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ABSTRACT

Virus colloidal behavior is governed by the interaction of the viral surface and the
surrounding environment. One method to characterize the virus surface charge is the isoelectric
point (pl). Traditional determination of virus pl has focused on the bulk characterization of a
viral solution. However, virus capsids are extremely heterogeneous, and a single-particle method
may give more information on the range of surface charge observed across a population. One
method to measure virus pl is chemical force microscopy (CFM). CFM is a single-particle
technique that measures the adhesion force of a functionalized atomic force microscopy (AFM)
probe and in this case, a virus covalently bound to a surface. The model non-enveloped porcine
parvovirus (PPV) and enveloped bovine viral diarrhea virus (BVDV) were used to demonstrate
the use of CFM for viral particles with different surface properties. We have validated the CFM
to determine the pl of PPV to be 4.8-5.1, which has a known pl value of 5.0 in the literature and
to predict the unknown pl of BVDV to be 4.3-4.5. Bulk measurements, zeta potential, and
aqueous two-phase systems (ATPS) cross-partitioning methods were also used to validate the
new CFM method for virus pl. Most methods were in good agreement. CFM can detect the
surface charge of viral capsids at a single-particle level and enable the comparison of surface

charge between different types of viruses.

KEYWORDS
Atomic force microscopy, surface charge, functionalized AFM tip, nanotechnology,

protein charge, capsid



INTRODUCTION

The characterization of virus particles traditionally takes place at the molecular level
using genetic manipulation of viral capsid proteins to understand individual amino acid
interaction [1, 2] or in bulk by characterization of viral solutions [3, 4]. However, there is an
intermediate scale at the single-particle level [5, 6] that is missing. Measuring the variability in a
viral population at the single-particle level could help explain or more accurately measure
infectious to non-infectious particle ratios [7], thus improving our understanding of the virus
infection cycle. Single-particle methods could also provide insight into the ratio of empty to full
capsids in gene therapy manufacturing [8], thus providing a quick quantitation of the quality of a
gene therapy preparation for human use. In addition, the virus surface charge can be used to
evaluate the adhesion forces between the virus and a target substrate to predict the likelihood of
virus attachment to a charged surface [9]. The surface charge can be used to design virus
removal filters based on electrostatic adsorption [10, 11] and to eliminate empty virus capsids
that lack nucleic acids during packaging from its full virus particles by anion exchange
chromatography for gene therapy purification [12].

One important surface characteristic is the virus surface charge, most often characterized
by the isoelectric point (pI). The plI corresponds to the pH where the net charge on the virus
particle is zero [13]. Although the net surface charge is zero, due to the large size of viruses,
there are many charged patches distributed on the viral surface at the pl. The excess of
protonated or deprotonated functional groups of the charged amino acids highly contributes to
the net surface charge of viruses. The surface charges of viral capsid proteins at a certain pH
based on the dissociation constants of charged residues can be used for calculation of the virus pl

using Henderson-Hasselbalch equation [14]. Like any other charged particles, when a charged
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virus particle is in liquid, an electrical double layer will form around the virus particle
comprising of a Stern layer, which is a rigid layer of counter-ions first attached to the charged
particle, and a diffuse layer, which is a loose outer layer of free ions in liquid attracted to the
Stern layer [15]. The surface charge of the virus particle measured here is the charge at the
slipping plane, which is the outer edge of the diffuse layer of the virus particle. Thus, the surface
charge of the virus particle is a function of pH and ionic strength of the fluid.

Various characterization methods have been employed to determine the pl of virus
particles. Zeta potential, as a measure of surface charges of virus particles at the slipping plane,
requires high concentration of purified virus particles and is affected by the ionic strength of
solutions and different virus purification methods [4, 16]. Isoelectric focusing is an
electrophoretic technique based on the separation of virus particles, according to their pI [17].
Isoelectric focusing typically requires long and complicated experimental steps and is limited by
the low solubility of virus particles [17, 18]. Cross-partitioning can be measured using an
aqueous two-phase system (ATPS) [19, 20]. An ATPS cross-partitioning method containing
charged polyethylene glycol (PEG) was used to measure the pl of various groups of streptococci
and staphylococci bacteria [19] and has the potential to measure the pI of virus particles.
However, zeta potential, isoelectric focusing, and cross-partitioning methods are limited by the
purity of virus samples [21] and solution conditions [4, 16, 19]. Both zeta potential and cross-
partitioning methods require a large number of purified virus samples. An inexpensive, robust,
and reliable single-particle method to characterize the virus surface charge is needed.

