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Abstract

Biological imaging applications often employ molecular probes or nanoparticles for enhanced
contrast. However, resolution and detection are still often limited by the intrinsic heterogeneity of
the Isample, which can produce high levels of background that obscure the signals of interest. In
this article we describe approaches to overcome this obstacle based on the concept of dynamic
contrast, a strategy for elucidating signals by the suppression or removal of background noise.
Dynamic contrast mechanisms can greatly reduce the loading requirement of contrast agents, and
may be especially useful for single-probe imaging. Dynamic contrast modalities are also platform-
independent, and can enhance the performance of sophisticated biomedical imaging systems or
simple optical microscopes alike. Dynamic contrast is performed in two stages: i) a signal
modulation scheme to introduce time-dependent changes in amplitude or phase, and ii) a
demodulation step for signal recovery. Optical signals can be coupled with magnetic
nanoparticles, photoswitchable probes, or plasmon-resonant nanostructures for modulation by
magnetomotive, photonic, or photothermal mechanisms respectively. With respect to image
demodulation, many of the strategies developed for signal processing in electronics and
communication technologies can also be applied toward the editing of digital images. The image
processing step can be as simple as differential imaging, or may involve multiple reference points
for deconvolution using cross-correlation algorithms. Periodic signals are particularly amenable to
image demodulation strategies based on Fourier transform; the contrast of the demodulated signal
increases with acquisition time, and modulation frequencies in the kHz range are possible.
Dynamic contrast is an emerging topic with considerable room for development, both with respect
to molecular or nanoscale probes for signal modulation, and also to methods for more efficient
image processing and editing.
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Introduction

Biological and biomedical imaging methods are indispensible tools for the diagnosis of the
human condition, and for advancing our understanding of the multiple factors that contribute
toward disease states. Optical modalities are especially favorable for biological imaging at
the level of cells and tissues, and can also be applied effectively toward small-animal
imaging. From a clinical perspective, optical imaging is traditionally performed on tissues
acquired from biopsies using histological methods, but current efforts in biomedical imaging
are focused on intravital or minimally invasive approaches with the goal of achieving
subcellular resolution in vivo.[1,2] This challenge is far from trivial, as biological tissues are
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complex materials that often produce high levels of scattering and autofluorescence at
optical wavelengths. These sources of noise can be mitigated by (i) using near-infrared
(NIR) wavelengths between 750 and 1300 nanometers, which penetrate more deeply
through tissue than visible light, and (ii) introducing NIR-active contrast agents to generate
optical signatures within a region of interest (ROI).[3-7] Nevertheless, even the brightest
signals can be obscured by the intrinsic opacity of biological tissue and difficult to resolve
against a heterogeneous background, particularly if they are at a low concentration.

Approaches to contrast enhancement fall into two categories. The first method is to improve
signal quality by designing contrast agents with exceptional optical activity. Plasmon-
resonant gold nanoparticles are widely used in biological imaging applications, as they can
be engineered to support large absorption and scattering cross sections at NIR wavelengths
and are also presumed to be biocompatible.[4-8] For contrast based on fluorescence, a wide
range of molecules and nanoparticles are capable of producing strong emissions at select
wavelengths.[9-12] However, the signal amplitude from single molecules or nanoparticles is
limited, and most optical imaging modalities require a relatively high concentration for
detectable contrast in biological tissues and other complex specimens.

The other route for enhancing optical contrast is to develop mechanisms for reducing
background noise. This approach is less obvious than the optimization of signal strength,
although some options already exist. For example, many molecular dyes and nanoparticles
have large two-photon absorption cross sections, and can be excited by ultrashort NIR laser
pulses to generate nonlinear optical signals such as hyper-Rayleigh scattering (HRS), two-
photon excited luminescence (TPL), or two-photon excited fluorescence (TPF).[6,13-15]
These multiphoton imaging modalities produce minimal background interference and can
improve signal-to-background ratios (SBRs) by several orders of magnitude over standard
fluorescence imaging, often enabling the detection of single molecules or nanoparticles.
[16,17] However, nonlinear optical imaging is generally limited to shallow penetration
depths (less than 0.3 mm below the surface), and is typically performed under confocal
microscopy conditions. Alternative strategies for background suppression are thus desirable,
particularly those that are compatible with long working distances for greater penetration
depth, and can be performed with relatively simple optical instrumentation.

