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Atomic force microscopy contact, tapping, and jumping modes for imaging
biological samples in liquids
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The capabilities of the atomic force microscope for imaging biomolecules under physiological conditions
has been systematically investigated. Contact, dynamic, and jumping modes have been applied to four different
biological systems: DNA, purple membrane, Alzheimer paired helical filaments, and the bacteriophagef29.
These samples have been selected to cover a wide variety of biological systems in terms of sizes and substrate
contact area, which make them very appropriate for the type of comparative studies carried out in the present
work. Although dynamic mode atomic force microscopy is clearly the best choice for imaging soft samples in
air, in liquids there is not a leading technique. In liquids, the most appropriate imaging mode depends on the
sample characteristics and preparation methods. Contact or dynamic modes are the best choices for imaging
molecular assemblies arranged as crystals such as the purple membrane. In this case, the advantage of image
acquisition speed predominates over the disadvantage of high lateral or normal force. For imaging individual
macromolecules, which are weakly bonded to the substrate, lateral and normal forces are the relevant factors,
and hence the jumping mode, an imaging mode which minimizes lateral and normal forces, is preferable to
other imaging modes.

DOI: 10.1103/PhysRevE.69.031915 PACS number~s!: 87.64.Dz, 07.79.Lh, 68.47.Pe, 87.14.2g
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I. INTRODUCTION

Atomic force microscopy~AFM! @1# allows imaging the
surface of samples on a nanometer scale in ultrahigh vac
~UHV!, ambient air, and liquids. The high resolution and t
possibility to study biological systems in their native en
ronment has created an enormous expectation on AFM a
ideal tool for molecular biology@2#. In fact, AFM has been
used not only to image a variety of biological samples@3#,
but also to perform experiments on single molecules@4#.
Even the dynamics of proteins@5#, the conformational
change of DNA in DNA-protein interactions@6#, and the
evolution of complex processes such as transcription@7#
have been studied with AFM. In UHV conditions@8–11# as
well as in liquids @12#, true atomic resolution has bee
achieved. In liquids, Ohnesorge and Binnig@12# studied the
possibilities of high-resolution imaging with AFM and ob
tained true atomic resolution images of a calcite sample
mersed in water. As the authors discussed in that work,
atomic resolution is only possible due to the small tip-sam
interaction present in liquids~forces as small as 10 pN ar
reported!.

An arsenal of working modes which explore the differe
interaction regimes is available for AFM imaging. In UH
and in ambient air, the dynamic mode~DM-AFM !, some-
times also termed the ‘‘tapping mode’’@13,14#, is the method
of choice for imaging surfaces. In this AFM imaging mod
the tip is oscillated near its resonance frequency and ei

*Corresponding author. Present address: Lab. Nuevas M
scopı´as, Fac. Ciencias, C-III, 205, Universidad Auto´noma de
Madrid, 28049 Cantoblanco, Madrid, Spain. Email addre
fernando.moreno@uam.es
1063-651X/2004/69~3!/031915~9!/$22.50 69 0319
m

an

-
e

e

t

,
er

the reduction of the oscillation amplitude or the shift in t
resonance frequency is kept constant as an image is acqu
By fine-tuning the working conditions, it is possible to ope
ate in the noncontact regime in UHV and in ambient air. T
allows surface characterization at the atomic level in UH
@15,16# and imaging molecules weakly attached to a surfa
in ambient air.

In the contact mode AFM~CM-AFM!, the deflection of
the cantilever, resulting from the mechanical contact betw
tip and sample, is kept constant. This imaging mode is no
flexible as the DM-AFM due to the irreversible damage p
duced in soft samples by the friction force between tip a
sample. This could be minimized by applying low forces, b
the continuous drift in the zero force level makes it e
tremely difficult to keep constant the total force during t
scan.

The jumping mode AFM~JM-AFM! @17–19# combines
features of CM-AFM and DM-AFM. In UHV, the strong
adhesion force derived from the van der Waals forces and
capillary forces present in ambient air~even stronger than the
van der Waals forces! make it difficult to obtain reproducible
images of biomolecules using JM-AFM. In liquids, the sit
ation is not so clear. First, van der Waals forces are v
weak; second, the resonance frequency of the cantile
drops as a consequence of the large effective mass of a
tilever; and third, the high damping strongly reduces theQ
factor of the system which results in a reduction of the s
sitivity of the technique. Therefore, noncontact operation
liquids is very difficult, or in most cases impossible. DM
AFM becomes an intermittent contact mode similar to J
AFM @20#.

