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Abstract.
Significance: Fast and reliable detection of infectious SARS-CoV-2 virus loads is an important issue. Fluorescence
spectroscopy is a sensitive tool to do so in clean environments. This presumes a comprehensive knowledge of fluores-
cence data.
Aim: This work aims at providing fully featured information on wavelength and time-dependent data of the fluores-
cence of the SARS-CoV-2 spike protein S1 subunit, its receptor binding domain (RBD) and the human angiotensin-
converting enzyme 2 (hACE2), especially with respect to possible optical detection schemes.
Approach: Spectrally resolved excitation-emission maps of the involved proteins and measurements of fluorescence
lifetimes were recorded for excitations from 220 to 295 nm. The fluorescence decay times were extracted by using a
bi-exponential kinetic approach. The binding process in the SARS-CoV-2 RBD was likewise examined for spectro-
scopic changes.
Results: Distinct spectral features for each protein are pointed out in relevant spectra extracted from the excitation
emission maps. We also identify minor spectroscopic changes under the binding process. The decay times in the
bi-exponential model are found to be (2.0± 0.1) ns and (8.0± 1.0) ns.
Conclusions: Specific material data serve as important background information for the design of optical detection and
testing methods for SARS-CoV-2 loaded media.
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1 Introduction

The global spread of the SARS-CoV-2 virus, which started in early 2020 [1] and which was de-

clared pandemic by the WHO in March 2020 [2], has promoted the intensive research on human

coronaviruses [3], which are a global public health thread [4]. A major tool in monitoring and

controlling the spread of the viruses is a fast, accurate and sensitive detection of the virus or the

infection[5]. In the case of SARS-CoV-2 , a significant number of research articles on sampling

techniques, nano biosensor technologies and antigen testing have been published and are reviewed

e.g. in Refs. [6], [7, 8] and [9], respectively. An overview on photonic approaches for detecting
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virus loads and infections by optical means is given in Ref. [10]. The authors summarize that

spectroscopic techniques, such as FTIR, Raman and fluorescence, are still facing challenges from

the huge diversity of viruses in the human organism. Among those methods, laser induced fluo-

rescence (LIF) is a widely used tool to investigate proteins [11, 12, 13, 14]. Elastic light scattering

and fluorescence have been used to observe virus particles and virus-like particles [15, 16, 17].

The LIF technology takes advantage of increased signal intensities and has been applied to de-

tect and classify viruses with excitation in the near UV [18, 19]. As pointed out in Ref. [20] ,

additional, orthogonal information on fluorescence characteristics can be retrieved not only from

two-dimensional, spectral signatures (excitation-emission maps) but also from fluorescence decay

times. Such distinct features are of high importance for a reliable sample classification[21].

In this work, high resolution fluorescence data of the proteins involved in the SARS-CoV-2 bind-

ing process, namely the S1 part of the spike protein of SARS-CoV-2 , the receptor-binding domain

thereof and human angiotensin-converting enzyme 2 (hACE2) are reported as well as results on

their fluorescence decay times. Spectral data and fluorescence decay times of the investigated

proteins are compared and discussed as candidates for classification features.

2 Experimental setup

The proteins used for this study are SARS-CoV-2 S1 RBD (S1 RBD domain with His-Tag,

M=27.5 kDa), SARS-CoV-2 S1 (S1 domain with His-tag, 77.1 kDa) and hACE2 (ECD domain,

tag free processes M=80 kDa). The proteins were produced by trenzyme GmbH using a transient

production system in HEK293 suspension cells followed by purification either via the encoded

His-Tag by IMAC (RBD and S1 protein) or by ion exchange chromatography (hACE2). After

purification, the buffer of the purified proteins was exchanged to DPBS (Dulbecco’s phosphate
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buffered saline (DPBS), pH=7.1-7.5, Sigma-Aldrich) and the proteins were analyzed. The final

concentrations of the solutions were 22.6µg/ml in case of the hACE2, 7.8µg/mlin the RBD case

and 22.2µg/ml for the full length S1 protein. This ensures comparable, molar concentrations of

the proteins for the analysis.

The samples were investigated in UV-transparent cuvettes (fused silica glass, Hellma 117F),

with a light travel path of 10 mm in the spectrometer.

A FS5 fluorescence spectrometer from Edinburgh Instruments was used to obtain full fluores-

cence signatures of the proteins. The spectrometer uses a 90◦ setup and a variable wavelength

excitation. Additionally it allows for time correlated single photon measurements of the samples.

The fluorescence maps contain data for excitation wavelengths ranging from 220 nm – 300 nm

and emission from 230 nm – 500 nm. Time dependent fluorescence signals have been recorded at

an excitation at 260 nm, with 0.9 ns excitation pulse duration and the respective optimal emission

wavelengths.

3 Results and Discussion

3.1 LIF spectral signatures of the hACE2 enzyme and the S1 protein

As an overview, the emission maps of the SARS-CoV-2 S1 spike protein, the receptor-binding

domain (RBD) thereof and the hACE2 are shown in Fig. 1. The diagonal trace of peaks, at

+3430cm−1 from the excitation wavelengths λex are assigned to be the Raman signals of H2O.

The narrow peaks in the lower right corner of the graphs are assigned to be the second order

diffraction maximum. Each map consists of two major maxima: the first one located at an exci-

tation wavelength λex = 220 nm with maximum emission at λem =325 nm for S1 and hACE2 and
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Fig 1 Excitation-emission fluorescence map for hACE2 (left), the receptor-binding domain (center) and
SARS-CoV-2 S1 (right). Data are available on biorxiv.org as supplementary material.

at λem = 320 nm for the receptor-binding domain. The second major maximum appears at an ex-

citation wavelength of λex = 280 nm showing a maximum emission at λem =325 nm for all three

proteins.

