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Abstract
For tobacco mosaic virus (TMV) as a model virus, this article shows typical issues of scanning soft
biological matter by atomic force microscopy (AFM). TMV adsorbed on chemically diﬀerent ﬂat
surfaces, gold, mica, and APDMES-functionalized silicon, is studied in air and aqueous environment. In air, the TMV particles arrangement shows some variety, depending on the substrate. The
height of TMV is reduced to 13.7, 15.8, and 15.6 nm, for gold, APDMES, and mica, respectively
while the width is about 30 nm due to the inﬂuence of the tip radius. In aqueous solution, the
surface charges of the virus and the solid support play an important role in the virus adsorption
process. While deposition on negatively charged mica is favored only at low pH values, it is shown
that positively charged APDMES functionalized silicon can be a suitable substrate to work with at
neutral pHs. The eﬀects of cantilever oscillation’s free amplitude (A0) and the amplitude set-point
(A) are also assessed here. While high A0 prompt reversible deformation of TMV in measurements
performed in air, irreversible damage of the virus in liquid conditions (water) is observed using stiﬀ
cantilevers (0.35 N m21) and high A0 (81 nm), leading to a 6 nm reduction in the height of TMV
after the ﬁrst scan. Finally, low values of the amplitude set-point (A/A0 5 0.3), which means applying higher forces to the sample, also brings the damage of TMV virus assemblies, reducing its
monolayer roughness to 0.3 nm.
KEYWORDS

amplitude set-point (A), atomic force microscopy (AFM) in air and aqueous solution, free amplitude
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1 | INTRODUCTION

tion and it dynamically changes during virus particles formation (selfassembly) or during infections of host cells (Mateu, 2013). Virus struc-

Viruses have been present on our planet for millions of years but it

ture and physico-chemical properties have been intensely studied to

was not until late XIX century that they were discovered. The ﬁrst viral

understand infection processes and suppress diseases (Rossmann and

entity found was the Tobacco mosaic virus (TMV), a virus that exclu-

Rao, 2012). Also, due to their regular structures, homogeneity and self-

sively infects plants (Beijerinck, 1898; Harrison and Wilson, 1999; Iwa-

assembly ability, they are attractive models for material science and

nowski, 1892; Mayer, 1886). Afterwards, thousands of viruses have

 et al., 2016).
nanotechnology (Calo

been identiﬁed which are able to infect plants or animals, fungi, and

The virus used in this work is the Tobacco mosaic virus (TMV) that
infects plants of the family of Solanaceae such us tobacco, tomato or

bacteria.
The majority of viruses consist of an ordered, proteinaceous enve-

pepper. It causes characteristic mosaic-like patterns, especially on

lope called capsid that protects the genetic material (DNA or RNA) that

tobacco plants, but it is harmless to mammals. It is a tubular hollow par-

is on the interior of the particle. It is said that viruses are “at the edge

ticle where the helical symmetry capsid formed by 2,130 coat proteins

of life” because they do not replicate by division, like cells. Instead,

surrounds the single-stranded RNA genome. The virus is 300 nm long,

they replicate using the host cell machinery. Their size varies from

has an external surface diameter of 18 nm and a 4 nm wide internal

<20 nm to hundreds of nanometers and they present diﬀerent shapes

channel (Alonso et al., 2013). Its structure has been very well character-

and structures. Virus structure is strictly related to the biological func-

ized by means of X-ray diﬀraction (Kendall et al., 2007) and
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cryo-electron microscopy (Clare and Orlova, 2010). TMV is a very ver-

In amplitude-modulation AFM a piezo actuator makes the cantile-

satile and stable virus because of its resilience at extreme conditions at

ver vibrate close to its resonant frequency and at the preselected free

temperature, pH, in solvents, under chemical reactions or pressure

amplitude (A0). When the cantilever approaches the sample, the tip

(Bonafe et al., 1998; Panyukov et al., 2008; Zaitlin and Israel, 1975). In

comes into intermittent contact with the surface, and the tip-sample

nanotechnology, TMV has been successfully used to synthetize 1D

interactions result in the reduction of the oscillation amplitude. A feed-

nanowires, by selectively deposit metal clusters on its external surface

back system permits to keep the set-point amplitude constant to

or inside the internal channel (Balci et al., 2012; Knez et al., 2004;

obtain the sample topography.

WneR k et al., 2013) and 3D nanoarray structures (Gnerlich et al., 2013;

The aim of this work is to discuss the factors that aﬀect the scan-

Zahr and Blum, 2012). Latest results also show the possibility to use

ning of plant viruses by amplitude-modulation AFM in air and aqueous

TMV as a drug delivery system for cancer therapy (Czapar et al., 2016).

solution. For that, Tobacco mosaic virus (TMV) has been used as a test

In the study of virus physico-chemical properties, structure deter-

sample and deposited on gold, mica and silane-functionalized silicon

mination techniques played an important role. As mentioned, X-ray dif-

surfaces. We discuss conditions for adsorption of TMV on these

fraction (Bernal and Fankuchen, 1937; Namba and Stubbs 1986) and

chemically diﬀerent surfaces in air and in aqueous solutions. Also TMV

cryo-electron microscopy (Ge and Hong Zhou, 2011; Sachse et al.,

deformation upon adsorption is described and how this fact inﬂuences

2007) contributed to the study of virus structure at highest resolution

the particle height and the width (aspect ratio) together with the lateral

(<0.5 nm). Nevertheless, these techniques do not permit to work at

aggregation and formation of two dimensional virus domains. Finally,

physiological conditions. This constitutes a limitation in the study of

we will show drastic conditions resulting in virus damage induced by

biological systems in their native environment, a fact that suggests the

AFM, in function of relevant parameters in the measurements (cantile-

use of other techniques such as atomic force microscopy (AFM), to

ver spring constant, free amplitude, amplitude set-point, both in air and

investigate the surface of viruses.

aqueous environment).

