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ABSTRACT:

Traditional virus detection methods require ligands that bind to either viral capsid
proteins or viral nucleic acids. Ligands are typically antibodies or oligonucleotides and they are
expensive, have limited chemical stability, and can only detect one specific type of virus at a
time. Here, the biochemical surface properties of viruses are exploited for ligand-free,
nonspecific virus detection. It has been found that the osmolyte mannitol can preferentially
aggregate virus, while leaving proteins in solution. This led to the development of a ligand-free
detection of virus using gold nanoparticle (AuNP) aggregation. Porcine parvovirus (PPV) was
incubated with AuNPs and aggregation of the PPV-AuNP complex with mannitol was detected
by dynamic light scattering (DLS). The lowest detectable concentration of PPV was estimated to
be 10° MTTso/mL, which is lower than standard antibody assays. PPV was also detected when
swabbed from a dry surface and in the presence of a protein solution matrix. The enveloped
bovine viral diarrhea virus (BVDV) was also detected using mannitol-induced aggregation of
BVDV-coated AuNPs. The lowest detectable concentration of BVDV was estimated to be 10°
MTT;5¢/mL. This demonstrates that gold nanoparticle aggregation can detect virus without the

use of specific ligands.
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INTRODUCTION

The novel properties of gold nanoparticles (AuNPs) can be harnessed to create
specialized sensors for biomolecules.'-3 One class of biomolecule that has shown great promise
for AuNPs detection are viral particles.*¢ Viruses are unique colloids that consist of a protein
capsid shell that encapsulate nucleic acids and may be surrounded by a lipid bilayer. Most
commonly, the capsid proteins or nucleic acids are the biochemical targets for direct virus
detection.” !? Virus can be detected with lateral flow assays, in which the AuNPs function as
direct coloring,'!12 or through the aggregation of the AuNPs.3 10-13-14 While these are promising
methods for disease detection of specific viral infections, there is a need to detect the presence of
infectious virus particles without being virus specific. In one case, blood transfusions in Africa
are commonly tested for only three different viruses, HIV, hepatitis B and hepatitis C,'> whereas
in the US, blood donations are tested for at least seven different viruses.!® A general virus
detection method could alleviate the need for low resource countries to test for specific viruses in
blood donations. The goal is not a disease diagnosis, but the general safety of the blood supply.

Another application could be the evaluation of the cleanliness of a surface. One example
would be the elimination of norovirus after a cruise ship outbreak. According to the Centers for
Disease Control and Prevention (CDC), norovirus causes about 20 million people in the US to
have acute gastroenteritis each year'” and the virus can be transmitted through contact with
contaminated food, water or surfaces. A rapid and inexpensive virus detection method could
alleviate many of these transmissions through the testing of surface cleanliness.

AuNPs are widely used as a colorimetric detection mechanism due to their unique surface
plasmon resonance (SPR) property. A strong optical absorbance peak of AuNPs is dependent on

the size of AuNPs and also highly sensitive to inter-particle separations. Aggregation of AuNPs
3
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results in a red-shift and peak broadening of the ultraviolet-visible (UV-Vis) absorption spectrum
and an obvious color change from red to dark blue or gray.!8-! However, this type of detection is
not sensitive to lower degrees of aggregation and not suitable for the analysis of colored samples.
To overcome the limitations of colorimetric assays by UV-Vis detection,?-?! the light scattering
properties of AuNPs have been used for biomolecule detections.® 1422 Light scattering-based
assays have a lower limit of detection, up to four orders of magnitude, as compared to UV-Vis
spectrophotometric-based AuNPs aggregation detection.?3 Light scattering methods may be
required to detect pathogens, which can be infectious at very low concentrations.

There have been assays developed for the detection of proteins using AuNP aggregation.
Proteins non-specifically adsorb to AuNPs, creating a protein corona?*-?> through a combination
of hydrophobic interactions,? electrostatic interactions,?’ and co-ordinate binding between the
thiol or amino groups of proteins and the AuNPs.28-2 A protein concentration assay has been
developed by determining the amount of protein needed to create a protein corona around an
AuNPs that will protect the nanoparticle from salt-induced aggregation.’® This demonstrates the
application of a non-specific biomolecule concentration assay using AuNPs aggregation.

