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A B S T R A C T   

Optical imaging of objects at the nanometric scale is limited by light diffraction, and for this reason several sub- 
diffractive optical microscopy techniques have been developed in the last decades. In this article we present an 
optical laser microscope specifically designed for detection of nano-materials exploiting the Mie scattering be
tween the evanescent wave generated by a laser beam travelling in a transparent substrate through total internal 
reflection and the nano-objects deposited on the substrate itself. The setup, including the laser source, can be 
fully integrated inside an optical microscope requiring only a geometric alignment with the substrate thus 
reducing the complexity and the cost. We also report two possible applications: quantitative detection of Au 
nanoparticles in the 20-100 nm size range and semi-quantitative detection of virions immobilized on the sub
strate through bioreceptor / antigen binding, including, but not limited to, SARS-CoV-2. A minimum virus 
amount of ≈105 in the reaction volume is observed. The results presented here open the route towards unpre
cedent applications in molecular biology or molecular diagnostics.   

1. Introduction 

The detection and characterization of single particles at the nano
scale level is important in several field applications, from materials 
science to biology, and for this purpose several techniques were devel
oped and are now well established: some of them investigate the col
lective properties of nanomaterials, such as dynamic light scattering, x- 
ray spectroscopy or diffraction, optical spectroscopy (absorption/ 
transmission, photoluminescence); others investigate individual prop
erties of single nanoparticles, such as atomic force microscopy or elec
tron microscopy. 

One of the most demanding challenges when dealing with nano
materials is that standard imaging optical techniques using visible 
wavelength cannot be used due to diffraction limits. 

Several techniques based on fluorescence imaging have been devel
oped to overcome this limitation: widefield microscopy, total internal 
reflection microscopy, confocal microscopy, light sheet microscopy, 
two-photon microscopy, etc. [1,2,3,4,5]. Fluorescence microscopy pro
vides a high contrast image in which the signal given by the fluo
rophores is superimposed over a perfectly black background; moreover, 
the possibility to use several fluorophores can add a second layer of 

information provided by the colour [6]. However, in recent years new 
imaging techniques based on scattering rather than fluorescence have 
been developed: total internal reflection scattering microscopy (TIRSM), 
interferometric scattering microscopy, differential interference contrast 
microscopy [7,8,9,10]. In fact, in spite of the wide diffusion of 
fluorescence-based microscopy, scattering has several advantages, as a 
physical process, when compared to fluorescence. 

1) Scattering is more efficient, given the higher cross section: as an 
example, the scattering cross section of a single 50 nm gold sphere at 
520 nm is around 10− 11 cm− 2 [11], which is at least three orders of 
magnitude higher than absorption cross sections of typical fluorescence 
dyes, in the 10− 16 cm− 2 range [12,13]. 

2) Scattering efficiency of nanoparticles can be tuned by controlling 
the shape (sphere, cubes, cages etc.), the composition (gold, silver, 
organic, core/shell, etc.), and the local refractive index near the particle 
surface [14]. These properties, paired with a simple but keen laser 
coupling system, makes them ideally suited for extremely sensitive 
diagnostic devices in a very broad optical range. Vice versa the excita
tion wavelength of the optical system and the absorption wavelengths of 
the fluorophore cannot be perfectly matched. 

3) Nanoparticles offer great perspectives in a chemical process, since 
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they can be properly engineered and employed as carriers for multiple 
bioreceptors bio-conjugated on their external surface, thus increasing 
the overall sensing properties in the assay [15]. This is not true for 
fluorescent molecules which can bind only one-to-one to each analyte. 

4) Fluorescence signals are intrinsically subjected to photobleaching 
effect and this can affect both the robustness and the stability of the 
detected signal, and the repeatability of the measurement. On the other 
side, the fraction of light scattered from a metal nanoparticle is constant, 
since it is less prone to damaging and/or modification due to laser 
illumination. 