The AFM gives the possibility to work on a variety of conditions,

It has to be noticed that the conditions to scan the same object in

from air to vacuum to physiological aqueous environments. With this

amplitude-modulation AFM in air or in aqueous solutions are not the

technique, the nano-structure of the Mason-pﬁzer monkey virus

same. The cantilevers used to scan in acoustic mode in air or liquid

(Kuznetsov et al., 2007) and Herpex simplex virus capsid (Roos et al.,

have diﬀerent spring constants (k) and resonant frequencies. The range

2009) have been resolved. Also, AFM has been used in the characteri-

of the most standard cantilever spring constants for air and water

zation of the mechanical properties of viruses (Zhao et al., 2008), as it

measurements vary from k 5 0.02–40 N m21. The appropriate choice

is the case of bacteriophage lambda and human adenovirus (Hernando-

of the cantilever stiﬀness/softness is also dependent on the sample

rez et al., 2014; Ortega-Esteban et al., 2015). Thus, atomic force
Pe

nature (Xu et al., 2008). Generally, for measurements in air cantilevers

microscopy has become an important technique in virus research.

with higher spring constants and resonant frequencies are used com-

One of the main issues in analyzing viruses by AFM is related with

pared to measurements in liquid. In our case, because we are working

the sample preparation. It requires the proper immobilization of the

with a soft material, cantilevers with 3 N m21 spring constant and a

particle on a ﬂat surface, which causes the possible alteration of the

resonance frequency of about 75 kHz were found as suitable to work

particle and changes in the aspect ratio due to virus-substrate interac-

in air conditions. In the case of water and water containing ions, due to

tions (Knez et al., 2004). Even more, when working in aqueous solution,

the viscosity of the liquid, the resonance frequency and the quality fac-

the liquid medium can actively inﬂuence the immobilization of the par-

tor, (a factor related to the damping of the cantilever in the liquid envi-

ticles. Furthermore, in this case weak adsorption may prevent the same
sample imaging, as the viruses may move or detach from the surface
 n-Vazquez, 2014). Therefore, the
during scanning (De Pablo and Carrio
adsorption of the viruses in a controlled way will result from the interplay between the properties of the virus, of the surface and the imaging environment (Armanious et al., 2016).
The AFM amplitude-modulation dynamic mode (also called tapping
mode or acoustic mode), diﬀerently from the contact mode, is suitable
to image soft matter and viruses in air and liquid. Here the tip is not in
continuous mechanical contact with the sample, and this reduces lateral forces and the possibility of consequent sample damage compared

ronment), are reduced compared to air (Moreno-Herrero et al., 2004).
In this case we used cantilevers with typical spring constant <0.35
N m21. The corresponding resonant frequency in air of a cantilever
with k 5 0.35 N m21 is 65 kHz. In aqueous media, we observed a lowering of the resonant frequency and the appearance of several additional peaks in the cantilever frequency spectrum. While values around
10 kHz have been reported for measurements of viruses in water (De
Pablo, 2013), for our experiments we observed that working at frequencies between 34 and 36 kHz produced the best results. The
appropriate choose of the resonant peak is also a key factor for TMV
imaging.

to contact mode AFM. Here, obtaining a good image requires an accurate control of several parameters beyond the cantilever spring constant and the tip radius, like the resonance frequency and the
rez, 2002). Resoluoscillation amplitude among others (García and Pe

2 | MATERIALS AND METHODS
2.1 | TMV sample preparation

tion and sample deformation are highly dependent on the cantilever

TMV with a concentration of 1 mg L21 in water (strain vulgare) was

oscillation (oscillation amplitude) selected to operate the instrument.

dialyzed using 10 kDa cut oﬀ dialysis ﬁlters (slide A lyzer A, 10000
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MWCO Thermoﬁsher Scientiﬁc). The water was changed six times
every 15 min. TMV concentration was adjusted in the range 0.01–0.1
mg mL21. Depending on the size of the substrate, a droplet between
40 lL (for 0.5 3 0.5 cm2 substrates) and 100 lL (for 1 3 1 cm2
substrates) was deposited and left drying on gold and mica surfaces.
The samples were placed in a glass petridish overnight at ambient conditions. For experiments carried out in APDMES in liquid, the TMV

3

2.4 | Mica
It was cleaved with adhesive tape before depositing TMV. The roughness of mica in air and citrate buﬀer 10 mM was <0.1 nm (see Supporting Information Figure S1).

2.5 | AFM imaging

samples were incubating overnight but in a closed petridish in order to

AFM images were collected using 5500 AFM (Keysight, Santa Clara).

do not dry the droplet. Afterwards, the samples were rinsed with 1 mL

The images in air were taken at ambient conditions with multi75Al tips

of milli-Q water (18 MOhm cm, < 5ppb total organic content,

(Budget Sensor) with 3 N m21 spring constant, a radius <10 nm and

Millipore).

nominal fundamental resonant frequency of 75 kHz.