AuNPs can be easily conjugated with biomolecules, making them a good candidate for
specific virus detection using antibodies or oligonucleotides. AuNPs conjugated with an antibody
can sensitively detect the presence of the H3N2 influenza A virus with a detection limit of 7.8
hemagglutination units.!'* Hepatitis C virus (HCV) specific oligonucleotide-functionalized
AuNPs were used to quantify HCV RNA in clinical samples by AuNPs aggregation with a limit
of detection of 4.57 international units (IU)/uL.'® However, these systems require an antibody or

oligonucleotide that is specific to the virus of interest for detection. But what if we need to know
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2 if any virus is present? To develop a non-specific viral particle assay based on AuNPs

Z aggregation, methods to aggregate generic viral particles need to be explored.

273 Virus particles can aggregate in a variety of solution conditions through manipulation of
9

1(1) pH, salt concentration, and osmolyte concentration. Viruses tend to form aggregates close to

:g their isoelectric point (pI), where the net charge of the virus surface is neutral and the repulsive
12 electrostatic forces on the virus surfaces are the lowest.3! MS2, ®X174, and PRD1 bacteriophage
16

1{73 particles formed aggregates when the pH was lowered from 7 to near their pI of 4.32 Viruses

;g show different degrees of aggregation depending on salt types and concentration. A sodium

;; chloride solution ranging from 0.5-4 M reversibly aggregated the hepatitis B surface antigen

gz (HBsAg) virus-like particles (VLPs) into oligomeric particles, while 1-2 M ammonium sulfate
;? irreversibly aggregated the VLPs.33

;S Osmolytes have been shown to preferentially aggregate both the non-enveloped porcine
2(1) parvovirus (PPV) and enveloped Sindbis virus (SINV) while not aggregating bovine serum

32

gi albumin (BSA) or lysozyme.3*3¢ The hypothesis of why this aggregation occurs is based on the
22 differences between virus and protein surface chemistry. Most osmolytes protect proteins from
2573 high osmotic stress, resulting in enhanced protein stability.3” Osmolytes have a high affinity for
39

2(1) water and a low affinity for the protein backbone.?3-3 Therefore, osmolytes are able to remove
fé water molecules near hydrophobic residues on the protein surface.*° To compensate for this

fé change in free energy, the protein rearranges into a more compact structure.’” Viruses tend to
%Z aggregate in this same situation due to two major differences between viruses and proteins:

:g viruses have been shown to be more hydrophobic than proteins,*'-4? allowing more surface area
g; to be dehydrated, and viruses are more rigid than proteins and cannot collapse to compensate for
gi the free energy change. In response to the change in free energy, viruses aggregate.
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In this study, PPV and bovine viral diarrhea virus (BVDV) were detected by comparing
the aggregation of virus-coated AuNPs in mannitol solutions and sodium chloride solutions to
BSA and thyroglobulin-coated AuNPs. PPV and BVDV were chosen to demonstrate the
robustness of this general virus particle detection assay, as PPV is a small non-enveloped virus
while BVDV is a larger, enveloped virus. Results indicate that virus and protein-coated
nanoparticles can be distinguished by a difference in aggregate size measured by dynamic light
scattering (DLS). Two proof-of-concept tests were conducted to determine if PPV could be
detected in simulated applications. PPV was dried on a surface and then recovered by rubbing
the area with a wet cotton swab. The reconstituted PPV was quantitatively measured with the
developed AuNPs aggregation assay. PPV could also be quantitatively detected in different
concentrations of BSA solution matrix, demonstrating the possible application in testing blood
donations. These results indicate that ligand-free AuNPs aggregation may be a promising
detection method for the presence of viral particles. This nonspecific virus detection method is
promising for determining the presence of viruses in a blood transfusion sample or on a

contaminated surface.