The purpose of this paper is to outline the concept of dynamic contrast as a method for
enhancing signal detection in complex environments. Dynamic contrast is different from
dynamic imaging, which is essentially a recording (movie) of images at a fixed frame rate.
Instead, dynamic contrast is generated by periodic changes in signal, which can be readily
distinguished against a field of static or aperiodic signals. Dynamic contrast is generated in
two stages: modulation for signal amplification and encoding, and demodulation for noise
filtering (Figure 1). Mechanisms for signal modulation can involve a selective response by
the contrast agent to external fields, applied at a rate defined by the imaging experiment; the
stimuli are typically periodic and can be magnetic, optical, or thermal in nature. Contrast
enhancement is realized in the demodulation step: A signal processing algorithm
deconvolutes the encoded information from the background. The signal quality is largely
determined by the differential generated in the modulation step, whereas image contrast is
derived by the removal of background noise. The modulation and demodulation stages are
independent and therefore interchangeable; various combinations have been reported, and
are summarized in Table 1. In this article, we place a particular emphasis on the use of
Fourier transform (FT) as an efficient method for signal demodulation and SNR
enhancement.
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Signal Modulation Strategies

Dynamic contrast is dependent on molecular probes or nanoparticles whose physical
properties can be modulated by an external stimulus. Multifunctional nanoprobes with
variable optical responses are especially useful for supporting imaging modalities involving
signal modulation;[18-20] examples include hybrid magnetic/fluorescent and magnetic/
plasmonic nanoparticles, photoswitchable fluorophores, and photothermally active
nanomaterials. Described below are several examples of dynamic contrast based on stimuli-
responsive probes.

Magnetomotive signal modulation

Magnetically active contrast agents, which are already widely used in magnetic resonance
imaging (MRI)[21] and multimodal variants,[22-24] also offer several opportunities for
optical signal modulation. Magnetic nanoprobes that are subject to a time-dependent (AC)
magnetic field gradient or switching field can experience a magnetomotive force or torque,
introducing a dynamic component to their optical states. The most basic forms of
magnetomotive (MM) contrast are spatiotemporal in nature, such that the MM force results
in periodic modulations in displacement. For instance, the detection sensitivity of
fluorescent DNA sequences can be improved by 100-fold when attached to magnetic beads,
which are driven in and out of the optical beam path by an AC magnetic field.[25-27] MM
mechanisms for signal modulation are straightforward and adaptable to both sensor (1D) and
optical imaging (2D and 3D) modalities, but so far only a handful of examples have been
reported in the latter case.

Magneto-optical modulation can also be achieved using rotating magnetic field gradients,
which enables one to detect “stationary” signals with potential for improvement in spatial
resolution. A relatively early example was reported by Kopelman and co-workers, who used
magnetomotive torque for generating dynamic fluorescence contrast from magnetically
modulated optical nanoprobes (MagMOONS).[28-32] These contrast agents are comprised
of fluorescent magnetic microbeads coated with metallic half-shells (Figure 2a); variations
on this theme also include coated pancake-shaped microparticles or chains of magnetic
beads.[29] In the original study, periodic changes in signal amplitude were generated using a
low-frequency torque (up to 10 Hz); the metal half-shell served both as a barrier in the “off”
state to block fluorescence excitation and as a reflector in the “on” state to increase effective
quantum yield, resulting in time-dependent fluorescence emission in sync with the driving
frequency (Figure 2b,c). Image contrast enhancement was achieved simply by subtracting
background signal (autofluorescence, nonspecific staining, and electronic noise) from a
reference image without magnetic field modulation, enabling the fluorescent probe to be
easily distinguished (Figure 2d). In fact, the frequency-domain spectrum indicates a SBR of
4000 after 100 cycles of signal modulation (10 seconds of data acquisition), so much higher
image contrast is possible with more advanced signal demodulation methods (see below).

The advantages of MM modalities in dynamic optical contrast are even more clear when
imaging molecular or nanoscale probes that produce signals below the diffraction limit:

4
" 2nsina

where d is the diameter of the optical signal, A is the wavelength, n is the local refractive
index, and sin a is the defined by the numerical aperature of the viewing objective. The
diffraction limit of research-grade microscopes is typically 200-250 nm in the visible-to-

Chemistry. Author manuscript; available in PMC 2012 January 24.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wei and Wei

Page 4

NIR region, making functionalized, superparamagnetic nanoparticles the contrast agent of
choice. In this regard, hybrid “magnetoplasmonic” nanoparticles are very appealing: as
already mentioned, the large optical cross sections of plasmon-resonant nanoparticles can be
configured for resonances at NIR wavelengths, and anisotropic modes are sensitive to
changes in polarization as demonstrated in the case of gold nanorods[6,7,33] and nanostars.
[34-36] In addition, localized surface plasmons can support several forms of optical
emission such as surface-enhanced Raman scattering (SERS) and surface-enhanced
fluorescence (SEF),[7,8] so their signals can also benefit from dynamic contrast
mechanisms.