The aim of this work is to study the AFM capabilities fo
imaging biomolecules under physiological conditions
comparing CM-AFM, DM-AFM, and JM-AFM perfor-
mances in four relevant biological samples that can be ta
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as standards. These are DNA, purple membrane~PM!,
Alzheimer paired helical filaments~PHF’s!, and the bacte-
riophage f29. We will proceed by briefly reviewing the
working principles of these AFM modes before applyi
them to the above-mentioned samples. Finally, we will d
cuss their different performances to conclude how, when,
where each mode is suitable for imaging biological samp
in liquids. In particular, we shall demonstrate that JM-AF
can compete, or even overcome, dynamic mode per
mances for imaging individual biomolecules in a liquid e
vironment.

II. MATERIALS AND METHODS

A. Contact mode AFM

CM-AFM was the first mode developed in AFM@1#. The
working principle behind this mode is simple. The cantilev
tip is brought into mechanical contact with the sample s
face. A feedback mechanism measures and keeps con
the cantilever deflection~tip-surface normal force! while the
tip is scanned over the surface. The image is formed
recording the voltage applied to the piezoelectric actuato
order to maintain the deflection at a fixed set point value

This imaging mode has two clear disadvantages: first,
presence of strong lateral forces derived from the scann
motion that may produce irreversible damage on the sam
second, the technique inherently lacks a constant zero f
reference level. Very often the force at the beginning of
image is quite different from that at the end of the sa
image because of variations in the zero force level produ
by thermal drift, material creep, etc.

For imaging soft samples, small forces must be appl
This implies the use of soft cantilevers. CM-AFM imag
presented in this work were obtained using Olympus a
nanosensor-type cantilevers of force constant in the ra
0.02–0.05 N/m. Typical forces applied are about 150 pN
scan rates of three to seven lines per second.

B. Dynamic mode AFM

DM-AFM was introduced to overcome the problem of t
friction force in the contact mode operation@13,14#. It is the
most extended imaging mode in ambient air and in a liq
environment. When operating the AFM in this mode, t
cantilever is oscillated near the free resonance freque
Then the sample is approached to the surface until the
plitude of the cantilever is reduced to the set point val
Tip-sample interaction produces a strong amplitude red
tion when the tip-sample gap is in the nanometer range.
tip is then scanned over the surface while the feedb
mechanism measures and keeps constant the oscillation
plitude. So, in DM-AFM the feedback signal is the oscill
tion amplitude of the cantilever. This situation can be co
trasted with CM-AFM, where the feedback signal is t
static cantilever’s deflection.

Olympus and nanosensor-type cantilevers with a fo
constant of 0.75 N/m were used with DM-AFM. The res
nance frequency in liquid operation was 22 kHz. DM-AF
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images were obtained using a typical amplitude oscillation
2–10 nm and scan rates of three to seven lines per seco

C. Jumping mode AFM

JM-AFM combines features of CM-AFM and DM
AFM. JM-AFM works as a sequence of force versus d
tance curves at each point of the sampled surface wit
feedback time in between. First, the tip is in contact with t
surface while the feedback keeps the cantilever deflectio
the set point value. Then the feedback is turned off and
tip is vertically moved away from the surface. At maximu
tip-sample separation, the tip is moved laterally to the n
point, avoiding lateral forces. Finally, the tip is brought aga
into contact with the surface. As in CM-AFM, the norm
force is referred to a zero force level that may change dur
the scan. However, since the tip is moving in and out
contact, a simple algorithm can be used to continuously
fresh the zero force level, ensuring a constant value of the
point. This feature is particularly appropriate for a care
control of the forces applied to biomolecules. Details of J
AFM operation and imaging are given elsewhere@18,20#.

Since JM-AFM is a contact technique, cantilevers with
small force constant are convenient for imaging soft samp
This is the reason why similar cantilevers to those emplo
in CM-AFM were chosen for operation in this mode. Typic
normal forces and scan rates for this mode are 150 pN
one line per second, but we are currently improving this ra

D. AFM sample preparation

In order to obtain reproducible images, tip-sample int
action must be chosen to be always weaker than sam
substrate interaction. While tip-sample interaction is direc
related with the AFM imaging mode, sample-substrate in
action is determined by the sample preparation proced
Hence, we stress the importance of the sample prepara
method for imaging in liquids.

