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a b s t r a c t

The emerging interest in understanding the interactions of nanomaterial with biological systems

necessitates imaging tools that capture the spatial and temporal distributions and attributes of the

resulting nano–bio amalgam. Studies targeting organ specific response and/or nanoparticle-specific

system toxicity would be profoundly benefited from tools that would allow imaging and tracking of

in-vivo or in-vitro processes and particle-fate studies. Recently we demonstrated that mode

synthesizing atomic force microscopy (MSAFM) can provide subsurface nanoscale information on the

mechanical properties of materials at the nanoscale. However, the underlying mechanism of this

imaging methodology is currently subject to theoretical and experimental investigation. In this paper

we present further analysis by investigating tip-sample excitation forces associated with nanomecha-

nical image formation. Images and force curves acquired under various operational frequencies and

amplitudes are presented. We examine samples of mouse cells, where buried distributions of single-

walled carbon nanohorns and silica nanoparticles are visualized.

& 2010 Elsevier B.V. All rights reserved.
1. Introduction

The intersection of biology and nanotechnology presents
issues and challenges for both fields. Regardless of whether the
nano-bio amalgam was created through undesired exposure [1,2]
or directed interaction such as drug delivery [3,4], photothermal
ablation [5–7], and in vivo biosensors [6,8,9], a major challenge is
the high resolution imaging of a biological system exposed to
nanomaterial. As new nanomaterials and uses are being dis-
covered, the need for novel characterization of single cells and
single molecules becomes increasingly important to assess the
efficacy of nanomedicine and possible adverse health conse-
quences of nanomaterial [10–16].

Quantitative measurements of nanomaterial uptake, biodis-
tribution, and therapeutic/cytoxic effects are an ongoing research
effort. Several existing characterization methods play important
roles in the overall biological assessment of cells. Optical
microscopies, such as confocal fluorescence microscopy, can
provide powerful information on the cell–nanoparticle interaction
with the use of labeling [7,9,17,18], although individual nano-
particulates are not distinguishable and often high concentrations
ll rights reserved.
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are required. To identify individual nanomaterials and substruc-
tures within cells, transmission electron microscopy (TEM) is
frequently employed [8,17–19]. However, the hostile vacuum
conditions hamper standard TEM for living systems. Scanning
probe microcopy, such as atomic force microscopy (AFM) [20], is a
complementary approach that produces nanometer scale resolu-
tion and accommodates the living cell in its natural environment
[21,22]. Conventional AFM strengths lie in its ability to provide
topological and compositional analysis of the surface of the cell,
although lacking sufficient sample excitation for accessing
subsurface information.

The possibility of combining scanning probe microscopy with
acoustic waves in order to perform high resolution near-field
imaging (estimated to be around 100 nm) was presented in early
work by Akamine et al. [23] on acoustic microscopy. The
evolution of ultrasonic probe and/or sample modulation techni-
ques has since revealed remarkable new detail of the specimen,
such as elasticity and homogeneity for materials investigation
[24,25]. Extending the acoustic excitation in the system to the
sample and the probe, it is then possible to access surface and
subsurface information on the mechanical properties of materials
[26,27]. In particular, the local phase information of the ultrasonic
mode resulting from the nonlinear coupling between the forcings
on the probe and the sample may be acquired to form the image
in a technique known as scanning near field ultrasonic holography
(SNFUH) [28]. Using SNFUH, we previously demonstrated the
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visualization of buried nanoparticles in macrophages and
erythrocytes with a resolution of 3 nm [29,30]. By taking
advantage of the nanomechanical nonlinear coupling between
the probe and the sample of an AFM system, a variety of new
modes are now available to probe the subsurface physical
properties of materials at the nanoscale, as demonstrated in the
newly developed MSAFM [31]. Although preliminary work on
modeling the probe-sample interactions have been reported [32–
34], the underlying mechanism in the particular case of the
ultrasonic microscopy is not fully understood. In this paper, we
provide additional results on the image formation stemming from
a particular mode of MSAFM, with a frequency that equals the
difference 9fs� fc9, by experimentally investigating the tip-sample
interaction. This particular mode of MSAFM can be shown to
allow comparisons with the previously reported techniques [26–
30]. In doing so we analyze probe-sample force curves and images
of mouse cells with buried nanoparticles.
2. Experimental procedures