A novel surface characterization method known as chemical force microscopy (CFM)
[22], which uses an atomic force microscope (AFM), has the potential to measure single virus

particle surface chemistry. CFM measures the chemical interactions between a functionalized
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AFM tip and a sample. CFM has been reported to explore the surface charge of a single S.
cerevisiae cell [23] and to measure the pl values of various proteins: bovine serum albumin,
myoglobin, fibrinogen, and ribonuclease with trace amounts of protein samples [24]. CFM has
also become popular to measure the interactions between biomolecules, such as specific
antibody-antigen interaction [25], protein-protein interaction [26], and ligand-receptor interaction
[27]. One significant advantage of CFM over other microscopy methods for virus surface
characterization is that the measurement can be performed in physiological aqueous solutions
without disturbing the natural state of the virus [28]. In addition, CFM uses a small amount of
biological samples [24], which can overcome the disadvantage of bulk characterization methods
that can consume a large number of purified virus samples. CFM is therefore less expensive and
is not reliant on the purification method, since contaminant proteins will not interfere with the
measurement.

In this research, we used modified AFM probes functionalized with either a positive or
negative charge to determine the viral pl using CFM. We validated the CFM by comparing the pl
of non-enveloped porcine parvovirus (PPV) with its known pl value. CFM also determined the
pl of enveloped bovine viral diarrhea virus (BVDV), which does not have a literature reported pl
value. The bulk measurements of zeta potential and ATPS were used as a comparison of the
virus pl. Most of the bulk measurements were in good agreement with the pl values determined
by CFM, but required significantly more viral samples to complete. We also compared our
experimental data to computationally calculated virus electrostatic surface property data. The
CFM can detect the surface charge of viral capsids at a single-particle level and enable the
comparison of the surface charge between different types of viruses or subpopulations of

different virus samples. With a thorough understanding of virus surface charge, the
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understanding of virus interaction with surfaces and other biological materials can be better

understood.

EXPERIMENTAL SECTION

Materials. Sodium phosphate monobasic monohydrate (ACS grade, 98.0-102.0%),
polyethylene glycol (PEG, average MW: 12 kDa), and sodium chloride (ACS grade, > 99.0%)
were a gift from MilliporeSigma (Burlington, MA). Sodium phosphate dibasic heptahydrate
(ACS grade, 98.0-102.0%), citric acid monohydrate (ACS grade, >99.0%), sodium citrate
tribasic dihydrate (ACS grade, > 99.0%), 12-mercaptododecanoic acid (HS (CH2)11COOH,
96%), 1-dodecanethiol (HS(CH2)11CH3z,> 98%), 11-mercaptoundecyl-N,N,N-
trimethylammonium bromide (HS(CH2)11N(CH3)3Br), primary (NH2) functionalized silica
nanoparticles (nanoparticles <30 nm (DLS)), and sodium hydroxide (NaOH, ACS grade, >
97.0%) were purchased from Sigma-Aldrich (St. Louis, MO). N-hydroxysulfosuccinimide
(NHS) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) were
purchased from Thermo Fisher Scientific (Waltham, MA). 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). Sodium dodecyl sulfate
(SDS) was purchased from VWR (Radnor, PA). Hydrochloric acid (HCI, ACS grade, 36.5-
38.0%) was purchased from Fisher Scientific (Pittsburgh, PA). All aqueous solutions or buffers
were prepared using purified water with a resistivity of >18 MQ-cm from a Nanopure filtration
system (Thermo Scientific) and filtered with a 0.2 um bottle top filter or a 0.2 um syringe filter
(VWR) prior to use. Citrate buffer (CB) solutions with different pH (3.0—6.0) were prepared by

mixing different volume percentages of 20 mM stock solution of citric acid and sodium citrate
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tribasic. Phosphate buffer (PB) solution at pH 7.0 was prepared by mixing 20 mM stock solution
of sodium phosphate monobasic and sodium phosphate dibasic. The final pH was adjusted with 1
M NaOH or HCI, as needed, and measured with a Fisherbrand Accumet AE150 benchtop pH
meter (Hampton, NH) with a 13-620-AE6 3-in-1 single-junction gel pH/ATC probe calibrated
using the manufacturer’s instructions.

