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Abstract 

Optical microscopy plays a crucial role in the biological sciences for its ability to enable 

visualization of biological samples at sub-cellular levels. Many imaging subdivisions exist 

under this umbrella of general microscopy, and each are tailored towards specific design, 

contrast, and visualization constraints. Standard examples that have found widespread 

use include dark-field, phase-contrast, holographic, and fluorescent microscopies. 

However, a critical factor that physically limits the optical resolution of general 

microscopy is diffraction. Unfortunately, this “diffraction-limit” can prevent visualization 

of significant biologically relevant structures, which in turn can limit biological insights. 

In response to such a limit, several works have advanced the field of sub-diffraction 

resolution imaging, which consist of optical imaging techniques that seek to achieve 

imaging resolutions beyond that which is allowed by the diffraction-limit. This set of 

techniques can largely be divided into two classes. The first class of sub-diffraction 

techniques is targeted towards cases where the sample is coherently illuminated and 

diffracts into the imaging system’s aperture. For such cases, synthetic aperture (SA) is a 

popular choice and operates by using oblique illuminations to spatiotemporally 

synthesize a wider frequency support into the image than allowed by the diffraction limit. 

The second class of sub-diffraction techniques, often referred to as "super-resolution" 

techniques, typically utilize specialized fluorophores with either photoswitching or 
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depletion capabilities. Photoactivated localization microscopy (PALM) is a super-

resolution example that localizes photoswitchable fluorophores to sub-diffraction 

resolutions per acquisition, before combining into a final super-resolved image. 

Stimulated emission depletion (STED) is another super-resolution example that spatially 

modulates its excitation to narrow its optical point-spread-function. Unfortunately, SA 

and fluorescent super-resolution techniques are generally incompatible for sub-

diffraction resolution fluorescent and coherent imaging, respectively – thus, a multimodal 

sub-diffraction imaging solution compatible with both coherent and fluorescent imaging 

has remained elusive.  

 In this dissertation, we demonstrate that structured illumination (SI) is a sub-

diffraction technique compatible with both diffractive and fluorescent imaging. We first 

develop the theoretical framework that extends SI to coherent imaging and 

experimentally demonstrate SI’s capabilities for 2D sub-diffraction resolution imaging of 

coherently diffractive samples. Sub-diffraction resolution imaging based on scattering 

intensity and transmission-based quantitative-phase (QP) are shown. In addition, we 

show extend SI to 3D coherent imaging, and show applications of this towards 3D QP and 

refractive-index (RI) tomography. Finally, we show multimodal applications of SI that 

allow sub-diffraction resolution fluorescent and coherent imaging, which has great 

potential utility for the biological sciences.  
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“The highest education is that which does not merely give us information but makes our 

life in harmony with all existence.” 

 

– Rabindranath Tagore
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1. Background and motivation  

1.1 Sub-diffraction resolution imaging 

In biological microscopy, there has been a continued drive towards increasing imaging 

resolution for relevant samples. In many cases, this drive translates to designing better 

optical systems to optimize for aberrations and resolution to achieve diffraction-limited 

performance. However, in cases where better resolution is still required, this drive leads 

to a need to extend the imaging resolution to beyond the system’s diffraction limit. Such 

a need has driven the development of many unique sub-diffraction imaging techniques 

that have made large impacts for microscopy. 

 

1.1.1 Synthetic aperture sub-diffraction resolution imaging 

This set of techniques can largely be divided into two classes. The first class of techniques 

is targeted towards cases where the sample is coherently illuminated and diffracts into 

the imaging system’s aperture. In such cases, the general strategy to obtain sub-diffraction 

resolution makes use of the fact that imaging resolution is simply one of several degrees 

of freedom that describe the imaging system (1-3). Though the total number of degrees of 

freedom is invariant, it is possible to sacrifice less desired ones, such as temporal, 

polarization, or field-of-view constraints, to improve the final image resolution to beyond 

the conventional diffraction limit. Of closest relevance to this work are spatiotemporal 

encoding and oblique illumination schemes, which either simultaneously or sequentially 
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tilt different regions of a sample’s spatial frequency spectrum into the system’s aperture 

(4-6). The final image will then have a net frequency support synthesized from all the 

individual diffraction-limited frequency regions, which is ultimately responsible for the 

image’s sub-diffraction resolution. This is a central theme in most synthetic aperture (SA) 

techniques. Applications of SA have resulted in both high-resolution imaging, where 

(Sparrow) resolutions of <100 nm were achieved (7), and high-throughput imaging, where 

gigapixel images with resolutions > 6x over the diffraction limit were obtained (8, 9). 

 

1.1.2 Fluorescent super-resolution sub-diffraction resolution imaging 

The second class of sub-diffraction resolution imaging techniques is a more recent 

development that has found great impact in biological fluorescence imaging. By 

appropriately utilizing properties of fluorophores, one can visualize a fluorescent sample 

at “super” resolutions beyond the diffraction limit (10, 11). This class of “super-

resolution” techniques is further subdivided into two main categories. The first main 

category is based on single molecule localization, where individual fluorescent emitters 

are localized at sub-diffraction resolution for each raw acquisition, and then several 

acquisitions are aggregated together to form the final super-resolved image. Examples of 

such techniques include photoactivated localization microscopy (PALM) and stochastic 

optical reconstruction microscopy (STORM) (12, 13). The second category of super-

resolution techniques uses spatially modulated excitation to narrow the effective imaging 
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point-spread-function. Either this is done directly, as in stimulated emission depletion 

(STED) (14, 15) and ground-state depletion (GSD), or indirectly after post-processing, as 

in structured illumination microscopy (SIM) (16-22). Such techniques have found 

tremendous success in biological imaging and have achieved resolutions well below 100 

nm  

 

1.2 Motivation 

These two classes of sub-diffraction techniques operate on fundamentally different 

mechanisms, and thus enable distinct, but complementary, biological observations. 

Fluorescence imaging is the standard for molecular-specific, background-free, cellular 

imaging, and has enabled great insights into gene expression, protein interaction, 

cytoskeletal organization, endocytic dynamics, organelle structures, intracellular 

transport, cytokinesis, and general intracellular dynamics . Coherent diffractive imaging 

is the choice technique to image unstained and minimally prepared cellular samples with 

endogenous contrast to extract quantitative and biologically relevant parameters. 

Examples of coherent diffractive imaging include quantitative-phase (QP) and light-

scattering imaging, which can noninvasively probe structural, mechanical, biophysical, 

and biochemical properties of cells, and have been used for analysis of whole-cell 

morphology, mass, and growth, cellular shear stiffness, refractive-index and optical-path-

length distributions, cellular dispersion spectroscopy, nuclear morphology, cellular 



 

25 

absorption and scattering, and true-color imaging (5, 23-32). Important biomedical 

applications even include non-invasive and quantitative measurements of hemoglobin 

oxygenation saturation (26) and detection of different cancers types (33). In both 

fluorescent and coherent diffraction regimes, biological insight is enhanced with sub-

diffraction resolution – unfortunately, because the two regimes are fundamentally 

different, a sub-diffraction resolution method applicable to both has been difficult to find. 

This poses an obstacle in microscopy, and users conventionally choose between either 

unimodal sub-diffraction or multimodal diffraction-limited imaging. Such a choice can 

prevent a synergistic, multimodal analysis of individual sub-cellular components beyond 

the diffraction-limit and can hinder a cohesive understanding of biological morphology 

and function.   

 

1.3 Structured Illumination Microscopy 

In this work, we demonstrate that structured illumination (SI) is a sub-diffraction 

technique compatible with both diffractive and fluorescent imaging. Indeed, SI is already 

an established idea that is conventionally associated with fluorescent super-resolution 

and has become popular due to its speed, cost, and simplicity. We review here the 

foundational basics of how structured illumination allows sub-diffraction resolution. We 

note that another set of techniques bearing the “structured illumination” name is also 
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popularly used but is primarily concerned with depth sectioning rather than lateral super-

resolution  

 

1.3.1 Moiré beating allows structured illumination 

The guiding principle of SI microscopy (SIM) is the heterodyning, or “moire” beating, of 

sub-diffraction spatial frequencies, with illumination structure into the optical system’s 

passband. SIM’s concept is demonstrated conceptually in Figure 1-1, where a uniform 

illumination pattern is overlayed on the object’s structure which has substantial sub-

diffraction features. This overlay results in a low-frequency beating, the spatial equivalent 

to acoustic beating, which can be directly measured by the optical system. Knowledge of 

the illumination and moiré beat structure allows back-reconstruction of the sub-

diffraction sample frequencies. 
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Figure 1-1: Subdiffraction spatial frequencies (fobj) cannot be directly visualized. 

However they interact with the illumination structure (fillum) to yield low frequency 

beating (fbeat) that can be measured. By knowing fillum and measuring fbeat, fobj can be 

computationally reconstructed. 

 

1.3.2 Fourier theory to describe the imaging process 

For mathematically rigorous and efficient computing of the reconstruction problem, 

Fourier transforms are used ubiquitously in SIM reconstruction algorithms. For the 

remainder of this work, we will also use Fourier transforms and general Fourier optics 

theory to theoretically develop our SI framework.  

SIM assumes a continuous sample spatial distribution. From Fourier theory, an 

image of a continuous sample mathematically equates to the product of the sample and 

illumination functions being convolved by the system’s point-spread-function (PSF) (34). 