AFM samples have been prepared in a similar man
following the protocol described below, which can be used
a reference for other experiments performed in a liquid
vironment.

Freshly cleaved mica substrates~Electron Microscopy
Sciences, Fort Washington, USA! are immersed for 15 min
in a 0.1% dilution in water of 3-aminopropyltriethoxysilan
~APTES! ~Sigma-Aldrich, Alcobendas, Spain!, then rinsed
with 2-propanol and water, and finally dried in a gen
stream of nitrogen. At this point, a drop of the biologic
sample solution is placed on top of the pretreated mica for
min and then rinsed with the appropriate buffer. Finally, t
sample is placed in the liquid cell and filled with 1 mL of th
imaging buffer. DNA buffer was 20 mM Tris-Hcl~pH 7.5!,
10 mM MgCl2 . The buffer used for bacteriophagef29 and
PHF’s samples was 10 mM PBS~phosphate-buffered saline!,
pH 7.4 ~Sigma-Aldrich, Alcobendas, Spain!. The concentra-
tion of the molecules was adjusted by AFM inspection.

The sample preparation protocol for the PM is sligh
different since no APTES mica treatment was necess
Samples were diluted to 62mg/mL, gently shook, sonicated
and placed on a cleaved mica substrate for 10 min. Then,
5-2
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samples were washed with 200 mM KCl, 20 mM Tris~pH
7.8! and imaged in this buffer following@21,22#. AFM
samples were never allowed to dry.

Figure 1 shows a scheme of the different samples
ployed in this work. The scheme was done by taking in
account the relative sizes of the molecules and their subs
contact areas. Nominal heights range from 2 to 30 nm~more
than one order of magnitude! and, as can be seen in Fig.
the effective contact areas with the substrate are quite di
ent for the samples studied. DNA molecules can be con
ered as a one-dimensional wire with a large contact a
relative to folded proteins. PM is typically five times high
than DNA and also has a large relative contact area. P
particles have a typical height of 20 nm and make con
with the substrate at two points per loop@37#. Finally, f29
particles are the highest moieties we have studied and ha
small contact area since they can be thought of as glob
macromolecules.

III. RESULTS

We have tested CM-AFM, DM-AFM, and JM-AFM
modes in the four biological samples described above.
these results presented in this work have been obtaine
solution. In all the cases, the optimum working conditio
for each mode were carefully tuned. Data were obtained w
a commercial microscope~Nanotec Electro´nica S.L.,
Madrid, Spain! using an open liquid cell.

A. Contact mode

CM-AFM results are summarized in Fig. 2. CM-AFM o
PM shows good intermolecular resolution in good agreem
with the reported literature~Fig. 2, right side! @21#. However,
the drift in the zero force level produces variations in t
force applied by the cantilever. This produces substan
changes in the quality of the images. Therefore, the z
force level must be readjusted at the beginning of each im
in order to obtain reproducible images. Micrometer-sized
ages show PM patches with undefined edges that we attri

FIG. 1. Schematic of the four biological samples e
ployed: DNA, purple membrane~PM!, Alzheimer paired helical
filaments~PHF’s!, and the bacteriophagef29. Relative proportions
are kept in the cartoon in order to stress their relative heights
the contact area of the samples with the substrate.
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to the motion of the islands. This is due to lateral forc
induced by the scan~Fig. 2, left side!. Attempts to use the
contact mode, in the other samples studied, result in b
quality images and, in most of the cases, irreversible dam
to the sample.

B. Dynamic mode

DM-AFM results are shown in Fig. 3. DM-AFM image
reveal regions showing molecular resolution on the pur
membrane, in good agreement with previous publish
works@22#. In particular, the characteristic trimer structure
the sample is clearly seen in the images@Fig. 3~a!, right
side#. In general terms, the quality of the low-range imag
obtained with DM-AFM was comparable with that obtaine
using CM-AFM. The set point was tuned to the minimu
compatible with stable operation. As commented on abo
the information about the normal force applied by the tip
not directly accessible in this mode. Micron-sized imag
show a distribution of purple membrane areas with we
defined edges@Fig. 3~a!, left side# and therefore we conclud
that lateral forces are smaller in DM-AFM than in the conta
mode, as expected.

