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ABSTRACT

We have developed a method that integrated the widely used nanogold immunoassay into
direct atomic force microscopy (AFM) imaging and provided a specific morphological
technique applying for virus identification. The series of specimens including bare gold
particles (Au), antibody-conjugated gold particles (Au-Ab), purified influenza virions
(HIN1), antibody-bound virions (HIN1-Ab) and virion-immunogold complex (HINI1-
Ab-Au) were investigated by AFM and transmission electron microscopy stepwisely and
parallelly. The recognition method of the immuno-AFM technique was constructed by
taking the local phase contrast in phase image as main judgment for the existence of
immunogold labels and taking the height and amplitude images as auxiliary judgment for
viral morphology and positioning. The nanogold-antibody conjugates binding to the HIN1
virions were clearly identified as higher brightness spots from the background biomaterials.
Under direct AFM, the topographical image of the scanned biosamples can be easily
investigated and reproduced. Our findings achieved the combination of virus morphological
features with antibody-antigen specific recognition through the application of
antibody-specific nanogold labels and, in principle, the labels for immuno-AFM could be
extended to other types of nanomaterials for bio-recognition and localization assay.
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Material and method
1.Materials
1.1 Antibody labeling of immunogold nano-
-particles
Colloidal  gold
prepared by Natan method!'l. Briefly, 100

nanoparticles ~ were

ml deionized water was heated to boil. 1ml
of 1% HAuCls solution was added slowly
following by addition of 4ml of 1% sodium
citrate with continuous heating and
vigorously stirring until the tetrachloroauric
solution turned claret. Average diameter of
colloidal gold particles was estimated to be
15-20nm as detected by

transmission electron microscopy.

approximate

Monoclonal antibody to HIN1 virus Type
A Hemagglutinin H1 (mouse anti-HA MAD,
clone B214M, Meridian Life Science) was
immobilized on the surface of colloidal gold
Colloidal gold
solution with Asso=1.0 was titrated with
0.2M K>COs; to pHS.5,
solution (0.1mg/ml) in 10mM Tris-HCI,
pH8.5, was added. BSA (Sigma-Aldrich)

was added to a final concentration of 0.1%

particles as following.

and antibody

for additional stabilization of the resulting
MAD complex with gold nanoparticles. To
remove non-bounded antibodies, the mixture
was centrifuged for 45 min at 10,000rpm
and 4°C. The pellet was resuspended in
0.05M K-phosphate buffers (pH7.5,0.01%
NaN3, 0.1% BSA). The resulting immuno-
-gold particles (MAb-Au) were stored at
4°C. Mouse IgG2a isotype control antibody
(clone20102, R&D) was used as control in

some experiments.

1.2 HIN1 virus sample
HI1Nlinfluenza virus (Influenza A/New

Caledonia/20/99) was a gift from Dr. Qi

(Department  of

Fengchun Influenza

vaccine,  Changchun  Institute  of
Biological Products, China). The virus
was purified by ultracentrifugation with
10-40% sucrose gradient.
1.3 Preparation of gold nanoparticle and
virus samples for AFM imaging

Bare Au nanoparticle, Au-Ab nano-
-particle or HIN1 virus samples were
diluted with 0.01lmM PBS. 50ul of each
sample was uniformly coated on poly-L-
-lysine(Sigma-Aldrich) pretreated cover-
-slip and incubated at 37 “C for 30min,
following by washing with deionized
water for three times and blow-drying by
nitrogen for imaging.

If preparing HINI-Ab
Au-Ab particles for AFM imaging, further

sample or

treatment were necessary as following:

coverslip was incubated for 30min
covered by10% BSA. After washing with
deionized water, 50ul of immunogold
particles (or 50 p 1 3.5pg/ml MAD
containing 0.01% Tween 20) were placed
on coverslip carrying samples and the
coverslip was incubated at 37°C for
30min, following by washing and
AFM

imaging. Special attention should be

blow-drying by nitrogen for

addressed to Au nanoparticles, with which

operation should be performed gently.
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1.4 Atomic force microscopy imaging
AFM

Multimode equipment and NanoScope Illa

images were collected using
controller (Digital Instruments Co., Santa
Barbara). Tapping mode and 115um-length
standard silicon cantilevers were employed
for imaging in air. RTESP tips (Veeco
Instruments) with spring constant 20-80N/
m and tip radius 5-10nm were used with a
resonant frequency of approximate 300 kHz,
and a scanning speed of 1-5 Hz. We
generally adjusted the set point of voltage
for optimum image quality. The height,
amplitude and phase data were recorded
simultaneously at a scan rate of 2 Hz, and
the 256 x256 pixel and 512 x512 pixel
images were collected at a scan-rate of one
scan lines per second. All images and data
were evaluated by Nanoscope Software
6.13R1,  Digital
Instruments) or XEI Image Processing
Software (XEI version 1.6, PSIA Corp.).
Other AFM experimental procedures and