From Fourier theory, the spatial frequency content of the image is thus the convolution of 
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the sample’s and illumination’s frequency spectrums low pass filtered by the system’s 

transfer function (either the system’s optical transfer function (OTF) or coherent transfer 

function (CTF), depending on whether the imaging is done via fluorescence or coherent 

diffraction, respectively). In the case of diffraction-limited imaging, where the sample is 

illuminated uniformly with no structure, we see that the imaging equation becomes a 

simple low-pass filtered equation, physically limited by the system’s transfer function 

(Figure 1-2(B)). 

 

1.3.3 Linear structured illumination microscopy  

Typical fluorescent linear SIM techniques use sinusoidally modulated intensity patterns 

as illumination because of their sparse representation in frequency domain with one DC-

centered delta with two shifted deltas (Figure 1-2(C)) (16). This illumination pattern mixes 

with the sample structure and effectively downshifts spatial frequencies of the sample 

previously beyond the system’s resolution capabilities into the system’s OTF’s for 

subsequent imaging. Thus, a raw acquisition with a sinusoidal illumination contains a 

linear superposition of DC-centered diffraction-limited content, and up/down-shifted 

regions of the sample’s frequency content, which contain sub-diffraction features. 

Separation of these three components to shift them back to their appropriate positions in 

Fourier space for sub-diffraction reconstruction is typically done by phase-stepping the 

sinusoidal illumination (changing 𝜙𝑛 in Figure 1-2 (C,D) ) and using typical linear matrix 
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solution techniques. Because there are only 3 components to separate in linear SI, only 3 

phase shifts are theoretically needed for unique solutions, though more may be used to 

increase SNR. The reconstruction at this point contains sub-diffraction information along 

the orientation of the sinusoidal pattern. Achieving isotropic sub-diffraction information 

requires isotropic filling out of Fourier space. By the Fourier invariance theorem, rotating 

the illumination pattern corresponds to rotating its spatial frequency representation by 

the same amount. Thus, this procedure is repeated for different rotations of the pattern. 

Typical linear SI techniques fill out Fourier space with three rotations, corresponding to 3 

acquisitions/rotation times 3 rotations = 9 total acquisitions. Novel signal/image 

processing techniques may be used to decrease the required number of acquisitions (35). 

 

1.3.4 Nonlinear structured illumination microscopy 

It is evident that as the frequency of illumination becomes greater, regions of the sample’s 

frequency content at increasingly greater shifts away from the diffraction limit get 

downpassed into the system – effectively, the greater the illumination frequency, the 

greater the super-resolution improvement via SI. In many practical imaging systems, the 

structured illumination pattern must be made to pass through the same optical system as 

the image collection, and is thus band-limited by the same OTF as the detection. Thus, SI 

in the typical sense is bound to only 2x improvement over the diffraction limit. However, 

if the sample responds nonlinearly to the illumination, such as in the case of fluorescent 
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saturation or photoswitching, then the effective illumination at the sample will be 

distorted (17, 36). This distorted pattern may be expressed as an infinite sum of sinusoid 

harmonics, each contributing to increasingly shifted delta functions in the Fourier domain 

that downshift increasingly higher regions of sample frequency content. Importantly, the 

amount of signal power strongly decreases as a function of spatial harmonic frequency. 

Thus, although in the absence of noise saturated fluorescence nonlinear SI theoretically 

achieves unlimited resolution, in practice only a finite number of the harmonics are above 

the noise floor of the system. In the situation where N sinusoid harmonics are above noise 

threshold and able to effectively downpass regions of frequency content into the system, 

a factor of N+1 times improvement over the diffraction limit is possible. Though nonlinear 

SI has been used to demonstrate 5-6 times diffraction limit resolution down to < 50 nm 

resolution, the image reconstruction complexity increases – more phase (2N+1) shifts are 

required to separate out the greater number of down-shifted components and more 

rotations are required to isotropically fill out Fourier space (Figure 1-2(D)). Nonlinear SIM 

also requires strong excitation to generate the non-linear response and thus 

photobleaching becomes a considerable physical drawback (22). 

 



 

31 

 

Figure 1-2:  Structured illumination imaging concept. (A) Fourier representation of 

fundamental imaging equation. (B,C,D) Diffraction-limited, linear SI, and non-linear 

SI methods to downpass select regions of sample’s frequency content into systems OTF 

(with cutoff 𝝎𝟎) and then use such regions to fill back out Fourier space, first along one 

orientation angle, and then isotropically. 
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1.4 Synthetic aperture coherent imaging 

We have reviewed the concepts above that allow SI to achieve fluorescent super-

resolution. We now introduce the concept of synthetic aperture (SA), a seemingly 

independent imaging technique that is popular to achieve sub-diffraction resolution 

imaging for coherent imaging.  We will show later that SA can be mathematically equated 

to SI when imaging coherent diffraction.  

 In coherent imaging, all the equations introduced in Figure 1-2(A) are in terms of 

electric-fields.  This means that in coherent imaging, the sample and illumination spatial 

distributions as well as the CTF (now used as the system’s transfer function for coherent 

imaging) are mathematically complex (ie. they have imaginary components) (34). This is 

in direct contrast to the case of fluorescent imaging, where all terms are in the intensity 

domain, so all spatial distributions are mathematically real (including the OTF, which is 

the appropriate system transfer function in the case of fluorescent imaging). Thus, an 

angled plane-wave illumination beam, which has constant intensity throughout its path, 

generates a fluorescent image identically to one generated by an on-axis plane-wave 

illumination beam. 

 This is critically not the case in coherent imaging. Though a plane-wave beam has 

a constant intensity profile, it has an angle-dependent electric-field profile. In fact, the 

electric-field of an angled illumination beam is mathematically described by a phase-

ramp. Interaction of this angled illumination with the sample mathematically equates to 
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multiplying the complex spatial electric-field distributions of the sample and the 

illumination. Thus, directly from Fourier theory, the spatial frequency content that passes 

through the system’s passband is displaced from DC by an amount equal to the 

illumination angle. 

 Thus, a series of raw acquisitions taken with varying illumination angle results in 

a series of individually diffraction-limited images – however, though the images have 

identical frequency support (thus having identical amplitude PSFs), they sample different 

regions of the sample’s spectrum. In the case where the image phase can be quantitatively 

extracted (either via holography or computational approaches), SA stitches these regions 

of frequency space to reconstruct an image with an enhanced frequency support greater 

than what is physically allowed by the system passband for any one acquisition (4-6).  

 We demonstrate this concept in Figure 1-3 below. Figure 1-3(a-f) illustrates the 

concept that individual oblique illuminations allow sampling from different regions of 

frequency space – however, they by themselves do not increase image resolution, as 

evidence by how oblique illuminations result in identical amplitude PSFs. Increasing 

image resolution requires increasing the frequency support of the system. Figure 1-3(g-n) 

shows a simulation of a USAF test chart being image under orthogonal and angled 

illuminations, and compares the image simulations to one that would be achieved via SA. 
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Figure 1-3: Individual acquisitions taken with varied angled illuminations image (a,c) 

different regions of the sample’s frequency space. However, because they are 

individually diffraction limited with identical frequency supports, their (b,d) net 

amplitude PSFs remain identical. To increase imaging resolution, one must increase 

the (e) frequency support to achieve a (f) more localized PSF. We compare USAF test 

chart (g,h,k,l) intensities and (i,j,m,n) spatial frequency supports from coherent on-axis 

and angled illuminations and the final synthetic aperture reconstruction (simulation). 

(g,i) The simulated system CTF allows isotropic resolution of 280 um, so that the Group 

1 El 1-6 set of bars are irresolvable with on-axis illumination. Oblique illumination 

shifts the sampled region of (j,m) Fourier space to allow imaging of (h,k) higher spatial 

frequencies along the illumination angle. However, because the frequency support 

does not change, this comes at a cost of resolving low frequencies that are not in the 

direction of the illumination tilt, and the resulting acquisitions are unacceptable for 

imaging purposes. Synthetic aperture techniques can synthesize a (n) larger aperture 

from the individual diffraction-limited acquisitions. (l) The final reconstructed image 

thus has sub-diffraction resolution. 
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1.5 Research aims 

In this dissertation, we present significant conceptual and technological contributions 

towards sub-diffraction resolution optical imaging via SI. The principal technical 

highlights of our work are developments in sub-diffraction imaging for scattering and 

transmission (quantitative-phase) samples as the two main classes of non-fluorescent 

samples, which have received little attention from the structured-illumination 

community. Our investigations required significant theoretical development to account 

for fundamental differences between coherent diffractive vs. fluorescent imaging 

processes. Common themes in such theoretical developments drew heavily from signal 

processing, coherent sensing, and synthetic aperture techniques.  

