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Abstract. We present a method for adding molecular specificity to wide-field interferometric phase microscopy
(IPM) by recording the phase signatures of gold nanoparticles (AuNPs) labeling targets of interest in biological cells.
The AuNPs are excited by time-modulated light at a wavelength corresponding to their absorption spectral peak,
evoking a photothermal (PT) effect due to their plasmonic resonance. This effect induces a local temperature rise,
resulting in local refractive index and phase changes that can be detected optically. Using a wide-field interferometric phase microscope, we acquired an image sequence of the AuNP sample phase profile without requiring
lateral scanning, and analyzed the time-dependent profile of the entire field of view using a Fourier analysis, creating a map of the locations of AuNPs in the sample. The system can image a wide-field PT phase signal from a cluster
containing down to 16 isolated AuNPs. AuNPs are then conjugated to epidermal growth factor receptor (EGFR)
antibodies and inserted to an EGFR-overexpressing cancer cell culture, which is imaged using IPM and verified by
confocal microscopy. To the best of our knowledge, this is the first time wide-field interferometric PT imaging is
performed at the subcellular level without the need for total internal reflection effects or scanning. © 2013 Society of
Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.18.11.111414]
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1

Introduction

Interferometric phase microscopy (IPM) provides quantitative
phase imaging of transparent biological samples, including
live cells in vitro.1 At each spatial point, the quantitative
phase of light passing through the sample is proportional to
its optical thickness, which is the product of the physical thickness of the sample and its integral refractive index, i.e., the sum
of all refractive indices across the sample thickness.2 For this
reason, IPM lacks molecular specificity, and is not able to selectively visualize targets of interest inside the cells, as can be done
by fluorescence microscopy.
The use of gold nanoparticles (AuNPs) as molecular contrast
agents in photothermal (PT) imaging has been researched over
the past decade.3–5 PT imaging can be explained by introducing
the concept of plasmon resonance. When applying an electric
field on a metal by illuminating it with light with a certain
wavelength, plasmon resonance in the form of nanostructure
oscillations of free electrons occurs.6 AuNPs in particular
have large absorption coefficients in relatively narrow spectral
bands, depending on their size and shape. In general, the spectral
response of the plasmon resonance of gold nanospheres is
within the visible range. The plasmon resonance causes local
heating of the AuNPs, which can be detected optically, e.g.,
by recording the induced local changes in the sample refractive
index.7–13
The optical methods that were employed for imaging AuNPs
within biological tissues using the PT effect include differential
interference contrast (DIC)7,8 and optical coherence tomography.9–13 While most systems and methods are indeed capable
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of imaging AuNPs in various sizes down to the single particle
level, they have not been implemented in scan-less mode
for creating wide-field quantitative images.7–13 Alternatively,
a total internal refraction (TIR) prism, on which the sample
is placed, is required in order to generate an evanescence
wave in the interface between the sample and air.14,15
Baffou et al.16 used white-light illumination and a special
digital camera that can multiplex several interferograms simultaneously utilizing a modified Hartmann grating precisely positioned in front of it. In this setup, each image pixel translates into
4 pixels on the digital camera. This setup was used for identifying a single gold nanodisc of approximately 300 nm in diameter, and other larger patterns, by measuring the thermally
induced refractive-index variations of the surrounding medium,
without using it for obtaining molecular imaging in biological cells.
In the current study, we introduce a wide-field IPM system
with the capability of quantitatively identifying AuNPs in a farfield off-axis holographic manner, without the need for a TIR
prism or a special grating, while conjugating the AuNPs to biological cells and thus obtaining molecular imaging. Due to the
wide-field, scan-free imaging, acquisition time is shortened,
while increasing field of view (FOV), and thus increasing overall efficiency of the entire imaging process.

