


that MP-SPIFI can be used to collect images of both SHG and
TPEF simultaneously and with spatial resolution beyond that of a
conventional laser-scanning multiphoton microscope. By combin-
ing the relative scattering immunity offered by illumination wave-
lengths in the NIR with single-pixel detection of signal light, MP-
SPIFI has the potential to collect images from unlabeled biological
specimens that exhibit harmonic generation.
The physical principles of image formation in SPIFI micros-

copy have been rigorously studied in previous reports (25, 27).
However, no reports to date have described imaging beyond the
diffraction limit with SPIFI. Here, we describe the image for-
mation process in SPIFI for both linear and nonlinear excitation
of signal light generation.
The microscope configuration used for this work forms 1D

images, similar to the systems used in refs. 25 and 27. Conse-
quently, we constrain the theoretical analysis that follows to a 1D
imaging system that collects image data in the x dimension.
However, there is no physical constraint that prevents applying
the principles described here to 2D SPIFI imaging systems such
as the configurations described in refs. 26 and 29.
The spatial resolution of a microscope is determined by the set

of spatial frequencies that the system can capture. In a conven-
tional imaging system, the range of spatial frequencies that can
be collected is limited by the numerical aperture (NA) of the
objective lens and the wavelength of light. For a coherent illu-
mination source of wavelength λ, the largest spatial frequency
passed by the objective lens is fx,c =NA=λ. Assuming that all
spatial frequencies are passed by the objective lens with equal
amplitude, the spatial resolution for a coherent imaging system
is δx= λ=ð2 NAÞ= ð2  fx,cÞ−1. Acquiring superresolved images is
equivalent to collecting specimen information beyond this range
of spatial frequencies. Thanks to the spatiotemporally varying
illumination intensity used to generate signal light, spatial fre-
quency information beyond the conventional limit is measured
with SPIFI under both linear and nonlinear excitation.
One-dimensional images are formed in SPIFI microscopy by

illuminating the specimen with a light sheet containing a tempo-
rally varying spatial interference pattern along the line focus (i.e.,
in the x dimension for a light sheet focused in the y dimension).
The intensity of a simulated SPIFI light sheet at a snapshot in time
is shown in Fig. 1A, whereas the intensity squared, which

represents the probability of contrast light generation for a second-
order nonlinear process, is shown in Fig. 1B. To form a 1D
image of the object, the spatial frequency of the fringes in the
illumination intensity, which is inversely proportional to the
separation of adjacent fringes (Fig. 1C), is varied in time
through the range of spatial frequencies supported by the
objective lens, i.e., fxðtÞ∈ ½−NA=λ, +NA=λ� (Movie S1). Signal
light generated by the interaction of the illuminating light sheet and
the specimen is then collected with a single-pixel detector.
The measured signal from the detector, SðtÞ, is represented by

integrating the signal light intensity, βðx, tÞ, over all space:
SðtÞ= R∞

−∞ dx  βðx, tÞ= hβðx, tÞix. In linearly excited SPIFI, the
signal light is proportional to the product of the illumination
intensity, Iðx, tÞ, and the spatial distribution of contrast-gen-
erating molecules, CðxÞ. Note that we have assumed CðxÞ is
stationary and does not photobleach during the measurement
of a single 1D image. Absorbing proportionality constants
such as the absorption cross section and quantum efficiency
into CðxÞ, we can write βðx, tÞ= Iðx, tÞ  CðxÞ.
The spatiotemporally varying light sheet, Iðx, tÞ, is generated

by forming a line focus on a spinning modulation mask and
reimaging the mask plane to the object region with a tube lens
and an objective lens (25). Schematics of the illumination system
are shown in Fig. S1 A and B. As the spinning disk (Fig. S1C)
rotates, the illuminating line focus is diffracted into multiple
directions at an angle with respect to the optic axis of the mi-
croscope that depends on the rotation angle of the mask. In the
pupil plane of the objective lens, the diffracted beams scan across
the pupil horizontally with time, whereas the undiffracted beam
propagates colinearly with the optic axis of the objective lens
(Fig. S1D). The microscope is configured such that the diffracted
beams scan across the entire pupil of the objective lens, thereby
“filling” the pupil of the objective lens in the x direction through
a single rotation of the modulation mask (Movie S2).
In the ideal case, the spatially coherent illuminating light