These developments initially describe frameworks with which to achieve 2D sub-

diffraction resolution scattering and quantitative-phase images. These are then extended 

to incorporate 3D sub-diffraction resolution imaging by drawing connections between 

coherent SI and diffraction tomography. Lastly, we demonstrate optical system design 

that takes advantage of SI’s compatibility with coherent diffractive and fluorescent 

imaging and achieves multimodal, sub-diffraction resolution imaging. We outline our 

specific aims below. 
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1.5.1 Aim 1: Brightfield structured illumination for sub-diffraction 

resolution intensity imaging of scattering samples 

1.5.1.1 Experiment 1: Develop theoretical framework for coherent sub-

diffraction intensity imaging and show experimental results demonstrating 

theoretical advancements 

 

1.5.2 Aim 2: Quantitative-phase structured illumination for sub-diffraction 

resolution quantitative-phase imaging of transparent samples 

1.5.2.1 Experiment 2: Develop structured illumination quantitative-phase 

microscopy for sub-diffraction quantitative phase imaging  

1.5.2.2 Experiment 3: Develop structured illumination diffraction phase 

microscopy for sub-diffraction quantitative phase imaging with reduced 

speckle 

 

1.5.3 Aim 3: Multimodal quantitative-phase and fluorescent visualizations 

of biological samples 

1.5.3.1 Experiment 4: Develop multiplexed microscopy for simultaneous, 

diffraction-limited fluorescent and quantitative-phase imaging 

1.5.3.2 Experiment 5: Develop SI multimodal microscopy for sub-diffraction 

resolution 3D quantitative-phase/fluorescent imaging 

1.5.3.3 Experiment 6: Develop SI multimodal microscopy for sub-diffraction 

resolution 3D refractive-index/fluorescent imaging 
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2. Brightfield sub-diffraction resolution intensity imaging 
of scattering samples 

This work draws mainly from (37) and focuses on subdiffraction imaging of scattering 

samples with coherent illumination. Such samples are critical in histological and 

pathological studies, where tissues are routinely sectioned, stained, and examined under 

a microscope to precisely study and diagnose a disease. The ability to visualize and 

differentially identify microscopic structures in the tissue samples is often directly linked 

to the quality of diagnostic and prognostic evaluations that the pathologist can make. 

Subdiffraction imaging of such samples holds promise in advancing the quality of such 

evaluations beyond what can be achieved via conventional imaging. We introduce 

structured oblique illumination microscopy (SOIM) as a technique to extend the benefits 

of conventional fluorescent SI to scattering samples. Though SOIM borrows heavily from 

conventional fluorescence SI in terms of system design, the theory underlying the final 

subdiffraction resolution reconstruction procedure is fundamentally different. Though 

both SOIM and SI detect intensity-based images, the sample’s fluorescent emission in SI 

is directly linear with the intensity at the image plane. In contrast, SOIM images the 

sample via diffraction, where the sample’s coherent diffraction is nonlinearly related to 

the image intensity. This nonlinear term results in a significant increase in theoretical 

complexity that must be accounted for in image reconstruction. However, once 

accommodated, the final SOIM reconstructions, like those of linear-SI, offer 2x the 

resolution support as that of diffraction-limited imaging. 
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2.1 Structured oblique illumination microscopy 

2.1.1 Mathematical theory 

We first note that a sample under spatially coherent illumination will scatter coherently, 

such that scatterings from different sample locations will have fixed phase relationships 

with each other. Therefore, for spatially coherent illumination, the image field is a linear 

transform of the sample field (34). This is in contrast with conventional SIM, where the 

linear relationship is between the image and object intensities because of the spatial 

incoherence of the detected fluorescence. Thus, disregarding magnification and operating 

in the paraxial regime, the image intensity measured by a detector in a coherent 

illumination/detection system is given by the nonlinear relation 

 

 𝑦(𝒓) = |ℎ𝑐(𝒓) ⊗ [ℎ𝑐(𝒓) ⊗ 𝑖(𝒓)]|2 (1) 

 

where ⊗ is the convolution operator, 𝒓 is the spatial position vector, 𝑦(𝒓) is the image 

intensity distribution, 𝑥(𝒓) is the object reflectance/transmittance function, and 𝑖(𝒓) is the 

illuminatin field distribution to be imaged onto the object. We assume that the 

illumination and detection paths of the system share a limiting circular aperture, defining 

the coherent point-spread-function (PSF) ℎ𝑐(𝒓). After Fourier transforming, the image 

spatial frequency distribution can be written as 

 𝑌(𝝎) = autocorr(𝐻𝑐(𝝎) ∙ [𝑋(𝝎) ⊗ (𝐻𝑐(𝝎) ∙ 𝐼(𝝎))]) (2) 
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where 𝝎 is the spatial frequency vector, 𝐻𝑐(𝝎) is the normalized frequency transfer 

function corresponding to the system PSF and 𝑌(𝝎), 𝑋(𝝎), and 𝐼(𝝎) are the frequency 

distributions of the detected image intensity, object reflectance/transmittance, and 

illumination field, respectively. 

In the case of orthogonal plane wave illumination, 𝐼(𝝎) = 𝛿(𝝎) and the resulting 

image frequency distribution is given by, 

 

 𝑌𝐵𝐹(𝝎) = autocorr(𝐻𝑐(𝝎) ∙ 𝑋(𝝎)) (3) 

 

From coherent diffraction theory, it is known that the transfer function 𝐻𝑐(𝝎) is a real 

function given by the system’s pupil function (34). Thus, from Eq. (3), it is clear that, under 

orthogonal illumination, 𝐻𝑐(𝝎) defines the passband of the system’s diffraction limit by 

sharply rejecting field frequencies with magnitude beyond some cutoff 𝜔𝑐 but allowing 

all other frequencies to pass through unchanged. We introduce a framework below to use 

the same physical aperture and still reconstruct an image equivalent to one obtained with 

orthogonal illumination with an enhanced passband. 

For the sake of simplicity, however, we first consider orthogonal illumination 

through the enhanced passband, defined by the extended transfer function, 

 

 𝐻𝑆𝐼(𝝎) = 𝐻𝑐(𝝎 − 𝝎𝟎) + 𝐻𝑐(𝝎 + 𝝎𝟎) + 𝐻𝑐(𝝎 − 𝝎′𝟎) + 𝐻𝑐(𝝎 + 𝝎′𝟎) (4) 
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where 𝝎𝟎 and 𝝎′𝟎 are two mutually orthogonal frequency vectors of equal magnitude 

such that |𝝎𝟎| = |𝝎′𝟎| ≤ 𝜔𝑐 and 𝝎𝟎 ∙ 𝝎𝟎
′ = 𝟎. It is clear that this extended transfer has a 

larger frequency support than 𝐻𝑐(𝝎) and will thus lead to an image more highly resolved 

than 𝑌𝐵𝐹(𝝎). We write this corresponding “enhanced-resolution” image as 𝑌𝐵𝐹(𝝎) =

autocorr(𝐻𝑐(𝝎) ∙ 𝐼(𝝎)) and use Eq. (4) to expand, 

 

 

 

(5) 

 

where ⋆ is the correlation operator. By grouping the terms together within the square 

brackets, Eq. Error! Reference source not found. can be written directly as a sum of nine “

enhanced-resolution” components, {𝐺𝑛(𝝎)| 𝑛 = 0, 1, … 8}, 
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𝑌𝑆𝐼(𝝎) = ∑ 𝐺𝑛(𝝎)

8

𝑛=0

 
(6) 

 

We next show that these enhanced-resolution components can be reconstructed using 

patterned illumination of the object through the original aperture, and thus 𝑌𝑆𝐼(𝝎) can be 

reconstructed without the extended aperture. 

We first consider a 2D structured illumination pattern through the original 

aperture, given by, 

 

 𝑖(𝒓) = cos(𝝎𝟎 ∙ 𝒓 + 𝜙𝑘) + cos(𝝎′𝟎 ∙ 𝒓 + 𝜙′𝑘) (7) 

 

Fourier transforming, substituting into Eq. Error! Reference source not found., and m

athematically expanding, we write the corresponding intensity image 𝑌𝑘(𝝎), 
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(8) 

 

We define the terms grouped together within the square brackets so that Eq. Error! R

eference source not found. can be written directly as a linear combination as a linear 

combination of nine “patterned-excitation” components {𝐹𝑛(𝝎)| 𝑛 = 0, 1, … 8} 

 

 

𝑌𝑘(𝝎) = ∑ 𝑒𝑗Φ𝑛𝐹𝑛(𝝎)

8

𝑛=0

 
(9) 

 

where {Φ𝑛(𝝎)| 𝑛 = 0, 1, … 8} refer generally to the phase coefficients in Eq. (8). We 

mathematically show in the Appendix that these component terms {𝐹𝑛(𝝎)| 𝑛 = 0, 1, … 8} 
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are directly related to and can be exactly written in terms of the enhanced-resolution 

component terms {𝐺𝑛(𝝎)| 𝑛 = 0, 1, … 8} introduced in Eq. (6). Using the relations 

presented in the Appendix, we rewrite Eq. (8) as a linear combination of the enhanced-

resolution components,  

 

 

 

(10) 

 

The enhanced-resolution components can be linearly solved for by taking at least 9 

acquisitions with independent phase shifts {𝑌𝑛(𝝎), 𝜙𝑘 , 𝜙𝑘
′ | 𝑛 = 0, 1, … 8}. Statistical or 

signal processing techniques, similar to ones introduced for conventional SIM may be 

applied at this point to optimize SNR or reduce the required number of raw acquisitions. 

After appropriately calculating and shifting these enhanced-resolution components in 

frequency-space and summing, 𝑌𝑆𝐼(𝝎) can be reconstructed via Eq. (6). 