EXPERIMENTAL SECTION

Materials. Bovine serum albumin (BSA) (=98%) and thyroglobulin from porcine thyroid

gland were purchased from Sigma-Aldrich (St. Louis, MO). For synthesis of AuNPs, gold (III)
chloride trihydrate (HAuCly-3H,0) (299.9%) and trisodium citrate (ACS grade, >99.0%) were
purchased from Sigma-Aldrich. Potassium phosphate monobasic (molecular biology grade,
>99.0%), sodium phosphate monobasic monohydrate (ACS grade, 98.0-102.0%), and sodium

chloride (ACS grade, >99.0%) were a gift from Millipore Sigma (Burlington, MA). Sodium
6
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phosphate dibasic heptahydrate (ACS grade, 98.0-102.0%), D-mannitol (= 98%), and
glutaraldehyde solution (Grade I, 70% in H,O) were purchased from Sigma-Aldrich. Phosphate
buffered saline (PBS) (pH = 7.2) was purchased from Life Technologies (Grand Island, NY).
Thiazolyl blue tetrazolium bromide (MTT) (98%) was purchased from Alfa Aesar (Haverhill,
MA). All aqueous solutions or buffers were prepared using purified water with a resistivity of
>18 MQ-cm from a Nanopure filtration system (Thermo Scientific, Waltham, MA) and filtered
with a 0.2 um bottle top filter (VWR, Radnor, PA) or a 0.2 pum syringe filter (VWR) prior to use.

Virus titration and purification. Porcine kidney cells (PK-13, CRL-6489) and bovine
turbinate cells (BT-1, CRL-1390) were purchased from ATCC. Porcine parvovirus (PPV) strain
NADL-2, was a gift from Dr. Ruben Carbonell (North Carolina State University, Raleigh, NC).
Bovine viral diarrhea virus (BVDV) strain NADL was purchased from USDA APHIS. PPV was
propagated in PK-13 cells and BVDV was propagated in BT-1 cells. Both PPV and BVDV were
titrated with an MTT assay, as described previously.*3-** The MTT assay is a cell viability assay
that can be correlated with viral infectivity. For purification of virus, PPV or BVDV was first
dialyzed using a Biotech Cellulose Ester 1000 kDa dialysis tubing (Rancho Dominguez, CA) at
4°C for two days with two buffer exchanges in 4 mM phosphate buffer (pH 7.2). The dialyzed
virus was then polished with an Econo-Pac 10DG desalting column (Hercules, CA).

Synthesis and characterization of AuNPs. The citrate-capped AuNPs were synthesized
using the previously established citrate reduction method.?? Briefly, a trisodium citrate solution
was added to boiling hydrochloroauric acid (HAuCly) solution and kept boiling for 15 minutes.
The boiling solution color was observed to turn from pale yellow to purple, followed by the
formation of deep red AuNPs colloids. The AuNP colloidal solution was cooled to room

temperature for further characterization.
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The synthesized AuNPs were characterized by UV-Vis absorption spectroscopy, dynamic
light scattering (DLS), and transmission electron microscopy (TEM). The AuNPs solution was
transferred into one well of a 96-well plate and the UV-Vis absorption spectrum was measured
from 400 — 900 nm wavelength with a Synergy Mx microplate reader (Winooski, VT). The
AuNPs solution hydrodynamic diameter and zeta potential were measured with a Malvern
Zetasizer Nano ZS (Worcestershire, United Kingdom). The morphology of the AuNPs was
characterized with a JEOL JEM-2010 TEM (Peabody, MA) at 200 kV. The concentration of the
AuNPs was determined by the molar extinction coefficient, which is related to the particle
diameter, using a previously established method.* The synthesized AuNPs were prepared fresh
and kept at room temperature until use. The AuNPs were washed once by re-suspending the
AuNPs pellet into nanopure water after pelleting with an ST16R Centrifuge (Thermo Scientific,
Asheville, NC) at 7,000 x g for 20 minutes and diluted to a final concentration of 3.5 nM for
subsequent experiments.

Coating and characterization of virus-AuNPs complexes. Different concentrations of
purified PPV, BVDV, BSA, or thyroglobulin were added to the 3.5 nM AuNPs for a final
concentration of 1.75 nM AuNPs. The coated AuNPs were vortexed and rotated end-over-end
for 20 hours on a Roto-shake Genie rocker (Bohemia, NY) at the maximum rotation speed and
then centrifuged at 6,000 x g for 20 minutes. The coated AuNPs were characterized by UV-Vis
spectroscopy and DLS. The coated AuNPs were resuspended in a 1 M mannitol or 1 M sodium
chloride solution and characterized.

Prior to detection of coated AuNPs with the Malvern Zetasizer, the virus was inactivated
according to university biosafety protocols. A 7.14 puL of 70% glutaraldehyde solution was

added to 1 mL of coated AuNPs before and after osmolyte or salt treatment to make the final
8
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solution concentration 0.5% glutaraldehyde. Each tube was incubated at room temperature for 2
hours and was measured with the Malvern Zetasizer.