The experimental configuration, shown in Fig. 1, engaged a
Veeco AFM, internally consisting of a cantilever, laser, position
sensing detector (PSD) and piezoelectric crystal actuation (PZT).
Using additional apparatus, the cell and microcantilever probe are
oscillated at two different megahertz frequencies fs and fc,
respectively, with piezoelectric crystals. In the present
experiment, the two PZT films (from Physics Instrumente model
PIC255) were used to launch longitudinal waves in the system.
The ultrasonic excitation of the sample creates propagating waves
traveling through the cell that are influenced by the elastic
properties of the cell. The experiment was performed in ambient
conditions (Fig. 1). The tip-sample coupled oscillations resulting
from the two excitations were processed with control electronics
Fig. 1. A schematic of the experimental setup. The probe and sample are oscillated

at ultrasonic frequencies fc and fs, respectively. The mechanical bending of the

cantilever probe represents the nonlinear tip-sample coupling and is measured

through laser reflectometry using lock-in amplification referenced at the

difference frequency 9fc� fs9. New coupling modes may be created by varying fc,

fs, and 9fc� fs9.
and acquired through lock-in detection referenced at the
difference frequency, 9fs� fc9 (Fig. 1). The phase contrast of the
resulting tip-sample interaction revealed variations in the
acoustic impedance throughout the cell, including subsurface
structures. A set of frequency, amplitude, and phase settings for
sample and probe oscillations are determined from evaluating the
quality of the amplitude and phase image. Here we vary the
conditions of these parameters in order to engender optimum
operation conditions. The resulting tip-sample approach curves
with corresponding images were analyzed.

Samples of alveolar macrophages and erythrocytes (red blood
cells) obtained from mice exposed to pluronic-coated single-
walled carbon nanohorns (SWCNH) and silica nanoparticles were
prepared. Adult male mice from the stocks maintained at ORNL
were randomly assigned to two experimental groups: (1) PBS
aspiration group and (2) nanoparticle/PBS aspiration group. All
mice were housed in the specific pathogen-free facility at
ORNL and given water and standard rodent chow ad libitum.
The Animal Care and Use Committee at ORNL approved all
experimental procedures. Three mice from each group were
sacrificed 24 hours after aspiration. Mouse pharyngeal aspiration
was used for nanoparticles administration. Aspiration was
performed as previously described [29]. Briefly, mice were
anesthetized with isoflurane and hung by their incisors on an
inclined board. The animal’s tongue was extended using forceps,
and 30 mL of the control solution or nanoparticle solution was
placed on the back of the tongue. The tongue was extended until
all of the fluid was aspirated into the lungs.

Mice were sacrificed by isoflurane overdose in a bell jar, and
bronchoalveolar lavage (BAL) was performed according to
standard protocols. The first lavage was performed with 0.6 ml
of PBS and was kept separate for analysis for another study. The
second and third lavages were performed with 1.0 ml of PBS and
were pooled in sterile tubes, centrifuged, and resuspended in PBS.
For light microscopy analysis, cytospin slides were stained with a
Hema3 kit (Fisher Scientific). For AFM analysis, cells were
centrifuged onto freshly cleaved mica using a cytospin and fixed
with methanol. In addition, peripheral blood was collected using
heparinized capillaries from the abdominal aorta. Blood samples
were diluted in PBS, centrifuged onto freshly cleaved mica using a
cytospin, and fixed with methanol.
3. Results and discussion

The cantilever probe motion as a function of time was isolated
and examined. Time traces of the motion of the cantilever, the
detected signal S(t), is represented in Fig. 2. The first case is a free
cantilever, shown in Fig. 2(A), and the second case is where the
distance between the probe and the substrate is sufficiently small
to generate the nonlinearities in the system, shown in Fig. 2(B).
The direct comparison of the traces demonstrates the modulation
attributed to the nonlinear coupling between the probe and the
sample. The traces presented were recorded at a fixed tip-sample
distance. In both cases the cantilever was driven at fc=1 MHz. The
strength of the coupling, that is, the emergence of the peak at
9fc� fs9, is directly dependent on the driving amplitudes of both
piezoelectric crystals.