Citrate buﬀer was used to prepare 0.1 mg mL21 TMV at pH 3.5

Images in liquid were obtained using citrate buﬀer 10 mM for

and 5.5 using 10 mM citric acid and 10 mM sodium citrate stock solu-

experiments at pH 3.5 and pH 5.5 and milli-Q water. DNPS silicon

tions (both from Sigma) (Gomori, 1955). Then 20 lL of TMV 1

nitride cantilevers (Bruker) were used with k 5 0.35 N m21 and 0.06

21

mg mL

in water was mixed with 180 lL of buﬀer, centrifuged at

N m21. The frequency chosen for liquid measurements was in the

13,000 rpm (5417C rotor, Eppendorf) for 5 min and 150 lL of the

range 34–36 kHz, considering the peak with the maximum amplitude

supernatant was substituted by fresh buﬀer. Between the steps the

within the frequency spectrum, and the free amplitude was selected in

samples were vortexed to homogenize them. The process was

the range of 40–50 nm. According to the speciﬁcations, the nominal

repeated twice.

value of the tip radius was 20 nm.
All the measurements were carried out in acoustic mode (tapping
mode). The free amplitude values were set in volts, and then these val-

2.2 | Gold substrate preparation
Flat gold surfaces were prepared on commercial silicon substrates (Silicon Valley SV) by template stripping from annealed gold on mica (SPI
Suppliers) (Hegner et al., 1993). Silicon 0.5 3 0.5 cm2 surfaces were
glued (OptiCLEAR SF 850 A&B, Polysciences Inc. 1:1, w:w) face down
on commercial 150 nm annealed gold on mica. The gold sandwich was
cured at 150 C for 90 min. Then, to obtain ﬁnally the ﬂat gold samples,

ues were transformed to nm for each cantilever. For that, amplitude
versus distance curves were carried out at A0 5 4V for multi75Al cantilevers in air and at A0 5 2 V for DNPS 0.35 N m21 and DNPS 0.06
N m21 cantilevers in water. In these conditions, we found that for multi75Al A0 decreases linearly in a range between 2.7 and 0.5 V and for
DNPS it decreases linearly between 1.3 and 0.8 V, without discontinuities in the range of 1/4A0 < A < 3/4A0 (García and San Paulo, 2000).
We conﬁrmed in this range there was not a change of regime. We ﬁt-

the glued gold/silicon sample border was scratched using sharp tweez-

ted the curves with a line obtaining a diﬀerent slope for diﬀerent canti-

ers and lifted up. The roughness of the substrate determined by AFM

levers. This slope gives reproducible values of the volt (V)/distance

was 0.5 nm in 1 3 1 lm2 (see Supporting Information Figure S1).

(nm) relation for the acoustic mode. We obtained 0.094 V nm21

Before incubating TMV, the gold substrates were cleaned by immer-

(multi75Al), 0.057 V nm21 (DNPS, k 5 0.35 N m21) and 0.042 V nm21

sion ﬁrst in acetone (Sigma), then in isopropanol (Sigma) and ﬁnally in

(DNPS, k 5 0.06 N m21). The optical sensitivity in dynamic AFM has

absolute ethanol (Sigma), for 5 min each. Samples were dried with a

been previously calculated from outputs in force reconstruction rou-

nitrogen stream and made hydrophilic by oxygen plasma for 8 min at 1

tines from dynamic experiments (Gadelrab et al., 2013).

mbar (standard plasma system femto, Diener Electronics GmbH).

All images were taken at 0.7–1 lines per second speed and 512 3
512 pixels. Topography images were treated and the roughness and
the proﬁles analyzed using Gwyddion 2.36 software (www.gwyddion.

2.3 | APDMES functionalized silicon

net). All the images were treated following the same protocol. First the

Silicon substrates 1 3 1 cm (Silicon Valley SV) were cleaned using the

data were leveled by mean plane subtraction, then with a mask all

2

same cleaning procedure as for gold. The silanization was carried out in
a glove box in nitrogen atmosphere (Unilab, M-Braun). A 50 lL of 3(ethoxydimethylsilyl) propylamine 97% (APDMES) (Sigma) was diluted
with 4,950 lL toluene (anhydrous, 99.8%) (Sigma). Silicon substrates
were dipped in 2 mL APDMES solution and placed in oven at 608C for
30 min. After functionalization, the surfaces were rinsed twice with toluene and then dried with nitrogen. The roughness measured by AFM

TMV particles were selected and ﬁnally the lines in y-axis were corrected by matching height median but excluding the mask region. The z
scale was readjusted shifting the minimum data value to zero.

3 | RESULTS
3.1 | TMV imaging in air

was 0.2 nm in air and in water (see Supporting Information Figure

Figure 1c and d show typical AFM topographic images of Tobacco

S1). The contact angle was measured using 5 lL milli-Q water by a

mosaic virus (TMV) in air adsorbed on gold and silicon respectively, the

€ss) in three samples at three diﬀerent positions.
G10 goniometer (Kru

latter functionalized with APDMES. The AFM images carried out in

The measured value was 608 (Terracciano, 2013).

acoustic mode show viruses from a suspension of 0.1 mg mL21
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F I G U R E 1 (a) Overview of the solid three-dimensional TMV model (300 nm 3 18 nm) and the lateral view where 4 nm channel is observed.
(b) Illustration of the lateral view of TMV adsorbed on a substrate meanwhile a tip is scanning the surface. The black line drawn at the contour
of TMV indicates the width measured from AFM images are larger than expected. (c) TMV 0.1 mg mL21 adsorbed on gold and (d) TMV
0.1 mg mL21 adsorbed on APDMES functionalized silicon. The inset is the high resolution image obtained from the area marked (white square),
which is 300 3 300 nm2 and recorded at 1 line s21 and 512 pixels. There are two viruses labeled as 1 and 2 and the white arrow shows a
defect in virus number 2 [Color ﬁgure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