To quantify the aggregation of AuNPs, the mean hydrodynamic diameter (Dy), was
measured by DLS. The change in the hydrodynamic diameter after treatment (4Dy) was

calculated by Eq. 1.

ADy = Dy coated aunps after treatment Dy coated aunps before treatment (1
A high 4Dy represents a high degree of aggregation of coated AuNPs by either osmolyte or salt
treatment.

For TEM characterization, 8 log PPV, 8 log PPV-coated AuNPs, and 8 log PPV-coated
AuNPs after 1 M mannitol aggregation were adsorbed to a plasma etched TEM copper grids
(Carbon Type-B, 300 mesh) for 2 minutes and were negatively stained with a 2% uranyl acetate
(Fisher Scientific) for 2 minutes. The morphology of the virus samples was imaged with a JEOL
JEM-2010 TEM at 80 kV.

Proof-of-concept tests. To determine the effect of protein interference on the virus
detection, 500 puL of PPV was spiked into the same volume of solution containing different
concentrations of BSA in PBS. The diameter was measured by DLS before and after addition of
1 M mannitol.

To simulate testing a surface for virus contamination, a swab test was developed.*-47
Five 20 puL droplets of purified PPV in PBS buffer were placed on a sterile petri dish and dried in
the biosafety cabinet for 1 hour. After the droplets evaporated, 100 pL of PBS buffer was
pipetted onto the surface. The surface was then swabbed with a sterile cotton swab in a

horizontal, vertical and diagonal direction, five times for each direction. The cotton swab was
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placed in a tube containing 800 pL PBS buffer, incubated for 10 minutes, vortexed for 10
seconds and incubated for an additional 10 minutes. Liquid retained in the swab was removed by
pressing of the cotton against the tube wall. The diameter was measured by DLS before and after
addition of 1 M mannitol.

Statistical analysis. Statistical analysis was performed using R statistical software. A
two sample t-test assuming equal variances (estimate pooled variance) was employed for
comparison of virus-coated AuNPs with protein-coated AuNPs to determine an analytical limit
of detection. Statistically significant differences are indicated by an asterisk (*).

RESULTS AND DISCUSSION

Rationale of virus detection method. Traditional virus detection methods require the
specific detection of either capsid proteins by antiviral antibodies'3-'4 or viral nucleic acids by
complementary oligonucleotides.® ' While this is a reliable method to detect known viral
contaminates, it will not detect unknown viral particles. This work is a proof-of-concept study
demonstrating that the behavior of virus and AuNPs in osmolyte and salt solutions can be used
for virus detection of general viral contamination, without targeting a specific virus.

Earlier work demonstrated that viral particles preferentially flocculate in the presence of
osmolytes.?43%> As described in the introduction, this is due to the hydrophobicity and rigidity of
virus particles. Osmolytes dehydrate protein and virus surfaces. However, since viruses are more
hydrophobic than proteins,*-4> they aggregate when there is a loss of their hydrating layer. Thus,
viruses aggregate when in the presence of high osmolyte concentrations, while proteins do not.
This study will apply this knowledge to induce the aggregation of virus and detect that
aggregation with AuNPs as a beacon. A cartoon of AuNPs aggregation to probe the presence of