Here we describe a full digital device, called Nano Eye Device – Virus 
Detector (NED-VD), which is an optical inverted laser microscope 
designed for the observation of nanomaterials and nanoparticles 
through scattering. The laser excitation system, based on a patented 
technology [16], allows to generate an evanescent wave close to the 
substrate surface thanks to total internal reflection, achieved by simple 
geometry between the laser beam and the substrate itself; the nano- 
objects immobilized close to the substrate surface scatter the light that 
can be finally collected by the microscope objective. Further details are 
reported in the Experimental Section. Despite the underlying physical 
principle being the same, there are two main differences comparing with 
total internal reflection scattering microscopy: the excitation scheme is 
much simpler, not requiring any additional optical element between the 
laser source, the substrate, and the collection optics, and the sample can 
be analyzed also in air without using liquid interfaces. 

Its simplicity, combined with potential high sensitivity, up to single 
particle, makes it interesting for molecular diagnostics since it allows the 
detection of both inorganic (i.e., Au nanoparticles used as biomarkers) 
and organic (i.e., viruses) particles at very low cost. This system allows 
for a considerable reduction in the size and complexity of laser-based 
microscopes and related applications, especially for nanoparticles 
detection and related optical biosensing. 

Compared to other elastic scattering-based techniques, such as dark- 
field microscopy, the use of evanescent wave as excitation source gua
rantees that only the objects close to the substrate surface contribute to 
the detected signal. 

The working principle of this technology is demonstrated through 
the detection of sub-diffractive functionalized AuNP, and as possible 
biosensing application we report the label-free detection of spherical 
viruses, also including SARS-CoV-2, through bioreceptor/antigen 
interaction. 

2. Experimental section 

2.1. NED-VD device 

The main goal of NED-VD device is to simplify the process of 
detection of nano objects through optical imaging: to this end, the in
strument is equipped only with a optical laser coupling method emitting 
a line-shaped laser beam in the visible range, an air-lens objective, and a 
monochromatic camera. 

Thanks to this simplified optical setup and to the small size of the 
required components, the laser coupling method is inserted inside a 
multi-objective (up to 6) microscope setup in order to have two alter
native illumination methods: standard white light transmission mode, 
and laser evanescent wave mode, sensitive to the substrate surface 
(Fig. 1). 

The core of this optical coupling system is composed of a 520 nm 
semi-telecentric laser line generator (Schäfter+Kirchhoff, model num
ber 5LTM-250-11 + 55CM-520-48-O08-A7.5-P-6) focused on the edge of 
a thin transparent substrate (i.e., a standard 0.17 mm-thick glass 
coverslip) with an angle of incidence of 25◦ between the laser beam and 
the horizontal plane. The laser is focused at a distance of 245 mm (depth 
of focus of 145 mm), and the distance between the laser and the 
coverslip edge is 250 mm. The laser line has a width of 4.8 mm and a 
height of 0.196 mm, thus guaranteeing a complete illumination of the 
coverslip edge. 

The 25◦ incidence angle is properly chosen in order to achieve in
ternal reflection of the laser light inside the substrate and can be slightly 
tuned for image optimization, within a +/− 2◦ tolerance, depending on 
the substrate refractive index. 

The NED-VD is equipped with six semi-apochromat objectives (UIS2, 
Olympus UPLFLN series) on an automated revolver, spanning from 2×
to 60×. The images are collected by a monochrome camera (IDS UI- 
3280CP-M-GL), using an exposure time of 200 ms. 

The electronical part consists of a dedicated and custom developed 
motherboard (2.4 GHz processor, 8 GB RAM) able to control the camera, 
the objectives, the slide movements in XY axes, the focus in Z axis, and 
the light sources. 

In NED-VD, since the substrate itself acts as a waveguide, when the 
laser beam hits the edges, an evanescent wave field is generated at the 
interface and propagates above the surface: considering a laser wave
length of 520 nm, a glass refractive index of 1.47, and an incidence angle 
of 25◦ the resulting penetration depth is 42 nm. Thus, any nano-object 

Fig. 1. NED-VD setup; a) the laser light hits the edge of the coverslip at 25◦ and is confined inside the glass through total internal reflection; the light is scattered by 
the nano-materials on the surface and is collected by the objective. b) Photograph of the NED-VD device. c) Overview of the optical setup. 
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immobilized on the substrate surface will scatter the laser light that can 
be collected by the microscope objective on its vertical (Fig. 1). The 
entire microscope is enclosed in a benchtop instrument. 