sheet is formed by the spatial interference of three light sheets—
one being the undiffracted beam and the other two being
the temporally varying diffracted beams. At the focus of the
light sheet, the interference of these three beams generates
a spatially modulated line focus of the form Iðx, tÞ=H0ðtÞ+
H1ðtÞ cos½2π   fxðtÞ x�+H2ðtÞ cos½2π   ð2fxðtÞÞ x�, where the time-vary-
ing amplitudes arise from vignetting caused by the circular
pupil, as well as depolarization (Supporting Information), and
fxðtÞ is the spatial frequency of the interference fringes in the
object plane. The first spatially modulated component of the
intensity, I1ðx, tÞ=H1ðtÞ cos½2π   fxðtÞ  x�, results from spatial in-
terference of the undiffracted beam with each diffracted beam,
both of which propagate at a time-dependent angle θðtÞ with
respect to the optic axis (Fig. S1A). Note that the maximal
crossing angle between each diffracted beam and the undif-
fracted beam is the semiaperture angle of the lens, α, and that
NA= n2   sin α= λ  fx,c, where n2 is the index of refraction in
the object region. The second spatially modulated term,
I2ðx, tÞ=H2ðtÞ cos½2π  ð2fxðtÞÞ  x�, originates from the interference
of the two diffracted beams with one another, where the crossing
angle is always 2θðtÞ, and as a result, the spatial frequency of
I2ðx, tÞ is twice that of I1ðx, tÞ at all times (Movie S3). Here, the
maximal crossing angle of the beams is 2α.
In SPIFI, spatial frequencies greater than 2fx,c are produced in

the specimen by nonlinearities in the optical response of contrast
generating molecules (e.g., fluorophores). These nonlinearities
could arise from a number of physical effects, such as saturation
of electronic absorption (11). In general, the intensity of the
signal light is proportional to a function of the illumination in-
tensity, i.e., βðx, tÞ= f ½Iðx, tÞ� CðxÞ (30). In this work, we concen-
trate on multiphoton-excited SPIFI where the signal light
intensity is of the form βðx, tÞ= Iηðx, tÞ  CðxÞ. In this case, the ef-
fective illumination intensity driven by the nonlinear specimen

A B

C D

E F

Fig. 1. The intensity in the ðx, yÞ plane at the focus of the light sheet for
linear (A) and second-order nonlinear (B) excitation. One-dimensional line-
outs of the intensity at y = 0 are shown in C and D, respectively. Fourier
transforms of the 1D intensities in C and D are shown in E and F, respectively.
A Fourier transform of the 1D intensity for η= 2 reveals harmonics up to 4fx .
The shaded gray areas represent the spatial frequency region for conven-
tional imaging with coherent illumination.
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response is a sum of 2η+ 1 terms, consisting of a background
intensity that contains no interference fringes, and 2η interference
terms whose spatial frequencies are harmonics of one another, in-
creasing from fxðtÞ through 2  η  fxðtÞ (Movie S4).
By projecting spatial frequencies onto the object up to 2η times the

conventional limit, it follows that MP-SPIFI can, in principle, provide
spatial resolution up to 2η smaller than the diffraction limit of a
conventional imaging system under linear excitation. To illustrate how
SPIFI encodes spatial frequency information from a single-pixel de-
tector, we first examine the signal S1ðtÞ, which can be expressed as
S1ðtÞ= hI1ðx, tÞ CðxÞix = ð1=2Þ½~S1+ðtÞ+ ~S1−ðtÞ�, where

~S1±ðtÞ=
Z ∞

−∞
dx H1ðtÞ e±i 2π   fxðtÞ x   CðxÞ=H1ðtÞ~C½± fxðtÞ�, [1]

and ~CðfxÞ is the Fourier transform of CðxÞ. Eq. 1 shows the key
feature of SPIFI microscopy, namely that at each snapshot in
time, an intensity pattern with spatial frequency fxðtÞ is projected
onto the specimen, and collection of the signal light with a single
pixel detector forms a projection of that spatial frequency onto
the object. The signal measured from the detector thereby en-
codes a measurement of the spatial frequency content of the
object modulated by the temporal transfer function H1ðtÞ. A
1D image in space is recovered by digitally isolating either
~S1+ðtÞ or ~S1−ðtÞ and applying an inverse Fourier transform.
Because the spatial frequency fxðtÞ is varied through the

range supported by the objective lens, ~S1±ðtÞ represents a mea-
surement of ~CðfxÞ over this conventional range. However, higher-
order MP-SPIFI signals Sq>1ðtÞ correspond to measurements of
the spatial frequency content of the specimen over a range q-times
greater than the conventional limit. In general, we can write the
complex qth-order signal as

~Sq+ðtÞ=HqðtÞ 
Z ∞

−∞
dx  ei 2π   q  fxðtÞ x   CðxÞ=HqðtÞ~C½q  fxðtÞ�. [2]