viral particles is shown in Figure 1. In the presence of osmolytes, virus-coated AuNPs aggregate
10
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and a measurable size increase is observed. However, the aggregation is not detected when
protein-coated AuNPs are in the presence of osmolyte solutions. Salts are known to induce the
aggregation of AuNPs,*-0 since electrolytes can neutralize repulsive forces arising from the
surface charge of citrate-coated AuNPs, causing the AuNPs to aggregate.’! Minimal aggregation
was shown when the osmolytes mannitol and glycine contacted uncoated AuNPs (see SI).
Viruses on the surface of AuNPs can stabilize the nanoparticles from salt-induced aggregation,
likely with a similar mechanism that protein-coated AuNPs are stabilized from salt-induced
aggregation.® The reaction of the coated AuNPs to salt-induced and osmolyte-induced
aggregation allowed the virus-containing samples to be identified from the protein-only samples.
Synthesis and characterization of AuNPs. The characterization of synthesized and
coated AuNPs can be found in Figure 2. Synthesized AuNPs formed a red colloidal solution and
were monodisperse and uniform, as shown in Figure 2A. The AuNPs showed a mean zeta
potential of -36 = 3 mV, indicating the synthesized citrate-capped AuNPs were stable and
negatively charged (Figure 2B). The isolated AuNPs had an absorbance peak at 519 nm in the
UV-Vis absorbance spectrum (Figure 2C). The PPV-coated AuNPs and the BSA-coated AuNPs
had a red-shift of 6 nm in the peak wavelength, as compared to bare AuNPs. This demonstrated
that the AuNPs were coated successfully.3?> Coating of AuNPs with PPV or BSA also increased
the hydrodynamic diameter of the AuNPs, as shown in Figure 2D. The bare AuNPs had a mean
hydrodynamic diameter of 15 &+ 0.4 nm. When the AuNPs were coated with PPV or BSA, the
hydrodynamic diameter increased according to the size of the coating molecule, PPV is 18-26
nm>3 and BSA is ~6.8 nm>*. Both the red-shift in the UV-Vis spectrum and the increase in the

size indicated the formation of a monolayer? on the AuNPs surface for either protein or virus.

11
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For biosafety reasons, the PPV had to be inactivated before testing with DLS. It was
confirmed that the size did not change for the BSA-coated AuNPs before and after crosslinking.
It was also observed that the size of the coated nanoparticles prior to aggregating agent addition
was as expected in Figure 2D, providing evidence that the crosslinking did not induce AuNPs
aggregation.

Concentration dependence. It was difficult to compare the concentration of PPV and
BSA. It was determined that the best way to compare the virus and protein would be to find a
concentration of each that covered the same area on the AuNP assuming similar binding
affinities. It was calculated that 1 nM BSA covered the same area on the AuNPs as 108
MTT;o/mL of PPV (see SI), which is the highest concentration of PPV that can be obtained from
our virus propagation method. The calculation assumed that the structure of the virus or BSA did
not change from the crystal structure size>3-3* and that there was a 1:1,000,000 ratio of infectious
to non-infectious virus particles for the PPV.>> A higher concentration range of BSA was also
tested because it has been shown that 1 nM BSA is too low a concentration to form a protein
monolayer on AuNPs>6-37 that can halt salt-induced aggregation.’!

The mean hydrodynamic diameter (Dy) measured by DLS was used to quantify the size
of AuNPs before coating, after coating, and after inducing aggregation with either mannitol or
salt. 4Dy designates the change in the size of coated AuNPs after induction of aggregation with
either osmolyte or salt (Eq. 1). Figure 3A shows that PPV-coated AuNPs increase in size after 1
M mannitol aggregation. The aggregation of PPV-coated AuNPs in mannitol is likely due to the
flocculation of PPV caused by mannitol.3* 3¢ Higher concentrations of PPV, starting at 10°
MTT;5¢/mL, reduced aggregation in NaCl due to the virus protecting the AuNPs from salt-

induced aggregation, shown in Figure 3B. The calculated 4Dy for PPV shows a linear trend
12
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when plotted against the log of PPV titer when PPV has a concentration greater than 103
MTTs¢/mL (Figure 3C). The change in Dy due to the mannitol-induced aggregation of PPV
increased from 25 £ 2 nm to 61 + 16 nm between 10* MTTso/mL and 108 MTTso/mL. The lowest
concentration of virus that could be detected was estimated to be 106 MTTsy/mL, which is ~1
pM. This lowest detectable concentration is lower than standard antibody binding assays that
detect virus,>#%0 which typically have a nanomolar detection limit.6!-62

The size of BSA-coated AuNPs in mannitol was much smaller than PPV-coated AuNPs,
as shown in Figure 3. This demonstrates that there is a clear difference between AuNPs
aggregation with mannitol in the presence of PPV versus BSA, demonstrating mannitol
aggregation as a potential method to detect the virus. BSA-coated AuNPs showed the same trend
as PPV-coated AuNPs, in the presence of salt. However, BSA-coated AuNPs is less protected
than PPV from 0-1 nM, if we assume 103 PPV is equal to 1 nM of BSA, as calculated based on
the same coverage area in the SI. This is likely due to a difference in binding affinity for BSA
and PPV. The size difference, 4Dy, in BSA-coated AuNPs induced by mannitol as a function of
protein concentration can be seen in Figure 3F. The size increase of BSA-coated AuNPsin 1 M
mannitol had a 4Dy value in the range of 19 + 1 nm to 33 = 8 nm for all protein concentrations
studied. For PPV, the 4Dy reached 61 = 16 nm for the highest concentration studied. This
difference is the main basis for determining the detection of virus versus proteins.