Virus production, purification, and titration. Porcine kidney cells (PK-13, CRL-6489)
were purchased from ATCC. Porcine parvovirus (PPV) strain NADL-2, was a gift from Dr.
Ruben Carbonell (North Carolina State University, Raleigh, NC). PPV was propagated in PK-13
cells, as described previously [29], and stored at —80°C. Bovine turbinate cells (BT-1, CRL-
1390) were purchased from ATCC and bovine viral diarrhea virus (BVDV) strain NADL was
purchased from USDA APHIS. BVDV was propagated by infecting 80% confluent flasks of BT-
1 cells with 10° MTTso/mL of virus in PBS and collecting the virus released into the media after
72 hours. The BVDV had 10 v/v% glycerol added before storing it at —80°C.

For purification of PPV or BVDV [30], the virus was first dialyzed using a Biotech
Cellulose Ester 1,000 kDa dialysis tubing (Rancho Dominguez, CA) at 4°C for two days with
two buffer exchanges of 20 mM PB buffer. The dialyzed virus was further purified with a
BioRad Econo-Pac 10DG desalting column (Hercules, CA).

Both types of viruses were titrated with a cell viable MTT assay [29]. Briefly, either 8 x
10* cells/mL PK-13 cells (to titrate PPV) [31] or 2.5 x10° cells/mL BT-1 cells (to titrate BVDV)
[32] were seeded into a 96-well plate in a volume of 100 pl/well. After a 24 hour incubation, 25
ul/well of virus sample was added to the corresponding host cells in quadruplicate, and serially
diluted across the plate. After 6 days, 10 pL/well of 5 mg/mL MTT salt in PBS (pH 7.2) was

added to the plate. After 4 hours, this was followed by the addition of 100 pL/well of
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solubilizing agent, consisting of 10 w/v% SDS in 0.01 M HCIl (pH 2.5). Plates were read for
absorbance at 550 nm on a Synergy Mx monochromator-based multi-mode microplate reader
(Winooski, VT) 12 to 20 hours after the solubilizing agent addition. The virus dilution that killed
50% of the cells is stated as the virus titer MTTso. The concentrations of purified virus solutions
were determined by MTT assay to be 1x10% MTTso/mL for PPV and 1x10” MTTso/mL for
BVDV.

Virus samples and control surfaces preparation. A diced glass slide (1 inch x 1 inch x
1 mm) was coated with a Perkin-Elmer Randex Sputtering System (Model 2400, Waltham, MA)
with a 5 nm thick chromium layer followed by a 30 nm gold layer. The gold-coated slide was
soaked in a glass petri dish containing 14 mL of a 1:1 solution of 2 mM solution of
HS(CH2)11COOH and HS(CH>)11CHj3 in ethanol for 12 hours, rinsed with ethanol, and then air-
dried in a chemical hood. The surface was then equilibrated with 14 mL of Nanopure water for
15 minutes. A total of 0.5 mL of an equal volume mixture of 0.1 M NHS and 0.4 M EDC was
added to the surface for 30 minutes, and then washed and incubated with PBS (pH 7.2) for 2
minutes. A 0.5 mL of purified PPV or BVDV or positively charged control NH»-functionalized
silica nanoparticles was applied to the surface for 30 minutes. Finally, the surface was rinsed
three times with Nanopure water and soaked in 14 mL of 20 mM CB (pH 3.0-6.0) or PB (pH 7.0)
at the desired pH, and stored at 4°C. The negatively charged control carboxyl acid modified
surface was prepared in the same manner except the solution contained pure HS(CH2)11COOH.
The controls were used for testing the chemistry of virus immobilization and probe
functionalization.