DNA data acquired with DM-AFM show reproducibl
images with well-defined molecules@Fig. 3~b!, left side#. By
direct image comparison with the CM-AFM data, we dedu
that the lateral forces induced by the tip when using D
AFM are smaller than those derived from the tip conta
when using CM-AFM. However, although DNA molecule
are clearly defined, the average measured height of the m
ecules obtained with DM-AFM was much smaller than t
2-nm nominal size of double-stranded DNA. Height w
measured on several points of many DNA molecules. T
height histogram shows an average height of 0.660.1 nm
@Fig. 3~b!, right side#. It is known that DM-AFM images of
biomolecules are highly dependent on operational par
eters@23,24#. In order to minimize tip-sample interaction i
DM-AFM, we have employed small oscillation amplitude
Neither acoustic nor magnetic excitation of the cantilev

d

FIG. 2. Results of contact mode AFM in liquids. Only the purp
membrane sample could be imaged using this technique.~Left side!
A 350 nm3350 nm scan where several PM islands can be ide
fied. Island boundaries are moved due to the high lateral for
derived from the scan. Molecular resolution can be achieved w
CM-AFM as can be seen in the 14 nm314 nm image.~Right side!
The total height scale of the left side and right side images is 20
and 1 nm, respectively.
5-3
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resonance frequency shows any relevant differences in im
quality.

Attempts to use DM-AFM in the PHF sample always r
sult in nonreproducible and low-quality images, showing
progressive degradation of the sample with the scan@Fig.
3~c!#. The highest value of the PHF height using DM-AF
in liquids was 10 nm, but as mentioned, this value decrea
after consecutive scans. Even worse results were obta
with the f29 sample; the viruses are moved away by the
scan and the images always show the mica substrate
some debris probably pertaining tof29.

C. Jumping mode

JM-AFM results are shown in Fig. 4. In contrast with th
other two modes, we have not achieved molecular resolu
with JM-AFM on the PM sample. Micron-sized images@Fig.

FIG. 3. Results of dynamic mode AFM in liquids.~i! Results
obtained on the purple membrane.~a! Left side is a 2mm32 mm
image of a PM island. Lateral forces are smaller in DM-AFM an
hence, there is no movement of the PM islands. Molecular res
tion can be obtained using this mode on the PM, as can be se
~a!, right side. The total height scale of~a! left side and~a! right
side is 15 nm and 1.5 nm, respectively.~b! Results obtained on
DNA. ~b! Left side and~b! right side show an AFM topographi
image of DNA and the corresponding height histogram. Althou
individual molecules can be resolved, the average height is less
half of the nominal height.~c! Results obtained on Alzheimer PHF
Three consecutive DM-AFM images of the PHF sample. There
clear progressive molecular degradation of the imaged PHF
ticles.
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FIG. 4. Results of jumping mode AFM in liquids.~a! Results
obtained on the purple membrane.~a! Left side is a 1mm31 mm
image of the PM sample. Although there is no movement of
islands induced by the scan, molecular resolution could not
achieved. Adhesion JM-AFM image@~a!, right side# shows a clear
contrast between the PM islands and the substrate. The total h
scale of~a! left side is 15 nm.~b! Results obtained on DNA. Re
producible images of DNA molecules@~b!, left side# exhibit a mo-
lecular height compatible, within the experimental error, with t
nominal height of DNA@see height histogram in~b!, right side#. ~c!
Results obtained on Alzheimer PHF.~c! Left side is a JM-AFM
image of a PHF particle. Results are in good agreement with e
tron microscopy images since the maximum height of the molec
is about 20 nm@see ~c!, right side#. ~d! Results obtained in the
bacteriophagef29. Pages could be imaged with JM-AFM but on
at very low forces. Measured height is in agreement with previ
published results.
5-4
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4~a!, left side# show a distribution of purple membrane i
lands with well-defined edges, so we conclude that late
forces are smaller in JM-AFM than in the contact mode.