Because fxðtÞ∝ t, this expression can be recast into the spatial
frequency domain to find ~Sq+ðfxÞ=HqðfxÞ  ~Cðq  fxÞ, where we rec-
ognize HqðfxÞ as the optical transfer function (OTF) of the mi-
croscope. In the absence of aberrations, HqðfxÞ is real-valued
and is therefore a modulation transfer function (MTF) that
determines the amplitude of each spatial frequency component.
~Sq+ðfxÞ has the form of a linear shift invariant (LSI) imaging
system, and the qth image can be expressed as a convolution in

the spatial domain as Sq+ðxÞ= hqðq  xÞ⊗CðxÞ, where hqðxÞ is an
order-dependent PSF that decreases in spatial extent with in-
creasing SPIFI order q.
The real-valued SPIFI signal collected from the photodetector

is a linear combination of the 2η+ 1 signals arising from the
various interference terms projected onto the specimen by the
three illumination beams: SðtÞ=P2η

q=0SqðtÞ. Each component
Sq≠0ðtÞ corresponds to a 1D image in the x direction with
varying spatial frequency content, whereas S0ðtÞ is a measure
of the DC spatial frequency content of the specimen. To re-
construct the qth-order image, the corresponding temporal
signal SqðtÞmust be isolated from SðtÞ. Fortunately, the design
of the spinning modulation mask provides a simple means to iso-
late each image without requiring multiple measurements of SðtÞ.
The mask is designed to modulate the intensity of the incident

line focus at a temporal frequency that depends linearly on x (25).
We denote the centroid of the line focus incident on the mask
as xc, which corresponds to a carrier frequency νc. The beams dif-
fracted from the modulation mask acquire a time-dependent lin-
ear phase, exp½i 2π   fxðtÞ xc�. This linear phase is accumulated in
each harmonic order of the illumination intensity, such that the qth

-order component of the intensity contains a linear phase
shift: Iqðx, tÞ=HqðtÞ cos½2π   q  fxðtÞ  x+ 2π   q  fxðtÞ xc�. Accordingly,
the interference fringes in the focal plane of the light sheet shift
laterally as a function of disk rotation (Movie S2). Because
spatial frequency is linearly proportional to scan time, we can
recast this linear phase in the temporal domain and write the
intensity as Iqðx, tÞ=HqðtÞ cos½2π   q  fxðtÞ x+ 2π   q  νc   t�. Physically,
this order-dependent modulation frequency arises from the
density of the fringes in each intensity component as they shift
across the lateral field of view (Movie S4). Practically, this
means that a point emitter at any point along the line focus
will be modulated at harmonics of the carrier frequency (Movie
S5), and thus each complex component of the measured signal can
be separated with standard Fourier decomposition methods.
Including the temporal carrier frequency, the signal measured

from the photodetector is

SðtÞ ¼ S0ðtÞ þ
X2η
q¼1

HqðtÞRe{expði 2π q vc tÞ~C½q fxðtÞ�}. [3]

Because SqðtÞ is real-valued, the Fourier transform of the signal
displays conjugate symmetry and thus two redundant images are

A

B

D E

C Fig. 2. MP-SPIFI provides increased lateral spatial
frequency support. (A) The average of 1,000 temporal
measurements of SHG from a 200-nm-diameter BTO
particle. Each temporal scan was collected at 31.6 Hz
for a total acquisition time of 31.6 s. Note that there is
no DC offset S0 (t) because the amplifier was set to AC
coupling. (B) A Fourier transform of the mean signal
with respect to scan time reveals each MP-SPIFI image
encoded at a different carrier frequency. (C) The
complex temporal trace, ~Sq+ðtÞ, was recovered for
each SPIFI order by digitally filtering each harmonic in
the modulation frequency domain with a square win-
dow, as shown in B. To obtain ~S+ðtÞ, the digital filter
was set to retain all four image orders. All five complex
traces were demodulated such that the fundamental
carrier frequency is 2 kHz as opposed to ∼52 kHz.
(D) Experimental MTFs for each MP-SPIFI image mea-
sured from a 100-nm-diameter FND. The qth-order im-
age spans the spatial frequency range ½−q  fx,c ,q  fx,c �.
(E) PSFs for each MP-SPIFI order. The spatial resolution
computed from each PSF are listed in the main text.
FND data were collected with the same temporal ac-
quisition parameters as the SHG measurements.
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encoded, centered on ±q  νc. In practice, we select the image at
positive modulation frequencies, for which the qth-order image
is ~Sq+ðtÞ= expði 2π   q νc   tÞ HqðtÞ  ~C½q  fxðtÞ�. Isolation of each image
is possible thanks to the carrier frequency, which separates the
image information in the modulation frequency domain, as we
show in Fig. 2.
To demonstrate that MP-SPIFI provides images with fre-

quency support beyond the diffraction limit for contrast mech-
anisms with both real and virtual energy states, we imaged TPEF
from 100-nm-diameter fluorescent nanodiamonds (FNDs) and
SHG from 200-nm-diameter barium-titanate oxide (BTO) crys-
tals. The objects were illuminated with femtosecond laser pulses
centered at a wavelength of 1,065 nm and focused by a 0.8 NA
objective lens. For both TPEF and SHG, the predicted spatial
resolution for MP-SPIFI order q= 1 through q= 4 are 666 nm,
333 nm, 222 nm, and 167 nm, although these estimates assume
a uniform MTF.
Because the BTO crystals were larger than the predicted