 

2.1.2 Proof of concept simulation 

In Figure 2-1 below, we show an extended transfer function and a simulated coherent SIM 

reconstruction of a 1951 USAF test chart. We note that the amplitude of the extended 
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transfer function shown in Figure 2-1(a) below is color-coded in the regime of electric-

field, not intensity. As was explained above, because of the coherent imaging of the 

system, the image and object fields are linearly related, and thus the concept of a linear 

transfer function is only applicable in the field regime. In this regime, the simulated 

diffraction limit was set to ωc = 0.670 lpmm and the illumination frequency set to ω0 =

〈ωc, 0〉. The effects of enhanced-resolution can be clearly seen when comparing the 

modulation of the Group −1 El 4 set of bars in the intensity image simulated in Figure 2-1 

(e)–(g). 

 

 

Figure 2-1: Numerical simulation showing the extended transfer function and its 

enhanced-resolution reconstruction ability. (a) The extended transfer function given by 

Eq. (4) and the intensity of the associated structured illumination field given by Eq. (7). 

The transfer function’s axes are given in multiples of ωc . The green dashed circle 

outlines the frequency support of the original diffraction limit. (b,c,d) True, 

orthogonally illuminated, and enhanced-resolution images, respectively, of a sample 

USAF test chart. (e,f,g) Magnified view of Group −1 El 4 set of bars at 0.71 lpmm from 

(b,c,d), respectively. Note the enhanced-resolution capabilities shown in (d,g). 
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We now emphasize a fundamental concept that directly arises from this framework. We 

note that the last four enhanced-resolution components {Gn(ω)| n = 5,6,7,8} in Eq. (6) 

contain cross-correlation terms involving orthogonal frequency shifts of 𝐻𝑐(𝝎). These 

terms require the orthogonal shifts to be simultaneously aliased into the system’s 

detection passband, and imply that 𝑌𝑆𝐼(𝝎) cannot be reconstructed by simply illuminating 

the sample with a rotating sinusoidal pattern. This is in contrast with conventional SIM, 

where 2D frequency space is typically filled by illuminating the sample with a rotating 

sinusoid. This key difference arises due to the coherent imaging of the sample, where the 

relationship between the object transmittance and detected image intensity is intrinsically 

nonlinear. Thus, the illumination pattern itself must contain the same frequency 

components around which enhanced-resolution is required. In the example above, we 

used two orthogonal frequency components in the illumination to fill frequency space. It 

naturally follows that, to have a more isotropic filling of frequency space, more frequency 

components at different rotation angles could be used in the illumination pattern. They 

would, however, all need to be present simultaneously 

 

2.1.3 System design 

To experimentally test our framework for coherent structured illumination enhanced-

resolution, we used a pixel- addressable spatial light modulator (Digital Light Processing 

(DLP), Texas Instruments) to gain custom control over the structured pattern imaged onto 
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the sample. A schematic of our optical system is shown in Figure 2-2. We note here that 

for the sake of simple theoretical verification, a low numerical aperture lens was used to 

image the sample. The resulting modest diffraction limit was used to avoid optical 

aberrations and other experimental non-paraxial imperfections. The spatial light 

modulator (DLP) was aligned so that the plane of the chip was orthogonal to the optical 

axis. The DLP was programmed with a periodic 2D grid pattern and was illuminated with 

a Gaussian single mode, spatially coherent, and collimated 405 nm laser beam, resulting 

in 2 sets of diffraction orders at orthogonal orientations. The illumination angle onto the 

DLP chip was aligned such that the diffraction orders were centered around the optical 

axis. These diffraction orders (blue) were directed through a relay of two 4-f systems, and 

then recombined to coherently interfere at the sample. A mask was used at the Fourier 

plane of the first 4-f system to allow through only the +/− 1 orders from both orthogonal 

diffraction sets to achieve the 2D sinusoidal illumination as given by Eq. (7). The coherent 

scattering from the sample (green) was imaged by the second 4-f system and a beam-

splitter onto the detector (Pixelink, Ottawa, ON). An adjustable iris was used in the 

Fourier plane of the second 4-f system to act as the common limiting aperture for the 

illumination and detection arms of the system. We note that due to the diffractive nature 

of the DLP, the physical positions of the diffraction orders in the Fourier planes are 

dependent on wavelength. Thus, the mask and iris would require realignment for 

different illumination wavelengths. 
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Figure 2-2: Schematic structured illumination imaging system with moderate numerical 

aperture. SM: single mode fiber at 405 nm; CL: collimating lens; DLP: pixel-addressable 

diffractive element; L1, L2, L3, L4: lens (f = 120, 200, 150, 50 mm); M: mask; BS: beam 

splitter; LA: limiting aperture; S: coherently scattering sample. 

 

2.1.3 SOIM imaging of USAF chart 

To experimentally verify the theory, we used a 1951 USAF test target as our 

coherently scattering sample. By adjusting the limiting aperture, we effectively tune the 

numerical aperture of the last lens before the sample (L4). By adjusting the limiting 

aperture, we manually set the diffraction limited resolution to be 35µm. The illumination 

frequencies were pushed to the edge of the system’s passband to effectively double the 

system resolution after coherent SIM reconstruction. 

We compared the resolution achieved between the orthogonally-illuminated (BF) 

and enhanced-resolution (SI) image of the Group 5 Element 4 set of bars of 22.1μm 

spacing. Figure 2-3 (a,b) show the BF and SI images, respectively. The dashed lines 

indicate the regions (averaged over 5 cross-sectional cuts) over which the horizontal and 
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vertical cross-sectional profiles are shown in Figure 2-3 (c,d), respectively. The resolution 

bars, which lie beyond the BF diffraction limit, were clearly resolved after reconstruction. 

Qualitatively, these experimental results match well with theoretical predictions. 

For a more quantitative analysis, we provide experimental verification for the 

extended transfer function given by Eq. (4) and shown in Figure 2-1(a). To do so, we used 

the same procedure to resolve other group elements on the test chart and measured their 

corresponding intensity modulations, defined as 

 

 
𝑚 =

𝐼𝑚𝑎𝑥 − 𝐼𝑚𝑖𝑛

𝐼𝑚𝑎𝑥 + 𝐼𝑚𝑖𝑛
 

(11) 

 

Here, 𝐼𝑚𝑎𝑥 and 𝐼𝑚𝑖𝑛 are the maxima and minima, respectively, of the imaged test bars. In 

an incoherent imaging system, where the object and image intensity are linearly related, 

this intensity modulation measured as a function of the spatial frequency will directly 

map out the system’s transfer function. In our coherent imaging system, where the object 

and image field are linearly related and assuming an object with positive and real 

transmittance, we define an analogous equation to map out a coherent system’s amplitude 

transfer function, 

 

 
𝑚∗ =

√𝐼𝑚𝑎𝑥 − √𝐼𝑚𝑖𝑛

√𝐼𝑚𝑎𝑥 + √𝐼𝑚𝑖𝑛

 
(12) 
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where we make use of the fact that the field amplitude is the square-root of the intensity. 

It can be mathematically shown that 1 𝑚⁄ = 1
2⁄ ∙ [1

𝑚∗⁄ + 𝑚∗]. 

Given that the test chart was oriented to contain only horizontal and vertical 

frequencies (frequencies only along the red dashed line in Fig. 3.3(a)), we can see from 

Fig. 3.3(a) that 𝑚∗ = 0.5 for passed frequencies. Thus, the detected intensity modulation 

is theoretically 𝑚 = 0.8. In Figure 2-3(e) below, we plot the experimental intensity 

modulations observed in the BF and SI images with respect to horizontal bar frequencies. 

The analogous plot for experimental modulations for vertical bar frequencies is not 

shown. In both cases, excellent agreement with the theoretical expectations was observed. 

 

 

Figure 2-3: Experimental data showing (a) an orthogonally-illuminated (BF) image and 

(b) an enhanced-resolution (SI) reconstruction. (c) Horizontal cross-sectional profiles 

taken from (a),(b). (d) Vertical cross-sectional profiles taken from (a),(b). (e) Intensity 

mo 
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2.1.4 SOIM imaging of polystyrene spheres and histological sample 

To demonstrate the utility of this framework on more relevant samples, we image 20 

micron polystyrene beads and an ex-vivo histological sample of a mouse bone joint. The 

histological sample was excised and fixed onto a cover slide. No staining, freezing, or 

other preparation measures were used. Because the samples themselves had relatively 

little inherent scattering, the signal was mainly from the specular scattering off the 

coverslip from around the sample. We expect this issue to not be a problem for biological 

samples known to be highly scattering. The images from orthogonal-illumination (BF) and 

coherent SIM imaging (SI) are compared in Figure 2-4 below. 