Several types of magnetoplasmonic nanoparticles have now been reported, including
spherical core—shell nanoparticles,[37-41] dumbbell-shaped heterodimers,[42-45] and
anisotropic structures such as nanopyramids,[46] nanocrescents,[47] and nanostars.[48]
Some of these have been featured in signal modulation schemes: for example, Lee and co-
workers used magnetic modulation to enhance the utility of nanocrescents as single-particle
SERS substrates.[47] In this case, the modulation is not periodic; instead the local field
enhancement factors are polarization-dependent, and can be oriented in a linear magnetic
field gradient to produce the maximum Raman scattering (peak enhancement factor ~108).

With respect to signal modulation for imaging applications, magnetoplasmonic
nanoparticles are strongly scattering and readily detectable by darkfield microscopy or
optical coherence tomography (see below), with further contrast enhancement possible
under MM conditions. Dynamic optical contrast at NIR wavelengths is possible at the
single-particle level, as has been demonstrated recently by Wei and co-workers using gold
nanostars with magnetic cores using rotating or linear (in-plane) magnetic field gradients.
[48,49] In the case of gyromagnetic contrast (Figure 3a), nanostars rotate in response to a
low-frequency torque, and produce periodic modulations in amplitude when illuminated
under polarized darkfield conditions. The NIR-active plasmon mode is radial and associated
with one of the nanostar arms, and produces maximum scattering when aligned along the
polarization plane. For this reason, the “twinkling” frequency of gyromagnetic scattering is
double the driving frequency (Figure 3b,c). In the case of MM contrast with linear field
gradients (Figure 3d), amplitude modulation relies on the reorientation of nanostars in
response to an in-plane switching field at a set frequency; the nanostars are “reset” by a
restoring force when the field is off. Under these conditions, the frequency of signal
modulation is the same as the switching field (Figure 3e,f).

It should be noted that signal modulation under gyromagnetic conditions depends on
polarization as a filtering mechanism, but can otherwise be considered as a subset of
magnetomotive contrast, which is a generic concept and applicable to many kinds of
magnetically active nanoparticles. For example, spatiotemporal filtering can be used in place
(or in addition to) polarization filtering (Figure 3g), as demonstrated by the localized
detection of Fe304@Au core—shell nanoparticles.[49,50] Regardless of the filtering method,
the pixelated image data acquired under MM conditions is amenable to Fourier transform
and can be converted into frequency-selective images, with dramatic improvements in SNR
and SBR relative to time-averaged images. Image demodulation by FT and its application
toward the detection of MM nanostars in noisy environments will be discussed in the second
part of this article.

Magnetomotive modulation has also been used in optical coherence tomography (OCT), a
3D imaging modality based on optical interferometry at NIR wavelengths. [51,52] OCT is
capable of providing cellular-level resolution with millimeter-level penetration depth, and is
widely used in ophthalmic applications such as retinal imaging. Applying OCT for the
analysis of other biological tissues is challenged by intrinsically high background scattering
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and structural complexity, and requires the development of contrast agents to meet its full
potential. In fact, NIR-resonant Au nanoparticles such as nanorods,[53,54] nanoshells,[55]
and nanocages[56] have been relatively successful in enhancing OCT contrast, to the stage
that detection of nanorods in human breast carcinoma is possible.[57] However, the amount
of Au nanoparticle needed for contrast is on the order of several hundred ppm, which is too
high to be useful for clinical imaging. This limit may be lowered considerably by replacing
static contrast agents with ones that can support dynamic contrast mechanisms.