Thyroglobulin-coated AuNPs (see SI for UV-Vis and DLS confirmation of coating) were
also tested for their ability to aggregate in mannitol and salt. Thyroglobulin is a major protein
involved with iodine metabolism and is 12 nm® in size. The reference range for thyroglobulin
concentration is serum is about 20 to 25 ng/mL% (equivalent to 30-38 nM). All tested

concentrations of thyroglobulin-coated AuNPs protected the AuNPs from aggregation by NaCl,
13
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shown in Figure 3H. The size increase of thyroglobulin-coated AuNPs in 1 M mannitol had a
ADy value in the range of 22 + 1 nm to 35 £+ 4 nm for all protein concentrations studied (Figure
3I). This 4Dy is smaller than PPV-coated AuNPs in mannitol. This further demonstrated that
there is a clear difference between AuNPs aggregation with mannitol when in the presence of
PPV versus protein controls.

The aggregation profile of PPV-coated AuNPs compared with protein-coated AuNPs by
1 M NacCl is similar to the aggregation profile of human papillomaviruses (HPV) type 16 L1
VLPs-coated AuNPs compared with BSA-coated AuNPs induced by 70 mM NaCl.%
Aggregation of AuNPs-coated VLPs was sharply decreased as VLPs concentration was
increased, while BSA-coated AuNPs showed a flat trend for AuNPs aggregation by salt.®> While
changes in NaCl aggregation of virus-coated AuNPs may detect viral particles compared with
BSA near 1 uM, our data suggests that mannitol aggregation is more quantitative and less
susceptible to contaminating proteins in solution.

TEM images of PPV, PPV-coated AuNPs and PPV-coated AuNPs with 1 M mannitol are
shown in Figure 3J-L, respectively. The size of PPV detected in the images falls into the
reported size range for PPV of 18 - 26 nm.> Figure 3K confirmed the successful interaction of
PPV with the AuNPs. Figure 3L showed aggregation of PPV-coated AuNPs in mannitol. This
demonstrates that PPV-coated AuNPs aggregate in the presence of mannitol.

UV-Vis absorption spectrum was used as a secondary detection method for AuNPs
aggregation, however, no significant difference between the red-shift for mannitol-induced
aggregation for PPV and the red-shift for mannitol-induced aggregation for control BSA could

be found (see SI). This is possibly due to the lack of sensitivity of the UV-Vis absorption

14
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spectrum that is needed to identify the small differences in aggregation between mannitol-
induced aggregates of PPV and AuNPs.

Application: virus detection in protein solution matrix. To determine the interference
of proteins on virus detection using the AuNPs aggregation method, PPV was spiked into an
equal volume of BSA solution with difference concentrations to keep a constant final virus

concentration of 10%3 £ 10°2MTT, /mL. Figure 4A shows the average size of PPV-coated

AuNPs in different concentrations of BSA before and after mannitol-induced aggregation. PPV-
coated AuNPs placed in BSA solutions had a significantly larger size than BSA-coated AuNPs
alone (Figure 4B). The highest BSA concentration of 500 pM was chosen because it is the
physiological concentration of albumin in serum.%-¢7 The calculated average concentration from
the AuNPs standard detection curve for PPV was 103+ 10%7 MTTsy/mL, which is within £+ 100
(MTTs5¢/mL) (the known MTT error) from the PPV titer determined with the MTT assay. This
reproducibility across different BSA concentrations indicates that AuNP aggregation in mannitol
could be a promising diagnostic for virus in a protein solution.

Application: evaluation of surface contamination. AuNPs aggregation in mannitol was
used as a proof-of-concept test to detect viral contamination on a surface. PPV was allowed to
dry on a petri dish and was then collected with a cotton swab, as shown in Figure SA. PPV ata
concentration of 1099+ 10%2 MTTse/mL was collected with this swab sampling method,
achieving a 60 + 23% virus recovery. Figure 5B shows the 4Dy, after induction with mannitol.
Swabbed PPV had a significantly larger aggregation of AuNPs caused by mannitol as compared
to BSA. To determine the concentration of swabbed PPV using the AuNPs aggregation method,

the PPV titer was determined from the AuNPs standard curve determined in Figure 3E. The

15
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calculated titer was within the error of the MTT assay. This reproducibility indicates that the
comparison of AuNPs aggregation in mannitol can be a promising test for the cleanliness of a
surface for viral contamination.