 
Looking at the close-up of the region in the samples with higher structural 

intricacy, it is clear from comparing Figure 2-4 (c,d,c’,d’) that the enhanced-resolution 

images (SI) contains significantly more highly resolved structural information than the 

orthogonally-illuminated images (BF). Figure 2-4(e,e′) compare the BF and SI cross-

sectional intensity profiles from the locations marked in yellow in Figure 2-4(c,d,c’,d’). As 

shown, the enhanced-resolution images shows clear intensity modulations, in contrast 

with the orthogonally-illuminated images, for structures spaced 23.5 µm and 19.1 µm 

apart (Figure 2-4 (e,e’), respectively), which is beyond the diffraction limit set by 

orthogonal plane wave illumination through the limiting aperture. 
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Figure 2-4: Top: (a) Experimental orthogonally-illuminated (BF) image and (b) 

enhanced-resolution (SI) reconstruction of 20 µm polystyrene spheres. (c) and (d) 

represent enlarged regions of (a) and (b). (e) compares cross -sectional intensity profiles 

between the BF and SI images at the locations marked in yellow in images (c) and (d) 

Bottom: Same as top row, but for a histological sample of a mouse joint. 
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2.2 Summary 

We have described a theoretical framework that extends the concept for obtaining far-

field enhanced resolution via structured illumination to include non-fluorescent, 

coherently scattering samples. We applied this framework to enhance resolution of 

varying spatial frequency patterns on a grid test target and have demonstrated excellent 

quantitative agreement between the observed and theoretical modulations of the spatial 

patterns. We also used this framework to image polystyrene beads and an ex-vivo 

histological sample and were able to visualize the samples with enhanced resolution. 

These successful implementations of coherent SIM show potential to apply this 

framework to enhance resolution of more biologically relevant samples in the future. 

Particularly because proper fluorescent tagging may be difficult or impossible for many 

biologically relevant scattering samples, enhanced resolution from scattering may be 

especially useful. 
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3. Quantitative-phase structured illumination for sub-
diffraction resolution quantitative-phase imaging of 
transparent samples 

In the second part of our work, we describe another extension of SI that is designed 

towards high-contrast and enhanced-resolution imaging of transparent samples via 

quantitative phase contrast (38, 39). In the biological sciences, quantitative phase profiles 

of cells allow determination of cellular structure and composition with minimal sample 

preparation. Especially in cases where conventional preparation techniques, such as 

fixation, staining, or fluorescent tagging, may affect cellular functions and limit biological 

insight, quantitative phase microscopy (QPM) offers an important alternative. In other 

cases, such as determining cellular path lengths or refractive index, QPM is one of the few 

available options. However, due to the coherent laser illumination required for QPM, the 

diffraction-limited resolution for QPM is less than that of typical incoherent imaging 

systems. This work uses structured illumination of the sample to extend all the 

quantitative capabilities of QPM to sub-diffraction resolution for coherent imaging, thus 

matching the imaging resolution of QPM to that of its conventional, incoherent imaging 

counterparts. 

 

3.1 Off-axis digital holography for quantitative-phase imaging 

Our preferred method for quantitative-phase imaging is via off-axis holography. Thus, 

we first review below the basics of complete reconstruction (amplitude and phase) of a 
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sample by off-axis digital holography (40). Consider the complex transmittance of a 

sample, given by 𝑥(𝒓), under some illumination field pattern, given by 𝑖(𝒓), that is 

optically passed through a system and generates a coherent image at the camera, given 

by 𝑦(𝒓). Here, 𝒓 is the 2D spatial coordinate vector. This coherent image is then interfered 

by an off-axis reference wave, given by 𝑈𝑟(𝒓) = exp(−𝑗 𝒌 ∙ 𝒓). Here, proportionality 

constants are disregarded for mathematical simplicity and 𝒌 is defined as the direction 

vector. The net interference pattern at the camera will then be given by: 

 

                                                  𝑛(𝒓) = |𝑦(𝒓) + 𝑈𝑟(𝒓)|2 

                                         = 1 + |𝑦(𝒓)|2 + 𝑦(𝒓) exp(−𝑗 𝒌 ∙ 𝒓) + 𝑦∗(𝒓) exp(𝑗 𝒌 ∙ 𝒓) 

(13) 

 

The third and fourth terms sum together to describe the carrier heterodyne frequency, a 

key indicator for holographic data, which consists of the complete image information 

multiplied by opposite phase shifts. These spatial multiplications by the phase shifts 

results in frequency shifts of the image information by 𝒌 ∙ 𝒓 and −𝒌 ∙ 𝒓 in Fourier space. If 

the optical system is designed such that these frequency shifts separate the image spectra 

from the DC-centered support of the first two terms of Eq. (13), then 𝑦(𝒓) can be 

completely reconstructed, amplitude and phase, via digital filtering and simple Fourier 

manipulations. 
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3.2 Enhancing resolution via structured illumination 

In typical SIM, because the fluorescent, spatially incoherent, emission is detected from the 

sample, the intensity at the image plane is a linear transform of the sample structure. Here, 

the spatially coherent diffraction, not fluorescence, from the sample is detected, and thus 

the image field is a linear transform of the sample transmittance function. Assuming that 

the illumination and detection arms of the optical system are both limited by the same 

numerical aperture (NA), we can write, 

 

 𝑦(𝒓) = ℎ𝑐(𝒓) ⊗ [𝑥(𝒓) ∙ [ℎ𝑐(𝒓) ⊗ 𝑖(𝒓)]] (14) 

 

where ⊗ is the convolution operator, ℎ𝑐(𝒓) is the system’s coherent point spread function, 

and the steps outlined above are taken to recover 𝑦(𝒓) from holographic raw data. Fourier 

transforming, we get, 

 

 𝑌(𝝎) = 𝐻𝑐(𝝎) ∙ [𝑋(𝝎) ⊗ [𝐻𝑐(𝝎) ∙ 𝐼(𝝎)]] (15) 

 

where 𝝎 is the spatial coordinate vector, 𝑌(𝝎), 𝐻𝑐(𝝎), 𝑋(𝝎), and 𝐼(𝝎) are the Fourier 

transforms of 𝑦(𝒓), ℎ𝑐(𝒓), 𝑥(𝒓), and 𝑖(𝒓) respectively, and 𝐻𝑐(𝝎) is defined as the system’s 

transfer function. In the case of plane wave illumination, 𝑖(𝒓) = 1, 𝐼(𝝎) = 𝛿(𝝎), and Eq. 

(15) becomes a spatially low pass filtering equation, 𝑌𝐵𝐹(𝝎) = 𝐻𝑐(𝝎) ∙ 𝑋(𝒓), where 𝐻𝑐(𝝎) 
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sets the system’s diffraction limit. From coherent diffraction theory, we know that 𝐻𝑐(𝝎) 

acts as a tophat filter that sharply rejects spatial frequencies with magnitude beyond some 

cutoff, say 𝜔𝑐, and passes all other frequencies. 

 We now describe how to obtain an enhanced resolution image containing spatial 

frequencies |𝝎| > 𝜔𝑐 without physically using a larger aperture. In the case of an 

illumination field set by two interfering beams, we have 𝑖(𝒓) = cos(𝝎𝟎 ∙ 𝒓 + 𝜙𝑛), where 

|𝝎𝟎| ≤ 𝜔𝑐 is the illumination’s frequency vector. Fourier transforming and substituting 

into Eq. (15), we see that the corresponding acquisition will have the Fourier distribution 

 

 𝑌𝑛(𝝎) = 𝐻𝑐(𝝎) ∙ [𝑋(𝝎 − 𝝎𝟎) 𝑒−𝑗 𝜙𝑛 + 𝑋(𝝎 + 𝝎𝟎) 𝑒𝑗 𝜙𝑛] (16) 

 

Here, as in conventional SIM, we see that this raw acquisition contains high frequency 

content beyond the diffraction limit, incorporated into terms 𝑋(𝝎 − 𝝎𝟎) and 𝑋(𝝎 + 𝝎𝟎), 

shifted into the system’s passband. As in conventional SIM, by phase-stepping 𝑖(𝒓), we 

can linearly solve for 𝑋(𝝎 − 𝝎𝟎) and 𝑋(𝝎 + 𝝎𝟎) and demodulate them back to their 

appropriate positions in Fourier space to reconstruct the image 𝑌𝑆𝐼(𝝎) = 𝐻𝑒𝑓𝑓(𝝎) ∙ 𝑋(𝒓), 

where 𝐻𝑒𝑓𝑓(𝝎) is now the effective system transfer function of plane wave illumination 

given by, 

 

 𝐻𝑒𝑓𝑓(𝝎) = 𝐻𝑐(𝝎 − 𝝎𝟎)  + 𝐻𝑐(𝝎 + 𝝎𝟎)  (17) 
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It is clear from Eq. (17) that 𝐻𝑒𝑓𝑓(𝝎) has a larger frequency support than 𝐻𝑐(𝝎), and thus 

𝑌𝑆𝐼(𝝎) is more highly resolved than 𝑌𝐵𝐹(𝝎) along the orientation set by 𝝎0. Interestingly, 

because 𝐻𝑒𝑓𝑓(𝝎) does not contain a non-shifted region of frequency information, it 

actually loses diffraction limited information along the orientation orthogonal to 𝝎0, 

which is directly in contrast with conventional SIM. However, this “gap” Fourier space is 

filled out by repeating this procedure with rotations of the illumination pattern. Maximal 

resolution gain is achieved when |𝝎𝟎| = 𝜔𝑐, and corresponds to a gain by a factor of two. 

Conventional deconvolution procedures can be used to reshape the final transfer function 

before inverse Fourier transforming to reconstruct the enhanced-resolution image, which 

has amplitude and quantitative phase information of the sample at sub-diffraction 

resolutions. This theoretical framework is the basis for our two experimental 

implementations, SI-QPM and SI-DPM, that we describe below. 