Boppart and coworkers first developed magnetomotive modalities for OCT (MM-OCT)
using colloidal (ca. 20 nm) Fe3O4 nanoparticles, with application toward both in vitro and in
vivo imaging. [58-60] The principle is the same as that described in Figure 3: MM signal
modulation can be achieved using rotational, coaxial or transverse field gradients (Figure
4a), and applied in step with the axial scan rate so that on/off states are acquired for each
volumetric pixel (voxel). The modulation in scattering is derived both from the magnetic
nanoparticles and the structures to which they are bound. The MM contrast is thus based on
differences in signals between on/off states, and can be displayed as an intensity map over a
structural (unmodulated) OCT image (Figure 4b). Recent improvements in signal acquisition
using phase-resolved, spectral-domain OCT have increased the sensitivity of MM-OCT
imaging with Fe3Oy4 particle loadings as low as 20 ppm Fe,[61] and enabled their use as
labels for the in vivo detection of macrophages in animal models.[59-63]

In a similar vein, MM versions of optical Doppler tomography (ODT) have been developed
for imaging hemoglobin in blood flow[64] and superparamagnetic Fe,Oy nanoparticles in
flow channels.[65] ODT is a variant of OCT that detects the Doppler shift of backscattered
photons, and is well suited for imaging moving objects. It is noteworthy that the high Fe
content of hemoglobin (4 Fe atoms per protein) is already sufficient for magnetomotive
contrast, using a modulation frequency of 50 Hz and a peak magnetic field strength of 0.7 T.
[64]

It is worth mentioning that MM signal modulation is applicable toward photoacoustic
imaging[66] as well as non-optical imaging methods such as ultrasound (US), a relatively
inexpensive but less sensitive modality when compared with magnetic resonance imaging
(MRI) and computed tomography (CT). The dynamic range of US frequencies (20 kHz to
200 MHz) is at least nine orders of magnitude lower than visible light, and contrast typically
depends on the amplitude difference of backscattered sound waves. Enhanced US contrast
has been realized recently by combining MM modulation with Doppler detection. In a
demonstration of this method, colloidal FexOy nanoparticles were taken up by macrophages
in excised mouse livers then imaged by US while exposed to a 2-T magnetic field, using
either a constant frequency of 1-40 Hz or a swept-frequency source.[67] The MM-induced
frequency modulations were easily detected as Doppler shifts, with characteristic peaks at
twice the driving frequency (2w).

Optical signal modulation

The concept of using optical input for dynamic contrast is similar to that described above,
but with the added benefit of providing greater speed and spatiotemporal control over local
contrast generation. All-optical signal modulation can also be decoupled from the physical
environment of the contrast agent, and the modulation frequencies can be faster (KHz range
or higher) than those delivered by MM modulation (<100 Hz). This is because the latter
relies on the physical reorientation or displacement of the magneto-optical probes, and thus
limited by its mechanical coupling to local substrate. In fact, MM imaging modalities may
be highly suitable for the characterization of local viscoelastic properties, as has been
demonstrated recently by micromechanical studies using OCT-based methods. [68,69]
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Optical signal modulation is based on reversible changes in photophysical states in response
to photonic inputs. Many of these switching events can be achieved on a microsecond
timescale, which dictates the upper limit in signal modulation rate: examples of such
photoswitchable agents include low-molecular weight dyes,[70] fluorescent proteins,[72,73]
and nanoparticles. [74,75] The limitations of optical modulation are defined by the
photostablity of the contrast agent, and also by penetration depth for biological samples.
While the latter can be remedied in part by the use of NIR wavelengths, most
photoswitchable probes operate at visible wavelengths, indicating a direction for further
development.

All-optical dynamic contrast has been applied with great success to confocal microscopy,
enabling the development of “super-resolution” methods that defy the limits of classical
optical diffraction. Photoswitchable probes have been employed in subwavelength optical
imaging techniques such as photoactivation light microscopy (PALM),[76,77] stochastic
reconstruction optical microscopy (STORM),[78] and related methods,[79,80] with image
reconstruction based essentially on background subtraction methods (Figure 5a). Optical
contrast can also be enhanced by combining optical modulation with various signal
demodulation methods (Figure 5b), although the quality of contrast enhancement depends
on the photostability of the optical probe. Recent examples reported by Dickson and co-
workers demonstrate that ultrafast optical pulses can be delivered with relatively low
excitation energy, for reversible bleaching and reactivation of photoactive states. In this
technique, termed synchronously amplified fluorescence image recovery (SAFIRe),
photoactive fluorophores with metastable dark states such as silver nanodots[81] and
xanthene dyes[82] can be switched reversibly while imaged continuously using a dual-laser
system, with modulation frequencies of up to 1000 Hz. The secondary laser is responsible
for changes in population between on and off states, and can also enhance the photoemission
intensity to a certain extent. The same strategy has recently been applied toward donor-
acceptor dye pairs used in fluorescence energy resonance transfer (FRET), coupling
dynamic contrast enhancement with biomolecular signaling.[83] Fluorescence signal
demodulation by FT resulted in frequency-selective images with enhanced signal quality and
image contrast, similar to the examples discussed above involving MM modulation.[48,49]

