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ABSTRACT
Two important viral surface characteristics are the hydrophobicity and surface charge, which determine the viral colloidal behavior and mobility.
Chemical force microscopy allows the detection of viral surface chemistry in liquid samples with small amounts of virus sample. This single-
particle method requires the functionalization of an atomic force microscope (AFM) probe and covalent bonding of viruses to a surface. A
hydrophobic methyl-modified AFM probe was used to study the viral surface hydrophobicity, and an AFM probe terminated with either negatively
charged carboxyl acid or positively charged quaternary amine was used to study the viral surface charge. With an understanding of viral surface
properties, the way in which viruses interact with the environment can be better predicted.

METHOD SUMMARY
We developed a chemical force microscopy technique with a simple probe functionalization method using thiol attachment and an optimized
covalent virus immobilization method. The novel method was used to detect the surface charge and hydrophobicity of viral capsids at a single-
particle level.
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Virus surface chemistry, primarily the hydrophobicity and surface charge, determines its mobility and governs its colloidal behavior in
virus adsorption processes [1,2]. Both the viral hydrophobicity and surface charge can dominate virus removal [3–5] and purification [6]
performance in different solutions and influence viral persistence in the environment [7]. However, there is limited information on the
viral surface chemistry [8–11]. Current methods for characterizing virus surface chemistry include hydrophobic interaction chromatog-
raphy [10], zeta potential [12], and isoelectric focusing [13]. The disadvantages of these methods are that many require large amounts of
virus, and the cost of production and purification of a large quantity of virus is high. Also, these methods are affected by the purity of
virus samples [14] and solution conditions [1,12] and cannot account for heterogeneity in the viral population [15]. Hence, there is a need
for methods that can accurately target single viral particles and simultaneously measure the surface chemistry of the virus with a small
amount of samples.

A novel surface characterization method, chemical force microscopy (CFM), which uses chemical interactions between a function-
alized atomic force microscope (AFM) tip and a sample, is leading to a renewed look at single-particle virus surface chemistry [9]. The
chemical interaction is measured by the deflection of the AFM cantilever during the AFM tip approach and withdrawal [16]. The deflection
can be converted into the force needed to pull the functionalized AFM tip from the sample using the spring constant of the cantilever
and Hooke’s law [17]. The AFM probe pull-off force during withdrawal from the sample can be quantified as a measurement of adhesion
force [16,17] and can be used to compare the surface chemistry of samples [9,18–21].

CFM is a versatile tool to evaluate the surface chemistry of soft biological material. CFM has been reported to map hydrophobic
properties of Mycobacterium abscessus with a hydrophobic methyl (CH3)-functionalized AFM tip [18] and measure the hydrophobic
forces between a Candida glabrata-modified AFM tip and a CH3-modified substrate [19]. A carboxylic acid (COOH)-modified AFM probe
has been reported to determine the surface charge of a single Saccharomyces cerevisiae cell surface [21] and the isoelectric points (pIs)
of porcine parvovirus (PPV) and bovine viral diarrhea virus (BVDV) [9]. The pIs of proteins weremeasured by a protein-functionalized AFM
probe and a charged substrate [20]. One key advantage of CFM is that the virus can be studied in a physiological environment without
disturbing the natural state of the virus [22]. CFM can measure chemical interactions ranging from strong covalent bonds (∼100 nN) to
weak van der Waal forces (∼1 pN) [16,23], making it a suitable tool for measurement of hydrophobic and electrostatic interactions of
viral particles.
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In this report, we describe a single-particle technique CFM tomeasure virus surface chemistry with small viral samples. Themethods
of virus immobilization and AFM probe functionalization were explored first. CFM with a CH3-terminated probe was used to study the
surface hydrophobicity of a virus, and CFM with a charged probe was used to study the surface charge of a virus.

Materials & methods
Virus
PPV and BVDV were purified using a previously established method with dialysis and a desalting column [24]. The buffer for purification
was either phosphate-buffered saline (PBS) (pH 7.2) (for the hydrophobicity study) or 20 mM phosphate buffer (PB) (pH 7.0) (for the
surface charge study). The concentrations of purified virus solutions were titrated to be 1× 108 MTT50/ml for PPV and 1× 107 MTT50/ml
for BVDV using an MTT assay [9,25]. Materials sources are detailed in the supplementary information.