Murine exposure to pluronic-coated SWCNH and silica
nanoparticles (see Experimental procedures section) was studied
to understand the cellular uptake of these nanomaterials, shown
in Figs. 3 and 4. As a control, SWCNHs alone were examined by
AFM topography (Fig. 3(A)). The acoustic phase image of the
macrophage (Fig. 3(D)) was able to visualize subcellular
structures and buried SWCNH that were not detected with AFM
(Fig. 3(C)). A closer view of the erythrocytes in Fig. 3(E) showed
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Fig. 2. Time traces representing the motion of the cantilever. As depicted in the insets, (A) the cantilever is free (out of contact with the surface): fc=1 MHz, ac=10 Vpp; The

black line represents the fit function (sine wave) associated to the measurement (gray line) (B) the cantilever is in contact with the surface and subjected to conditions:

fc=1 MHz, ac=10 Vpp, fs=1.3 MHz, as=10 Vpp. The amplitude of the motion of the cantilever is modulated as a consequence of the nonlinear coupling between the probe

and the surface of the sample.
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that SWCNHs could be clearly resolved. The observations were
strengthened by the Raman spectroscopy performed on the
solution of SWCNH (Fig. 3(B)), the exposed macrophages
(Fig., 3(F)), and the exposed erythrocytes (Fig. 3(E)). For instance,
the peaks indicative of the presence of the nanoparticles [29]
(Fig. 3(A), (B)) were found in the spectra associated to the exposed
macrophages (Fig. 3 (C–F)). The results of cellular subsurface
localization of the SiO2 nanoparticles are shown in images in Fig. 4.
The average diameter of the particles was measured to be 87 nm.
High resolution topographic and phase images consistently resolve
individual nanoparticles on the surface of the cell (circled in
purple), or within the cell (circled in light blue).

Using macrophage samples exposed to SWCNH, three different
excitation forces (frequencies and amplitudes) are presented in
Fig. 5. It provides important information on the mechanical
behavior of the system for imaging. The force curves are
dependent upon the elastic properties of the sample material
and the ability of the cantilever to flex in response of the forces
(attractive or repulsive) exerted upon the tip and the sample
surface. From the measurements presented in Fig. 5, we studied
the evolution of the force curves when the driving forces of the
system are modified. The results are compared to the force curves
originally obtained with standard AFM (no driving force applied).
The results reveal an important variation in the response of the
system with respect to the different excitations. Note that the
mode resulting from nonlinear coupling between the excited
probe and sample will be affected by a number of parameters
such as the driving amplitude and how close the excitation
frequencies of the new modes are from the resonance frequencies
of the cantilever. Here we monitor the deflection of the cantilever
with respect to the relative displacement of the cantilever holder,
either approaching the surface (left) or withdrawing from the
surface (right).

The force curves exhibit noticeable differences in the slope of
the linear region and the nonlinear region, both in the approach
and withdrawal modes. In the three cases presented, the course of
the cantilever is identical (1 mm). The distance to the surface
when the cantilever jumps in or out of contact is shifted
depending on the excitation parameters. In the measurements
presented in Fig. 5 the difference frequency varies between
83 kHz (B) and 86 kHz (C). The resonance frequency of the
cantilever in contact with the cell sample was determined by
sweeping the probe driving frequency from 25 kHz to 1 MHz and
recording the corresponding amplitude of the laser reflectometry
signal. The resonance frequency was found to be 86 kHz. Fig. 5(C)
illustrates the response of the system to the driving frequencies
fs=4.007 MHz and fc=4.093 MHz. As can be observed on the
corresponding acoustic amplitude and phase images, the system
became too unstable for imaging purposes. In addition, adhesion
increased significantly in this particular case, shown by the
relative displacement required for the probe to jump out of
contact (see panel corresponding to withdrawal of the probe). The
probe responds to the attraction forces earlier than for the other
case. Interestingly, given that the driving amplitudes were
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Fig. 3. (A) AFM image of SWCNH on mica and corresponding Raman spectrum (B). (C) AFM image of macrophage exposed to SWCNH. (D) Phase image of macrophage,

fc=4.18 MHz, ac=3 Vpp, fs=3.95 MHz, as=3.3 Vpp. (E) Phase image of erythrocyte, fc=4.45 MHz, ac=2.8 Vpp, fs=3.95 MHz, as=2.2 Vpp. Corresponding Raman spectra of the