Photothermal signal modulation

Most physical properties are thermally sensitive, providing another mechanism for optical
signal modulation. Imaging modalities based on thermal variations in optical contrast are
well served by materials with high specific absorption rates and heat capacities, relative to
the local medium. Plasmon-resonant Au nanoparticles are particularly useful, as most of
their absorbed energy is dissipated in nonradiative fashion, resulting in localized heating.
[7,8,84-86] The in situ rise in temperature is accompanied by small but significant changes
in local refractive index, which can be detected by a modulation in optical path length. Au
particles as small as 2.5 nm have been detected by optical imaging using photothermal (PT)
modulation strategies; in comparison, the minimum size for the detection of Au
nanoparticles by standard darkfield scattering is 40 nm.[87]

Photothermal modulation has been used as a dynamic optical contrast mechanism in
spectral-domain and phase-sensitive OCT, using Au nanospheres or nanoshells as contrast
agents. [88-90] Initial studies involved a heating laser at visible wavelengths A¢=532 nm) to
generate oscillations in temperature at a low modulation frequency (25 Hz), with a detection
sensitivity of 14 ppm Au in tissue phantoms.[88] However, PT modulation can also be
performed with NIR laser heating using gold nanoshells, and is abetted by a high rate of heat
dissipation under physiological conditions. The latter allows for a wide range of modulation
frequencies from 500 Hz to 60 kHz, which is compatible with OCT scanning rates. This
range of frequencies also makes it easy to optimize dynamic contrast, with signal
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demodulation by FT yielding at least a 20-fold enhancement in SBR relative to passive,
amplitude-based contrast.[89]

PT-OCT has recently been applied toward the ex vivo detection of unfunctionalized Au
nanoshells dispersed in highly scattering human breast tumor tissue up to 600 um below the
surface, using modulation frequencies of 5-20 KHz (Figure 6).[90] Although the loading of
Au nanoshells was not fully quantified in this work (a 50-uL aliquot at 5 x 10° particles/mL
was injected in a random location), a subsequent PT-OCT study involving hybrid Au/Fe304
“nanoroses” indicates detectable contrast in rabbit aorta tissue at 2.5 x 10° particles/mL, or 8
ppm, and an even lower limit of detection in tissue phantoms.[91] Therefore, the use of
dynamic contrast mechanisms appears highly promising for reducing the loading
requirement of contrast agents for tissue imaging applications.

Approaches to Signal Demodulation

Signal modulation is only the first step in generating dynamic contrast: A demodulation
algorithm must also be applied to recover the image data and to filter out extraneous
background information. The primary role of signal demodulation is to suppress background
levels and increase SBR (the metric that defines image contrast), but appropriately designed
filters can also improve signal quality and increase peak signal-to-noise ratios (SNR). In
their simplest form, these two metrics can be expressed as:

S
BR==
SBR=3

S-B
SNR(dB)=20 x log( )

Oy

where S is the peak signal intensity and B and og represent the mean and standard deviation
of the background intensity (most often defined by the ROI). Numerous signal processing
methods have already been developed for removing unmodulated image data, and are
directly applicable toward dynamic contrast enhancement. Here we describe three common
types of demodulation strategies based on differential imaging, cross-correlation analysis,
and Fourier transform (FT) (Figure 7).

Differential imaging

Also commonly referred to as background subtraction, differential analysis is the simplest
method of reducing or removing unmodulated image data. A minimum of two successive
images are acquired, one prior to signal modulation (reference or “off” state) and the other
during or after the modulation event (“on” state); the amplitude differences in the two states
yields the desired image with SBR enhancements ranging from several-fold to over an order
of magnitude, depending on the imaging modality as well as the complexity of the sample
(Figure 7a). A standard assumption for linear subtraction is a minimum change to the image
environment between off and on states; in practice, perturbations introduced by thermal
motion and uncorrelated (random) modulation events are common and produce a nominal
background and false positive signals after image subtraction. For example, the differential
fluorescence image in Figure 2d clearly reveals the MagMOON probe, but also introduces
positive (and negative) signals in the upper left region, likely due to a change in local
morphology.[28] Despite this, the simplicity and benefits of differential image analysis
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make it useful for a variety of optical imaging modalities based on dynamic contrast (Table
1), and the signals from dynamic contrast agents can be further distinguished from false
positives by increasing their concentration in the ROI via targeted delivery mechanisms.