(Nanoscope  version

parameters were performed as described
previously>41
1.5 Transmission electron microscopy

A double-staining immunoelectron micro-
-scopy was used in this study. 6 pl of
resuspended samples were applied to carbon
coated copper grid and left to stand for 1-2
min at room temperature. Excess liquid was
gently removed away using Whatman paper
and 6pul of negative stain (2% potassium
phosphotungstate, pH 6.8) was added to the

grids. Excess stain was removed and the

grids were dried at room temperature.
Samples were examined at an acceleration
voltage of 80 kV with a TECNAI12
transmission electron microscopy (FEI).
Results & Discussion

It is well known that detection of virus
by immunoelectron microscopy (IEM) is
more sensitive than by direct transmission
electron microscopy (TEM) alone. With
the application of electron dense of gold
nanoparticles, IEM technology can
achieve combination of specific biolabel
location  with  nanoscale  imaging
techniques, and is kept as a “gold
standard” for identification of
non-cultivable ~ viruses®¢.  As a
companion technique to TEM, AFM[" is a
unique technique to provide subnanometer
resolution under physiological
conditionst®). Over the past years, with
great efforts on sample preparation,
imaging techniques and instrumentation,
AFM complemented TEM by allowing
visualization of biological samples, such

viruses,
2,9-12]

as  proteins,  nucleotides,

membranes, and living  cells!
Theoretically, introduction of immuno-
-labeling technique into AFM would
visualization of the

achieve direct

immunolabels’ locations within bio-
-specimen at nanoscale, which could be
potentially developed as a substitute for
IEM.

However, unlike IEM, AFM uses a tiny,

pointed probe instead of lens. When the
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tip of the probe rides gently on the sample,
its up-and-down motion is recorded and
displayed as images on computer. Since the
imaging principle of the AFM s
significantly different from IEM, AFM
imaging could not highlight the nanogold
biolabels as electron dense dots. Previous
studies on bio-recognition, inter- and intra-
molecular interactions have been reported,
as exemplified by analysis of ligand-
adhesion!'3],

-receptor antibody-antigen

interaction!!*!%],  enzyme  recognition
processest!®l, polysaccharide elasticity(!”!8],
DNA mechanics!!20]

molecular motors?'-?2. However, the usage

and function of

of modified probes with ligands may result
in the morphological features of the scanned
bio-specimen hard to be reproduced and
calibrated. Consequently, the specific
bio-recognition process could not combine

with the * true

”»

morphology of bio-
-specimen.

Here we developed a specific nanoscale
morphological technique that integrated
immunogold labeling assay into direct AFM
imaging. Since the sample homogeneity
appeared to be essential for good AFM
imaging!®], we used purified HIN1 viruses
as the target biosample. Specimens,
including bare Au particles, Au-Ab particles,
purified  HINI HIN1-Ab,
HIN1-Ab-Au, were investigated by both
AFM

well-displaying and comparing the possible

virions,

and TEM with purposes of

label signals of immunogold nanoparticles.

All AFM imagings were performed in
constant taping force in air and output
data types were set as height, amplitude
and phase simultaneously.

Initially, we investigated bare Au
nanoparticles. No significant differences
were found in the pattern of gold
between AFM  height,
amplitude, phase images (Fig. 1a, b,c) and
TEM control (Fig. 1d). All bare gold

particles were regular and circular shapes

nanoparticles

with a diameter approximately 15-20nm.
Comprehensive analysis of the height,
amplitude and phase data showed that the
morphologic contour, particles distribu-
-tion and size of the gold particles
displayed high consistency in all three

imaging modes.