AFM probe functionalization with a charged chemical group. Negatively-charged

AFM probes were prepared by incubating the gold-coated Bruker AC-40 AFM probe (~0.1 N/m)
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in a 4 mM solution of HS (CH2)11COOH in ethanol for 24 hours, rinsed with ethanol, and air-
dried in a chemical hood. Similarly, positively charged AFM probe was prepared by immersing
the NT-MDT GSG10/Au AFM probe (~0.1 N/m) in a 10 mM solution of HS(CH>)11N(CH3)3:Br
in ethanol for 48 hours, rinsed with ethanol, and air-dried in a chemical hood. Functionalized
probes were used immediately after they were prepared.

AFM imaging, force measurement, and analysis. All AFM experiments were
performed at room temperature on a Bruker Dimension ICON Atomic Force Microscope with
ScanAsyst system (Santa Barbara, CA). AFM topographic images were obtained using tapping
mode in PBS with a Bruker ScanAsyst Fluid+ silicon nitride AFM probe or a NT-MDT GSG30
AFM probe. AFM force measurements were made in peak force tapping mode or contact mode.
The spring constant of the modified AFM probe was calibrated before the force measurement by
using the thermal noise method [33]. More than 500 F-D curves were collected with at least three
separate combinations of probe/virus samples. All F-D curve measurements between modified
probes and viral surfaces were performed in either 20 mM CB solutions at the desired pH or in a
20 mM PB at pH 7.0. The control experiments were carried out in 20 mM PB at pH 7.0. Data
analysis was performed with the Bruker Nanoscope Analysis software. To determine the pl of
the virus, the mean adhesion force from 500 F-D curves were plotted as a function of pH and fit

to a sigmoidal curve [34] described by Eq. 1,

y
Y = —r (1)
1+e Tz )

where Y is the adhesion force, x is pH, and xo is the pl. yris the maximum adhesion force, and the
rate constant for the change of the mean adhesion force is given by //z.
Zeta potential measurement. Purified PPV or BVDV was diluted 1:10 in either 20 mM

CB at the desired pH or 20 mM PB solutions at pH 7.0. The zeta potential was measured with a
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Malvern Zetasizer Nano ZS (Worcestershire, United Kingdom). Measurements were performed
at 25°C using a capillary zeta cell (750 pL) with an equilibration time of 2 min. Three
measurements of 10-100 runs were carried out using the automatic option.

ATPS measurement. A stock solution of 33 w/w% PEG 12 kDa and 30 w/w% citrate at
pH 4.5-6.5 were used to prepare the ATPS. The total system size was 1 g, at a final concentration
of 15 w/w% PEG, 14 w/w% citrate, and 0.1 g purified PPV, at various pH values [35]. The
systems were mixed on a vortex mixer and subjected to 12,300 xg for phase separation in an
ST16R Centrifuge (Thermo Scientific) at 21°C for 5 min. The top (PEG-rich) and bottom
(citrate-rich) phases were collected for further virus titration. The partition coefficient (K) was

calculated as,

_ VpxTp
K= VexTe (2)

where V' is the volume of the PEG-rich phase (P) or citrate-rich phase (C), and T is the titer of
PPV in either phase expressed as MTTso/mL.

Theoretical calculation of virus surface potential and pl. The pl of the virus by amino
acid sequence was calculated by an online protein isoelectric point calculator

(http://isoelectric.ovh.org) [36], using the theoretical average value from 16 methods. The amino

acid sequence was from the UniProt Knowledgebase (UniProtKB) [37].

The surface potential of the virus was calculated from the protein crystal structure using
the protein contact potential in PyMOL [38]. Each protein crystal structure was from the Protein
Data Bank (PDB) based on its corresponding ID. The electrostatic potential map of virus surface
based on its overall surface charge distribution was also created in PyMOL, and it was applied
on protein surface by calculating the electrostatic potential in a vacuum and using the protein

contact potential [38].
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RESULTS AND DISCUSSION