Cross-correlation analysis

If the signal modulation is modest or is challenging to discern against the sample
background, multiple modulation cycles can be applied in a programmable fashion, then
subjected to cross-correlation algorithms for image demodulation (Figure 7b). In this
approach, a series of signal modulation events is encoded by a reference waveform or pulse
sequence. Images are recorded over time as the signal modulation sequence is applied, then
correlated with the reference waveform to produce correlation coefficient values for each
pixel. Those below a threshold value are automatically rejected and the remaining data are
used to build the demodulated image, with pixel intensities assigned according to the
correlation value distribution. The quality of a correlation image is generally higher than that
produced by linear subtraction methods but can still give rise to false positives, and is
subject to the sophistication of the applied waveforms and deconvolution algorithms. This
often results in a tradeoff between image quality and the efficiency of signal processing, a
subject beyond the scope of this article.

Marriott and co-workers developed a dynamic contrast method termed optical lock-in
detection (OLID) for fluorescence-based biological imaging, using a photoswitchable
fluorophore (nitroBIPS) or fluorescent protein (Dropna) for optical signal modulation and a
cross-correlation algorithm for image demodulation.[92] These optical switches have dark
states with an appreciable two-photon absorption cross section, and can be converted to their
photoactive states by picosecond NIR laser pulses (Figure 8a,b). Irradiation at a second
wavelength over time induces their reversion to optically inactive forms, which can be
cycled multiple times at a low modulation rate (<0.2 Hz). Cells and tissues loaded with
photoswitchable fluorophores were imaged while subject to an optical modulation sequence
comprised of up to ten on/off cycles, with the brightest signals serving as an internal
reference waveform for cross-correlation analysis (Figure 8c—e). Correlation coefficient
values for each pixel were then used to generate the demodulated image with a several-fold
increase in SBR. The OLID method was used for the in vivo imaging of Dropna-labeled
neurons in zebrafish larvae, with sufficient contrast to resolve neuronal processes having
relatively low signal intensity (Figure 8f). These filamental structures are not resolvable by
conventional (time-averaged) fluorescence microscopy, demonstrating again the benefits of
dynamic contrast for optical imaging.

It should be noted that increasing the number of modulation cycles (N) often improves
contrast enhancement as an approximate function of v'N, a well-recognized tradeoff between
acquisition time and signal quality. In the case above however, the number of applicable
cycles is restricted by the stochastic nature of photoswitching and photobleaching, which
degrade the signal intensity over time. The efficiency of photoswitching can also place
limits on the modulation frequency, which is an important consideration for real-time
imaging modalities such as OCT. Such limits can be removed by developing more robust,
optically bistable probes with high quantum efficiencies for photoswitching.

Fourier transform

Most signal modulation sequences are periodic, and thus amenable to demodulation by
Fourier transform (Figure 7c). FT-based methods convert periodic modulations of signal
intensity into frequencies, obviating the need for pre-encoded or internal reference
waveforms employed in cross-correlation analysis. Image contrast is generated in the input
frequency channel, and scales with increasing amplitude modulation. Regions exhibiting
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sizable changes in intensity give rise to high peak values, whereas regions with static or
aperiodic modulations in signal are displayed as having nearly zero power.

With respect to imaging, FT-based algorithms can be used for parallel processing of
individual pixel addresses in a real-time image sequence. Periodic signal modulations within
a ROI are converted into peak powers, while asynchronous signals are simultaneously
rejected as background noise. Such algorithms are already available on commercial or
public-domain software: Using the gyromagnetic imaging of Au nanostars as an example,
[48] signal amplitudes in the time-domain image sequence A(X,y,t) are converted directly
into peak powers in the frequency-domain image stack P(x,y,f) using a FT-based plug-in for
ImageJ, an open-source program for image data processing.[93] The frequency image stack
is useful not only for evaluating image contrast at a specific frequency (f =2w in the case of
gyromagnetic imaging), but also enable image slices to be scanned across the entire
frequency range up to the maximum frame rate, something not possible by correlation
analysis.