We note that from Eq (16), extended resolution images can theoretically be 

reconstructed by taking only 2 phase-stepped raw acquisitions per rotation; taking more, 

however, increases SNR and fidelity of reconstruction, and we usually take 6 raw 

acquisitions instead of 2, as mentioned in the experimental descriptions below. We also 

note that the heterodyne carrier and the structured illumination frequencies are physically 

distinct, and that the two frequencies, though simultaneously visible in the image, give 

independent information about the sample. We describe this in more detail later. 
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3.3 Structured illumination quantitative-phase microscopy 

Here we describe the structured illumination quantitative phase microscope (SI-QPM) 

for the enhanced resolution imaging of amplitude/phase objects (38). 

 

3.3.1 SI-QPM system design 

The optical system designed to experimentally test this SI-QPM framework was based on 

a Mach-Zehnder off-axis interferometric transmission microscope. We show the 

schematic of our optical system below in Figure 3-1. Single spatial mode 532 nm 

illumination was provided by a frequency-doubled solid-state Nd:YAG laser (Coherent, 

Inc.) transmitted through a single-mode optical fiber (Thorlabs, 460HP). Collimated light 

from the fiber was split into sample and reference arms of the Mach-Zehnder 

interferometer. In the sample arm, the beam was further split into diffraction orders by a 

ronchi diffraction grating (DG, Edmund Optics, 50 lpmm). These orders were directed 

through a 4f system (L1  OBJ) and filtered so that only the +/- 1 orders interfered at the 

sample to create the sinusoidal structured pattern. The transmitted diffraction pattern 

from the sample was then coherently imaged by a second 4f system (OBJ  L2) onto the 

surface of a CMOS camera (Pixelink, Ottawa, ON). This coherent image at the CMOS 

camera was interfered with an off-axis reference wave for amplitude/phase 

reconstruction. The modulation depth of this interference was maximized by tuning the 

optical path delay (OPD) element in the reference arm. Rotation and phase-stepping the 
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illumination pattern was possible by mounting the DG on a rotational mount on a lateral 

translation stage. 

 Both 4f systems in the sample arm used identical objectives lenses (OBJ), so that 

their NA defined the limiting aperture of the system. In the experimental results shown 

below, imaging of the amplitude calibration, phase calibration, and biological cell samples 

were done with objectives with NAs of 0.4, 0.25, and 0.65, respectively (Newport M-20X, 

M-10X, and M-40X). For these objectives, the diffraction limited frequency supports were 

measured to be 1 𝜇m−1, 0.5 𝜇m−1, 1.5 𝜇m−1, corresponding to diffraction limited 

resolutions of 1 𝜇m, 2 𝜇m, and 0.6 𝜇m, respectively. For each objective, lens L1 was chosen 

so that the +/- 1 diffraction orders from DG are focused to the edge of the objective’s pupil 

(focal lengths for L1 were f = 250, 250, and 200 mm for the M-20X, M-10X, and M-40X 

objectives, respectively). Lens L2 (f = 300 mm) was chosen to magnify the image of the 

sample onto the CMOS camera. Note that the angle at which the reference wave hits the 

imaging plane, which directly affects the carrier frequency heterodyned with the sample’s 

image, is determined by both L2 and the lateral positioning of the second beamsplitter 

(BS). By laterally translating BS, this carrier frequency can be easily tuned. To digitally 

filter the relevant sample information, as described in Section 2.1, this carrier frequency 

needs to be beyond the diffraction limited support of the image. This includes the 

frequency of the structured illumination pattern at the image plane, which is possible 

because the structured pattern on the sample is magnified (ie NA is lowered) by the 
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second 4f system in the sample arm. In the end, this carrier frequency is fundamentally 

limited by the camera, and should be tuned using the BS so that it approaches the Nyquist 

sampling rate given by the camera pixel size. To achieve enhanced resolution up to twice 

the diffraction limit, two orthogonal rotations of the DG, with 6 phase-steps per rotation, 

are used. Of course, a more isotropic filling of Fourier space can be achieved with more 

rotations. 

 

 

Figure 3-1: Optical system based on an off-axis interferometric transmission 

microscope configuration. Single mode 532 nm Gaussian beam illumination is split 

into sample and reference arms of interferometer by a beam splitter (BS). In the sample 

arm, the first 4f system Fourier filters through only the +/- 1 orders of the diffraction 

grating (DG) and images them onto the sample (S) plane to create a structured 

illumination pattern. The resulting sample diffraction is coherently imaged via the 

second 4f system to a CMOS camera and interfered by the reference wave.  
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3.3.2 Sub-diffraction resolution amplitude imaging of USAF chart 

To verify the resolution enhancement framework explained above, a 1951 USAF test target 

was first imaged, with diffraction limited resolution of 1µm, as a calibration sample for 

enhanced resolution imaging. This calibration sample was composed of opaque chrome 

bars set on a transparent glass background and was imaged transmissively. Note that this 

target is an amplitude object (ie phase profiles of this object do not carry useful information) 

and thus only the diffraction limited and extended resolution amplitude images of the 

object are compared below.  

Figure 3-2 below outlines the off-axis holographic processing used to reconstruct 

amplitude field information at the image plane from a single acquisition in the orthogonal 

(i.e., wide-field) illumination (a-d) and structured illumination (e-h) cases. In both cases, 

the raw detected image was the interference pattern (a,e) generated at the image plane of 

the camera when the coherent image of the sample was mixed with the off-axis reference 

plane wave. In the case of (e) structured illumination of the sample, however, the coherent 

image included the structured interference at the sample and thus the net raw 

interferogram consisted of competing interferences between the normal carrier frequency 

and the sample’s structured illumination. We digitally filtered and DC centered the region 

of Fourier space corresponding to the sample image information (outlined by yellow 

dashed circle in (b,f)) and inverse Fourier transformed to reconstruct the final images 

(d,h). In the reconstructed amplitude image in the case of structured illumination (h), we 
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see the sinusoidal structured illumination pattern overlayed on the sample structure. 

Phase stepping this pattern, of course, is what ultimately allows enhanced resolution 

reconstruction, as discussed below. 

 We note again that the heterodyned carrier frequency needs to lie beyond the 

frequency support of the image to allow proper holographic reconstruction. Though this 

carrier frequency occurs as a structured pattern on the image, it is purely used for 

amplitude and phase reconstruction, and cannot be used for enhancing imaging resolution of 

the sample. This is because the carrier frequency occurs from interaction with the sample’s 

image, which was already low-passed filtered by the system’s limiting aperture before 

hitting the image plane; ie at the image plane, there is no enhanced resolution to be 

obtained via further structured illumination. 

To perform enhanced resolution amplitude field imaging, 6 raw acquisitions are 

acquired such as is shown in Figure 3-3 with incrementally phase stepped illuminations 

at two rotation angles. In (b, c) below, extended resolution component images are shown 

with their corresponding Fourier spectra for sinusoidal illumination rotations of 0° and 

90°. Adding (b) and (c) gives (d), which is the final extended resolution amplitude field 

reconstruction. The extended resolution information in (d) allowed clear and sharp 

visualization of the USAF Group 9 bars, which were all beyond the original diffraction 

limit and completely blurred out in the (a) diffraction limited image. Note that we have 
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filled out Fourier space with only two rotations. By using more rotations, we could fill out 

Fourier space more isotropically with a linearly growing computation cost. 

 

 

 

Figure 3-2: Holographic reconstruction is shown for orthogonal (i.e., wide-field) 

illumination (a-d) and structured illumination imaging (e-h) before post-processing for 

enhanced resolution.  (a,e) Raw interferograms at image plane are shown for orthogonal 

and structured illumination imaging and (b,f) associated Fourier spectra. In inset of (a) 

note the horizontal fringes from off-axis reference wave illumination, and in inset of 

(e) note overlapping horizontal fringes from off-axis reference wave illumination and 

vertical fringes from structured illumination (c,g) Digitally filtered and DC centered 

spectra from (b,f) and corresponding (d,h) inverse Fourier reconstructions are shown. 
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Figure 3-3: Enhanced resolution reconstruction showing Fourier spectra (i) and 

associated amplitude of inverse Fourier transform (ii). (a) Diffraction limited image of 

sample under orthogonal (wide-field)  illumination (b,c) Enhanced resolution field 

amplitude reconstructions from horizontal and vertical sinusoidal structured 

illumination of the sample (d) Final enhanced resolution amplitude reconstruction 

containing enhanced resolution information from both orientations. 

 

3.3.3 Sub-diffraction resolution quantitative-phase calibration 
imaging 

This technique is also demonstrated for extended resolution quantitative phase 

imaging. For this demonstration, the sample of choice was a blazed diffraction grating, 

where the blazed grooves acted as phase ramps spaced at 𝐷 = 1.6 𝜇𝑚 apart, below our 

diffraction-limited resolution of 2 µm. The grating was imaged in air (𝑛1 = 1). The 
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procedure used to perform enhanced resolution phase imaging was identical to that 

illustrated for amplitude imaging in Section 3.3.1 above, except that we now reconstructed 

phase, rather than amplitude maps. Only one orientation of structured illumination 

pattern was used since the grating had spatial frequencies in only one orientation. More 

orientations would be required for samples with 2D spatial frequency distribution. 