Fig. 2 displays the normalized fluorescence response of the three samples in detail at excita-

tion wavelengths λex = 220 nm and λex = 280 nm. For clearness the emission spectra obtained

at λex = 280 nm have been adjusted by the background signal from a pure PBS sample. The sig-

nals at λex = 220 nm clearly show the Raman signal of the solvent as well as the second order

diffraction maximum. The intensities of the respective signals are indicated by the Raman signal

intensities and are more explicit in Fig. 3. The fluorescence peaks are located between 290 nm

and 410 nm, which indicates that the excitation light mainly probes tryptophane and tyrosine sites
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inside the proteins. At both respective excitation wavelengths, the three proteins show significantly

different fluorescence responses. This is manifested in differently shaped peaks, which in turn give

full width half maximum values of the peaks from 55 nm for hACE2 and the receptor-binding

domain to 60 nm for the S1 protein, both at an excitation wavelength of λex = 280 nm. The same

pattern can be seen for λex = 220 nm, with slightly broader values for full width at half maximum

(FWHM): 58 nm for hACE2 and RBD and 63 nm for the S1 protein. These slightly broader spec-

tra may emerge from an excited hot (i.e. vibrationally excited) state with broad emission spectrum

due to the lower excitation wavelength.
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Fig 2 Detailed, normalized fluorescence signals of the three proteins at λex = 220nm (left) and λex = 280nm (right).

Besides the pure protein signals, also the bound complex of the virus with its receptor is of

interest for a possible virus detection. To obtain a protein-enzyme complex solution we combined

both the solution of the S1 full length protein and the RBD protein solution with the hACE2 solu-

tion: 1 ml of each solution with the respective concentrations noted above to ensure equimolarity

of both substances in the combined solution. Straight after combination, the mixture was stirred

to ensure a fully mixed solution. From the receptor binding affinity of about 1-40 nM [22] and

the concentration of the S1 protein and the RBD protein analytes of about 3.0 · 10−7Mol
l

one ob-
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tains a half life time of the binding process in the range of τ ≈ 3− 35 s. Thus, the full binding

of all hACE2 receptors to the virus proteins in our solution is ensured within 5 min, when the

spectra were taken. Fig. 3 shows the fluorescence results of the bound complexes at an excitation

wavelength of 280 nm. The signals have been adjusted by the background signal from a pure PBS

sample and for simplicity the normalized signals are shown. For comparison the single contribu-

tions are shown too. We compared the signal of the bound complexes with the sum of the signals

of the single contributions (black dashed lines in the spectra). The difference spectra between the

summed signals and the bound complexes are shown in Fig. 4. Here, the significant change of

about -1% of the signal at 312 nm is due to differences in the H2O Raman signal. At 350 - 400

nm however, a slight change in the slopes of the peak is found, indicating a possible conformation

change under the binding process, especially in the S1 case.
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Fig 3 Fluorescence spectra of bound protein complexes and their single contributions: a) Receptor-binding domain of
the S1 protein and b) the full S1 protein.

3.2 Fluorescence decay times

Additionally, the fluorescence decay of the base solutions of the hACE2, the RBD protein and

the S1 protein as well as of their bound complex solutions were measured at an excitation of 260
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Fig 4 Differences between the added single contributions and the bound complex for the RBD and the S1 case.

τ1 (ns) τ2 (ns)
hACE2 2.0± 0.1 8.0± 1.4
RBD 1.9± 0.1 9.0± 1.9
S1 2.1± 0.1 6.9± 1.5

Table 1 Results of the double exponential fit to the different protein time correlated single photon signals at an
excitation wavelength of 260 nm.

nm as a time correlated single photon counting signal, shown in Fig. 5. The decay signals were

evaluated in the well established double exponential decay model [23, 24]. Here, the fits were

performed as global fits, where all signals are taken into account at once and the fit for the bound

complexes is fitted as a sum of the single contributions. Results of the fits are summarized in

Table 1, the error noted is the error due to the fit routine. For both global fits the coefficient of

determination is R2 = 0.99. The fit analysis for the decays yields that the two time constants in

the exponential decays, τ1 and τ2, are only slightly different for all proteins and bound protein-

complexes. The recorded signals consist of a fast and a slow decay with τ1 ≈ (2.0± 0.1) ns and

τ2 ≈ (8.0± 1.0) ns for all proteins.
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Fig 5 Time correlated single photon counting signals for the different solutions and their respective double exponential
decay fit. a) for the RBD case, b) for the S1 case.

4 Summary

We have presented fluorescence data for the S1 spike protein of the SARS-CoV-2 , its receptor-

binding domain and for its most important receptor in human organisms, hACE2. The spectra

show distinguishable features such as slight, but clear shifts in the shapes of the LIF signatures

for all proteins, e.g. manifested in different FWHMs of the respective fluorescence peaks. Addi-

tionally, the signals vary with the excitation wavelength and show for example a clear blueshift of

about 5 nm for the receptor-binding domain at λex = 220 nm in contrast to λex = 280 nm. The flu-

orescence decay times have been determined to be τ1 ≈ (2.0± 0.1)ns and τ2 ≈ (8.0± 1.0)ns. For

further insight, the limitations are the signal to noise ratios and the maximum possible integration

times in order to avoid photolytic decomposition of the proteins in the UV. The data are publicly

available for external R&D as described in section 4.
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Data and Materials Availability
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