteins through EVs as compared to nonmalignant cells. This was the base for the development

of a translational method targeting collective attributes of the EVs (Rasuleva et al., 2021b). ED

spectrometer with a portable size (8 x 10 x 18 cm) is powerful enough to discriminate

malignancy using tumorous EVs, and thus may provide a novel solution for noninvasive cancer

diagnostics.
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Figure 2. Numerical simulation of the ED by Jones calculus. (A) Polarization ellipse
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ellipses corresponding to the full range of 6. (B) Poincaré sphere representation. Single
wavelength (Ieft) and multiple wavelengths (right, same legend as A). LC/RC: left/right circular
symmetry; V/H: vertical/horizontal symmetry. (C) tilt angle, ellipticity angle against the
wavelength (1) and waveplate rotation angle (0), the legend is the same as in A.
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Fig. S6. Optimized amino acids structures used for time-dependent density-functional
theory (TDDFT) simulation.
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Fig. S7. Absorption coefficient (¢) and electronic circular dichroism (ECD) (Ag) spectra of L

amino acids.
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Fig. S8. Molar absorption coefficient of Bovine serum albumin (BSA) used in simulation,
measured by NanoDrop (Thermo Scientific).
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Fig. S9. Repeatability and signal-to-noise ratio (SNR). SNR is defined as mean/standard
deviation(7).
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Fig. S10. Comparison of the baseline models.




Table S1. Waveplate rotation and time stamp.

246
259
272
285
208
311
324
337
349
362
375
388
401
414
427
441
454
467

Theta(°) Time(S) [ Theta(®) Time(S)
0 12 90
5 25 95
10 38 100
15 51 105
20 64 110
25 77 115
30 90 120
35 103 125
40 116 130
45 129 135
50 142 140
55 155 145
60 168 150
65 181 155
70 194 160
75 207 165
80 220 170
85 233 175

180
185
190
195
200
205
210
215
220
225
230
235
240
245
250
255
260
265

Theta(°) Time(S) | Theta(®) Time(S)
479 270 714
492 275 727
506 280 740
519 285 753
532 290 766
545 295 779
558 300 792
571 305 805
584 310 818
597 315 831
610 320 844
623 325 857
636 330 870
649 335 883
662 340 896
675 345 909
688 350 922
701 355 935

Table S2. A feature comparison of ED and CD spectrometer

FEATURE cD ED
LIMIT OF DETECTION (mg/mL*) 0.25 0.5
SIGNAL-TO-NOISE RATIO 20 14
REPEATABILITY (CV,%) 0.5 18
INTERVAL OF DETECTION (min) 1 15
STABILITY (3 DAYS, %) 95 78

* For protein structural analysis only. All experiment was conducted using the same protein
(Chymotrypsin) under the same condition.
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