Surface and Probe Preparations. The first step was to prepare the surface and AFM probes
needed for CFM measurements. Probe modifications using gold-coated AFM tips are common
[23, 39], and the modifications used are shown in Figure 1A. However, a new method to attach
the virus was needed. One of the common characterizations of virus with an AFM is
nanoindentation [5, 40, 41]. Nanoindentation is typically conducted by depositing virus on a gold
surface and pushing on the virus. We were concerned that if we deposited the virus on gold and
then pulled on it, we would not be confident if the bond that broke during the measurement was
the tip-virus interaction or the gold-virus interaction. Therefore, we decided to covalently bond
the virus to the surface, as shown in Figure 1B. We created a mixed surface with terminated
carboxylic acid and methyl groups and used NHS/EDC chemistry to covalently bond the virus to
the carboxylic acid groups [42, 43]. The mixed surface was designed to increase the spacing of
the viral particles. There was no need to orient the virus on the surface because the viruses tested
are symmetric.

Non-enveloped PPV and enveloped BVDV were successfully immobilized to the surface.
Topographic images and corresponding height analysis, as shown in Figure 2, confirmed that the
virus immobilization method retained a natural form of the virus without deformation or
disassembly. It is common to use height as a confirmation of no modification or deformation of
the viral particles [44, 45]. A total of 18 viral particles from three purified batches for PPV and
BVDYV were measured with topographic images. PPV had an average height of 23 + 3 nm, and

BVDV had an average height of 46 & 8 nm in height. Confirmation of the viral envelope prior to
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attachment and zeta potential measurements was confirmed by the ability of BVDV to infect cell
culture and by TEM images (SI Figure S1).

The quality of the topographic images was limited. It is possible that the length of the
bifunctional linker used to immobilize the virus particles created a soft surface that resulted in
the blurred edges in the virus particle images. To obtain higher quality topographic images for
PPV and BVDV in liquid, the virus particles were deposited onto a gold surface without covalent
bonding, as shown in SI Figure S2A&B. The blurred fringes of virus particles were greatly
reduced in these improved conditions. A total of 9 viral particles from two purified batches for
PPV and BVDV were measured. PPV had an average height of 18 + 3 nm, and BVDV had an
average height of 30 = 2 nm in height. Viruses on gold had a smaller size than those covalently
attached to the surface. This could be due to the virus spreading out on the gold surface [46].

Controls were conducted to confirm the virus immobilization method was required.
Figure 2C shows that positively charged primary amine functionalized silica nanoparticles were
successfully immobilized with the NHS/EDC method, and the size of 15 + 4 nm was measured
with the AFM for 18 particles from three different immobilization batches. The size was the
same as given by the manufacturer. In addition, we found that the negatively charged SAM-
COOH modified surface had a surface roughness of 3 nm, as shown in Figure 2D. This is the
same roughness as was found for the bare gold surface with NHS/EDC control (SI Figure S2C).
The need for the NHS/EDC addition is shown in SI Figures S2D-E, where very little PPV and
no BVDV could be found when the NHS/EDC step was removed from the protocol.

Probe functionalization was confirmed by verifying the charge on the probe. The
negatively charged carboxyl-terminated probe (COQO") interacted with the positively-charged
silica nanoparticles at pH 7.0, (SI Figure S3A). No adhesion forces could be detected on the

12



negatively-charged COO™ modified control surface at pH 7.0 (data not shown). For the

positively-charged quaternary amine-terminated probe (NR4"), strong adhesion was found when

interacting with the negatively-charged COO™ control surface at pH 7.0 (SI Figure S3B). No

adhesion forces could be detected between the positively-charged silica nanoparticles and the

positively-functionalized tip (data not shown).

Virus pl using CFM. Most viruses carry a negative charge under physiological pH due

to the pl of the virus typically being below 7 [13]. As a proof of concept that CFM can measure

the pl of viral capsids, the non-enveloped virus, PPV, and the enveloped virus, BVDV, were

selected to explore the virus surface charge. Some of their physical properties can be found in

Table 1. PPV has a literature reported pl of 5.0, measured by isoelectric focusing [18]. No pl

information could be found for BVDV.

Table 1 Model virus properties.