JM-AFM images of DNA molecules are reproducible a
well defined @Fig. 4~b!, left side#. DNA molecular height
depends on the set point used to obtain the image~i.e., the
applied force!. For example, while images taken with a s
point of 300 pN show a molecular height of 1.460.3 nm,
images taken at 150 pN~the minimum possible force! exhibit
1.760.3 nm, in good agreement, within the experimental
ror, with the nominal height of DNA~2 nm! @height histo-
gram in Fig. 4~b!, right side#.

JM-AFM images of PHF in liquids were obtained at
maximum normal force of 150 pN@Fig. 4~c!, left side#. Im-
ages reveal a left-handed helical structure with an aver
pitch of 70 nm, in good agreement with electron microsco
published data@25,26#. We measure a variable height b
tween 15 nm~low region! and 20 nm~top region! @Fig. 4~c!,
right side#. The maximum height coincides with the max
mum width reported from electron microscopy images.
any helical structure, the maximum height coincides with
maximum width, and certainly our height for thetop region
is in agreement with electron microscopy data reported
others authors. Crowther@27# reported an image alternatin
in width between 8 and 20 nm. All these data give us go
confidence about the low intrusiveness of JM-AFM wh
imaging in liquids. If the set point, i.e., the applied force,
increased, the height values are indeed similar to those m
sured with DM-AFM in liquids. Recent results show th
studies of mechanical properties@28# and imaging of mo-
lecular assemblies in physiological conditions can be car
out using this imaging mode@29,30#.

Finally, the bacteriophagef29 can also be imaged wit
JM-AFM at the minimum possible force~;150 pN! @Fig.
4~d!, left side#. In this case, the characteristic parts of t
virus ~icosahedral capside and tail! can be resolved. Imag
dimensions obtained in liquids are about 35 nm360 nm
3110 nm~height3width3length! @Fig. 4~d!, right side#. By
direct comparison with the data obtained in air with DM
AFM ~data not shown!, we deduce thatf29 molecules in
liquids tend to be higher, narrower, and shorter~‘‘less com-
pressed towards the substrate’’!. The measured height i
closer to the nominal diameter and the observed shape is
closer to that of an elongated icosahedron. Due to the s
contact area of the virus with the substrate, slight increme
in the tip-sample force produce the detachment of the
ruses.

IV. DISCUSSION

A. Contact mode

Contact mode AFM is the technique that gives the b
spatial resolution in liquids. Pioneering works show
atomic resolution on calcite, a hard surface, where the in
ence of lateral forces is small@12#. On the contrary, latera
force may cause irreversible damage in soft samples as
logical material. Our results also suggest that contact mod
the technique that allows us to obtain the highest spa
resolution in biological samples where the presence of lat
03191
al

t

-

ge
y

e

y

d

a-

d

lso
all
ts
i-

t

-

io-
is

al
al

forces is not critical, such as PM. In addition, it is the easi
to implement from a technical point of view since both D
and JM-AFM require a slight change in the experimen
setup as compared to contact mode. Image acquisition
CM-AFM is fast enough to avoid thermal drift distortion
Unfortunately, CM-AFM presents high lateral forces deriv
from the scanning motion and therefore it is almost usel
to obtain images of individual molecules. In addition, drift
the normal force signal induces a change in the zero fo
level that implies that the normal force is not well define
The purple membrane is a well-known biological system t
can be used as a reference sample to test the performan
the microscope. Since the quality of the images of PM o
tained with the classic contact mode is comparable to p
lished results, we conclude that the low resolution achie
on this kind of sample when using JM-AFM is not due
any technical reasons but rather to fundamental ones.

B. Dynamic mode

DM-AFM in liquids is midway between CM-AFM and
JM-AFMs. DM-AFM is fast enough to obtain high
resolution images of PM, with results comparable to tho
obtained with contact mode. Besides, lateral forces
clearly smaller than in CM-AFM since the purple membra
islands are not moved using this technique, but proba
larger than in JM-AFM since lateral and vertical motion a
not synchronized. Also, since the free amplitude oscillat
of the cantilever does not change during an experiment,
set point in amplitude reduction is always related with t
tip-sample interaction and not with drift of zero force leve
as is the case of contact mode. However, the DNA hei
measured with DM-AFM is smaller than that obtained w
JM-AFM. In addition, the dynamic mode images show irr
versible damage in PHF and cannot be used to image
f29 molecules. These results suggest that the lateral
normal forces present in DM-AFM are larger than in JM
AFM, indicating that DM-AFM operation in liquids involves
tip-sample contact@31#. While in ambient air and UHV op-
eration the strong van der Waals forces produce a w
defined minimum in the interaction potential, the screen
introduced by the liquid significantly reduces this minimum
This is why contact and noncontact regimes cannot
clearly separated. In liquids, intermittent tip-sample cont
takes place, resulting in a reduction in amplitude.