FT-based algorithms are very effective at extracting low-quality signal modulations from
noisy environments, and separating them from unmodulated signals of greater intensity.
Even if the modulated amplitudes are barely above the noise level, the recovered peak
signals in the power spectra typically have large quality factors and narrow linewidths
(FWHM < 0.2 Hz), which translate easily into frequency-selective images with high
contrast. In the following example, a nanostar was found to be below the threshold of
acceptable signal quality (20 dB) when imaged with a low-intensity broadband source, due
to the high level of background noise in the time-domain image (Figure 9b).[48] However,
signal modulation under gyromagnetic conditions and FT demodulation provided a dramatic
boost in contrast and SNR, as well as a rejection of brighter but aperiodic scatterers that
might have otherwise obscured the weaker nanostar signal (Figure 9c). Gyromagnetic
nanostars could be imaged with an acceptable level of signal quality after just a few
modulation cycles, with acquisition times under 1 sec (Figure 9d). If the sampling conditions
are further optimized (e.g., by using a NIR laser for illumination), the SNRs of individual
nanostars can be as high as 66 dB and with enhancements in SBRs by at least two orders of
magnitude, relative to time-averaged images without signal demodulation and recovery.[48]

Not surprisingly, FT-based methods have been successfully used for signal demodulation in
several imaging modalities employing dynamic contrast (Table 1). In addition to enhancing
the contrast of individual probes, Fourier-domain imaging can be applied in conjunction
with dynamic contrast at the level of cells and biological tissue. Sokolov and co-workers
have shown that entire cells can be magnetomotively displaced when loaded with high levels
of Fe304@Au core—shell nanoparticles, and easily distinguished by MM imaging from
unlabeled cells or cells loaded with gold nanospheres having comparable scattering intensity
(Figure 10).[50] With respect to tissue and organ analysis, an interferometric approach was
used to record MM deflections from a microreflector implanted in the developing eye of a
zebrafish embryo.[94] The frequencies derived from the nanoscale deflections were applied
toward micromechanical models to estimate the stiffness of the embryonic eye tissue. Such
studies as well as others previously mentioned[68,69] represent novel developments toward
minimally invasive methods for biomechanical analysis, based on the physical coupling
between magnetically active probes and biological structures. Again, demodulation
strategies will likely be important for elucidating mechanical resonances in a spatially
resolved manner.
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Conclusion and Outlook

Dynamic signal generation and processing methods, which have long been staples in
communications and spectroscopy, are now being used to enhance signal quality and
contrast in optical imaging. A key component in this development is the growing availability
of novel contrast agents based on stimuli-responsive molecules and nanomaterials, whose
optical properties can be modulated by magnetic fields, photonic switching, or photothermal
actuation. Dynamic contrast agents may be especially useful in the field of biomedical
optics, and have already had a significant impact on OCT and other real-time, 3D optical
imaging modalities. As camera resolution, image recording times, and data processing
algorithms continue to improve, dynamic contrast will become increasingly useful for
imaging applications that require the detection of rare signals in noisy samples, or the
elucidation of fine structures in complex biological specimens. Finally, the coupling of
dynamic probes with biomolecular or biophysical markers is anticipated to support unique,
noninvasive methods for imaging chemical or mechanical properties of sample
microenvironments with optical resolution.
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Scheme for dynamic contrast generation, based on signal modulation/demodulation

strategies.
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Figure 2.

Magnetically modulated fluorescence probes.[28,30] a) Illustration of semi-coated probes
turning in response to a rotating magnetic field; b) modulation of fluorescence signal; c)
Fourier (power) spectrum; d) contrast enhancement by differential imaging (background
subtraction). Published with permission from the American Institute of Physics and the

American Chemical Society.
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Figure 3.