Nonspecific virus detection. To test the non-specificity of the AuNPs aggregation assay,
an enveloped virus BVDV with a size of 40-60 nm® was detected by mannitol-induced AuNP
aggregation. The confirmation of BVDV-coated AuNPs is in the SI. Using the same procedure
as PPV and the control proteins, the mean Dy was used to quantify the size of AuNPs before
coating, after coating, and after inducing aggregation with either mannitol or salt. Figure 6 A
shows that BVDV-coated AuNPs increase in size after 1 M mannitol addition. At a concentration
of 10° BVDV MTT;s¢/mL or higher, the AuNPs were protected from salt-induced aggregation, as
shown in Figure 6B. The 4Dy due to the mannitol-induced aggregation of BVDV increased
from 51 = 13 nm to 165 £ 31 nm between 10* MTTso/mL and 10’ MTTsy/mL, as shown in
Figure 6C. The lowest detectable concentration was estimated to be 10* MTTso/mL for BVDV.
BVDYV was detectable at a lower concentration than PPV. This could be due to the BVDV being
an enveloped virus, potentially increasing its affinity for AuNPs. Or the size ratio between the
virus and the AuNP could be important. In this study, only 15 nm AuNPs were used with virus
that were ~20 nm (PPV) and between 40-60 nm for BVDV. Future work will explore a larger

range of virus to AuNP size ratios.

CONCLUSIONS
The aggregation of virus-coated AuNPs in mannitol can be detected by DLS and there is
a linear increase in aggregate size with an increase in PPV concentration on a semi-log plot. This

indicates the potential of quantitative detection of virus with this described AuNPs aggregation
16
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method. The lowest detectable concentration of virus was estimated to be 10° MTTsy/mL, which
is lower than standard antibody assays. The non-specific nature of this assay was tested by
detecting the aggregation of BVDV-coated AuNPs in mannitol. The lowest detection
concentration for BVDV was estimated to be 10° MTTso/mL.

The AuNPs aggregation assay has the ability to determine the presence of virus in up to
500 uM of BSA quantitatively, used as a model contaminate in a protein-rich biological fluid.
Also, PPV was detected quantitatively after it was swabbed from a dried sample on a petri dish.
The developed ligand-free AuNPs aggregation method can determine the presence of virus
within 24 hours, which is comparable or faster than current virus detection methods. This general
virus detection method could be a quick, sensitive, inexpensive and portable method for
detecting the presence of viral particles in low resource countries. Future work includes
exploring additional viruses, reducing the time for the assay, and determining the ideal AuNP
sizes and shape. The goal is to develop this assay into an early screening step for a viral infection

in blood samples or cleanliness of a surface, which could help to control a viral disease outbreak.
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FIGURE CAPTIONS
Figure 1 The outcome of AuNPs aggregation detection of virus

Figure 2 Characterization of synthesized and coated AuNPs. (A) TEM image of the AuNPs, the
inset image showing the color of synthesized AuNPs, (B) zeta potential, (C) UV-Vis absorption
spectrum, (D) hydrodynamic diameter

Figure 3 Concentration dependence for detection of PPV versus control BSA & thyroglobulin.
(A&D&G) Size profile of PPV, BSA or thyroglobulin coated AuNPs as a function of
concentrations before and after 1 M mannitol addition as measured by DLS. (B&E&H) Size
profile of PPV, BSA or thyroglobulin coated AuNPs as a function of concentrations after 1 M
NacCl addition as measured by DLS. (C&F&I) Change in AuNPs aggregation size for PPV, BSA
or thyroglobulin after 1 M mannitol addition. Solid markers represent PPV, open markers
represent BSA and thyroglobulin. All data points are the average of three separate tests and error
bars represent the standard deviation. Concentrations are plotted as a log scale. TEM images of
(J) 8 log PPV, (K) 8 log PPV-coated AuNPs and (L) 8 log PPV-coated AuNPs with 1 M
mannitol. *p <0.05 for virus compared to BSA and thyroglobulin controls.