spatial resolution of the fourth-order MP-SPIFI image, we used
FNDs to determine the spatial resolution of the imaging system.
Fig. 2D shows the recovered MTF for each SPIFI order, scaled
to the lateral spatial frequency domain (Materials and Methods).
It is clear that lateral spatial frequency information beyond the
conventional limit is contained in all MP-SPIFI orders for q> 1.
The corresponding PSFs are displayed in Fig. 2E. Using the
Raleigh criterion for spatial resolution, we determined the spa-
tial resolution for the first-, second-, and fourth-order PSFs to be
949 nm, 491 nm, and 362 nm, respectively (Fig. S2). We note that
the third-order PSF suffers from a dual-lobe structure, where each
lobe of the third-order PSF has spatial resolution of 468 nm. This
modulated PSF arises when higher-order diffracted beams from
the binary modulation mask interfere with the first- and zero-
order beams in the object plane and can be controlled with
careful design of the binary modulation mask (31).
We compared the experimental resolution performance to

theoretical PSFs computed with a vector-focusing model of MP-
SPIFI that accounts for only first-order diffraction from the
modulation mask (Supporting Information). This model accounts
for vignetting of the beams that scan across the pupil of the
objective lens, as well as depolarization of the scanning beams,

which are responsible for deviations from a uniform MTF.
Using this model, we computed the spatial resolution at the
half-width at 10.4% maximum for first- through fourth-order
MP-SPIFI images to be 818 nm, 472 nm, 300 nm, and 240
nm, respectively.
We demonstrated superresolved multiphoton imaging of bio-

logical media by imaging TPEF from polymerized tubulin fibers
(i.e., microtubules) tagged with Alexa 546 in a mitotic HeLa cell
and SHG from collagen fibers in fixed rabbit tendon (Fig. 3).
One-dimensional MP-SPIFI images were collected in the hori-
zontal dimension as the specimen was scanned vertically to form
a 2D image. Resolution enhancement occurs only in the hori-
zontal dimension in this illumination scheme. Lateral tomogra-
phy has been used for 2D image capture with SPIFI and could be
applied to MP-SPIFI for superresolved 2D imaging (26).
To demonstrate multimodal superresolved imaging with MP-

SPIFI, we simultaneously imaged photoluminescence (PL) and
SHG from CdTe solar cells (Fig. 4). Because of the opacity of
the CdTe cells, both contrast mechanisms were collected in the
epidirection. Fig. 4 A–D display the first- through fourth-order
SHG-SPIFI images, and the corresponding PL-SPIFI images are
shown in Fig. 4 E–H. Comparison of the images for each MP-
SPIFI order makes it clear that the spatial resolution is enhanced
in both SHG and PL simultaneously, although the resolution
appears to be different for these two contrast modes beyond the
second-order data. The reason for this discrepancy is unclear at
this time, although we note that the relatively long lifetime of the
PL contrast mechanism, as well as diffusion of excited carriers,
may be responsible for these differences.
Although the spatial frequency support attainable for TPEF

and SHG imaging with MP-SPIFI is four times the conventional
limit, images shown in this work do not reach this theoretical
limit. For example, TPEF-SPIFI images obtained from tubulin in
HeLa cells were limited to a resolution enhancement of 2×. The
loss of spatial frequency information in higher-order MP-SPIFI
images was attributed to a reduction in signal-to-noise ratio
(SNR) with increasing MP-SPIFI order. This reduction in SNR
results from decreased contrast in the fringes of the illuminating
light sheet at high spatial frequencies due to the MTF for each
order and shot noise contributions from all MP-SPIFI orders
that raises the noise floor of the measured signal.
The order-dependent MTF results primarily from vignetting of

the illumination beams due to the circular objective pupil (Movie

Fig. 3. TPEF and SHG images collected from biological media with MP-SPIFI.
(A and B) First-order (A) and second-order (B) MP-SPIFI images of TPEF from a
mitotic HeLa cell immunostained with primary antibodies against alpha tu-
bulin and secondary antibodies tagged with Alexa 546. (Scale bar: 3 μm.) (C–F)
First- through fourth-order images of SHG from fixed, 16-μm-thick rabbit
tendon. (Scale bar: 10 μm.) All images were collected at 0.8 NA with laser
pulses centered at 1,065 nm. TPEF was collected in the epidirection and SHG
was collected in the forward-scattered direction. Both datasets were captured
at 31.6 Hz. The HeLa image is the average of 41 images for a total collection
time of 58.4 s, whereas the images of rabbit tendon are averages formed from
1,000 images for a total collection time of 665 s.