spreading all over the surfaces. In Figure 1a the representation of single

The inset of Figure 1d shows a high resolution image where a

TMV particle is shown with its dimensions, which help in its identiﬁcation

crossing point of several viruses is observed. The viruses marked as 1

in AFM images. As Figure 1c shows, in these conditions TMV particles

and 2 are about 100 nm long, shorter than the expected value of

tend to pack densely on gold. The 300 nm viruses are aligned axially up

300 nm, and they are crossing the viruses lying underneath. The proﬁle

to 2 lm long rods and at the same time few (three or four) rods assemble

analysis (see Supporting Information Figure S2) shows that virus num-

in small bundles parallel to their axis, thus forming two dimensional virus

ber 1 preserves its linear shape, and it is completely straight. Virus des-

domains. Nevertheless, as the topographic image shows, they are not

ignated as number 2 contains a defect (indicated with a white arrow in

perfectly assembled and so they do not form a complete homogeneous

the inset of Figure 1d) and seems partially bent. This could indicate

2D monolayer, as the gaps between the viruses demonstrate.

possible virus damage or irreversible deformation (bending). The high-

Figure 1d shows the adsorption of TMV on APDMES functionalized

est point of both viruses is closed to 27 nm.

silicon. In this case the TMVs are organized linearly forming long rods

We also measured the full width at half maximum from AFM pro-

structures. Long rods mainly made up of single TMV particles are observed

ﬁles. For single TMV the width is about 29.7 6 1.7 nm in gold and

together with isolated single viruses 298 6 7 nm long. Here viruses tend

25.3 6 0.9 nm in APDMES. In both cases viruses are wider than

to organize forming a network of end-to-end interconnected particles.

expected because of the inﬂuence of the radius of the tip that tends

Higher magniﬁcation image (see the inset of Figure 1d) shows that the

normally to overestimate the lateral size of features in AFM (see Figure

virus network contains also short fragments in the range 25–100 nm.

1b). In the case of gold, when we measure the width of several viruses

The thickness of TMV molecules adsorbed on gold and APDMES

that are organized in parallel (measuring the distance from one virus to

have been calculated measuring the proﬁles of the virus from Figure 1c

the other) we observed that the distance between TMV viruses varies

and d. Figure 1b illustrates the lateral view of TMV explaining what we

between 16 and 21 nm, with an average width of 18.3 6 1.9 nm.

refer as height and width. From our results, the thickness on gold is

When one proceeds to do an AFM measurement in dynamic

13.7 6 0.1 nm while on APDMES it is slightly larger, 15.6 6 0.1 nm.

mode, the frequency and the amplitude of the cantilever should be

These values are lower than the expected value of TMV diameter from

set. In air, for cantilevers with spring constant of 3 N m21 and a

X-ray, which is 18 nm.

resonance frequency of 75 kHz a value of free amplitude (A0) of
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(a) AFM topographic image of TMV 0.1 mg mL21 adsorbed on gold. The dashed black square indicates an area scanned with an
amplitude set-point (A) 63% of the free amplitude (A0) and the dashed purple square has been scanned with an amplitude set-point 30% of
the free amplitude. The three lines correspond to the proﬁles that are shown in (b). The purple proﬁle is the area where TMV has been
damaged while the black proﬁle indicates the area of TMV that still preserves its shape. Grey proﬁle shows an area that has been scanned
only twice at A 5 63% A0 [Color ﬁgure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
FIGURE 2

43 nm was chosen for imaging. Once the cantilever is engaged on

Increasing it, the tip is separated from the surface, while very small

the surface at a preset amplitude set-point A < A0, this amplitude

values for A at the approach could increase the risk of damaging

set-point deﬁnes the force at which the image is performed.

the sample.

(a), (c), and (e) are the topographic AFM images of the same TMV adsorbed on mica. (a) is scanned with a free amplitude (A0)
43 nm, (b) with A0 5 64 nm and (c) with A0 5 21 nm. (b), (d), and (f) are the proﬁles corresponding to the white lines in the images, for the
ﬁrst scan (black proﬁles) and second scan (red dashed proﬁles). The top right broken pieces here are used as markers [Color ﬁgure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
FIGURE 3
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Schematic representation of TMV (0.1 mg mL21) on mica in citrate buﬀer and corresponding AFM topographic images in citrate
buﬀer 10 mM at pH 3.5 (a), (c) and at pH 5.5 (b), (d). The inset of Figure 4c shows the TMV layer details on mica studied at pH 3.5 but
obtained in a diﬀerent area of the ample area [Color ﬁgure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

FIGURE 4

The eﬀect of amplitude set-point variation was studied in air and it

series of AFM topographic images of the same virus scanned using

is shown in Figure 2. TMV 0.1 mg mL21 was deposited on gold in order

three diﬀerent free amplitudes of 43, 64, and 21 nm, respectively.

to have extended TMV monolayers. First the contact between the tip

Images were taken sequentially in time, that is, ﬁrst a, then c and ﬁnally

and the surface was established at a preset set-point (A 5 63% A0).

e, at the amplitude set-point of A 5 70% A0. The virus has been imaged

Then a small area of 300 3 300 nm2 was scanned (area enclosed in

twice to see the eﬀect of the free amplitude on topographic proﬁles

the black square in Figure 2a) with a set-point value A 5 63% A0

and to assess possible virus damage. Figure 3b, d, f show topographic

(27 nm). More than 10 images were carried out sequentially in this

proﬁles of TMV. The black line refers to the ﬁrst image (Figure 3a, c,

area. Then, the area corresponding to the square in purple was scanned

and e) while the dashed red line refers to the second scanned image.