2

Optical Setup

The proposed PT wide-field IPM system is presented in Fig. 1.
To image the phase signatures of photothermally excited
AuNPs, we have used a low-coherence off-axis Linnik interferometer illuminated by a titanium-sapphire (Ti:Sapph) laser. An
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green excitation beam is incorporated into the interferometric sample arm by dichroic mirror (DM) (FF593-Di03,
Semrock, Rochester, New York) and passes through MOSAMPLE .
A long-pass filter (LPF) (FF01-593/LP, Semrock) prevents
green light back-reflection residues from reaching the camera.
For some experiments, we have added a green beam narrower/
expander and/or a focusing lens, in order to adjust the green spot
size upon the sample and consequently the power density
(W∕cm2 ) to the excitation levels needed.

3

Fig. 1 Wide-field IPM setup with molecular specificity using a sample
labeled with AuNPs. Ti:Sapph: titanium-sapphire laser (780  20 nm),
used as the IPM imaging beam; DPSS: diode-pumped solid-state green
laser (532 nm), used as the PT excitation source for the AuNPs; L1, L2,
L3, L4: lenses; BS: beam splitter; LPF: spectral long-pass filter (cut-off
wavelength at 593 nm); DM: dichroic mirror (cut-off wavelength at
593 nm); MO: microscope objective; CMOS: digital camera.

After data acquisition, the digital processing includes the
quantitative phase calculation from the off-axis interferogram,
followed by an image-sequence time-resolved analysis for
extracting the PT phase signal.

3.1

Wide-Field IPM

Figure 1 shows an off-axis Linnik interferometer illuminated
by a Ti:Sapph laser (Micra-5, Coherent), tuned to a central
wavelength of 780 nm, and a full width half maximum spectral
bandwidth of 40 nm, defining a coherence length of 6.7 μm.17
This coherence length allows elimination of erroneous interferences originated from back-reflections from optical elements in
the system or from unfocused layers inside the sample, yielding
low noise levels.
As shown in Fig. 1, the illumination beam from the Ti:Sapph
laser is expanded using lenses L1 and L2 in order to match the
beam spot size upon the sample plane to the sensor size. After
lens L3, positioned in a 4-f configuration with respect to the
microscope objectives, the beam is split into reference and sample beams by beam splitter (BS). On the sample arm, a mirror
directs the beam into microscope objective MOSAMPLE (M-40×,
Newport) and the sample is illuminated. Light back-reflected
from the sample is magnified by MOSAMPLE and projected
through BS and lens L4 onto the CMOS digital camera
(DCC1545M, Thorlabs, Newton, New Jersey). The reference
beam, from the other output of the BS, goes through a compensating microscope objective MOREF , and is back-reflected by a
slightly tilted mirror. Then, the reference beam is projected onto
the camera with a small angle with respect to the sample beam,
creating an off-axis interference pattern on the digital camera.

2.2

PT Excitation

Small diameter (10 to 90 nm) spherical AuNPs have peak or
near-peak absorption coefficient at a green wavelength of
532 nm.6 To excite the AuNPs at the peak absorption wavelength, we used a diode pump solid state (DPSS) laser (LRS0532-PFM-00200-03, Laserglow, Toronto, Canada) connected
to a signal generator (DSOX 2002A, Agilent, Santa Clara,
California), which can modulate the beam at wide ranges of
frequencies (we have used 30 Hz for cellular imaging). The
Journal of Biomedical Optics

Phase Acquisition

Assuming that the off-axis interference pattern on the camera
contains straight fringes with respect to the x-direction, the
off-axis interferogram of the sample can be expressed as
follows:18,19

additional laser with a wavelength that suits the peak plasmonic
resonance of the AuNPs is integrated into the interferometer
sample arm to obtain PT excitation of the AuNPs.