Fig. 4. Multimodal superresolved images of SHG and PL from CdTe solar
cells. (A–D) First- through fourth-order SHG images. (E–H) Corresponding
PL images. Images presented here are averages of 500 images acquired at
31.6 Hz for a total acquisition time of 1,282 s. (Scale bar: 10 μm.)
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S5). Tight focusing in the y dimension requires that the objective
lens be filled by the illumination light in the pupil plane. Con-
versely, the spatially modulated line focus in the x dimension
necessitates tightly focused beams in the pupil plane. Thus,
highly elliptical beams are needed in the pupil plane to form the
spatiotemporally modulated light sheet (Fig. S3). Because the
beams are highly elliptical, vignetting of the two diffracted
beams in the pupil plane of the objective lens causes a reduction
in both transmitted energy and spatial frequency support in the
vertical (y) dimension. We investigated the effect of the circular
objective pupil for each MP-SPIFI order using numerical
simulations.
First, the throughput energy of the beams with scan time was

computed with an overlap integral (Fig. S4). The energy loss
experienced by the diffracted beams causes a reduction in the
modulation depth of the illumination intensity pattern, reducing
the amplitude of each MP-SPIFI order with respect to the
background DC signal.
We also investigated the effect of the circular pupil aperture

on the spatial frequency support of the diffracted beams in the
vertical dimension with a numeric calculation of the electric
fields in the object region using the angular spectrum formalism
(32, 33) (Supporting Information). The numeric model confirms
reduced high spatial frequency support due to vignetting of the
diffracted beams in the pupil plane (Fig. S5).
Finally, depolarization as a function of scan time can cause a

reduction in the contrast of the illumination intensity fringes and
is dependent upon the polarization state of the beams in the
pupil plane and the polarization dependence of the contrast
mechanism. We used the angular spectrum formalism to in-
vestigate depolarization in the focal plane of the illumination
light sheet for linearly polarized input light (Fig. S6). We find not
only that the depolarization can cause reduction in the amplitude
of the MTF with scan time but that the shape of the MTF de-
pends on the input polarization state.
Along with vignetting, shot noise reduces the SNR of each MP-

SPIFI order. The noise floor in the modulation frequency (spatial)
domain is determined by the shot noise from the time-averaged total
light intensity measured on the photodetector, hβðx, tÞix. Conversely,
each MP-SPIFI order represents only a portion of this total
light intensity. Because the shot-noise-limited noise floor scales
as hβðx, tÞix, the SNR of higher-order MP-SPIFI images scales
as hβqðx, tÞix=hβðx, tÞix. This effect has also been observed in
fluorescent imaging using radiofrequency-tagged emission
(FIRE) (34), another imaging method that uses spatial fre-
quency-modulated illumination to form images, and the spatial
analog has been analyzed in detail for off-axis SHG holography
(35). Images of TPEF collected from HeLa cells truncated at
second-order due to a large noise floor that restricted our
ability to collect higher-order images. On the other hand, im-
ages of SHG from rabbit tendon had a significantly larger SNR
due to increasing the power of the illumination laser by ∼ 50%,
making the fourth-order signal detectible above the shot noise
floor. A possible route to enhance the SNR in higher-order
MP-SPIFI images is the use of a phase modulator in place of
the amplitude modulating disk (Fig. S1). This modification can
reduce the overall noise floor by allowing the fourth-order MP-
SPIFI image to be recovered using only the two diffracted
beams.
The ability to resolve fine spatial features in an image depends

on both the shape and the extent of the spatial frequency support
of the OTF. To evaluate the relative imaging performance of
MP-SPIFI compared with conventional laser-scanning microscopy
(LSM) techniques, the OTFs of these methods were computed
using the vector-focusing numerical model for two-photon SPIFI
(2P-SPIFI), and two- and three-photon LSM. Intensities were
computed for an illumination wavelength of 1,065 nm, 0.8 NA,
and linearly polarized light aligned with the vertical (y) direction.

For 2P-SPIFI, the widths of the intensity distributions in the pupil
plane were modeled after the MP-SPIFI system reported here
(Supporting Information). For the multiphoton LSM calculation,
the beam size in the vertical dimension of the 2P-SPIFI micro-
scope was used as the radius of the circularly symmetric Gaussian
distribution, resulting in a fill factor of ∼2 (33). The lateral spatial
frequency support was then computed from the illumination in-
tensity for each imaging type. The resulting spatial frequency
support is shown in Fig. 5, where the shaded gray regions indi-
cate the spatial frequency support of each LSM mode, whereas
solid lines indicate the spatial frequency support for each 2P-
SPIFI order.
What is clear in Fig. 5 is that MP-SPIFI imaging collects sig-