Virus samples & control surfaces preparation
A diced glass slide (surface area 2.5 cm2) was coated with 5 nm of chromium followed by a 30-nm gold (Au) layer using a Perkin-Elmer
Randex Sputtering System (Model 2400; Perkin Elmer, MA, USA). All deposition steps were performed under a 5× 10-6 Torr vacuum. The
Au-coated slide was immersed in 14ml of amixed solution containing a total of 2mMof 12-mercaptododecanoic acid (HS(CH2)11COOH)
and 1-dodecanethiol (HS(CH2)11CH3) in ethanol for 12 h. Then the slide was rinsed with ethanol and air-dried in a chemical hood. The
ratio of COOH- and CH3-capped thiols was 1:1, unless stated otherwise. The functionalized surface was equilibrated with 14ml Nanopure
water for 15 min. The surface was further treated with a total of 0.5 ml of an equal volume mixture of 0.1M N-hydroxysulfosuccinimide
(NHS) and 0.4M 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) for 30 min and equilibrated with PBS for 2 min.
This step was to activate the COOH groups to NHS esters. After activation, 0.5 ml of virus surrogate primary amine-functionalized silica
nanoparticles (NH2-NPs) or purified PPV or BVDV was applied to the surface for 30 min. Finally, the surface was washed with Nanopure
water three-times and stored in 14 ml of either PBS or PB at 4◦C, depending on whether hydrophobicity or charge, respectively, were to
be measured. The control surfaces were prepared in the same manner, except that one pure thiol compound was used.

AFM probe modification
For hydrophobicity measurements, Au-coated AC-40 AFM probes (spring constant ∼0.1 N/m, tip radius ∼10 nm; Bruker, CA, USA) were
immersed in a 14 ml ethanol containing 4 mM of HS(CH2)11CH3 for 24 h, rinsed with ethanol and air-dried in a chemical hood. For
surface charge measurement, negatively charged AFM probes were prepared by immersing the AC-40 AFM probes in the same manner
in HS (CH2)11COOH. Similarly, positively charged AFM probes were modified by incubating the NT-MDT CSG10/Au AFM probes (spring
constant ∼0.11 N/m, tip radius ∼35 nm) in 14 ml ethanol containing 10 mM (11-mercaptoundecyl)-N,N,N-trimethylammonium bromide
(HS(CH2)11N(CH3)3Br) for 48 h, rinsed with ethanol and air-dried in a chemical hood.

AFM imaging, force measurement & analysis
All AFM experiments were performed at room temperature using a Bruker Dimension ICON AFM with ScanAsyst (Bruker). AFM to-
pographic images were obtained using ScanAsyst in liquid mode with a ScanAsyst-Fluid+ silicon nitride AFM probe (spring constant
∼0.7 N/m, tip radius ∼2 nm) or an NT-MDT CSG30 AFM probe (spring constant ∼0.6 N/m, tip radius ∼6 nm). All topographic images
were obtained in PBS. Images containing nanoparticles were flattened, cleaned, and plane fitted to remove the background.

AFM force measurements were performed in PeakForce QNM mode or contact mode in liquid. The modified AFM probe spring
constant was calibrated before the force measurement experiment by measuring the thermal noise of the free cantilever in liquid [16].
Over 500 force-distance (F-D) curves were recorded with at least three separate combinations of probe/virus samples. All F-D curve
measurements between modified probes and viral particle surfaces were collected in liquid conditions with PBS (for hydrophobicity
measurement) or PB (for surface charge measurement). The control experiments were carried out under the same conditions. Data
analysis was performed with the Bruker Nanoscope Analysis software.

Results & discussion
To characterize virus surface chemistry by the single-particle CFMmethod, the key steps were functionalization of AFM probes with the
chemical functional group of interest (Figure 1A) and immobilization of virus particles on a surface (Figure 1B).