To demonstrate the quantitative nature of the enhanced-resolution phase images, 

the expected phase values from imaging the blazed grating are simulated. The grating 

was made of glass B270 (𝑛2 = 1.523 ) and had a groove depth of 700 nm, which results in 

a phase delay of of 𝛥𝜙𝑖𝑑𝑒𝑎𝑙 =
2𝜋

𝜆
𝐷(𝑛2 − 𝑛1) = 3.56 rad across the grating. A numerically 

simulated phase profile (assuming constant amplitude transmittance) of this blazed 

grating is shown with the dashed blue line in Figure 3-4 (c) and the associated power-

spectrum is shown in Figure 3-4 (d). We note that this power-spectrum is composed of 

distinct orders encoding the grating’s periodic profile. From the Fourier diffraction 

theorem, this spectrum is physically observed at the pupil plane of the imaging objective. 

The system was designed such that the objective’s aperture can physically only pass the 

0th order under orthogonal illumination. By inverse Fourier transforming to simulate 

diffraction-limited imaging, the resulting diffraction-limited image of the grating 

completely low-pass filters out the grating phase structure and has a flat phase profile, as 

shown in dashed green in Figure 3-4 (c). This profile, of course, has no useful structural 

information about the sample. Simulating the enhanced resolution framework as 
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described above allows to increase the net imaging bandwidth by a factor of two, which 

allows us to pass the +/- 1 orders and to image the fundamental spatial frequency of the 

grating, shown by the solid pink in Figure 3-4 (c). The maximum phase delay in this 

fundamental spatial frequency was found via simulation to be 𝛥𝜙𝑆𝐼𝑃𝑀 = 2.7 rad. The 

image information that accounts for the difference between 𝛥𝜙𝑖𝑑𝑒𝑎𝑙 and 𝛥𝜙𝑆𝐼𝑃𝑀 (i.e., the 

spatial frequencies describing the sharp edges of the sawtooth pattern) lie in the orders 

beyond the +/- 1, which lie beyond even by the enhanced resolution passband. 

 Experimental confirmation was performed for these simulated results. Figure 3-4 

(a,b) shows the experimental quantitative phase images and associated Fourier spectra for 

diffraction-limited (WF) and enhanced resolution (SI-QPM) imaging, respectively, of the 

phase grating. Other than speckle noise, which we treat as a coherent imaging artifact, no 

sample structure is observed in the WF phase image. In contrast, the grating’s structure is 

clearly visible in the SI-QPM image. Cross-cuts of the WF and SI-QPM phase images taken 

along the yellow dashed lines are plotted with respect to the simulated phase profile of 

the grating in Figure 3-4 (e). As expected from the simulations, the WF cross-cut has no 

useful sample information while the SI-QPM cross-cut contains the grating’s fundamental 

spatial frequency. The measured phase difference across the SI-QPM profile is 𝛥𝜙𝑆𝐼𝑃𝑀 =

2.57 rad, which is in good agreement with the expected 2.7 rad from simulation (within 

5%) and thus demonstrates SI-QPM’s ability to reliably provide quantitative phase 

information at sub-diffraction resolution. The main contributor to any phase error is 
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expected to be speckle noise, which had a variance measured to be 𝜎𝑠𝑝𝑒𝑐𝑘𝑙𝑒
2 = 0.06 rad for 

our particular system. 

 

 

Figure 3-4: (a) Diffraction-limited and (b) enhanced-resolution images and 

corresponding Fourier spectrum of a blazed grating are shown. (c) We simulate the 

phase profile of ideal (blue dashed line), diffraction-limited (WF, green dashed line), 

and enhanced-resolution (SI-QPM, pink solid line) imaging of the grating and show 

the corresponding bandpasses on the sample’s power spectrum. (e) This simulation is 

experimentally verified by taking cross-cuts from the diffraction-limited and 

enhanced-resolution images, as shown in dashed yellow in (a,b), and comparing to the 

expected ideal simulated blaze profile. 

 

3.3.4 Sub-diffraction resolution quantitative-phase imaging of cells 

Finally, we illustrate enhanced resolution imaging of biologically relevant phase samples. 

For this, isolated mesenchymal cells from umbilical cord blood were obtained from the 
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Carolina Cord Blood Bank at Duke University and imaged using SI-QPM. All procedures 

complied with policies determined by the Duke University Institutional Review Board. 

Each cell type was seeded at a density of 50 x 104 cells/cm2 on 4-well glass chambers (Lab-

Tek). The samples were cultured for 48 hours before being fixed with cold methanol for 5 

minutes. These samples were unstained and transparent and were treated as pure phase 

objects. Diffraction-limited (WF) and extended resolution (SI-QPM) phase images of these 

cells are compared in Figure 3-5 below, where an individual mesenchymal cell was fixed 

while undergoing mitosis and imaged with 600 nm diffraction limited resolution. 

Biologically, the nuclear material is known to condense at the start of mitosis in 

preparation of cell division. Indeed, we see that much of the phase signal (i.e. longer 

optical path lengths) in Figure 3-5 below were localized to within the nucleus, where the 

heterogeneous distribution of condensed nuclear material was clearly visible with high 

signal and contrast. We note again that this high signal/contrast visualization of the cell 

was made possible without any extrinsic contrast agents and derived purely from the 

intrinsic distribution of intracellular phase delays. This high signal/contrast visualization 

of the intricate nuclear condensate, in turn, offers fine features that were resolvable only 

by enhanced resolution, which we explore below. 

 We selected three intracellular regions-of-interest (ROIs) for closer inspection (A,B,C) 

that contain information about the morphology of the nuclear material. ROI-A focuses on 

an extension of the nuclear lamina that projected out into the cellular cytoplasm. ROI-B 
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zooms in on a crevice between adjacent nuclear condensate and ROI-C focuses on fine 

features at the edge of a single nuclear condensate. In all cases, the improvement of image 

quality due to the addition of enhanced resolution information is clearly visible when 

considering SI-QPM compared to WF. Cross-sectional line profiles from each of these 

ROIs are plotted to quantitatively illustrate this resolution improvement and observe finer 

fluctuations of intracellular phase delays for SI-QPM, corresponding to the finer features 

that are only present due to extended resolution. 

 

 

Figure 3-5: Comparison are of diffraction limited (WF) and enhanced resolution (SI-

QPM) quantitative phase imaging of mesenchymal stem cells. Images are color-coded 

for quantitative phase delays through the sample. Scale bars on upper left correspond 

to 10 µm. Close-up comparisons of 3 regions (A,B,C) are shown below along with an 

associated line profile (marked in yellow). 
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3.4 Structured illumination diffraction-phase microscopy 

Here we describe the structured illumination diffraction phase microscope (SI-DPM) as 

an extension of SI-QPM for enhanced resolution imaging of amplitude/phase objects at 

reduced speckle (39). We report improvements in phase sensitivity and phase noise over 

SI-QPM. 

 

3.4.1 SI-DPM system design 

In Figure 3-6(a) below, we show our system schematic. We note that this system is 

fundamentally different from SI-QPM and borrows heavily from white-light diffraction 

phase microscopy in its use of a common-path reference wave for temporally stable off-

axis interference and a broadband laser illumination source for reduced coherent noise. 

Broadband illumination from a singlemode super-continuum source (NKT Photonics, 

EXW-6) was collimated, spectrally filtered (specific bandwidths of illumination are given 

later), and transmitted through a diffraction grating (DG1, Edmund Optics, 50 lpmm). The 

resulting +/-1 and 0 orders from DG1 were imaged onto the sample via a 4f lens system 

(L1  OBJ) to create the structured pattern that later allows for subdiffraction resolution 

reconstruction. Note that, in contrast to previous SIM methods, the 0th order is ¬not 

blocked and all non-0 orders exhibit spectral spreading in the Fourier planes of the 

grating. The sample with the structured pattern overlay is then imaged via a second 4f 

lens system (OBJ  L2) onto a second diffraction grating (DG2, Edmund Optics, 100 
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lpmm). The diffraction orders emerging from DG2 are sent through a third 4f lens system 

(L3  L4), where a pinhole in the Fourier plane spatially filters the 0th order, passes the 

whole spectral spread of the +1 order, and blocks all other orders. The +1 order, containing 

the sample information, is then interfered with the filtered 0th order, which now acts as 

the reference wave for off-axis holography. In Figure 3-6 (b) and (c), we show an example 

of a raw interferogram and its associated Fourier spectrum, respectively. Note the inset in 

Figure 3-6 (b), which shows the spatial frequencies from the structured illumination 

pattern competing with those from the off-axis interference with the reference wave. The 

sample field information is retrieved by digitally filtering the region outlined in dashed 

yellow in Figure 3-6 (c), DC centering, and inverse Fourier transforming. Because of 

broadband illumination, SI-DPM has superior coherent noise rejection than SI-QPM, thus 

offering superior spatial phase sensitivity. We note that simply inserting a broadband 

source into the SI-QPM setup would not be a feasible solution for reduced coherent noise 

imaging because of the dramatic decrease in the usable field-of-view (FOV), as was shown 

in simulation for a source with even a 5 nm bandwidth. The common-path setup of the 

SI-DPM technique, apart from allowing high temporal phase stability, is crucial for 

allowing broadband illuminated phase reconstruction over large FOV. 
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Figure 3-6: (a) Optical schematic for structured illumination diffraction phase 

microscopy (SI-DPM) system. (b) Raw interferogram taken of endothelial progenitor 

cells shows the structured illumination pattern overlayed on the carrier spatial 

frequency. (c) Fourier transform of raw interference pattern is shown with region of 

frequency-space to be filtered and DC centered outlined by dashed yellow circle. 