with an amplitude set-point decreased to A 5 30% A0 (13 nm) and the

The proﬁles of the ﬁrst and second scan images in all the cases demon-

area was imaged four times. Figure 2 is a larger view of the surface,

strate the virus preserves its shape. However, minor diﬀerences are

after these scans [set-point of the image is A 5 63% A0 (27 nm)] and

observed depending on the cantilever free oscillation amplitude. The

shows that the area highlighted in purple scanned at lower set-point

height measured at A0 5 43 nm is 15.6 6 0.2 nm and the topographic

value contains damaged viruses, while in the black area the TMV par-

proﬁle in Figure 3b is symmetric. Comparing it with Figure 3d, which

ticles are still intact. This is inferred from the topographic proﬁles in

corresponds to the scan carried out at A0 5 64 nm, it can be noticed

Figure 2b. The black proﬁle diﬀerentiates perfectly three viruses while

that the left side of the proﬁle has a small hump that is independent on

the purple proﬁle shows a deformation of the monolayer surface. Here,

the scan direction. After going back to A0 5 21 nm the virus recovers

the proﬁle on top of the three virus particles appears considerably

almost completely its shape. The height at A0 5 64 nm is

smoother. The grey proﬁle is related with an area that has been

15.2 6 0.4 nm, slightly lower than at A0 5 43 nm, and at A0 5 21 nm it

scanned only twice at A 5 63% A0 and it shows no diﬀerences in comparison with the black proﬁle. Coherently, the root mean square roughness (rms) values calculated for the damaged and not damaged areas
show a slight diﬀerence, where the rms value of the damaged area is
slightly lower than the one where there has not been any deformation.
The roughness (rms) values calculated in areas < 50 3 50 nm2, are
0.30 6 0.03 nm for A 5 30% A0 and 0.54 6 0.09 nm for A 5 63% A0.
Another critical parameter aﬀecting TMV imaging is the free ampli-

increases to 15.4 6 0.4 nm and it does not reach exactly the initial values calculated at A0 5 43 nm. This height variability is in the range of
the error between topographic heights as determined from images
obtained with the same A0 value. The width has been preserved for all
the amplitudes and is 36.2 6 0.8nm.

3.2 | TMV imaging in aqueous solution

tude of scanning A0 and is shown in Figure 3. In this case a single virus

Whenever we study viruses by AFM in aqueous solution the role of the

is studied which was adsorbed on mica. Figure 3a, c, and e show a

liquid itself is an important factor that will determine ﬁrst the adsorption
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AFM topographic images of TMV 0.01 mg mL21 adsorbed on APDMES and scanned in water. (a), (b): cantilever has spring constant
0.35 N m and imaging is performed at A0 5 81 nm. (d), (e): spring constant is 0.35 N m21 and A0 5 25 nm .(g, h): spring constant is 0.06
N m21 and A0 5 43 nm. (a), (d), and (g) are images of the ﬁrst scan and (b), (e), and (h) the images of the same area after the third scan. (c), (f),
and (i) are the height distribution histograms obtained measuring the topographic height of 50–65 particles. The black values refer to the ﬁrst
scan while the red values to the third scan [Color ﬁgure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

FIGURE 5

21

of the particle and stability on the surface and also aﬀects the scanning

two dimensional ordered domains (see Figure 4c), similar to those

of the sample due to interactions between tip and sample.

observed on gold in dry conditions. Single TMV particles were not

Figure 4 shows AFM images obtained after depositing TMV (0.1

observed. A detail is shown in the inset of Figure 4c. Figure 4a and b

mg mL21) on mica in citrate buﬀer 10 mM. The pH of the buﬀer has

are schematics indicating the surface charge on both TMV and mica

been varied from pH 5.5 (Figure 4d) to pH 3.5 (Figure 4c). At pH 5.5

that determines the adsorption. Even if we did not perform a systemati-

there are not particles deposited on the surface, as it is shown in Figure

cal analysis varying the pH, our results demonstrate that this parameter

4d. In this condition, both TMV and mica are negatively charged and,

is crucial for imaging TMV by AFM in aqueous conditions, and that mica

due to repulsive interactions, TMV cannot be deposited on the surface.

is not a good surface for TMV adsorption to work with at pH  5.5.

As the pH of the buﬀer is decreased to 3.5, the TMV isoelectrical point

An alternative substrate that is positively charged at neutral pH

is reached (Alonso et al., 2013) and the charge distribution at the TMV

has been selected to adsorb TMV. This surface was obtained by func-

surface changes. In this condition, the number of positive charges

tionalizing a silicon substrate with APDMES (3-(ethoxydimethylsilyl)

equals that of negative charges at the TMV surface. Thus, TMV can be

propylamine), containing amine groups which are positively charged

deposited on mica and assembles end-to-end and side-by-side forming

working in water (see Figure 5). In Figure 5g low TMV concentration of
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(a) Not damaged TMV virus adsorbed on APDMES and scanned with a cantilever with k 5 0.06 N m21 and (c) its proﬁle indicated
by a white line in (a). (b) Damaged TMV particle also adsorbed on APDMES and scanned with a cantilever with k 5 0.35 N m21 and (d) proﬁle
corresponding to the white line in (b). [Color ﬁgure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

FIGURE 6

0.01 mg mL21 has been used, so individual particles are visible and few

height distribution 5.5 nm. At the third scan (red columns of the histo-

of them are assembled end-to-end forming long rods. The height calcu-

gram) the height decreases to 2.5 nm. Reducing the free amplitude

lated from the proﬁles of the corresponding images show that the

from 81 to 25 nm an improvement is observed (see Figure 5d and e).