Virus Capsid Family Nuc} el Size pl Relatfed human References
acid (nm) viruses
Porcine Non- B-19 human
parvovirus Parvoviridae ssDNA 18-26 ~5.0 . [18,47]
enveloped parvovirus

(PPV)

Bovine viral

diarrhea virus  Enveloped  Flaviviridae ssRNA 40-60 - Hepatitis C [47, 48]

(BVDV)

AFM probes terminated with either COO™ or NR4" were used to measure the surface

charge of each virus. To provide maximum electrostatic interactions while still maintaining pH

control, low ionic strength buffers at 20 mM concentration were used. Figure 3A shows the
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adhesion of PPV to the negatively charged COO™ modified AFM probe as a function of pH. One
representative F-D curve (retraction only) is shown for each pH, and they changed shape across
different pHs. The overall histogram shape also changed as a function of pH. The strongest
adhesion forces were observed at pH 3.0, compared with almost no adhesion being observed at
pH 6.0.

In a similar experiment with the positively charged NR4" modified AFM probe, the
opposite adhesion trend was observed (Figure 3B). The strongest adhesion force was present at
pH 6.0, and the adhesion forces decreased with a decreasing of the pH. The adhesion forces had
a significant increase when the pH was increased to pH 5.0 and above.

The adhesion force data for PPV as a function of pH are summarized in Figure 4A and
4B. All the adhesion forces are the mean values, which were calculated from 500 recorded F-D
curves with at least three separate combinations of probe/virus samples at each pH. To determine
the pl of PPV, the experimental data were fitted to a sigmoidal curve described by Eq. 1, and the
pl was determined to be the inflection point of the fitted curve. The inflection point was chosen
because other measurements of pl for biological molecules, with respect to pH, often show an
inflection point at the pl. This includes zeta potential curves [4, 49], ATPS [20], and CFM for
proteins [24]. The infection point for PPV was found at 5.1 for the COO™ probe. Similarly, the
infection point for the NR4" modified probe was 4.8. Therefore, the pI of PPV is 4.8-5.1, as
determined by CFM. This is similar to the literature reported pl of 5.0 for PPV [18].

Bulk methods were also used as a comparison to the CFM results. The zeta potential for
PPV shifted from negative to positive at pH 4.0, as shown in Figure 4C, thus giving a pl of 4.0.
The pl value of PPV was also estimated by a non-traditional bulk method, ATPS cross-
partitioning [20]. The partitioning of PPV in a PEG-citrate system was measured at different pH
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values. The virus particles remained in the citrate-rich phase, comprising of negatively charged
citrate ions when the virus had a positive charge. Moreover, the virus particles repelled the
negatively charged citrate ions when the virus became negatively-charged, and therefore
partitioned to the PEG-rich phase. The pl of PPV was estimated as 5.4. Figure 4D shows that the
viral particles mostly partitioned to the citrate-rich phase at a pH <5.4. Ata pH > 5.4, the
majority of the virus could be found in the PEG-rich phase. However, the cross-partitioning of
the virus particles are not purely dependent on the charge repulsion from the citrate-rich phase.
The net partitioning in either phase is driven by a synergistic effect of charge repulsion from the
citrate-rich phase and hydrophobic interaction from the PEG-rich phase [35, 50].

The pl values estimated by the two bulk methods for PPV both have a larger shift from
the literature reported pl value 5.0 by isoelectric focusing [18], as compared to CFM. Zeta
potential and cross-partitioning methods are bulk measurements. Zeta potential has been shown
to be limited by the purity of virus samples [21]. Contaminated proteins present in the virus
solutions can affect the measured pl result. For cross-partitioning measurements, there are
several driving forces that dictate the partitioning of biomolecules [35, 51, 52]. The measurement
is not purely a measurement of charge. However, the single-particle CFM precisely targets
individual virus particles and is not affected by contaminant proteins. In addition, the amount of
virus used in CFM is as low as that used in isoelectric focusing. However, isoelectric focusing is
limited by the low solubility of virus particles [17, 18], making it difficult to obtain
measurements for a variety of viral species. Herein, we have demonstrated the CFM method is a
reliable method to measure the pl of PPV since the pI determined by CFM is correlated with the

pl values of PPV by other characterization measurements.
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Similar force measurement experiments were performed for the enveloped BVDV. The
BVDYV data can be found in SI Figure S4. Similar adhesion trends were observed for BVDV as
was found for PPV. The pl value of BVDV is estimated to be 4.3-4.5 by CFM and is shown in
Figure SA&B. The pl by CFM was in good agreement with the pl value determined by zeta
potential at pH 4.2 (Figure 5). The zeta potential correlated better to the CFM results for BVDV
than PPV might be due to less contaminated proteins existed in purified BVDV samples, but we
did not test the contaminated proteins levels in either virus preparation. The infectivity of both
viruses was confirmed prior to zeta potential measurements, confirming the structural integrity of
each virus and the presence of an envelope for BVDV.