Virus & virus surrogate immobilization
Virus AFMexperiments are commonly done by deposition of the virus to a surface [26], and characterization is by nanoindentation [16,27].
The goal of nanoindentation is to measure the force needed to break open a virus capsid by pushing on it. However, in our work, we are
pulling on the virus rather than pushing on it. Physical adsorption to immobilize viruses is simple, but the capsid proteins might deform
during adsorption [26]. It was a concern that the virus may have a stronger bond to the AFM probe than to the surface, resulting in a
misleading rupture force being measured. The antibody capture and covalent binding methods provide strong bonds between the virus
and the surface [28,29]. The antibody binding method is virus-specific, but the antibody is expensive and has limited chemical stability;
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Figure 1. Cartoon of atomic force microscope probe surface modification and virus attachment on a gold surface. (A) Atomic force microscope probes
were functionalized with either a hydrophobic methyl group, a negatively charged carboxyl acid group or a positively charged quaternary amine group.
(B) Viral particles were immobilized with NHS/EDC chemistry. Not all carbons in the linker are represented.
Virus image was created in BioRender.
EDC: 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride; NHS: N-hydroxysulfosuccinimide.

thus we chose the covalent binding method. By covalently bonding the virus to the surface, we would be assured that the AFM force
experiment was measuring chemical interaction between the virus and the AFM probe, and not between the virus and the solid surface.

To covalently bond the virus to the surface, a bifunctional linker containing a thiol functional group was chemisorbed onto the Au
surface [30]. The linker contained a carbon chain that can forma self-assembledmonolayer (SAM) on the Au-coated slide (Figure 1B). The
functional group COOH was chosen because it covalently attaches to lysines on the virus surface using EDC and NHS chemistry [31,32].
The surface was a mixture of COOH-capped and CH3-capped compounds to control the density of the COOH bifunctional linker, which
determines the number of immobilized virus particles.

To test the covalent immobilization chemistry, NH2-NPs were used as a virus surrogate and attached to the COOH-modified surface.
The natural particle size of 10–15 nm was detected for NH2-NPs in topographic images (Figure 2A–C), confirming the utility of the
immobilization chemistry. To determine the optimal density of particles attached to the surface, various ratios of COOH-capped and
CH3-capped thiol linkers (9:1, 1:1 and 1:9) were tested. A ratio of 9:1 COOH/CH3 caused a high density of NPs and resulted in aggregated
NPs that could not be individually distinguished, as shown in Figure 2A. The best ratio of COOH- andCH3-capped thiolswas 1:1 (Figure 2B),
and this condition was used for further experiments. At a ratio of 1:9, too few NPs attached to the surface (Figure 2C), making locating
the virus difficult. Control surfaces were measured to determine the roughness of the surface at different stages of functionalization.
Figure 2D shows that the hydrophobic functional group SAM-CH3 modified surface had a surface roughness of∼3 nm, the same as was
found for the bare Au surface control (Figure 2E) and the NHS-EDC modified surface (Figure 2F).

The successful immobilization of virus particles was demonstrated using PPV and BVDV through topographic images and corre-
sponding height analysis (Figure 3A & B). The PPV had a measured size of 23 ± 3 nm, which falls within the reported size range of PPV
of 18–26 nm [33]. In addition, Figure 3B shows that BVDV has a size of 46 ± 8 nm, consistent with the reported size of BVDV [34]. The
height analysis results also indicate that our covalent virus-immobilizing method can keep a natural form of the virus without deforma-
tion or disassembly. We also used physical adsorption to immobilize virus particles by depositing them onto the Au surface without
covalently binding (Figure 3C & D). The measured sizes for both PPV and BVDV were smaller than the sizes reported in the literature,
indicating that deformation of the virus particles had occurred.

AFM probe modification
The chemical group that functionalizes the AFM probe determines what viral surface chemistry can be explored. Commercially available
AFM tips are typically made of silicon nitride, which can form a silanol (SiOH) surface layer on the AFM tip in air. Common methods
for functionalization of AFM tips are silanization between the silanol groups and a silane coupling agent such as R-(CH2)n-Si-(OC2H5)3
(whereR represents any chemical groupof interest) [35,36], and esterification between the silanol groups and a hydroxyl-terminated agent
R-(CH2)n-OH [37,38]. Both silanization and esterification require heat treatment of the AFM tip to >100◦C [35–38]. Another method is to
coat the AFM tip with Au and adsorb an alkanethiol agent R-(CH2)n-SH onto the AFM tip [18,21,39]. The advantages of thiol attachment
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Figure 2. Topographic images and corresponding height analysis of virus surrogate primary amine-functionalized silica nanoparticles with different
ratios of COOH and CH3-capped thiol linkers and controls. Silica nanoparticles were imaged after immobilization with (A) 9:1, (B) 1:1 and (C) 1:9 ratios
of COOH to CH3. Control surfaces were: (D) CH3-modified surface, (E) bare gold surface and (F) NHS-EDC surface.
EDC: 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride; NH2-NP: Primary amine-functionalized silica nanoparticle; NHS:
N-hydroxysulfosuccinimide.
(B) Reproduced with permission from [9].