2.1

Data Processing

I ¼ IS þ IR þ 2

pﬃﬃﬃﬃﬃﬃﬃﬃﬃ
I S I R cos½ϕðx; yÞ þ kx sin α;

(1)

where I S and I R are the sample and reference beam intensities,
respectively, α is the angle of the reference beam relative to the
sample beam upon the camera plane, k is the wavenumber, and
ϕðx; yÞ ¼ 2k · Δnðx; yÞ · Δzðx; yÞ is the phase profile, which is
proportional to the product of the refractive index difference Δn
and the thickness of the sample Δz. Hence, the cosine term of
the interference pattern captures the spatial phase modulation of
the light going through the sample twice. When using a lowcoherence source, however, the interference zone has a limited
width of λ2 ∕½2 sinðα∕2Þ · Δλ, where λ is the central wavelength
and Δλ is the spectral bandwidth of the source. Therefore, we
chose an area of 40 × 40 μm2 inside the coherence-limited FOV,
which was sufficient to image a single cell.
The recorded interferogram is digitally two-dimensional
(2-D) Fourier-transformed using MATLAB to create the image
spectrum which consisted of a zero-order term and two highorder cross-correlation terms, spatially separated from the
zero-order term.19 Then one of the cross-correlation terms is spatially filtered, centered, and padded with zeros. After an inverse
Fourier-transform, we obtain a complex matrix, for which the
argument represents the wrapped phase of the sample, ϕðx; yÞ.
This phase profile is then digitally unwrapped to remove
2π ambiguities.20

3.2

PT Signal Acquisition

We first used spherical AuNPs with diameters of 70 nm (A1170, Nanopartz, Loveland, Colorado), which strongly absorb
light at a wavelength of 532 nm.6,21 This local light absorption
produces a localized temperature rise and subsequent local variations of the refractive index, whereas the phase signal recorded
by the camera explicitly depends on the refractive index. We
modulated the excitation beam to illuminate the sample with
an excitation frequency of f ex ¼ 30 Hz and, as can be seen
in Fig. 2(a), obtained local phase oscillations on the spatial
point representing the nanoparticle position. Recording the
image sequence at a frame rate higher than twice f ex enabled
us to analyze each pixel in the FOV, and de-modulate the
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temporal Fourier signal shown in Fig. 2(b) by filtering f ex . We
define the PT phase signal as the peak-to-peak magnitude of the
local PT-induced phase oscillations Δϕp−p , as obtained by an
inverse Fourier-transform of the spectrum filtered around the
excitation frequency.
Analytical analysis for the absorption and heat conductivity
was developed elsewhere.7 We present the spatial profile of the
peak to peak phase shift at a distance ~r0 from the center of the
AuNPs as follows:9



∂n 1
Δϕp−p ð~r0 Þ ¼ 0.64
∂T κ




Ið~r0 Þ
Nσ;
λ

(2)

where ∂n∕∂T represents the refractive-index variations due to
temperature rise, κ is the thermal conductivity of the surrounding medium, Ið~r0 Þ is the excitation beam intensity at a distance
r~0 from the AuNP central location, N is the number of AuNPs
subjected to the excitation, and σ is the AuNPs absorption coefficient. If the beam covers the entire FOV, a wide-field image of
the PT phase signal can be obtained.

Fig. 2 PT phase signal: (a) Phase oscillations in the AuNPs location
caused by the PT effect, originated by a 30-Hz excitation of AuNPs
at their plasmonic resonance peak wavelength. (b) The corresponding
Fourier signal, showing a peak at the modulation frequency.
Journal of Biomedical Optics

4
4.1

Imaging of Test Targets
PT Imaging of Aqueous AuNPs Solution and
AuNPs on a Coverslip