Signal modulation under gyromagnetic and magnetomotive (MM) conditions. [48,49] a)
Gyromagnetic modulation of polarized scattering using NIR-active gold nanostars; b)
periodic changes in intensity as a function of time; c) power spectrum with a characteristic
2o peak frequency; d—f) MM modulation of polarized scattering using nanostars, similar to
above but with a characteristic o peak frequency; g) spatiotemporal MM modulation using
Au@Fe30,4 core-shell nanoparticles. Published with permission from the American
Chemical Society.
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Figure 4.

a) Magnetomotive mechanisms for OCT signal modulation based on transverse, axial, or
rotational motion; b) in vivo MM-OCT signals (green) from Fe304 nanoparticles ingested by
live Xenopus laevis tadpoles, superimposed on a structural (unmodulated) OCT image (red).
[58,59] Published with permission from the Optical Society of America.
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All-optical signal modulation using photoswitchable probes. a) Fluorophores with
photoswitchable dark states for super-resolution imaging: stochastic reactivation produces
signals at a low density, whose positions can be mapped with subwavelength precision for
reconstructive imaging. [76,78] Published with permission from the Nature Publishing
Group. b) Photoswitchable fluorescent signals modulated by a periodic bleaching/recovery
cycle, followed by FT demodulation for dynamic contrast enhancement. [81,82]
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Figure 6.

Ex vivo imaging of Au nanoshells dispersed in human breast carcinoma using PT-OCT.[90]
a—C) Phase-sensitive PT-OCT signals superimposed onto structural (B-mode) OCT images
of tissue impregnated with nanoshells. Photothermal modulation was performed at various
frequencies, with optimal contrast obtained at 5 KHz. d,e) Real-time phase modulation and
corresponding power spectra, measured at position “x” in c). Published with permission from
the Optical Society of America.
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Page 20

Three common strategies for signal demodulation in imaging: a) Differential image analysis;

b) Cross-correlation analysis; ¢) FT image processing.
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Figure 8.

Optical lock-in detection (OLID) of photoswitchable fluorescence probes, using cross-
correlation analysis.[92] a) Dark and active optical states of nitroBIPS, corresponding to its
spiropyran (SP) and merocyanin (MC) forms; b) optical modulation cycle using two input
wavelengths; ¢) nitroBIPS-labeled fibroblasts at the peak of their fluorescence; d) partial
frame sequence showing changes in fluorescence intensity, subject to the modulation cycle
in b); e) internal reference waveform, based on the normalized fluorescence intensity within
the green region of image c); f) unmodulated fluorescence image (upper) versus correlation
image (lower) of cytoplasmic Dronpa in the neurons of a live zebrafish larva. Published with

permission from the author.
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Figure 9.

Gyromagnetic imaging of gold nanostars in tumor cell under low-lighting conditions, using
polarized scattering.[48] a) Gyromagnetic activity as a mechanism for signal modulation; b)
time-averaged image of active (left) and static (right) nanostars, prior to demodulation; c)
2w-selective image recovered by FT, with complete elimination of unmodulated scatterer
(image acquisition time = 7 sec). d) SNR of gyromagnetic nanostar as a function of time
(w=4.7 Hz). Published with permission from the American Chemical Society.

Chemistry. Author manuscript; available in PMC 2012 January 24.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Wei and Wei

Page 23

Figure 10.
a,b) Darkfield microscopy of A-431 cells labeled with 40-nm Au particles (green arrows),

50-nm Fe30,4@Au core—shell particles (red arrows), and unlabeled cells (blue arrows); c,d)
power spectra of labeled cells responding to modulation frequencies of 0.9 and 1.9 Hz,
respectively; e,f) frequency-selected MM images.[50] Published with permission from the
Optical Society of America.
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Table 1
Selected examples of probes used for dynamic contrast in imaging
Modulation Dynamic contrast agents Imaging modality Demodulation Reference
Magnetofluorescent particles Fluorescence Differential imaging [28-32]
Gold nanostars with Fes0, cores Darkfield scattering Fourier transform [48,49]
Fe30,4@Au core-shell nanoparticles Darkfield scattering Fourier transform [49,50]

Fe;0,4 nanoparticles

Optical coherence

Differential imaging [58-61],[65]

Magnetomotive tomography (OCT)
. Optical Doppler . - .
Hemoglobin tomography (ODT) Differential imaging [64]
Fe30,@Au core-shell nanoparticles Photoacoustic Cross-correlation [66]
Fe,Oy nanoparticles Ultrasound Fourier transform [67]
Ag nanodots Fluorescence Fourier transform [81,82]

Photoswitchable fluorophores

Fluorescence

Cross-correlation, Fourier transform  [81,82], [92]

Optical
CdSe quantum dots (QDs) Fluorescence Cross-correlation [80]
6-Fam/TAMRA, Cy3/Cy5 (FRET dyes) Fluorescence Fourier transform [83]
Gold nanoparticles OCT Fourier transform [88]
Photothermal
Gold nanoshells OCT Fourier transform [89,90]
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