nificantly more information content (high SNR) at high spatial
frequencies than multiphoton LSM, thus providing the ability to
extract significantly more spatial information. As the scan time
progresses in 2P-SPIFI, the focusing of the transmitted diffracted
orders is perturbed by the circular objective pupil, which shapes
the spatial frequency support of the OTF. The MTFs associated
with 2P-SPIFI extend to greater spatial frequency extent for the
second-order nonlinear interaction than either two- or three-
photon LSM. Moreover, the amplitude of the high spatial fre-
quency content for 2P-SPIFI is significantly higher than for
multiphoton LSM. The result is that 2P-SPIFI captures signifi-
cantly more fine spatial information about an image than
multiphoton LSM.
In summary, we have described a previously unidentified ap-

proach to superresolved imaging in multiphoton excited micros-
copy that is capable of measuring spatial frequency information
beyond the diffraction limit for both multiphoton fluorescence
and coherent nonlinear scattering. The combination of excitation
wavelengths in the NIR and single-pixel detection should allow
MP-SPIFI to form images with enhanced spatial resolution at
penetration depths well beyond those attainable with linearly ex-
cited fluorescence. MP-SPIFI enables superresolved imaging of
new contrast mechanisms, which may lead to new insights in
both biological and material science studies.

Materials and Methods
SPIFI Microscope. The microscope system was illuminated by pulses from a
nonlinear fiber amplifier centered at 1,065 nm (36), seeded by an all-normal
dispersion fiber oscillator using Yb-doped gain fiber (37). Temporal com-
pression in a folded Martinez compressor resulted in near transform-limited
durations of ∼150 fs at an average power ranging from 900 mW to 1.3 W and
a repetition rate of 52.5 MHz. The beam from the laser was collimated and
expanded to a beam size of 8.85 mm (full-width at half-maximum of the
intensity). The beam was brought to a line focus on the modulation mask
with an achromatic cylindrical lens (ACY-254-150-B; ThorLabs) oriented
such that the beam is focused in the vertical (y) direction only. The mask plane
was reimaged to the object plane in two stages, first with a 1:1 image relay
system composed of two achromatic lenses (AC254-100-C-ML; ThorLabs) in
a 4-f configuration and again with an image relay system consisting of a
tube lens (AC254-150-C-ML; ThorLabs) and an infinity-corrected objective lens.
Data presented in this work were collected with a 0.8-NA objective lens
(N-Achroplan 50×/0.8 NA Pol; Zeiss), such that the mask is imaged to the
object region with de-magnification of 46.5×. The SPIFI modulation mask
was described in previous work (25, 26) and consists of a pattern defined in
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Fig. 5. Comparison of the MTF in multiphoton laser-scanning microscopy
and 2P-SPIFI. The shaded gray regions indicate the frequency support for
two- and three-photon laser-scanning microscopy. Solid lines indicate the
frequency support in 2P-SPIFI. All OTFs were computed with the Debye in-
tegral using λ=1,065  nm and 0.8 NA.
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polar coordinates by the expression mðr,φÞ= 1=2+ 1=2  sgn½cosðΔk  r   φÞ�. The
modulation mask used in this work had a density parameter Δk = 70/mm.
Imperfections in disk mounting lead to an additional phase accumulated in
SðtÞ as a function of mask rotation. The process used to remove disk aber-
ration phase has been discussed at length in a previous study (38). All images
collected in the epidirection used a long-pass dichroic beam-splitter placed
between the tube lens and the objective lens (FF875-Di01; Semrock). Fluo-
rescent light from the HeLa specimen was collected in the epidirection
through a short-pass filter (FF720/SP; Semrock) and a 500-nm long-pass filter
(ET500lp; Chroma).

Samples. Samples used for point spread function measurements were 200-nm
BaTi03 particles (1148DY; Nanostructured & Amorphous Materials) for SHG
and 100-nm FNDs (ND-400NV-100nm-10mL; Adamas Nanotechnologies) for
TPEF. In both cases the insoluble nanoparticles, suspended in water, were
diluted, disaggregated in an ultrasonic bath, drop cast onto a microscope
slide, and cover-slipped after the water had evaporated. HeLa cells were
seeded onto glass coverslips and fixed when they reached ∼70% confluency.
Cells were rinsed rapidly with 37 °C 1× PHEM buffer (60 mM Pipes, 25 mM
Hepes, 10 mM EGTA, 4 mM MgSO4, pH 7.0), followed by lysis at 37 °C for
5 min in freshly prepared lysis buffer (1× PHEM plus 0.5% Triton X-100). Cells
were then fixed on the bench top for 3 min using ice-cold methanol (95%
methanol plus 5 mM EGTA), followed by an additional 20 min of methanol
fixation at 20 °C. At room temperature, cells were then rehydrated with 1×
PHEM, then rinsed 3× 5 min in PHEM-T (1× PHEM plus 0.1% Triton X-100)
and blocked in 10% (vol/vol) boiled donkey serum (BDS) in PHEM for 1 h at
room temperature. Microtubules were labeled with anti-alpha tubulin pri-
mary antibodies (Sigma-Aldrich) diluted in 5% (vol/vol) BDS for 12 h at 4 °C.
Following primary antibody incubation, cells were rinsed 3× 5 min in PHEM-T
and then incubated for 45 min at room temperature with secondary anti-
bodies conjugated to Alexa 546 (Life Technologies). Cells were then rinsed
3× 5 min in PHEM-T, incubated in a solution of 2 ng/mL 4,6-diamidino-2-