To demonstrate wide-field PT imaging, we prepared a 250-μm
thick chamber filled with an aqueous solution of the 70-nm
AuNPs mentioned above (70 ppm diluted to 25%). The sample
was excited at various illumination powers, modulated at
50 Hz in time. As described earlier, the PT phase signal for each
pixel was acquired by analysis of the time-resolved change
of the sample phase, Δϕp−p . For this experiment, we define
the mean PT signal as the average signal over a small
region of 5 × 5 μm2 , overlapping with the excitation beam.
Equation (2) determines the PT signal dependency on the excitation beam power, among other factors. By keeping all other
parameters constant, the signal should rise linearly with an
increase in the excitation beam power, which gives us an
indication that we do measure a PT signal originated from
the AuNPs. Figure 3 demonstrates this linear relation in our
case. Indeed, since the thermal parameters and the concentration
(estimated by N ¼ 10, the number of AuNPs contributing to
the temperature rise in the excited volume) were invariant,
the sole contributor to the rise of Δϕp−p was Ið~r0 Þ. This suggests
that the measured PT signal was linearly dependent on excitation power, which supports the theoretical analysis.
Next, we used wide-field IPM to image a coverslip covered
with AuNPs. To prepare the sample, a drop of aqueous solution of AuNPs was carefully smeared upon a glass coverslip.
Figures 4(a) and 4(b) show the phase signature of a 10 × 10 μm2
FOV, containing three AuNP conjugates. This demonstrates the
system ability to obtain wide-field interferometric PT signals
and image several AuNP conjugates simultaneously, without
the need for lateral scanning. Possible explanations for the nonuniform PT signal strength of the different aggregates are the
relatively small beam diameter, which caused excitation by different power densities across the FOV, as well as the different
dimensions of the aggregates and the number of nanoparticles
creating each of them.22 AuNPs aggregation changes the absorption coefficient of the nanospheres,23 or σ, as defined in Eq. (2).
This degrades our ability to conduct a thorough investigation of
the PT signal as a function of the aggregate size. For this reason,
we have also created a test target containing groups of isolated
AuNPs using lithography, as presented in the next section.
For the case of AuNPs on a coverslip, in order to examine the
PT phase signal response as a function of the excitation power,
the excitation beam diameter was reduced to 5 μm and its power
was gradually changed from 5 to 40 mW on the sample plane by
the DPSS laser power control. The solid black line in Fig. 4(c)
shows the PT phase signal cross section along the path indicated
by the dotted white line in Fig. 4(a). The red-dashed line in
Fig. 4(c) is a Gaussian fitted curve, with a good correlation
to the measured PT phase signal (R2 of 0.989). This result is
in agreement with previous works, as well as with theoretical
analysis of plasmon resonance.9,24
The PT signal as a function of laser power is shown in
Fig. 4(d) at the peak of the AuNPs aggregate marked by a
white arrow in Fig. 4(a). Here too, the signal is linearly dependent on the laser power, as suggested by Eq. (2). Moreover, the
actual measured PT signal is in good agreement with the theoretical values [solid line in Fig. 4(d)].
To assess the quality of the measurements, we define two
types of signal-to-noise ratios (SNRs). Temporal SNR is defined

111414-3

November 2013

•

Vol. 18(11)

Turko, Peled, and Shaked: Wide-field interferometric phase microscopy with molecular specificity. . .

In our case, the peak level of the PT phase signal is 0.420 rad
[see green-dashed line in Fig. 4(c)], whereas the average background signal, which defines the spatial noise level for this
measurement, is 0.023 [see dotted black line in Fig. 4(c)],
producing a spatial SNR of 18.1.

4.2

Fig. 3 Spatially averaged PT phase signal as a function of the excitation
power for an aqueous solution of 70 nm spherical AuNPs, as measured
by wide-field IPM. Dashed red line is a linear fit, R2 ¼ 0.993. Green line
represents the theoretical response.

as the PT phase signal at the center of the AuNPs when the
PT excitation is active, divided by the phase value at the
same spatial point, but without excitation. Spatial SNR is
defined as the PT phase signal at the center of the AuNPs
when the PT excitation is active, divided by the average
phase value when the PT excitation is active but at an area
where there are no AuNPs.