2.2. Substrate functionalization 

Glass coverslips (60 × 24 mm, 0.17 mm thickness) functionalized 
with aldehydic groups were purchased from Schott-Nexterion. 

The bioreceptors used to define the active regions on the substrate 
are angiotensin-converting enzyme 2 (ACE2) (Signal-Chem, concentra
tion 0.2 μg/μL), or a monoclonal antibody against the spike protein of 
SARS-CoV-2, referred as “antispike” in the following (Signal-Chem, 

concentration 0.5 μg/μL). Bioreceptor concentration has been chosen 
after investigating its effect on the assay performances. In particular, a 
wider range between 0.05 and 1.0 μg/μL has been explored showing an 
increasing trend up to 0.2 μg/μL, followed by a saturation behavior. 
Bioreceptors were dispensed without further dilution on the coverslip 
surface by drop casting through manual deposition. The drops were 
allowed to dry at 25 ◦C while shaking the coverslip at 1200 rpm in a 
thermo-shaker (Bio-San PST-100HL): after drying, a circular spot is 
formed, defining the active area on the coverslip. The drop volume de
termines the spot size, varying between 0.3 and 1.0 μL with corre
sponding spot size was in the range of 1–2 mm. The estimated nominal 
surface concentration of bioreceptors in the active spot area slightly 

Fig. 2. Detection of 100 nm-sized gold nanoparticles 
functionalized with SARS.CoV.2 spikes and then 
captured by ACE-2 on slide. a) Scheme depicting the 
immobilization of Au NPs on the spot region. b) NED- 
VD image of a spot filled with Au NPs acquired at 4×
magnification. c) Central region of the spot acquired 
with NED-VD at 40×. d) Graph showing the correla
tion between the surface density of Au NPs and the 
signal intensity (dashed red line is a guide to the eye); 
signal intensity is obtained from 8-bit monochromatic 
images (values in the 0–255 range). (For interpreta
tion of the references to colour in this figure legend, 
the reader is referred to the web version of this 
article.)   
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varied between 2.5 and 3.0 × 1011 / mm2. This represents an upper limit 
estimation only based on the number of bioreceptors deposited on the 
substrate; due to deposition method a random orientation is expected, 
thus reducing the amount available for further interactions. However, 
the bioreceptor-substrate interaction and the use of additional, more 
efficient, deposition methods is beyond the scope of this paper. 

After bio-receptor dispensing the coverslips were stored at 4 ◦C. 

2.3. Au nanoparticles preparation 

AuNP (20, 50, and 100 nm size) functionalized with NHS groups 
were purchased from Cytodiagnostics; they were bio-conjugated with 
commercial spike proteins (Signal-Chem, concentration 0.2 μg/μL) 
using the protocol provided by the supplier. 

2.4. Virus production 

To assess the ability of NED-VD to detect virions, HIV-1 pseudotyped 
with the SARS-CoV-2 Spike protein was produced in HEK293T cells. For 
safety reasons, a HIV-1 molecular clone (env-defective pNL4–3), limited 
to single cycle replication was used. Briefly, 3.5 million HEK293T cells 
were seeded in 10 cm plates and transfected, by calcium-phosphate 
method, with 17.5 μg of pNL4–3 env- and 2.5 μg of pcDNA3.1 encod
ing SARS-CoV-2 spike, bearing a premature stop codon within the C- 
terminal tail. To control the specificity of NED-VD, in parallel, pNL4–3 
env- was complemented with 2.5 μg of empty pcDNA3.1; alternatively, 
pNL4–3 env- was substituted with 17.5 μg of a NL4–3 variant harboring 
three stop codons within gag, making the construct unable to produce 

viral particles. Two days after transfection, the virions-containing cell 
supernatant was clarified by centrifugation (2500 rpm, 5 min) and 
passed through filters with 0.45 μm pores. Pseudotyped HIV-1 was then 
purified by overlay on a 25% sucrose cushion and ultracentrifugation 
(100.000 ×g, 2 h). Eventually, the viral particle content of the purified 
virions preparation was assessed by RT-assay (SG-PERT), as previously 
described [17] while the concentration was evaluated by detection of 
the viral genomic RNA by qPCR. 