thickness of TMV on mica at pH 3.5 is 17.7 6 0.1 nm (Figure 4c) and

The maximum in the height distribution histogram (Figure 5f black col-

the height of TMV on APDMES is 16.1 6 0.7 nm. Regarding the width

umns) corresponds to 14.5 nm during the ﬁrst scan. At the third scan

on mica and at pH 3.5, we calculated it from areas where TMV is well

this maximum shifts to 13.5 nm. Also the contribution to the total his-

aligned and assembled, measuring the distance from particle to particle.

togram of heights comprised between 3 and 12 nm indicates that

In this case it varies from 19 to 22 nm, being the average value

some particles appear highly deformed under tip scanning. This damage

21.6 6 0.8 nm. The width of individual particles on APDMES is

is irreversible. In fact, lowering the free amplitude to A0 5 10 nm after

44.5 6 3.1 nm, a value higher than the particles scanned in air due to

the second scan we still observed a lower topographic height with an

the inﬂuence of the tip radius. The nominal value of the tip radius for

average maximum value around 13.9 6 2.2 nm (see Supporting Infor-

the cantilevers used in aqueous experiments is 20 nm while in air it is

mation Figure S3). The preservation of the TMV height was observed

<10 nm. Thus, our results show that unlike the mica, positively charged

in milder conditions, that is, using ten times softer cantilevers with a

APDMES is better substrate for the adsorption of TMV at neutral pHs.

spring constant 0.06 N m21 and using A0 5 42 nm for imaging. This is

Choosing a proper tip is an important factor to work in liquids with

observed in Figure 5g and h. The viruses preserved their shape and the

soft matter. In general, the tips used in aqueous solution for tapping

histogram of Figure 5i demonstrates that the virus height is constant at

mode have lower spring constant than the ones in air. In a ﬁrst attempt

16.1 6 0.7 nm even after few scans. Lower A0 implies lower forces are

we used a tip with a spring constant one order of magnitude lower

applied to the sample, together with a lower energy dissipation and

than the ones used in air (k 5 0.35 N m21). The frequency also should

tip-sample contact time during each oscillation cycle (Cleveland et al.,

be carefully selected, because while in air a well deﬁnite peak results

1998; García and San Paulo, 2000).

from the tune of the fundamental resonance frequency, in liquid condi-

Details of the TMV virus damage on APDMES are captured in Fig-

tions several and broader peaks appear. For our cantilevers and instru-

ure 6. A virus that is not damaged (conditions k 5 0.06 N m21 and

ment choosing a frequency at 34–36 kHz gave good results.

A0 5 23 nm) preserves its dimensions after scanning, i. e. the expected

In Figure 5, the eﬀect of the free amplitude in TMV imaging in liq-

300 nm length and the 16 nm height expected for TMV on APDMES.

uid on APDMES substrate is shown. Figures 5a, b, d, e show the ﬁrst

The proﬁle of Figure 6c refers to the image in Figure 6a and shows a

(a, d) and third (b, e) scans carried out at the same position with tips

relatively ﬂat surface. However, when a larger force is applied (condi-

21

and at a set-point amplitude that is the 72% of

tions k 5 0.35 N m21 and A0 5 26 nm) the virus surface presents irre-

the free amplitude. Figures 5a and b have been obtained using a free

versible damages, as the image in Figure 6b and proﬁle in Figure 6d

amplitude A0 5 81 nm. The AFM images and the histogram in Figure

demonstrate. The damage results in a heterogeneous proﬁle, that is,

5c clearly show that since the ﬁrst scan (black columns of the histo-

bumps along the TMV structure, giving rise to regions of alternating

gram) the tip damages the virus irreversibly, being the TMV maximum

higher and lower heights, in an aberrant aspect ratio (height/width) and

having k 5 0.35 N m
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in a curved shape indicating virus deformation. In the proﬁle of Figure

at higher concentrations (see Figure 1d). One of the reasons is the sam-

6d the decrease in the height along the proﬁle is clear. Further investi-

ple preparation method. In the case of gold, the TMV sample is pre-

gations will be carried out by means of high resolution imaging to study

pared by complete evaporation of the suspension which means that,

if speciﬁc regions in the virus structure are more sensitive to the tip

apart from the substrate/virus interactions, drying eﬀects (water evap-

scan.

oration) also inﬂuence the formation of such assemblies. Meanwhile, in
the case of APDMES the system is left in the aqueous suspension in a

4 | DISCUSSION

closed environment to avoid the drop gets dried. In the latest case, the
adsorption will be driven only by interactions between the substrate

AFM study of TMV in air and liquid presents main issues. AFM charac-

and the TMV, which is mainly electrostatic in nature (amine groups of

terization requires the virus being strongly attached to the surface, a

APDMES and negatively charged TMV in water). Both substrate and

condition that can be diﬃcult to achieve especially in liquid conditions,

deposition protocol aﬀect the ﬁnal aggregation of TMV, where

due to electrostatic forces between charged species at the surface of

APDMES favors end-to-end linear aggregation of the virus and gold

the substrate and of the virus particle. The interaction between the

the side-by-side aggregation, giving rise to bundles. On the other hand,

substrate and the virus should be stronger than interaction between

in liquid the diﬀerence between mica and APDMES (where in mica are

the tip and the virus, in order to avoid virus detachment and shear dur-

observed bundles and in APDMES single TMV particles) could also

ing scanning. Furthermore, the force applied during the scan should be

depend on the surface charge. When the charge on the surface is neg-

adjusted avoiding virus damage, to obtain good quality images.

ative (mica) interactions between neutral single viruses are facilitated

In this work three diﬀerent substrates have been used for TMV

and one can see 2D aggregation in layers. On APDMES the virus is

deposition, that is, gold, mica, and APDMES functionalized silicon. For

attracted by the opposite charge of the surface, but single viruses (neg-

experiments in air, the adsorption of TMV on hydrophilic gold and mica

atively charged) do not tend to interact between each other. So the

is carried out by evaporation of a drop containing suspended viruses.

layered structure is not observed.