PT Imaging of Isolated AuNPs Test Target

To test the PT wide-field IPM system sensitivity with an aggregate-free test target, we have used electron-beam lithography
to create a target containing groups of different numbers of
isolated AuNPs, 40- to 100-nm wide and 40-nm high. In
this assessment, we investigated isolated AuNPs groups starting
from 1 AuNP, through 2 × 2, 2 × 3, 3 × 3, 3 × 4, 4 × 4, 4 × 5,
5 × 5, 6 × 6, 7 × 7, and up to 8 × 8 AuNPs. Figure 5(a) presents
a part of the AuNPs groups in this test target as imaged
with environmental scanning electron microscope (eSEM), and
Fig. 5(b) presents a magnified image of one of the groups
(5 × 5 AuNPs). As verified by eSEM, due to the lithography
process limitation on glass substrate, a small part of the AuNPs
was lithographed smaller than others. With the elimination of
AuNPs aggregates, this approach enabled us to make a more
accurate assessment of our detection threshold compliance to
the theoretical model.
To analyze the results, we define two types of thresholds. The
measured threshold is defined as the PT phase signal Δϕp−p

Fig. 4 Wide-field PT phase signal of the AuNPs on a glass coverslip. (a) PT phase signal image. The white arrow indicates on the AuNPs located in the
middle of the excitation beam. Video 1 shows the filtered phase oscillations in time (Video 1, MPEG, 5.3 MB) [URL: http://dx.doi.org/10.1117/1.JBO
.18.11.XXXXXX.1. (b) Three-dimensional view of the same field of view shown in (a). (c) PT phase signal cross-section along the dashed white line
shown in (a). Red-dashed graph: Gaussian fitted curve. (d) Blue dots: measured PT phase signal maxima as a function of the excitation power. Reddashed line: linear fit. Green-solid line: theoretical graph.
Journal of Biomedical Optics
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(as defined in Sec. 3.2) in an area where there are no AuNPs and
when the PT excitation is active. When using PT excitation with
power density of 1 MW∕cm2 on the lithographed test target, the
measured threshold is 9 mrad, as marked by the dotted orange
line in Fig. 5(c). As shown in this figure, according to this
threshold definition we have experimentally confirmed that
groups of down to 4 AuNPs can be detected. However, since
only groups containing 16 AuNPs and more produced a linear
relation between the AuNPs number and the PT signal strength,
as predicted by Eq. (2), we define another threshold, the effective detection threshold. This threshold is defined as the phase

level above which the signal is linearly dependent on the AuNPs
number according to Eq. (2). As shown in Fig. 5(c), the effective
detection threshold in our case coincides with temporal SNR of
5, and all the groups containing >16 AuNPs are above this
threshold.

5

Imaging of Nanoparticles in Biological Cells

We next imaged biological cell samples with AuNPs using the
PT wide-field IPM system, and compared the resulting images
with images of the same cells obtained by a reflection-based
confocal microscope.25 For this experiment, we have synthesized 22-nm AuNPs and then bio-functionalized them to
attach to targets of interest in the cell samples. In our case,
we functionalized the AuNPs to conjugate to epidermal growth
factor receptors (EGFRs), overexpressed on the cell membrane
in certain cancer cells. Therefore, we expected the AuNPs to
be located mainly upon the cell membrane rather than inside
the cell.26 When considering AuNPs conjugation to nonsparse
targets in cells, aggregation of AuNPs might be inevitable. For
this reason, in this case, one might choose to use smaller AuNPs
which, when aggregated, have more stable absorption spectral
peaks than larger particles.24