The ATPS cross-partitioning method was unable to evaluate the pI value of BVDV.
ATPS contains high concentrations of salt and polymer, likely producing a high osmotic shock to
the viral particles that could cause structural deformations of the BVDV envelope [53]. This was
measured by a large reduction in the BVDV viral infectivity after contact with the ATPS
solutions. Enveloped viruses are more susceptible to structural damage by osmotic stress as
compared to non-enveloped viruses. Hence, the ATPS cross-partitioning method is not
applicable to all types of viruses.

Comparison to theoretically calculated virus pl and surface potential. Two methods
were used to calculate the electrostatic surface properties of model viruses. The first method used
the entire amino acid sequence to predict the pl of the virus by the Henderson-Hasselbalch
equation [14]. This is a common method to calculate protein pl [36, 54, 55]. However, it does not
take into account protein folding. Only the surface amino acids actually contribute to the
experimental pl, whereas all amino acids, even ones that are buried, contribute to the calculated

pl. For the second method used, only the surface amino acids for one viral surface protein was
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calculated to determine the electrostatic surface property of the virus [38]. A similar method was
used to determine the hydrophobicity of a virus, as compared to proteins [56]. The electrostatic
surface potentials of the viruses tested here are based on the surface maps shown in SI Figure
S5. The electrostatic surface property did not directly report a pl, but can be used to compare the
general trends of the experimental pl by CFM, the calculated pI based on the entire amino acid
sequence, and the surface potential of only the surface amino acids, using single protein crystal

structures.

Table 2 Computational electrostatic surface properties of model virus vs. CFM determined pl.

Electrostatic
Virus Protein PDB UniPlotKB Calculated surface CFM
1D 1D pI’ potential determined pI”
(mV)*
Porcine Capsid protein ~ 1K3V
parvovirus P v1?2 (57] U5YT56 5.78 9 4.8-5.1
(PPV)
Bovine viral 41LD 2
diarrhea Glycoprotein [58]
. Q5G8Z1 6.91 4.3-4.5
virus E2 2INT
(BVDV) 58] 6

"Calculations based on entire amino acid sequence [36]
*Calculations based on surface amino acids [38]

*This work

The sequence of the VP2 capsid protein in PPV was used to calculate the theoretical pl
and the electrostatic potential, and the results are shown in Table 2. PPV has an icosahedral
capsid containing viral proteins (VP) 1, 2, and 3 [57]. VP2 is the major coat protein and is 80%
of the viral capsid [57]. Virus-like particles spontaneously form when only VP2 is expressed.
Therefore, the crystal structure of VP2 was used in this work.
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For enveloped viruses, the pl is affected by both the lipid and glycoprotein content in the
envelope. In our current calculations, we are disregarding the contribution of the lipid bilayer.
Three structural glycoproteins are embedded into the BVDV envelope, E™, E1, and E2 [59]. E2
is the major envelope protein located on the outer surface of the BVDV and plays a key role in
virus attachment and entry to host cells [60]. Thus, E2 was used for the BVDV computational
electrostatic surface properties calculations.

In the case of PPV and BVDYV, the calculation of the pl for both viruses shifted to a
higher pH as compared to the experimental CFM values, as shown in Table 2. It is possible that
the nucleic acids inside the virus capsid could reduce the pl [49, 61]. However, the general trends
are not the same for the experimental and calculated pls, as BVDV has a higher calculated pl
than PPV. When the surface charge is calculated by the electrostatic surface potential, the trend
holds the same as the calculated pl, where BVDV has a higher pl than PPV. However, this
simple calculation does not take into account chemical modifications (e.g., amino acids
phosphorylated or acetylated) that are often observed [62]. For the enveloped virus, the level of
cholesterol affects the surface charge. It has been shown that increasing the level of cholesterol
in a lipid bilayer reduces Na* binding to lipid head groups, thus reducing the surface charge of
the membrane [63]. This may explain why enveloped BVDV, which is cholesterol-rich [59], has
lower adhesion forces measured by CFM than non-enveloped PPV at pH 3 by COO- probe and
at pH 7 by NR4" probe (comparing Figures 4 & 5). The pl values calculated by theoretical
methods are not correlated well with the pl values determined experimentally, which is mainly
due to that the electrostatic surface properties of viruses are not purely determined by its surface