We next investigated topographic
features of Au particles coated with HIN1
MADb  (Au-Ab). Interestingly, the

morphologic contour of the particles
observed in phase image (Fig. 1g) showed
apparent inconsistency compared with the
corresponding appearance of particles
observed in height and amplitude images
(Fig. le, f). Disappeared regions and
irregular contour of Au-Ab particles were
found more often in phase image and the
Au-Ab particles were emerged in higher
brightness form (intense phase contrast)
while some other parts were merged into
background (Fig. 1g). Further section
analysis of aggregated Au-Ab particles

displayed significant divergences in
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particle morphology in height, amplitude
and phase images as shown in black circle
area in Fig. le, f, g. Those intact aggregated
Au-Ab particles shown in height and
amplitude modes kept adjacent performance
(Fig.1i, j), while, the partiles appeared as
separated and non-intact distributiuon with
intense brightness features in phase (Fig.
1k). The phenomenon indicated that some
areas of the immunogolds were covered with
or buried under the background phase
signals and the irregular “intense brightness
areas” in phase image must be signals for
existence of Au nanoparticles in the
protein-mixed materials. As a control, TEM
image of the Au-Ab nanoparticles still
displayed as intact spherical particles in bold
dark dots form with a little fuzzy around
(Fig. 1h). Taken together, the irregular
higher brightness areas in AFM phase image
gave us a clue that the immunogold could be
developed as biolabel on direct AFM.
Purified H1N1viruses were then imaged
through AFM and TEM. The AFM height
(Fig. 2a), amplitude (Fig. 2b) and phase
(Fig. 2¢) images displayed high consistency
in virion distribution and also morphological
features. TEM image of the purified HINI
virions displayed intact spherical particles
with characteristic “spikes” (Fig. 2d). AFM
and TEM imaging of HIN1-Ab complexes
investigated. The height,
amplitude and phase data of the HINI1-Ab
were highly identical regarding to shapes

were  also

and distribution of both spherical and

filamentous HIN1 virions. Compared to
height and amplitude images (Fig.2e, f),
phase image (Fig. 2g) displayed more
detailed background components and lots
of  smaller particles (presumably
immunoglobulin molecules) could be
beside
filamentous H1Nlparticles. TEM images
(Fig. 2h) of HINI-Ab still displayed

intact morphological features except a

observed on or spherical/

little faintness appeared on virus particles
when compared with TEM image of the
pure viruses without bound antibodies
(refer to Fig. 2d).

Finally, HIN1-Ab-Au complex images
from different scan fields on the sample
glass coverslip were scanned by AFM at
scan size as 600nm X 600nm, 300nm X
300nm and 200nm X 200nm individually.
The topographical features of HINI
particles were still clear and visible on
height and amplitude images. Many

“higher brightness spots” were observed
apparently in the phase image (Fig.
3c,g,k) and these spots could not be found
in the corresponding height(Fig. 3a.e,i)
3b,f})).
Moreover, we found these contrast signals

and amplitude images (Fig.
in phase appeared as  “pits” on or beside
virions surface in the corresponding
amplitude image (Fig. 3b,fjj). As a
control, TEM image of HINI-Ab-Au
complex sample was performed, and some
“ intense black dots ” , known as high
electron dense immunogold particles,
were visualized on or beside HINI
virions (Fig.3d, h).
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Figurel : AFM and TEM images of bare nanogold particles and nanogold particles
labeled with MAD to influenza A H1.

(a-¢) AFM images of freshly prepared bare Au nanoparticles (about 15-20 nm
diameter) spread on poly-L-Lysine pretreated coverslips. Imaging (Scan size: 300nmx
300nm) of particles was scanned in tapping mode and displayed as height image (a),
amplitude image (b), and phase image (c¢). (A)TEM image of freshly prepared Au
nanoparticles. Au particles were shown as electron dense dots. (e-h) Images of Au-Ab
(immunogold particles) scanned by AFM and TEM. AFM imaging (Scan size: 300nmx
300nm) of immunogold particles was performed and displayed as height (e), amplitude (f)
and phase (g) images. Black arrows indicated image of a same virus particle in different
data type of AFM, revealing absolutely different particle shapes among the three data types.
(h) TEM image of prepared immunogold particles. Electron dense dots represented
immunogold particles targeted against Hemagglutinin H1 protein of HINI1 virus,
displaying intact spherical shape of gold particles. (i-k) Images of section analysis of
aggregated immunogold particles, indicated by black circles in the corresponding AFM
images in Fig. le, f and g. Height (i), amplitude (j) and phase (k) images displayed

significant divergence in particle morphology.
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Figure 2: AFM and TEM images of HIN1 virus (a-d) and HIN1-Ab (virus bound with MAb to Hemagglutinin H1) (e-h).