Another fundamental drawback of DM-AFM operation
liquids is the reduction of theQ factor of the system. This
reduction is caused by the viscosity of the surrounding
uid. The relative highQ value observed in air ensures a hig
sensitivity since a small shift in the resonance frequen
caused by tip-sample interaction, produces a large drop in
amplitude of the oscillation. In liquids, since the resonan
peak is much broader, a small shift in the resonance
quency induces a moderate change in the amplitude of o
lation. TheQ of the system can be electronically increas
by using aQ control @32,33#. However, we were not able to
introduce significant improvements in the performance of
system using this method.
5-5
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From a technical point of view, DM-AFM is more diffi
cult to implement that CM and JM-AFM. Apart from th
electronic setup, which is the same as in ambient air, os
lation of the cantilever in liquids is always more problemat
In ambient air, acoustic excitation results in a clean and w
defined frequency spectrum, with a single peak at the re
nance frequency of the cantilever. The presence of the liq
environment introduces a number of spurious resona
peaks that makes DM-AFM operation more difficult. In o
der to avoid this problem, magnetic excitation can be used
including a coil in the AFM head and by covering the can
levers with a ferromagnetic material@34#, but this introduces
additional complications such as detachment of the magn
material from the tip, changes in the mechanical proper
of the cantilever, etc.

C. Jumping mode

The experimental results show that JM-AFM is less int
sive than DM-AFM or CM-AFM. However, it has the clea
drawback of a low scan rate. As commented on above,
noise of a system tends to increase as 1/f ~f stands for fre-
quency!. Since the frequency is low, the noise is large, a
the signal-to-noise ratio is poor by comparison to CM-AF
We believe that the low acquisition rate of JM-AFM is th
cause of the low quality of the high-resolution images of
purple membrane. We discard tip-sample interaction reas
to explain this fact since JM-AFM is a contact technique.
validate the hypothesis of the low scan rate, we have u
CM-AFM on the PM at the same scan rate as JM-AFM a
found that the molecular resolution could not be observ
Therefore, we conclude that the low lateral resolution at l
scanning speed observed in JM-AFM as well as in CM-AF
is due to the higher 1/f noise contribution. Jumping mod
requires a careful control to switch between close-loop
eration and open-loop operation. Therefore, digital feedb
is mandatory. We are currently using a digital signal proc
sor to control the tip position. By careful optimization of th
algorithms, the sample frequency can be increased up t
kHz. However, although we expect even higher speed
further improving the system, we think the JM-AFM will no
be as fast as CM-AFM or DM-AFM.

JM-AFM synchronizes the lateral and vertical motion a
therefore minimizes lateral forces. However, although
lateral motion of the tip is always out of contact, later
forces are not completely eliminated since there is always
angle between the tip and the surface. If the tip-sample fo
is strong enough there will be a strong lateral force com
nent derived from the normal force@35#. This is indeed the
situation in ambient air where the adhesion force, mai
produced by capillary forces, always results in a strong
sample force. Therefore, as soon as the tip contacts the
face in ambient air, there are always high lateral forces
produce irreversible damage on the surface. The total
sample force (F tot) is composed of two terms. First the forc
applied to the sample (Fapp), which is proportional to the
deflection ~x! and follows the Hooke law, and second th
adhesion force (Fadh),

F tot5Fapp1uFadhu5kx1uFadhu, ~1!
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wherek is the force constant of the cantilever. From Eq.~1!
it is clear that when the tip snaps into the surface and
cantilever has almost zero deflection, the effective tip-sam
force equals the adhesion force, which is on the order of
nN or even more in ambient air. However, in liquids van d
Waals forces are weaker and capillary forces are not rele
any more. In these conditions, even very soft cantilev
smoothly approach a surface and the tip-sample force is o
related to the cantilever deflection. In principle, using can
levers with a very small force constant, it may be possible
apply extremely small forces. Unfortunately, the therm
noise increases as the force constant decreases, as fo
from the energy equipartition theorem. Therefore, in orde
achieve optimum operation, a compromise between no
and minimum forces is necessary. Small cantilevers@36#
have the advantage of high-resonance frequencies in liqu
The use of small cantilevers would increase speed imag
and would reduce 1/f noise. The reduction of the nois
would allow imaging at extremely low forces approachi
the range of AFM forces to the range of optical tweez
forces.