5.1

AuNP Synthesis and Biofunctionalization

Colloidal AuNPs were prepared by citrate reduction of HAuCl4
in solution.27 About 1.0 mL of 12.7 mM chloroauric acid solution was added to 49.0 mL of deionized water (18 MΩ) in
100.0-mL flask equipped with reflux condenser. The resulting
solution was brought to boil while stirring constantly, and then
0.94 mL of 38.8 mM trisodium citrate solution was added
quickly. The boiling was continued for several more minutes
after the solution developed a rich red color. The nanoparticles
have an absorption maximum at 521 nm, hydrodynamic radius
of 21.9 nm, as we measured by dynamic light scattering, and
average size of 16.3  0.9 nm, as we measured by transmission
electron microscopy. The suspensions were stored at 4°C in the
dark in order to keep them from interacting with light.
Next, AuNPs were conjugated to the anti-EGFR monoclonal
antibodies (host mouse).26 AuNPs and anti-EGFR antibodies
were both diluted with 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer separately, and then mixed for
20 min. Poly(ethylene glycol) solution (1%) was then added to
the AuNPs dispersion and centrifuged at 6000 rpm for 30 min.
After centrifuging, the anti-EGFR/AuNPs pellet was dispersed
in phosphate-buffered saline (PBS) buffer and used immediately
for immunolabeling, as described in the next section.

5.2

Fig. 5 Imaging of a test target created by electron-beam lithography,
containing groups of isolated AuNPs, with a different number of
AuNPs in each group. (a) An eSEM image of several of the AuNPs
groups from the test target. Image contrast is inverted for a better presentation. (b) Enlarged eSEM image of the AuNPs group marked by
a circle in (a), containing 5 × 5 isolated AuNPs. (c) Black line: PT
phase signal as a function of the AuNPs number in the group. Bluedashed line: the effective the effective detection threshold. Orangedotted line: the measured detection threshold. Green triangles: the
averaged temporal SNR of the PT phase signal as a function of AuNPs
number.
Journal of Biomedical Optics

Cell Sample Preparation

We used MDA-MB 468 cell lines, which are known as EGFRoverexpressing (EGFRþ) cells. RPMI-1640 (ATCC, Catalog
No. 30-2001) medium was supplemented with fetal bovine
serum (10%), L-glutamine (2 mM), and penicillin/streptomycin
(0.1%). Cells were grown in an incubator keeping an atmosphere with 95% relative humidity, 5% CO2 and temperature
of 37°C. Cells to be immunolabeled and imaged were grown
on glass coverslips in CoverWell™ imaging chambers to
approximately 30% confluence.
Next, the solution of AuNPs conjugated to EGFRþ was
added to the cancer cell culture. The cell culture was incubated
with the anti-EGFR/AuNPs solution for 20 min and then
rinsed with PBS buffer several times in order to keep AuNPs
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conjugated upon the cell membrane and to avoid their uptake
inside the cells.
Afterwards, to enable long measurements of the same cells
using both IPM and confocal microscopy, the cells were fixated.
To prepare the fixated cell sample, the labeled cells were first
rinsed three times with PBS buffer, then fixated with 4% paraformaldehyde solution for 8 min, rinsed twice with PBS buffer,
and finally mounted with Fluoromount medium. To ease finding
the area of cells on two different imaging systems, a selected
area was marked by a grid painted on the coverglass with a permanent pen.

5.3

Experimental Setups

For PT IPM imaging of AuNP-conjugated cells, we used a
63× oil-immersion objective (Plan-Apochromat with numerical
aperture of 1.40, Zeiss). In practice, relatively weak excitation
intensities were sufficient to produce significant PT signals.
Therefore, the plane-wave excitation beam diameter was set
to be ∼30 μm and its power was 10 mW, producing a power
density of approximately 350 W∕cm2 everywhere upon the
imaged cell and its surroundings. Similar power densities were
used on the previous PT imaging methods.9,10 Theoretically,
in order to sample a 30-Hz signal, we should capture at least
60 frames∕s. We took 1000 full-field frames at a frame rate
of 150 frames∕s, which improved signal clarity.
Next, we used a confocal microscope (Leica TCS SP5 II)
with a 63× oil-immersion objective to image six layers in the
same cell by lateral and axial scanning with movements of
Δz ¼ 0.5 μm. Acquisition time for the entire FOV and all six
sections was 50 s.
Figure 6 compares the different operation modes of PT widefield IPM and confocal microscopy, illustrating that the PT IPM
signal is additive over the entire sample thickness, whereas confocal microscopy can produce separated slices, but might miss a
part of the AuNPs due to great dependency of its axial resolution
on the scanning parameters. This will be further discussed in the
next section.