phenylindole (DAPI) diluted in PHEM, rinsed again (3× 5 min), and then
mounted onto microscope slides in an anti-fade solution containing 90%
(vol/vol) glycerol and 0.5% N-propyl gallate. Coverslips were sealed with nail
polish to affix them to the slides. The polycrystalline, large-grained CdTe
sample was grown by close-spaced sublimation (CSS), treated with CdCl2,
and polished, effectively “sealing” small grains (∼2 μm) after growth. The
sample was polished using an ion beam technique.

Data Analysis.Data analysis was performed inMATLAB (MathWorks). Each 1D
line imagewas reconstructed by computing the fast Fourier transform (FFT) of
the measured temporal data SðtÞ to obtain the MP-SPIFI images in the
modulation frequency domain, i.e., ~SðνtÞ. Each MP-SPIFI order was recovered
by numerically filtering at the positive carrier frequency. The filtered data,
~SqðνtÞ, was inverse transformed to obtain Sq+ðtÞ. The complex temporal
trace was then demodulated by the relative carrier frequency, q  νc , and the
temporal axis was calibrated according to the relation fx,2ðtÞ=q  κ  t to obtain
Sq+ðfx,2Þ. The coupling coefficient κ between modulation frequency and
space was calibrated by measuring light transmitted through a 2-μm slit in
the object plane as a function of lateral position (25). The centroid of the
measured distribution was computed as a function of lateral position. This
measurement allowed the quantity describing the relationship between
lateral position and carrier frequency to be recovered empirically.

ACKNOWLEDGMENTS. We thank James Burst for growing the CdTe specimens,
Darius Kuciauskas for helpful discussions regarding SHG and PL from the solar
cells, and Susanta Sarkar for donating the FNDs. J.J.F., K.A.W., S.R.D., and R.A.B.
acknowledge funding from the W. M. Keck Foundation. J.J.F. acknowledges
additional funding from the Institute for Genome Architecture and Function at
Colorado State University. M.D.Y. acknowledges support from National Institute
of Mental Health Grant 2R42MH102201. J.A.S. acknowledges support from the
National Institute of Biomedical Imaging and Bioengineering under Bioengi-
neering Research Partnership EB-00382.

1. Helmchen F, Denk W (2005) Deep tissue two-photon microscopy. Nat Methods 2(12):
932–940.

2. Zoumi A, Yeh A, Tromberg BJ (2002) Imaging cells and extracellular matrix in vivo by
using second-harmonic generation and two-photon excited fluorescence. Proc Natl
Acad Sci USA 99(17):11014–11019.

3. Olivier N, et al. (2010) Cell lineage reconstruction of early zebrafish embryos using
label-free nonlinear microscopy. Science 329(5994):967–971.

4. Campagnola PJ, Dong C-Y (2011) Second harmonic generation microscopy: Principles
and applications to disease diagnosis. Laser Photonics Rev 5(1):13–26.

5. Pantazis P, Maloney J, Wu D, Fraser SE (2010) Second harmonic generating (SHG)
nanoprobes for in vivo imaging. Proc Natl Acad Sci USA 107(33):14535–14540.

6. Grange R, Lanvin T, Hsieh C-L, Pu Y, Psaltis D (2011) Imaging with second-harmonic
radiation probes in living tissue. Biomed Opt Express 2(9):2532–2539.

7. Denk W, Strickler JH, Webb WW (1990) Two-photon laser scanning fluorescence mi-
croscopy. Science 248(4951):73–76.

8. Kobat D, et al. (2009) Deep tissue multiphoton microscopy using longer wavelength
excitation. Opt Express 17(16):13354–13364.

9. Horton NG, et al. (2013) In vivo three-photon microscopy of subcortical structures
within an intact mouse brain. Nat Photonics 7(3):205–209.

10. Dunn AK, Wallace VP, Coleno M, Berns MW, Tromberg BJ (2000) Influence of optical
properties on two-photon fluorescence imaging in turbid samples. Appl Opt 39(7):
1194–1201.

11. Gustafsson MGL (2005) Nonlinear structured-illumination microscopy: Wide-field
fluorescence imaging with theoretically unlimited resolution. Proc Natl Acad Sci USA
102(37):13081–13086.

12. Betzig E, et al. (2006) Imaging intracellular fluorescent proteins at nanometer reso-
lution. Science 313(5793):1642–1645.