Figure 4 Detection of virus in a protein solution matrix. (A) The average size of PPV-coated
AuNPs in different concentrations of BSA before and after 1 M mannitol addition and measured
by DLS. (B) The change in the size of PPV-coated AuNPs in different concentrations of BSA
after I M mannitol addition. Solid symbols represent PPV and open symbols represent BSA
only. All data points are the average of three separate tests and error bars represent the standard
deviation.

Figure 5 Swab sampling to detect contamination of PPV on a surface. (A) The process of swab
sampling, (B) Size aggregation measured by DLS for swabbed PPV versus control swabbed
BSA. Swabbed PPV is 10%° + 10°2 MTTsy/mL as measured by the MTT assay and 1074
MTTs¢/mL as measured by the PPV-AuNPs aggregation assay in 1 M mannitol. All data points
are the average of three separate tests and error bars represent the standard deviation.

Figure 6 Concentration dependence for detection of BVDV. (A) Size profile of BVDV coated
AuNPs as a function of concentrations before and after | M mannitol addition as measured by
DLS. (B) Size profile of BVDV coated AuNPs as a function of concentrations after | M NaCl
addition as measured by DLS. (C) Change in AuNPs aggregation size for BVDV after | M
mannitol addition. All data points are the average of three separate tests and error bars represent
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the standard deviation. *p <0.05 for virus compared to BSA and thyroglobulin controls in Figure
3.
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Figure 2 Characterization of synthesized and coated AuNPs. (A) TEM image of the AuNPs, the inset image
showing the color of synthesized AuNPs, (B) zeta potential, (C) UV-Vis absorption spectrum, (D)
hydrodynamic diameter
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Figure 3 Concentration dependence for detection of PPV versus control BSA & thyroglobulin. (A&D&G) Size
profile of PPV, BSA or thyroglobulin coated AuNPs as a function of concentrations before and after 1 M
mannitol addition as measured by DLS. (B&E&H) Size profile of PPV, BSA or thyroglobulin coated AuNPs as a
function of concentrations after 1 M NaCl addition as measured by DLS. (C&F&I) Change in AuNPs
aggregation size for PPV, BSA or thyroglobulin after 1 M mannitol addition. Solid markers represent PPV,
open markers represent BSA and thyroglobulin. All data points are the average of three separate tests and
error bars represent the standard deviation. Concentrations are plotted as a log scale. TEM images of (J) 8
log PPV, (K) 8 log PPV-coated AuNPs and (L) 8 log PPV-coated AuNPs with 1 M mannitol. *p <0.05 for virus
compared to BSA and thyroglobulin controls.
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45 Figure 4 Detection of virus in a protein solution matrix. (A) The average size of PPV-coated AuNPs in

46 different concentrations of BSA before and after 1 M mannitol addition and measured by DLS. (B) The

47 change in the size of PPV-coated AuNPs in different concentrations of BSA after 1 M mannitol addition. Solid

symbols represent PPV and open symbols represent BSA only. All data points are the average of three
separate tests and error bars represent the standard deviation.
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Figure 5 Swab sampling to detect contamination of PPV on a surface. (A) The process of swab sampling, (B)
Size aggregation measured by DLS for swabbed PPV versus control swabbed BSA. Swabbed PPV is 1076.9 +
100.2 MTT50/mL as measured by the MTT assay and 10~7.4 MTT50/mL as measured by the PPV-AuNPs
aggregation assay in 1 M mannitol. All data points are the average of three separate tests and error bars
represent the standard deviation.
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Figure 6 Concentration dependence for detection of BVDV. (A) Size profile of BVDV coated AuNPs as a
function of concentrations before and after 1 M mannitol addition as measured by DLS. (B) Size profile of
BVDV coated AuNPs as a function of concentrations after 1 M NaCl addition as measured by DLS. (C) Change
in AuNPs aggregation size for BVDV after 1 M mannitol addition. All data points are the average of three
separate tests and error bars represent the standard deviation. *p <0.05 for virus compared to BSA and
thyroglobulin controls in Figure 3.
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Addition of osmolytes causes viruses-coated AuNPs to aggregate and not protein-coated AuNPs. Ligand-free detection of virus

was developed without the need for prior knowledge of the specific virus target.
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