chemistry for tip modification are that thiol attachment can be performed at room temperature with a low concentration (∼1 mM) of
alkanethiol agent [18,21,39], and that commercially available alkanethiol agents are terminated in a variety of chemistries. We chose the
thiol attachment method for the AFM probe modification (Figure 1A).

To measure small molecular binding interactions, a very soft, Au-coated Bruker AC-40 AFM probe (tip radius ∼10 nm) was used. To
functionalize the tip with a CH3 functional group, a coating condition of 1 mMHS(CH2)11CH3 in ethanol for 12 h [39] was used. To confirm
the probe functionalization, the force was measured between the coated probe and a CH3-modified control surface in PBS at pH 7.2.
However, no adhesion force could be detected, as shown in Table 1. The coating concentration was increased to 2 mM for 12 h, but still
no adhesion force was measured. Next, the coating concentration was increased to 4 mM and the coating time to 24 h. These changes
resulted in strong adhesion forces with a mean value of 1734 pN, as shown in Table 1 and Figure 4A. The coating condition reported in
the literature did not work in our experiment, likely due to the tiny AFM tips used in our work as compared with the larger tip area used
in the previous work [39]. The small available area for coating limited the efficiency of CH3 group binding.
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Figure 3. Topographic images and corresponding height analysis of viruses. (A) Porcine parvovirus covalently bound to gold. (B) Bovine viral diarrhea
virus covalently bound to gold. (C) Porcine parvovirus deposited on gold. (D) Bovine viral diarrhea virus deposited on gold.

Table 1. Adhesion force at different atomic force microscope probe functionalization conditions.
Concentration (mM) Chemistry

HS(CH2)11CH3 HS(CH2)11N(CH3)3Br

12 h 24 h 24 h 48 h

1 0 pN NA NA NA

2 0 pN NA NA NA

4 NA 1734 pN 0 pN NA

10 NA NA NA 165 pN

All mean forces >0 were calculated based on the adhesion forces from 500 recorded F-D curves with at least three separate combinations of probe/control samples. Null adhesion
force was based on 50 F-D curves with one combination of probe/control sample.
NA: Condition not tested.
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+-terminated probe. (A) CH3-terminated probe with a CH3-modified surface, measured in phosphate-buffered
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+-terminated
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Figure 5. Adhesion histograms and representative force-distance curves (retraction only) of the virus. The images show measurements with a
CH3-terminated, COO--terminated or NR4

+-terminated probe, recorded in phosphate-buffered saline at pH 7.2 (for hydrophobicity measurement) or
20 mM phosphate buffer at pH 7.0 (for surface charge measurement). Multiple (n = 500) F-D curves were recorded over 500 nm × 500 nm areas. Virus
images were created in BioRender.
BVDV: Bovine viral diarrhea virus; PPV: Porcine parvovirus.

To confirm the probe modification for the surface charge study, the negatively charged carboxyl (COO-)-terminated probe at coating
condition with 4 mM HS(CH2)11COOH in ethanol for 24 h was tested with positively charged NH2-NPs in PB at pH 7.0. Strong adhesion
forces were measured, with a mean value of 210 pN (Figure 4B). No adhesion forces could be detected on the COO--modified control
surface at pH 7.0 (data not shown).

The positively charged quaternary amine (NR4+)-terminated probe was tested with a COO--modified control surface in PB at pH 7.0.
To functionalize with the NR4+, the same coating condition with 4 mMHS(CH2)11COOH in ethanol for 24 h was used with the AC-40 AFM
probe. No adhesion forces could be detected (Table 1). It was possible that the probe coating might be hindered by the small available
area of the AC-40 probe, so another soft NT-MDT CSG10/Au AFM probe (tip radius ∼35 nm) was coated following the same coating
concentration with HS(CH2)11N(CH3)3Br in ethanol. On average, one out of ten probes tested was successfully coated with the NR4+.
To improve the binding efficiency, a condition of 10 mM for 48 h was tested to coat the CSG10/Au probe. Strong adhesion forces were
observed (Figure 4C), with a mean force of 165 pN. No adhesion forces could be detected on the positively charged NH2-NPs control
surface (data not shown). It is likely that a high coating concentration and long coating time were needed due to the repulsion of the
positively charged quaternary amine.