capsid proteins. Virus particles are much more complex systems, and the theoretical calculations
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do not take into account the effects of the amino acids and virus envelope. For these reasons, we
need to determine the pl values of viruses by the experimental method CFM.

CFM can detect the electrostatic surface properties of viral capsids at a single-particle
level. Another benefit of using CFM to determine the virus pl is the amount of virus used in this
study is as low as ~150 uL at a titer of 108 MTTso/mL. As is known, virus samples can be
expensive. CFM allows the study of virus surface charge with small amounts of samples, as has
been demonstrated as an advantage of CFM for proteins [24]. This single-particle technique
could improve our understanding of the virus infection cycle, quantify the quality of a gene
therapy preparation for human use, and improve future technologies in areas of bioseparations

and bio-sensing.

CONCLUSIONS

We have used functionalized AFM tips to study viral electrostatic surface properties with
small amounts of sample. We chose to covalently attach the virus to a gold surface to guarantee
that the bond that is broken during CFM is the virus-tip interaction and not the virus-surface
interaction. This attachment method maintained a natural virus state without deformation or
disassembly. The adhesion force as a function of pH was a good fit for a sigmoidal curve, which
allowed the determination of the infection point as the pl of the virus. CFM determined the pl of
PPV to be 4.8-5.1 and BVDV to be 4.3-4.5. PPV had a literature reported pI of 5.0, and BVDV
did not have a literature reported pl. The pl values determined by CFM are in good agreement
with most of the pI determined by the bulk measurements of zeta potential and ATPS.

CFM can detect the surface charge of viral capsids at a single-particle level and enable

the comparison of the surface charge between different types of viruses. Virus particles are much
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more complex systems than surface capsid proteins, and the theoretical calculations done here
did not provide an accurate measure of virus surface pl due to effects not taken into account, like
amino acid modifications and the viral envelope. Therefore, we need to determine the pl of
viruses experimentally. With a thorough understanding of virus surface chemistry, future
technologies in areas of bio-sensing, vaccines, gene therapy, and targeted drug delivery could be

significantly improved by using CFM to characterize the particle surface charge.
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FIGURE CAPTIONS

Figure 1 Overview of AFM probe functionalization and virus immobilization on a gold surface.
(A) AFM probes were functionalized with either a negatively charged carboxyl acid group or a
positively charged quaternary amine group, and (B) virus particles were immobilized with
NHS/EDC chemistry.

Figure 2 Topographic image and corresponding height analysis of viruses and controls. (A) PPV,
(B) BVDYV, (C) NH> functionalized silica NPs, and (D) carboxylic acid-modified surface.

Figure 3 Adhesion histograms and representative force-distance curves (retraction part) of PPV
with a COO'terminated probe (A) or a NR4*-terminated probe (B), recorded in 20 mM citrate or
phosphate buffers of varying pH. Multiple (n= 500) F-D curves were recorded over 500 nm x 500
nm areas.

Figure 4 PPV isoelectric point determination using a variety of methods. (A) CFM with COO"
probe, (B) CFM with NR4" probe, (C) zeta potential, and (D) ATPS. The CFM data were fit to a
sigmoidal curve. Error bars are the standard deviation of three separate experiments. *p<0.01 using
Student’s t-test.

Figure 5 BVDV isoelectric point determination using two methods. (A) CFM with COO" probe,
(B) CFM with NR4" probe, and (C) zeta potential. The CFM data were fit to a sigmoidal curve.
Error bars are the standard deviation of three separate experiments. *p<0.01 and "p<0.05 using
Student’s t-test.
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