The small adhesion force in liquids also has another b
efit for JM-AFM: the tip has to be moved just a few nanom
eters from the sample surface to be out of contact. This
sults in an important increment of the JM-AFM scan rate.
ambient air operation, the distance required to avoid
sample contact is of the order of tens or even hundred
nanometers~using cantilevers of about 1 N/m! and conse-
quently the scan rate is very low. Moreover, JM-AFM us
the normal force as the feedback signal and not the am
tude reduction, as is the case of DM-AFM. This ensu
images with a well-defined tip-sample force since the z
force level is continuously updated.

The good performance of JM-AFM in scanning individu
biological molecules is a consequence of the different fac
described in the previous paragraphs. A remarkable resu
the DNA height measured in JM-AFM images, which, to o
knowledge, is the highest height reported up to now. O
experiments show that as the applied force is decreased
height of the DNA increases. Similar results are obtain
with PHF. The acquisition of these data has only been p
sible when applying extremely low forces~less that 150 pN!.
The measured dimensions of these polymers are in ag
ment with previous published data@25#. Since some parts o
the PHF particle are not in contact with the mica, imagi
this type of biomolecular structure is difficult. When high
forces are applied~as in the case of DM-AFM!, the structure
of the PHF’s suffers irreversible damage. A complete stu
of PHF characterization using JM-AFM in liquids can b
found in @37#. We have also seen that molecules with a ve
weak adhesion to the substrate as thef29 can be also mea
sured with JM-AFM.

D. Direct comparison of dynamic mode and jumping mode

The results and the discussion presented above ca
better understood in terms of the lateral and normal for
applied to the sample. Lateral forces can be divided in t
types. The first type is that resulting from the scanning m
5-6
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tion (FLS) itself. This lateral force appears when the tip is
contact with the sample. This happens in CM-AFM and
DM-AFM. The second kind is that resulting from the norm
force depending on the surface orientation (FLFn) @35#. This
lateral force appears as soon as tip-sample mechanical
tact takes place and can be evaluated using Eq.~2!,

FLFn5Fn sinu, ~2!

whereFn is the normal force~vertical deflection of the can
tilever! and u the tip-sample contact angle. Since the t
sample angle is impossible to control with high accura
~typically FLFn is 10–30 % ofFn), efforts must be made to
reduce the applied normal force. Even in DM-AFM in a
where the tip-sample forces are very weak, the effects
lateral forces resulting from the normal force have been
served@38#.

The normal force is the control signal in CM-AFM and
JM-AFM. This signal is well established and it can be d
rectly measured. Since DM-AFM operation in liquids i
volves contact, the effects of the tip-sample interaction
clearly reflected on the dynamic behavior of the cantilev
This allows an estimation of the average forces during im
ing. To calculate this value we have recorded the deflec
signal versus time at large tip-sample distances~more than
300 nm!, where the short-range interactions are negligi
@Fig. 5~a!, left side#, and at the working tip-sample distanc
@Fig. 5~b!, left side#. The right side of Fig. 5 shows the co
responding Fourier transform of the data shown on the
side. As a consequence of the tip-sample contact, platea
the signal minima can be clearly seen in Fig. 5~b!, left side

FIG. 5. Normal force signal acquired during DM-AFM in liq
uids. The experiment is carried out on mica using 0.75-N/m ca
levers immersed in PBS buffer. The signals are plotted in a 400-
bandwidth.~a! was acquired at a relatively large tip-sample distan
~.300 nm! and ~b! at the working~imaging! tip-sample distance
Typical parameters are 7 nm for the free cantilever amplitude
kHz of resonance frequency, and 0.75 N/m of force constant.
and right sides show, respectively, the cantilever deflection vs t
and the Fourier transform. A clear difference appears when the t
placed at the working distance~see arrows!: the deflection signal is
deformed at the closest tip-sample position. This fact is reflecte
the Fourier transform as two peaks at 45 and 66 kHz.
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~see arrows!. The time elapsed during these plateaus is ab
4.5 ms, or about 10% of the period of the signal. Therefo
the contact time of AM operation in liquids can be rough
estimated as 10% of the period oscillation. Accordingly, t
average cantilever deflection due to the tip-sample conta
about 10% of the total amplitude.