13. Betzig E (1995) Proposed method for molecular optical imaging. Opt Lett 20(3):
237–239.

14. Hell SW (2007) Far-field optical nanoscopy. Science 316(5828):1153–1158.
15. Hell SW, Wichmann J (1994) Breaking the diffraction resolution limit by stimulated

emission: Stimulated-emission-depletion fluorescence microscopy. Opt Lett 19(11):
780–782.

16. Hell SW (2003) Toward fluorescence nanoscopy. Nat Biotechnol 21(11):1347–1355.
17. Hell SW, Kroug M (1995) Ground-state-depletion fluorescence microscopy: A concept

for breaking the diffraction resolution limit. Appl Phys B 60(5):495–497.
18. Bretschneider S, Eggeling C, Hell SW (2007) Breaking the diffraction barrier in fluo-

rescence microscopy by optical shelving. Phys Rev Lett 98(21):218103.
19. Wang P, et al. (2013) Far-field imaging of non-fluorescent species with subdiffraction

resolution. Nat Photonics 7(6):449–453.
20. Chu S-W, et al. (2014) Measurement of a saturated emission of optical radiation from

gold nanoparticles: Application to an ultrahigh resolution microscope. Phys Rev Lett
112(1):017402.

21. Chu S-W, et al. (2014) Saturation and reverse saturation of scattering in a single
plasmonic nanoparticle. ACS Photonics 1(1):32–37.

22. Wicker K, Heintzmann R (2014) Resolving a misconception about structured illumi-

nation. Nat Photon 8(5):342–344.
23. Masihzadeh O, Schlup P, Bartels RA (2009) Enhanced spatial resolution in third-

harmonic microscopy through polarization switching. Opt Lett 34(8):1240–1242.
24. Liu J, Cho I-H, Cui Y, Irudayaraj J (2014) Second harmonic super-resolution microscopy

for quantification of mRNA at single copy sensitivity. ACS Nano 8(12):12418–12427.
25. Futia G, Schlup P, Winters DG, Bartels RA (2011) Spatially-chirped modulation imaging

of absorption and fluorescent objects on single-element optical detector. Opt Express

19(2):1626–1640.
26. Schlup P, Futia G, Bartels RA (2011) Lateral tomographic spatial frequency modulated

imaging. Appl Phys Lett 98(21):211115.
27. Higley DJ, Winters DG, Futia GL, Bartels RA (2012) Theory of diffraction effects in

spatial frequency-modulated imaging. J Opt Soc Am A Opt Image Sci Vis 29(12):

2579–2590.
28. Hoover EE, et al. (2012) Eliminating the scattering ambiguity in multifocal, multi-

modal, multiphoton imaging systems. J Biophotonics 5(5-6):425–436.
29. Winters DG, Bartels RA (2015) Two-dimensional single-pixel imaging by cascaded

orthogonal line spatial modulation. Opt Lett 40(12):2774–2777.
30. Heintzmann R, Gustafsson MGL (2009) Subdiffraction resolution in continuous sam-

ples. Nat Photon 3(7):362–364.
31. Wernsing KA, et al. (2016) Point spread function engineering with multiphoton SPIFI.

Proc of SPIE 9713:971304.
32. Born M, Wolf E (1999) Principles of Optics: Electromagnetic Theory of Propagation,

Interference and Diffraction of Light (Cambridge Univ Press, Cambridge, UK), 7th Ed.
33. Novotny L, Hecht B (2012) Principles of Nano-Optics (Cambridge Univ Press, Cam-

bridge, UK), 2nd Ed.
34. Diebold ED, Buckley BW, Gossett DR, Jalali B (2013) Digitally synthesized beat fre-

quency multiplexing for sub-millisecond fluorescence microscopy. Nat Photon 7(10):

806–810.
35. Smith DR, Winters DG, Bartels RA (2013) Submillisecond second harmonic holographic

imaging of biological specimens in three dimensions. Proc Natl Acad Sci USA 110(46):

18391–18396.
36. Domingue SR, Bartels RA (2014) Nonlinear fiber amplifier with tunable transform

limited pulse duration from a few 100 to sub-100-fs at watt-level powers. Opt Lett

39(2):359–362.
37. Chong A, Buckley J, Renninger W, Wise F (2006) All-normal-dispersion femtosecond

fiber laser. Opt Express 14(21):10095–10100.
38. Field JJ, Bartels RA (2016) Digital aberration correction of fluorescent images with

coherent holographic image reconstruction by phase transfer (CHIRPT). Proc of SPIE

9713:97130B.
39. Field JJ, Winters DG, Bartels RA (2015) Plane wave analysis of coherent holographic

image reconstruction by phase transfer (CHIRPT). J Opt Soc Am A Opt Image Sci Vis

32(11):2156–2168.

6 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1602811113 Field et al.

D
ow

nl
oa

de
d 

by
 g

ue
st

 o
n 

S
ep

te
m

be
r 

29
, 2

02
0 

www.pnas.org/cgi/doi/10.1073/pnas.1602811113