As an alternative virus model, we also used original SARS-CoV-2. To 
produce a stock preparation of SARS-CoV-2, a confluent plate of VERO 
E6 cells was infected with SARS-CoV-2 at 0.01 MOI [18]. Four days after 
infection, the cell culture supernatant, containing SARS-CoV-2 was 
collected and centrifuged (1200 rpm, 5 min) and filtered to remove cell 
debris. SARS-CoV-2 was then concentrated by overnight centrifugation 
(3000 rpm at 12 ◦C). The final virus preparation was quantified by qPCR 
(Liferiver 2019-nCoV Real Time Multiplex RT-PCR Kit) and by plaque 
assay, as described previously [19], and resulting values are 3 × 1010 

genomes/mL and 3 × 104 pfu/mL. 

2.5. AuNP and virions assay 

The experiments were performed using glass coverslips divided in 12 
separated cylindrical wells (diameter 6 mm, maximum volume 150 μL) 
using a silicone isolator gasket and a multi-well chamber (both pur
chased from Grace Biolabs). 

To capture nanomaterials, first the coverslip regions outside the spot 
were blocked in order to prevent non-specific adhesion, then the sus
pension containing the Au NPs was dispensed and incubated, and finally 

Fig. 3. a) Scattering cross section of spherical gold 
(yellow) and organic (red) nanoparticles; the refrac
tive index used for organic nanoparticle is compatible 
with that of viral particles. b-d) NED-VD images of Au 
NPs of 100, 50, and 20 nm respectively (the scale bar 
is the same). Due to the lower intensity the image in 
d) is acquired by increasing the digital gain of the 
camera. The three images have been acquired using 
the same 40× objective. (For interpretation of the 
references to colour in this figure legend, the reader is 
referred to the web version of this article.)   
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the coverslips were washed to remove unbound nanoparticles. 
In the pre-reaction step, each well was covered with 50 μL of 

blocking solution (PBS, 1% BSA, 0.05% Tween-20) and the entire re
action chamber was incubated in a thermo-shaker (Bio-San PST-100HL) 
for 15 min at 25 ◦C with 250 rpm agitation. Subsequently, every well 
was washed at room temperature twice with 100 μL of a wash buffer 
(PBS, 0.05% Tween-20). 

In the reaction, 20 μL of solution containing nanomaterials (Au NPs 
or virions) was added to each well and the entire reaction chamber was 
incubated in the same thermo-shaker for 30 min at 34 ◦C with agitation 
at 1000 rpm. The reaction solution was then removed, and each well was 
washed at room temperature twice with the same wash buffer used 
previously to eliminate the residual nano-materials that did not bind to 
bio-receptor spots. Finally, the isolating gasket was removed, and the 
glass coverslips were washed again in a 50 mL tube with distilled water 
for 3 min at room temperature. After this last step the coverslip was 
dried with compressed air before being analyzed with NED-VD. 

3. Results and discussion 

3.1. Detection of gold nanoparticles by NED-VD 

Gold nanoparticles (100 nm size) bio-conjugated with spike proteins 
from SARS-CoV-2 virus were deposited on the ACE2 spots following the 
protocol described in materials and methods. The spots were then 
visualized with the NED-VD device and two representative images ac
quired at different magnification are shown in Fig. 2b and c. While at 
low magnification the spot appears as a homogeneous white area on a 
dark background, increasing the magnification allows to resolve the 
single nanoparticles. 

For biosensing applications quantitative analyses are important, and 
the relevant information is the number of Au NPs docked into the spot 
region, rather than simple signal intensity, since it usually relates to the 
number of analytes. The number of Au NPs can be measured from im
ages using thresholding algorithms that can separate the NPs from the 
background [20], provided that the Au NPs are spatially resolved and 
isolated: for magnification higher than 40× this typically occurs for 
densities lower than 3 × 105 NP/mm2. However, when the density is too 
high and/or when low magnification is used, it is necessary to rely on 
indirect measurements. Due to the illumination scheme with the 
evanescent wave close to the coverslip surface, each Au NP has a similar 
intensity, and this guarantees a reliable direct proportionality between 
the surface density of Au NP on the spot and the signal intensity, as 
shown by the correlation between the two parameters shown in Fig. 2d. 
In both cases the values are obtained by subtracting from the values 
obtained inside the spot those obtained in the area surrounding the spot. 
In this way we consider spurious the signals due to impurities and/or to 
non-specific adhesion of Au NPs outside the spot region. The curve 
shown in Fig. 2d can be considered as a calibration curve between the 
scattered signal and the surface density of scattering centers; since the 
light intensity depends on several parameters such as laser power and 
the camera acquisition parameters (exposure time, digital gain) it is 
necessary to build different calibration curves for different combinations 
of such parameters. 