In the case of Fig. 5~b!, left side, this amplitude is 6 nm
and, therefore, when using cantilevers of 0.75 N/m, the
erage force per cycle is about 1 nN. The effect of the int
action is clearly reflected in the reciprocal space as two n
peaks at frequencies of 45 and 66 kHz@Fig. 5~b!, right side#.
These values are not related with higher resonance freq
cies of the cantilever. In liquids, the maximum measur
contact force in DM-AFM is larger than that applied in CM
AFM and JM-AFM. However, DM-AFM is gentler than
CM-AFM since it is an intermittent contact technique. Th
normal force is especially destructive when imaging in
vidual molecules because the lateral force resulting from
normal force is also large. This effect is minimized in prote
crystals because an individual protein molecule is held by
surrounding proteins, which explains why molecular reso
tion can be achieved with DM-AFM in PM.

For direct comparison with JM-AFM performance, w
have plotted the cantilever deflection signal~normal force!
and theZ piezomovement versus time in Fig. 6. TheZ piezo
is moved 14 nm at a frequency of 200 Hz. Since for ea
cycle a data point is recorded, this leads to a scan rate of
points/s. The upper part of the oscillatory signal is whe
contact takes place~see arrows!. The measured contact tim
is 0.85 ms. During that time a force, within the feedba
error, of 125 pN is applied to the sample. Note that an ad
sion force of 30 pN is also present in this experiment. T
delay time at the furthest tip-sample position~lower part of

i-
z

e

2
ft
e
is

in

FIG. 6. JM-AFM performance in liquids. The experiment w
performed on mica using 0.02-N/m cantilevers immersed in P
buffer. TheZ motion of the piezo and the cantilever deflection~nor-
mal force! is plotted, respectively, in the upper and in the lower p
of the figure in a 100-kHz bandwidth. The JM-AFM frequency
200 Hz. The upper part of the oscillatory signal is where the con
takes place~see arrows!. From the data, a contact time of 0.85 ms
measured. During this time a normal force, within the feedba
error, of 125 pN is measured. Note that an adhesion force of 30
is also measured.
5-7
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the plot! is related with the motion of the piezo in theX
direction to the next image point. The information on t
tip-sample interaction is clearly shown in Fig. 6. The adh
sion force is easily available from this chart. We think th
this information is also present in the contact plateau in F
5~b!, left side, but it is extremely difficult to extract thi
information from the available data.

V. CONCLUSION

In this work, we have studied the performance of differe
AFM imaging modes for imaging biomolecules in liquid
There is no unique scanning mode which can obtain o
mum images for an arbitrary type of biological sample. O
results show that in samples with a large contact area, a
the case for the purple membrane, CM-AFM is the optim
mode. On the contrary, the CM-AFM imaging mode is
most useless when imaging individual molecular assemb
since large lateral forces result from the scan itself.
samples with individual particles weakly attached to the s
strate, a precise control of the tip-sample interaction is
quired and then JM-AFM is the best option. Another adva
tage of this imaging mode is the possibility of obtainin
adhesion images, information especially relevant with fu
tionalized tips. Another advantage of JM-AFM is that n
hardware implementation with respect to contact mode
ct
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needed. JM-AFM has the serious drawback of the low sc
ning rate, which is about one line per second. This increa
the 1/f noise and makes it impossible to use this mode
monitor fast processes.

To follow dynamic processes of individual molecule
DM-AFM is a better option since the technique is fast a
lateral forces are minimized. We have seen that DM-AF
implies normal forces of the order of;1 nN and hence also
large lateral forces. This would explain why we measure
low DNA height and why individual PHF particles are irre
versibly damaged when using DM-AFM. The reduction
the size and force constant of the cantilevers would ben
DM-AFM because interaction forces would be lowered a
JM-AFM because the scanning rate would be increased.
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