5.4

Experimental Results and Discussion

Several cells were imaged with both techniques (PT widefield IPM and confocal microscopy) for comparison. All

measurements showed a good correlation between signal
strength and location relative to the cell topography. Figure 7(a)
shows several confocal slices of AuNPs attached to EGFRs on a
cancer cell, by which we validated that the AuNPs are mainly
conjugated to the membrane itself, so that AuNPs inner-cellular
uptake is negligible. The cumulative confocal image obtained by
summing these slices is shown in Fig. 7(b) in color, overlaying
the DIC image of the cell shown in gray scale. Figure 7(c) shows
the PT phase image of the AuNPs in the same cell shown
in color, overlaying the regular quantitative phase map of
the cell shown in gray scale. As shown in these figures, PT
wide-field IPM is able to simultaneously yield the regular quantitative phase profile, which is proportional to the optical
thickness of the cell per each of the cell spatial points in
addition to the AuNPs PT phase signal. On the other hand,
the confocal microscope we used was able to yield the qualitative DIC image of the cell in addition to the AuNPs
reflection signal. Note that while the confocal reflection-based
signal shown in Fig. 7(b) has good lateral resolution, the PT
signal from the IPM system shown in Fig. 7(c) seems more
spread-out.
Comparison of the relative normalized amplitudes of the two
AuNPs-originated signals (PT wide-field IPM versus confocal)
yielded 75.6% agreement. These results are explained either by
the accumulative phase-signal nature and lack of good sectioning capabilities of PT IPM imaging, and also by the PT signal
origin.24 The PT signal is originated in heat transfer from the
AuNPs to the environment and as such is more likely to spread
unless thermally confined by relatively higher excitation
frequencies7 which were far beyond our CMOS camera capabilities, having an acquisition rate of 150 frames∕s. On the other
hand, the confocal signal is originated in a point-like backreflection source.28 This gives the back-reflection approach
a lateral resolution advantage.
On the other hand, as shown in Fig. 7(c), IPM generates
phase signals which are cumulative along the z-axis of the sample. The 2-D signal is therefore comprised of projections of
AuNPs PT contributions from the entire three-dimensional
volume of the cell at each spatial point. PT IPM has the advantages of acquisition rates and flexibility of objective selection, as
it would be able to image thicker transparent samples.
We next examined the phase fluctuations at the excitation
frequency originated from the sample itself when the excitation

Fig. 6 Schematic comparison between the different operation modes of: (a) PT wide-field IPM and (b) confocal microscopy. MO, microscope objective.
On the bottom, schematic illustration of possible AuNP images obtained from the setups. Discrete z-scanning layers are denoted by z1 − z4. Each “z”
image illustrates an x − y scanning of the beam focus across the layer. Blue and red arrows shown in (a) indicate on particles missed by confocal
microscopy due to discrete z-scanning, but are imaged by PT wide-field IPM, which requires no scanning.
Journal of Biomedical Optics
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5 mrad, which is almost 2 orders of magnitude lower than the
average of the PT phase signal, 0.22 rad. Therefore, these two
signals are easily discriminated. In general, if there are cell biological phenomena which induce significant phase fluctuations
at a frequency overlapping with the excitation frequency, the
AuNPs excitation frequency can be adjusted to avoid overlap
with these phenomena.
Note that the discussion above was concerning the fluctuations of the cell at the excitation frequency. In any case, the
system is capable of producing PT phase signals that are
approximately independent of the actual phase of the sample.
This is possible due to the phase signal response to ∂n∕∂T
according to Eq. (2), which confines the dependence of the signal on the sample thermal properties, applicable at the excitation
frequency only and not on its physical static phase defining the
optical thickness of the cell.