This results in the deposition of all the particles on the surface. Here, it

On the other side, the original dimensions of the virus, 300 nm in

is important to choose the proper TMV concentration but also to have

length and 18 nm in diameter, are modiﬁed once viruses are adsorbed.

a clean suspension, free of salts, in order to not contaminate the sam-

In particular, on APDMES surfaces (see Figure 1d) single viruses were

ples, thus aﬀecting the quality of the AFM images in air. However,

observed with varying length from 300 to 100 nm, or even smaller.

working at environmental conditions one has to take into account

This means that these viruses have been partially split upon adsorption.

there is always an ultrathin water layer of nearly molecular thickness

This fact has been already observed on hydrophobic surfaces (Britt

practically on all substrates and surfaces that can inﬂuence the adsorp-

et al., 1998) and later on graphene (Dubrovin et al., 2004). Britt et al.

tion and the correct determination of the sample topography by AFM

carried out a kinetic study of TMV adsorption on organic monolayers,

(Santos et al., 2012; Verdaguer et al., 2012).

observing that, while both electrostatic and hydrophobic interactions

In aqueous solution water and ions play an important role and

inﬂuence TMV adsorption, only in the case of hydrophobic surfaces

aﬀect the substrate-virus interaction. This is clearly observed in Figure

viral disassembly and shortening occurs. In our case, this eﬀect was

4, where in citrate buﬀer at pH 5.5, due to the electrostatic repulsion

observed on a positively charged surface. Further experiments are nec-

between negative charges on both mica and TMV surfaces, it is impos-

essary to clarify the mechanism behind the shortening of TMV particles

sible to adsorb TMV on mica. Because TMV is stable in a wide range of

on APDMES or on positively charged surfaces. Anyway it is interesting

pHs (Alonso et al., 2013), we were able to decrease the pH till reaching

to notice that the generally recognized mechanism of TMV disassembly

the TMV isoelectric point at pH 3.5. In this condition, the TMV overall

is electrostatic in nature and it is mediated by positive ions. When a

charge is zero, positive, and negative charges compensate, while mica

virus enters in a plant cell, protons and calcium ions are removed from

is still negatively charged. In fact, the isoelectric point of mica is at pH

the virus capsid and this destabilizes the structure of the coat proteins.

3 (Roiter et al., 2006), meaning that the negative charge density on this

The disassembly is initiated at speciﬁc carboxylates residues inside the

surface is higher at pH 5.5 than at pH 3.5. To improve the TMV

coat proteins (Glu50, Asp77, Glu95, and Glu106) that are coordinated

adsorption for scanning at physiological conditions or neutral condi-

by calcium ions (Stubbs, 1999). It is possible that the positively charged

tions, another strategy has to be carried out. In this case functionalizing

APDMES structure interferes with the tertiary structure of the coat

the surface with an amino-terminal silane, which is positively charged

proteins in TMV (Alonso et al., 2013).

at neutral pH, is a good strategy. As it is demonstrated in Figure 5, the

The height of adsorbed TMV varies with the substrate, as reported

electrostatic interactions between substrate and negatively charged

in previous works. In all the experiments shown in this work, the meas-

virus favor TMV adsorption on this positively charged surface.

ured TMV height is lower than the TMV diameter (18 nm). The lowest

On gold and in air, TMV tend to assemble axially forming two

values were obtained in air for hydrophilic mica and gold with values of

dimensional domains (Figures 1c and 2a). The concentration of TMV

15.6 and 13.7 nm, respectively. For APDMES (water droplet CA 608),

will determine the extent of such assemblies in xy. In contrast, it is

which is more hydrophobic substrate compared to mica and gold

observed that on APDMES TMV is mostly found as single particle, if

(water droplet CA < 58 for mica and gold), the measured height in air is

the concentration is low or it is assembled in long, rod-like structures

15.8 nm which is similar to the values obtained for hydrophilic mica. It
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is known that the reason of a reduced height of the virus at hydrophilic

and returning to 21 nm. The results show (Figure 3) that the virus can

substrates is due to the formation of hydrogen bonds. Furthermore, in

stand all the scans and scanning it at A0 5 64 nm results in a slight

previous works it has been reported that for hydrophobic graphite

reversible deformation of the virus that is completely recovered

(HOPG, water droplet CA 908) the deformation is minimal and values

rescanning its surface again at A0 5 21 nm. In liquid, variations of the

close to 18 nm due to Van der Waals interactions between the graph-

free amplitude from A0 5 81 nm to A0 5 25 nm are very critical (see

ite and the virus were obtained (Dubrovin et al., 2004; Knez et al.,

Figure 5). At high amplitude the virus is completely destroyed since the

2004; Lee et al., 2008). For APDMES in water we obtained 16.1 nm

ﬁrst scan, while the lower is the amplitude the better the virus resists

and in the case of TMV on mica scanned at pH 3.5 (citrate buﬀer

the scans. However, we observed that even at very low free ampli-

10 mM) the height calculated was closer to the TMV diameter, 18 nm.

tudes, as A0 5 10 nm, still some viruses are damaged by the tip (see

This height diﬀerence also could be associated with the surface charge.