The possibility to correlate direct (surface density) and indirect (in
tensity) measurements is very useful for large scale applications where it 
is more convenient to scan the coverslip surface quickly. The minimum 
number of Au NPs detectable depends on the assay and the protocol used 
since they influence the rate of specific adhesion of Au NPs on the spot 
region and the non-specific binding on the glass. In the assay presented 
here, a minimum surface density of ≈500 NPs/mm2 is achieved. This is 
an indication of the sensitivity of the optical device only; for biosensing 
applications the sensitivity is mostly given by the efficiency of the assay 
and specifically by the fraction of analytes that is docked into the spot 
area. 

To evaluate the performances of NED-VD in a broader range of 

situations, Au NPs of different sizes were tested, from 20 nm to 100 nm; 
the scattering cross section was found to decrease by four orders of 
magnitude, passing from 100 to 20 nm (Fig. 3a), confirming that while 
the amount of light scattered by nano-objects depends on several pa
rameters (laser wavelength, material, surrounding medium, shape and 
size, etc.) size is the most influent. 

In Figs. 3(b-d) three images of spots obtained incubating the same 
amount of Au NPs in the reaction well are shown: despite a dramatic 
intensity decrease, NED-VD is capable to detect Au NPs up to 20 nm, 
although in this case it is not possible to quantitatively count single 
particles. Due to the strong size dependence of scattering cross section 
and the very low signal provided by 20 nm Au NPs we can guess that this 
represents the minimum detectable size. The possibility to visualize 
objects with low scattering cross section opens the route towards the 
detection of organic nano-objects, such as viruses or bacteria, whose 
scattering cross section is much lower compared to metal nanoparticles 
of similar size. Fig. 3a shows the cross section of a quasi-spherical virus 
lentiviral particle pseudotyped with the SARS-CoV-2 spike of a size of ≈
100 nm (like Influenza virus, HIV, coronaviruses, etc.) which is com
parable to that of Au NPs having a size of 50 nm. This result indicates 
that authentic viruses can be detected by NED-VD. 

3.2. Detection of viral particles by NED-VD 

Having demonstrated that Au NPs up to 20 nm in size can be visu
alized by NED-VD, of the instrument was tested for the detection of HIV- 
1 viral particles pseudotyped with the SARS-CoV-2 spike protein in order 
to exploit the same bioreceptor/antigen interaction. Pseudotyped HIV-1 

Fig. 4. Comparison between ACE2 and anti-spike monoclonal antigen: spot 
observed at 4× magnification after incubation of 5 × 106 virions on ACE2 (a) 
and anti-spike (b), and corresponding negative controls (c, d); scale bar is the 
same in all four images; e) 40× magnification image of the right edge of the 
spot in panel a). 
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virions were incubated on the coverslip following the protocol described 
in the experimental section. 

Although TIRSM has been used for the detection of viral genome 
[21], our purpose here is the detection of the intact whole virus. A series 

of experiments were carried out to compare the suitability of two 
different kinds of bioreceptors, ACE2 and an anti-spike monoclonal 
antibody (Fig. 4). In both cases a solution, containing 5 × 106 virions, 
was incubated, and the spots were clearly visible (Fig. 4a, b) with a 

Fig. 5. a-f) NED-VD images of spots observed at 4× magnification after incubation with different SARS-CoV-2 pseudotyped HIV-1 virions amount: 10,7 5 × 10,6 3 ×
10,6 10,6 5 × 10,5 3 × 10.5 The bright spot in f is due to a dust particle. g-i) NED-VD images of negative controls. j) pseudotyped HIV-1 dilution curve; the red line is 
an apparent linear fit. 
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higher intensity in the ACE2 spot. At the same time, negative controls 
containing only DMEM were incubated following the same protocol and 
produced no specific signal on the ACE2 spot (Fig. 4c); specific signal 
generated by virus particles is easily distinguished from impurities and 
residual salts that can be present in the solution containing the anti- 
spike monoclonal antibody (Fig. 4d). We believe that this difference is 
mostly related to the immobilization of the bioreceptor on the substrate 
rather than the interaction with the analyte. This aspect will be inves
tigated more in detail in the future. 