(a-¢) AFM images of purified HIN1 virus. Imaging of HIN1 virus particles was scanned in tapping mode and displayed as height (a),
amplitude (b) and phase (¢) images. (d) TEM image of purified HIN1 influenza virus particles, displaying intact morphological features of
influenza virus. (e-g) AFM imaging of HIN1-Ab complexes was performed in tapping mode and displayed as height (e), amplitude (f) and
phase (g) images. (h) TEM image of HIN1-Ab complex, displaying classic morphological features of influenza virus, except a little
faintness appeared on virus particles compared with TEM image of the purified viruses.
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Figure 3: AFM and TEM images of HIN1-Ab-Au (HIN1 virion-immunogold
complex)

(a-¢) AFM images of HIN1-Ab-Au. Imaging (scan size: 600nmx600nm) was scanned
in tapping mode and displayed as height (a), amplitude (b) and phase (c¢) images at
600%600 nm size. (d) TEM image of HIN1-Ab-Au, displaying as “electron dense dots”
binding to HIN1 virus particles. (e-g) HIN1-Ab-Au complexes were scanned by AFM at
scan size 300nmx300nm and the output data were displayed as height (e), amplitude (f)
and phase (g) images. (h) TEM image of HINI-Ab-Au complexes at increasing
magnification. (i-k) single immunogold binding HIN1 virus particle (scan size:
200nmx200nm) was displayed as height (i), amplitude (j) and phase (k) images. Three
arrows/circles in a horizontal row indicated image of a same virus particle, revealing
similar particle shapes in height, amplitude and phase data type. (I-q) Control AFM images
of HIN1 virions bound with immunogolds of IgG 2a isotype antibody. Images were
scanned at 300nmx 300nm size for height (I), amplitude (m) and phase (n) images, or at

200nmx200nm size for height (o), amplitude (p) and phase images (q)).
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The origin of the phase contrast is from
the difference in probe-sample interaction,
which heavily depends on the viscoelasticity
of the material under scrutiny. Previous
study showed phase images recorded at
moderate tapping were related to surface
stiffness variations associated with Young's
modulus changel!l. Au particles are much
harder than the biomaterial samples as
virion, immunoglobulin and bovine serum
albumin (BSA) employed here, and produce
stronger interaction when probe taps on
them. This is why the Au particles appeared
as bright spots in phase image (Fig. 3c,g,k).
Meanwhile, higher interaction force causes
decrease of amplitude, shown as pits in
amplitude image ( Fig 3b,f}j).

The boundary between two objects shows
difference in effective viscoelasticity even
they are same in material. For example, the
boundary or the gap between HINI1 virion
and the bound immunogold particle may
have different interaction from both parts,
which produces contrast in phase, as shown
in Fig. 3k. However, the gap might be much
smaller than the probe size and probe could
not insert into it. Therefore, the gap between
two parts cannot be observed in height and
amplitude images, as shown in Fig. 3i and
Fig. 3;.

Our data also showed that intense phase
contrast might lead a little decreasing of
quality of wviral particle imaging when
goldparticles appeared on phase image (Fig.

3¢, g, k). Interestingly, the simultaneous

outputting height and amplitude images
seemed no loss of quality (Fig. 3¢, g, k).
Therefore, comprehensive analysis of
both the local “higher bright spots” on
phase image and the distributional
features of viral morphology on height
and amplitude images would be critical
for specific virus identification by
immuno-AFM. In contrast, no “higher

brightness spots” signals were found

binding to HIN1 virions when
nonspecific isotype antibody was used as
negative control to prepare Au-Ab

particles (Fig. 31, m, n, o, p, q), which
indicated low to undetectable nonspecific
signals were detected.

Additionally, we also found that a
minority of Au-Ab particle was difficult to
display on phase image (Fig. 1g), which
implicated that sensitivity of this specific
morphological immunoassay would be
lost a little since a small proportion of
Au-Ab labels lost signals inevitably. Thus,
the Au particle may be probably not the
best label candidate for application of
immuno-AFM. However, it should be also
noted that the “classic” IEM labeling
marker-goldparticle was chosen in present
study, because it provided a best reference
at nanometer-scale to evaluate method-
-ology of immuno-AFM. Based on the
principle  of  this  study, some
improvements within labeling materials

should be expected in the future.
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Conclusion

By comprehensive analysis of the “higher
bright spots” as immunogold label signals in
phase image and the distributional
characteristics of viral topography appeared
on height and amplitude images, we have
demonstrated an immuno-AFM technique to
detect HIN1 virus, which achieved specific
differentiation of signals of the nanogold
bio-labels from the background
biomaterials. Our studies integrated the
micro-high-resolution imaging performance
of AFM with the specificity of antibody
recognition and opened up a methodology
for screening AFM bio-labels. As specific
bio-recognition and morphological images
can be obtained at the same time during this
process and the labeling methodology is
applicable with any ligand, it should prove
possible to recognize and position many

types of biomaterials on a nanometer scale.
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