Supporting Information Figure S3). This implies best imaging conditions

In other words, negatively charged TMV is attracted more strongly to

can be obtained applying very small forces or lowering the stiﬀness of

positively charged APDMES (in water) than neutral TMV to negatively

the cantilever. Here we proved that in conditions of k 5 0.06 N m21

charged mica (at pH 3.5). These observations point out that electro-

and A0 5 40–50 nm virus integrity is preserved. It has to be noticed

static interactions may play an important eﬀect on the virus geometry

that our experiments were carried out with cantilevers with speciﬁc

upon adsorption.

chemistry, that is, with silicon (for air measurements) and silicon nitride

In contrast to the vertical resolution, the AFM tends to overesti-

(for liquid measurements) cantilevers. It is well known that the force

mate the lateral dimensions due to the tip radius. This occurs when the

between tip-substrate can also depend on the cantilever surface chem-

object under test and the tip have similar dimensions, therefore one

istry (Tsukruk and Bliznyuk, 1998). Changing the chemistry by tip func-

obtains always wider values than expected (De Pablo, 2013; Trinh

tionalization might inﬂuence not only the type of forces exerted on the

et al., 2011). In single TMV particles, instead of 18 nm width, about

sample, but also the dependence of the measured TMV height and

30 nm is measured in air with tips of radius <10 nm. In liquid, the

width on the scanning parameters and the entity of the irreversible

measured width is 44 nm and tip radius is 20 nm. The larger the tip

sample deformation under drastic scanning conditions. These aspects

radius the larger the lateral size of the scanned TMV. In contrast, when

will be elucidated in further studies.

viruses are laterally aggregated in bundles in air, the width of single

When the tip is engaged to the sample, the set-point amplitude is

viruses appeared lower. In our measurements the width of the virus

the value that the feedback loop keeps constant and that is used to

assemblies on gold varies between 16 and 21 nm. Similar variation has

record the topography in the acoustic mode. Increasing the imaging

been observed also on mica (see Supporting Information Figure S4).

set-point the contact with the sample is lost and it is impossible to col-

Maeda (1997) reported a width of 14.7 nm for uniaxially oriented TMV

lect any image. If the set-point is too low the risk to damage the sample

domains. These observations indicate that generally the TMV particles

increases. This is shown in Figure 2. When the set-point is decreased

get compressed when they interact along the main tube axis and when

by 70% of the free amplitude, we started observing damage in the

they are arranged in bundles. Also at pH 3.5 (see Figure 4) the TMV-

scanned area. The control of this parameter is important for imaging,

TMV distance has been measured to be between 19 and 22 nm, indi-

because it determines the actual force applied on the sample and in

cating a slight compression compared to isolated viruses. In all the

the case of soft materials it is crucial for avoiding sample damage. In

cases, the virus width is larger than 18 nm (see Supporting Information

some cases, viruses disappeared during scanning in liquid; leaving only

Figure S5). The use of sharper tips may give rise to less wider features.

some traces on the surface (see Figure 5). Nevertheless, the removed

Anyway, previous reports showed virus deformation using sharp canti-

material is not accumulated in the scan area, meaning that it goes out-

levers (Vesenka et al., 1993).

side this area or into the solution. Surprisingly, the same tip could be

For imaging viruses in air, cantilevers with higher spring constants
produced the best images, while for imaging in liquid cantilevers one

used during the experiment, and this indicates that the virus is not
attached on the tip.

order of magnitude softer have been used. Even if the TMV is known
to have a high mechanical resistance (Falvo et al., 1997) (measurements

5 | CONCLUSIONS

of the Young’s modulus of 1GPa in TMV has been measured by means
of cantilevers with k 5 20–70 N m21), the best images in air were

This study gives insights about the factors that inﬂuence the scanning

obtained with relatively soft cantilevers with k 5 3 N m21 (f 5 75 kHz).

of a biological soft sample by AFM in air and aqueous solutions. For

In liquid, cantilevers with spring constant 0.35 N m21 can be used to

that, a model plant virus has been used, Tobacco mosaic virus (TMV),

image TMV. The best results were obtained with very soft cantilevers

which has been immobilized on ﬂat solid supports. Depending on the

with 0.06 N m21 spring constant (see Figure 5).

substrate chemistry and the experimental conditions, the TMV particles

Sample deformation is highly dependent on the cantilever oscilla-

assemble forming diﬀerent two dimensional arrangements. The pres-

tion. The eﬀect of the imaging amplitude (free amplitude, amplitude

ence of the substrate always results in the partial deformation of the

set-point) was studied here for both dry and liquid imaging (see Figure

virus. In air, it is observed that the height of the virus decreases from

2, 3, and 5). With respect to the free amplitude, the same virus has

the expected value of 18 nm to a value comprised between 13 and

been scanned twice in air, varying this parameter from 43 to 64 nm

16 nm due to the hydrogen bonding formed on hydrophilic gold or
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mica and the electrostatic interactions between APDMES and the
virus. In liquid, adsorbing TMV on mica and working at pH 3.5, the
virus preserves its height close to 18 nm. In all the cases the width of
single viral particles is larger because of the inﬂuence of the tip radius.
The selection of a proper cantilever is a key point to avoid sample
damage while scanning. In particular, the proper choose of the cantilever spring constant depending on the scanning conditions (imaging in
air or in aqueous solutions) is addressed in this work. At high free
amplitudes (A0) viruses were deformed partially and reversibly in air.
This parameter becomes very critical in aqueous solution where the
viruses are damaged irreversibly. Regarding the amplitude set-point, a
compromise must be found when setting this value while operating the
microscope, in order to obtain images of good resolution without damaging the sample. In high resolution images of TMV, we observed that
virus damage occurs at speciﬁc points on its surface. The mechanism
behind AFM-induced virus damage and its relation with the TMV structure needs to be elucidated and will be systematically addressed in further investigations.
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