macrophage exposed to SWCNH (F) and erythrocyte (G).
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identical in cases (B) and (C); this behavior can be attributed to
the modes generated by the nonlinear coupling and their
contribution in the behavior of the cantilever (i.e. the closer to
the resonance frequency, the greater the contribution). In the case
where the difference in frequency was slightly shifted from the
resonance (i.e. Df=83 kHz (B)), the coupling was satisfactory for
imaging. As indicated by the arrows some of the buried SWCNH
could then be resolved, but were not visible in (A) or (C). Note that
the images remain comparable regardless of whether fs was
greater than fc or fc was greater than fs (not shown here). Note also
that in some cases coupling happened to be too weak in order to
generate a useful image (not shown here).

Comparing the linear region of the force curves under acoustic
excitation to the one obtained for regular AFM, some variations in
the slope can be noticed. The dashed lines represent the slope of
the force curve in (A). In the case where the coupling was weak,
the slope remained unchanged. However in the other cases such
as (B) and (C), the material responds differently to the excitations.
In (B), the changes translate into the image by providing
subsurface information (SWCNH). The elastic properties of the
cell, which can be viewed as a network of springs [30] are
dependent on the oscillators of the system. The detection of
the local coupling was then operated to probe the subsurface
cellular information.
4. Conclusion

In summary, we have demonstrated that there is an opportu-
nity to explore new tip-sample excitation forces for MSAFM that
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Fig. 4. Images of buried silica nanoparticles in macrophage at different spatial

resolution (15, 8 and 4 mm scans). (Left) AFM images. (Right) Phase images.

fc=4.248 MHz, ac=5.4 Vpp, fs=3.95 MHz, as=2.2 Vpp.

Fig. 5. Influence of the driving frequencies on resulting force curves and phase images. R

and phase images and corresponding force curves resulting from the probe and samp

fs=4.007 MHz, as=2 Vpp ; fc=4.093 MHz, ac=2 Vpp. The acoustic images presented are r

scan size image of the macrophage. The blue arrows in (B) indicate the presence of buri

color in this figure legend, the reader is referred to the web version of this article.)
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will provide a rich set of characterization data to analyze surface
and subsurface features of cells. Using murine macrophages and
erythrocytes as test cases, we have obtained images and force
curves taken under various operating conditions. Correlating force
curves measurements and imaging was important in order to
improve the behavior of the system when the probe and the
sample are ultrasonically excited. In the present work, we limited
our study to the single mode of MSAFM corresponding to 9fs� fc9.
However, MSAFM involves a myriad of additional modes,
originating from the nonlinear nature of the coupling, and
resulting in a very rich but complex dynamics of the system.
The force curve measurements presented here reflect the
contribution of the various modes. The natural resonance
frequencies of the cantilever probe also play an important role
in the stability and performance of this new imaging methodol-
ogy. Furthermore, applying ultrasonic excitations to force spectro-
scopy may open the path towards measuring new material
properties. This high resolution non-invasive imaging modality
may be of tremendous potential for characterizing extensive as
well as intensive material properties of nano-bio systems without
the limitations of current techniques such as special sample
preparation/alteration. Within the linear regime, the described
nanomechanical imaging preserves the morphological and
chemical integrity of the system without electrodynamics or
chemical activation/invasion. This is particularly important, as the
native fluidic environment of many biological systems, is
susceptible to electrodynamics and/or chemical preconditions
for other types of probes such as electron bombardment and
egular AFM image of a macrophage and resulting force curves (A), (B,C) Amplitude

le ultrasonic excitation: (B) fs=4.00 MHz, as=2 Vpp ; fc=4.083 MHz, ac=2 Vpp, (C)

ecorded by locking onto (B) 83 kHz, and (C) 86 kHz. The images represent a 20 mm

ed nanoparticles revealed by the technique. (For interpretation of the references to
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fluorescent tagging. The possibility of extending and adopting
such techniques toward the investigation of biological systems is
appealing. The principle of operation poses no inherent limitation
on the environment in which the imaging occurs, and thus it
offers a powerful portal into the imaging of nanoparticles under
cellular ambient conditions, that is, in fluid.
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