Virus surface chemistry characterization
Non-enveloped PPV and enveloped BVDV were selected to explore virus surface chemistry with CFM; some of their properties can
be found in Supplementary Table 1. CFM was able to quantify hydrophobic interactions between a CH3-modified AFM probe and an
immobilized viral particle, enabling a direct comparison of hydrophobicity between different viruses. For the hydrophobicity study, CFM
force measurements were performed in PBS at pH 7.2. All the histograms are summarized in Figure 5, and the adhesion of PPV and
BVDV to the hydrophobic CH3 probe are shown in the top graphs. The mean forces were calculated based on the adhesion forces from
500 recorded F-D curves (Table 2). PPV showed a higher adhesion force than BVDV, indicating that PPV is more hydrophobic than
BVDV, probably because the enveloped BVDV contains glycolipids with hydrophilic heads [40]. Thus PPV might prefer to adsorb to more
hydrophobic surfaces than BVDV. Due to the different tip radii used, the magnitude of the forces for the NR4+ probe cannot be directly
compared with the other forces for the same virus.

Most viruses carry a negative charge under physiological conditions due to the viral isoelectric points typically being below 7 [11].
AFM probes terminated with COO- groups and NR4+ groups were used to measure the surface charge of PPV and BVDV. To explore
the electrostatic interactions of the viral surface, viruses were studied in a low-ionic-strength buffer because high salt concentration
will shield electrostatic interactions. The electrostatic attractions between the surface of viruses and charged chemically modified AFM
probes were measured at pH 7.0.
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Table 2. Mean force measured during chemical force microscopy.
Chemistry Virus

PPV BVDV

CH3 272 ± 205 pN† 118 ± 188 pN†

COO- 2 ± 5 pN 0 ± 1 pN

NR4+ 570 ± 278 pN† 304 ± 250 pN†

Measurements were made at a pH of 7.2 for the methyl probe and 7.0 for the charged probes. The tip radius for the CH3 probe and the COO- probe was ∼10 nm and the radius of
the NR4

+ probe was ∼35 nm.
†The difference between the measurement of PPV and BVDV had a p-value of <0.01 using the Student’s t-test.
BVDV: Bovine viral diarrhea virus; PPV: Porcine parvovirus.

The middle graphs in Figure 5 show PPV adhesion to a negatively charged COO- probe. Almost no adhesion was observed at pH 7.0.
In the complementary experiment with the positively charged NR4+ modified AFM probe, strong adhesion was observed for PPV at pH
7.0 (bottom of Figure 5 & Table 2). Similar force measurements were performed for the enveloped virus BVDV (Figure 5), and similar
adhesion phenomena were observed for its surface charge. However, the mean electrostatic force collected for BVDV was smaller than
that of PPV. Even though the values for mean adhesion force had a high error (Table 2), the differences between the positive charge
adhesion for each virus were statistically significant, and so was the difference in the hydrophobic adhesion.

Future perspective
There is no universal surface chemistry measurement for viruses, making it difficult to compare published results. CFM can detect the
surface chemistry of viral capsids at a single-particle level and could be established as a baseline comparison of the surface chemistry
between different types of viruses. The heterogeneity of virus populations could be studied with CFM and such study would give us
extended knowledge of how population-level dynamics change viral infectivity and other properties. More study is needed of the viral
proteins to understand the hydrophobicity and charge differences between viruses.

Executive summary

• Chemical force microscopy is a single-particle method to measure virus surface chemistry.
• Covalent virus immobilization methods can retain a natural form of the virus without deformation or disassembly.
• The atomic force microscope probe functionalizing method of thiol attachment to a gold-coated tip allows the attachment of many
chemical functional groups of interest.

• A non-enveloped and enveloped virus were compared for charge and hydrophobicity.

Supplementary data
To view the supplementary data that accompany this paper please visit the journal website at: www.future-
science.com/doi/suppl/10.2144/btn-2020-0085
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