6

Fig. 7 Imaging of MDA-MB 468 (EGFRþ) cancer cell with conjugated
AuNPs: (a) Confocal microscopy: six consecutive confocal images of
the AuNPs in the cell, from top-left image, representing the bottom
of the cell, to bottom-right image, representing the top of the cell, in
axial steps of 0.5 μm apart. (b) Confocal plus DIC microscopy: cumulative confocal image of the AuNPs (colored) as obtained by summing
the six consecutive confocal images shown in (a), overlaying a DIC
image of the same cell (gray scale). (c) PT IPM plus regular IPM: PT
phase image of the AuNPs (colored), overlaying a regular wide-field
IPM phase image of the same cell (gray scale). (c) Comparison of the
phase fluctuations at the excitation frequency with active excitation
(green, dashed), representing the PT phase signal, which is almost 2
orders of magnitude larger than the sample ambient fluctuations at
the excitation frequency, but when no excitation applied (blue,
solid). Graphs shown are along the cell cross-section marked by a
white-dashed line in (c). Vertical-dashed lines in (d) represent the
cell borders.

is not active. This indicates on our ability to discriminate
between the PT phase signal and the ambient cell phase fluctuations at the excitation frequency. Figure 7(d) shows a quantitative comparison between the phase fluctuation levels at the
excitation frequency, with excitation (dashed green) and without
excitation (blue). As shown in this figure, the fixated cell ambient phase fluctuations at the excitation frequency do not exceed
Journal of Biomedical Optics

Discussion and Conclusions

We presented a new method for PT wide-field imaging of
AuNPs that is able to add molecular specificity to wide-field
IPM. The method is based on measuring the change in the quantitative phase of the sample originated from the excitation of the
AuNPs. We measured the signal sensitivity on an aqueous solution of AuNPs and on a dry isolated AuNPs target created by
lithography. We obtained a linear dependency between the PT
phase signal and both the excitation power density and the
amount of AuNPs, which validated the PT theoretical model.
Next, we functionalized AuNPs to attach to EGFRs in cancer
cells, imaged them using our system, and compared the results
with these obtained by back-reflection imaging of the AuNPs
using confocal microscopy. While the confocal microscope
had better resolution, our system had higher acquisition rates
due to scan-free, wide-field imaging. We used a spatially
broad excitation beam for exciting AuNPs in the entire cell volume containing multiple z layers. This created a 2-D accumulative map of the AuNPs present in the entire sample volume,
while not losing signals due to discrete layer acquisition.
Although we used fixated cells to enable long measurements
on two imaging systems, the presented method holds great
potential in dynamic molecular and cellular imaging of live
cells as well. By eliminating the need for transverse and lateral
scanning, the time-resolved wide-field signal will be able to
track fast cellular processes.
AuNPs optical properties (such as the excitation wavelength
as well as the scattering and absorption coefficients) are tunable
and dependent on the size and shape of the particles.29–31 These
properties can be more easily controlled in comparison to other
fluorescent and nonlinear labels.32,33 The tunable optical properties of AuNPs allow improved specificity, where different
nanoparticles may be bioconjugated to various functional
intracellular organelles while imaging all of them simultaneously. Moreover, the wide-field nature of the method allows
dynamic imaging at video rates. Future applications may combine multispectral and dynamic molecular imaging of intracellular processes.
In contrast to fluorescent labels,32 which are widely used
today, AuNPs do not photobleach and remain active as long
as they are excited. The heating of the AuNPs is locally confined, and the temperature rise declines quickly as the reciprocal
distance from the particle center.8 According to the thermal
modeling of previous works,10 for our experiments we evaluate
a maximal temperature rise of 1.1 K at the center of the AuNP,
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which is below the damage threshold of live cells.26,34,35 As
we validated in experiments with live cells, the cells indeed
survived after this temperature rise.
At the current design, aggregates of AuNPs labeling cells are
unavoidable. This problem might be solved in the future using
AuNPs coating techniques36,37 or using low concentrations of
different types of nanoparticles which are excitable by different
wavelengths.
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