Moreover the using of ACE2 as bioreceptor is most suitable in view of 
possible diagnostic applications since the interaction between a specif
ically designed anti-spike bioreceptor would be more sensitive to the 
modification of spike protein in different SARS-CoV-2 variants requiring 
continuous update of bioreceptor design. 

Given the higher performance of ACE2 both in terms of signal in
tensity and absence of impurities, we will consider only ACE2 as bio
receptor in the following. 

Inspecting the spot at higher magnification reveals the granular 
pattern of the signal, due to single virions (Fig. 4e). In contrast to what 
observed for Au NPs, the virions do not exhibit the same isotropic 
scattered light intensity. This can be explained by several factors, such as 
a non-homogenous size distribution and/or non-spherical surface. 

Serial dilutions of pseudotyped HIV-1 samples were produced to 
determine the minimum detectable concentration by the assay (Fig. 5). 
A linear trend in a semi-logarithmic chart was observed throughout the 
analyzed range (two orders of magnitude), from which it is possible to 
estimate a minimum detectable concentration of ≈2 × 105 viruses / 20 
μL that is a 3000-fold dilution of the starting concentration obtained 
after virus cultivation (3 × 104 pfu/mL). This value is comparable to that 
observed in TIRFM detection of influenzavirus [22] and human cyto
megalovirus [23], or reflectance microscopy of Ebola-like virus [24]. 
The minimum detected amount is comparable also with that observed in 
several assays detecting influenzavirus and coronavirus based on 
surface-enhanced Raman scattering techniques [25], with LODs be
tween 50 and 106 PFU/mL. 

We observed similar using SARS-CoV-2 virions, as shown in Fig. 6, 
where two spots were obtained by incubating the same amount (107) of 
both pseudotyped HIV-1 and SARS-CoV-2 virus. 

This experimental result confirms that NED-VD can be used to detect 
different enveloped viruses, belonging to different families and with 
capsids of different symmetry, provided that their size and shape gua
rantees sufficient light scattering. For the same reason, it is plausible 
that only viruses preserving their structure can be detected using this 
method since bioreceptor/antigen interaction is necessary but not suf
ficient condition: spherical shape and size larger than 50 nm are tight 
requirements. The possibility to selectively detect only intact and active 
viruses would be interesting for possible application since the device 
presented here could support other techniques that detect only the virus 
genome (qPCR) and could be a faster alternative to plaque assays. 

In order to lower the assay sensitivity further improvements are 
necessary, especially in the bioreceptor-antigen interaction: other bio
receptors having higher affinity could be tested, their surface concen
tration can be tuned, orientation and adhesion could be controlled 
through protocol modifications [26,27]. 

4. Conclusions 

The laser optical microscope NED-VD presented here is capable to 
detect nano-materials docked on a transparent substrate using a simple 
excitation setup that makes the instrument a reliable and cheaper 
alternative to other imaging techniques, such as TIRSM. The possibility 
to detect Au NPs up to 20 nm opens the way to biosensing applications. 
In fact, an assay for the detection of spherical viruses with an average 
size of ≈100 nm (HIV pseudotyped with SARS-CoV-2 spike proteins, and 
whole SARS-CoV-2) is presented here. The assay shows a minimum 
sensitivity of ≈105 virions in the reaction volume. With the specific 
example of SARS-CoV-2 this value is below the amount of virus copies 
that should be detected with standard antigen rapid tests, exploiting the 
same bioreceptor/antigen interaction, according to WHO [28]. How
ever, contrarily to other kind of tests the NED-VD gives the possibility to 
detect the intact virion allowing a simpler correlation between the 
presence of the pathogen and the state of infection in the patient. 
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