 

3.4.2 Increased phase-sensitivity with speckle-reduction vi SI-DPM 

We first show phase imaging of a calibration target, taken with a 10x imaging objective 

(Newport, NA 0.25). We compare diffraction-limited and sub-diffraction resolution 

imaging with laser illumination (λ = 632 nm) and broadband illumination (λ = 632 ± 10 

nm). In both cases, the diffraction limited resolution is 2.0 µm. With structured 

illumination, the maximum achievable resolution is enhanced by a factor of two over the 

diffraction limit to 1.0 µm. The target was a transparent PDMS mold (𝑛 = 1.4) of the 
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surface of a high-res USAF test chart (Edmund Optics), mounted in air (Δ𝑛 = 0.4). The 

chrome deposits on the USAF test chart are 𝐷 = ~100 nm high, and leave imprints in the 

PDMS mold. Thus, the PDMS mold acts as a calibrated phase target, where the imprints 

are the phase features of interest. The expected phase delay imparted by these features is 

Δ𝜙 = 2𝜋 Δ𝑛 𝐷 𝜆⁄  ≈ 0.4 rad. In Figure 3-7 below, we compare the quantitative phase 

images under laser illumination (Figure 3-7 (a,b)) with those under broadband 

illumination (Figure 3-7 (c,d)). Figure 3-7 (a,c) are typical diffraction-limited phase images 

but Figure 3-7 (b,d) are specifically the sub-diffraction resolution reconstructions via SI-

QPM and SI-DPM, respectively. Close up views of the Group 8 Elements 4-5 in Figure 3-7 

(a,b,c,d) are shown in Figure 3-7 (e,f,g,h), respectively.  As seen, images taken with 

broadband illumination show far superior quality compared to their counterparts taken 

with laser illumination, which are significantly corrupted by coherent noise such as 

speckle or Airy patterns from imperfections in the system. The benefits of SI-DPM over 

SI-QPM are especially visible when comparing Figure 3-7 (f,h) – the coherent artifacts 

from laser illumination are indistinguishable from the actual features on the sample 

(assuming no prior knowledge of sample structure) because they both impart comparable 

phase delays to the image. Thus, though the sample features theoretically lie within the 

frequency support of the enhanced resolution image, they require low phase noise for 

visualization and are effectively irresolvable with laser illumination. The variance of 

phase noise is decreased from 0.06 rad in the case of SI-QPM to 0.001 rad in the case of SI-
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DPM. We note that the phase noise can be further decreased if broader illumination 

bandwidth is used. Figure 3-7 (i,j) compare diffraction-limited (WF) and SI-DPM cross cut 

phase profiles from Figure 3-7 (g,h), respectively, that demonstrate sample path lengths 

with phase differences well matched with the expected Δ𝜙 = 0.4. 

 

 

Figure 3-7: Quantitative phase images using (a,b) laser illumination and (c,d) 

broadband illumination. (a,c) Diffraction-limited images are also compared to (b,d) 

enhanced resolution images. (e,f,g,h) Close-ups of Group 8 El 4-5 from (a,b,c,d) 

respectively. (i,j) vertical and horizontal cross cuts from diffraction-limited (WF) and 

SI-DPM images in (g,h), respectively.  
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3.4.3 Speckle-reduced sub-diffraction resolution quantitative-phase 
imaging of endothelial progenitor cells 

Figure 3-8 below demonstrates SI-DPM in imaging endothelial progenitor cells (EPC). We 

used a 20x imaging objective (Newport, NA 0.4), resulting in a diffraction limited 

resolution of 1.2 µm. Scale bars in the upper right correspond to 10 um. Due to their high 

transmittance and low absorption, these cells act as biologically relevant phase samples. 

Figure 3-8 compares diffraction limited and sub-diffraction resolution phase imaging of 

the cells under laser and broadband illumination conditions. As expected, much of the 

coherent noise in Figure 3-8 (a,b) is suppressed, leading to much cleaner phase images in 

Figure 3-8 (c,d). Figure 3-8 (e,f,g,h) show zoomed-in views of a select intracellular region-

of-interest (ROI) from Figure 3-8 (a,b,c,d), respectively, that allow close inspections of the 

image quality near the nucleus of an EPC. We note that in the diffraction-limited and sub-

diffraction resolution images via laser illumination (Figure 3-8 (e,f)), a significant 

contribution to the overall signal is the Airy rings from imperfections in the optical 

system. Especially in Figure 3-8 (f), much of the sub-diffraction resolution information is 

drowned out by the coherent noise background. In contrast, Figure 3-8 (h) shows 

significant decrease in coherent noise via broadband illumination and allows easy and 

high contrast visualization of many of the sub-diffraction resolution features. 
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Figure 3-8: Quantitative phase images of endothelial progenitor cells using (a,b) 

broadband and (c,d) laser illumination. (a,c) Diffraction-limited images are also shown 

and compared to (b,d) sub-diffraction resolution images. Insets outlined in yellow 

shown in (a,b,c,d) are magnified and shown in (e,f,g,h), respectively. Scale bar on top 

right corresponds to 10 µm. 
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3.4.4 Speckle-reduced sub-diffraction resolution quantitative-phase 
imaging of mesenchymal cells 

Another example of SI-DPM is shown in Figure 3-9 that emphasizes the effects of sub-

diffraction resolution in the presence of reduced coherent noise. Mesenchymal stem cells 

were imaged under blue broadband (450 ± 20 nm) illumination with a 40x imaging 

objective (Zeiss, NA 0.6). These cells were isolated from umbilical cord blood obtained 

from the Carolina Cord Blood Bank at Duke University following policies set by the Duke 

University Institutional Review Board. The cells were seeded using a density of 50 x 104 

cells/cm2 on 4-well glass chambers (Lab-Tek), incubated with 3.3 µg/ml of fibronectin for 

one hour prior to seeding, and cultured  in Minimum Essential Medium Alpha Medium 

(Gibco) supplemented with 20% fetal bovine serum, 1% antibiotic-antimycotic solution, 

and 1% L-Glutamine. After 48 hours of culture, the cells were fixed with cold methanol 

for 5 minutes. Figure 3-9 (a,b) below compares diffraction-limited and sub-diffraction 

resolution phase imaging, respectively, of the intracellular components of a single 

mesenchymal stem cell under broadband illumination. The resulting low coherent noise 

allows clear comparisons of the resolution improvements when comparing between 

Figure 3-9 (a) and (b), where the resolution enhancement in Figure 3-9 (b) allows clear and 

high-contrast visualization of sub-diffraction features with less than 0.1 radians of phase 

shift. With laser illumination, such slight shifts would be significantly corrupted by 

coherent noise. Close-up views are shown for three select regions-of-interest (ROIs) that 

highlight the enhanced visualization capability for intracellular structures. ROIs shown in 
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Figure 3-9 (c,c’), (d,d’), and (e,e’) compare the diffraction-limited and sub-diffraction 

resolution images of an extension of the cellular matrix, boundary of the cell nucleus, and 

a cluster of cellular protein, respectively. In all cases, the benefits of sub-diffraction 

resolution imaging are evident, and are possible mainly due to reduced coherent noise 

 

 

Figure 3-9: Quantitative phase images of mesenchymal stem cells using broadband 

illumination are shown. (a) Diffraction-limited images are compared to (b) sub-

diffraction resolution images. Select regions-of-interest are compared between the 

(c,d,e)  diffraction-limited image and (c’,d’,e’) sub-diffraction resolution image. Scale 

bar on bottom left corresponds to 5 µm 



 

79 

3.4.5 Note about speckle reduction 

We now mention an important point about coherent-noise reduction – although we 

reduce noise primarily through broadband illumination, one could also achieve 

comparable noise reductions (and resolution improvements) with monochromatic light 

through increased angular incidences at the sample (4, 5). However, such techniques 

would require acquiring many raw images with varying illumination angles for an 

acceptable level of coherent noise reduction, most of which would be unnecessary from 

the point of view of resolution enhancement. Previous reports using such technologies 

have synthesized final noise-reduced, resolution enhanced, images from ~100 raw 

acquisitions. Because our system uses broadband illumination as the main work-horse for 

noise reduction, we can achieve similar results with only 4-6 raw acquisitions (as is done 

in conventional SIM). Thus, especially for studies regarding the biological dynamics of 

living cells, this technique could allow all the benefits of faster acquisition. 

 

3.5 Summary 

We have introduced the SI-QPM and SI-DPM as extensions of structured illumination 

microscopy towards quantitative phase imaging to allow extended resolution imaging of 

phase and amplitude samples. We show this concept at work for enhanced resolution 

imaging of a calibrated test target (amplitude object), a blazed phase grating with known 

profile (phase object), and EPC/mesenchymal cells. In all cases, high contrast images were 

reconstructed that had a spatial frequency support exceeding that of the system’s 
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diffraction limit. This work has particular relevance towards imaging of unstained and 

largely transparent cells, where the information is encoded in the sample’s phase rather 

than amplitude distribution. Thus, being able to image sub-diffraction features on a phase 

object is a unique and biologically important ability that SI-QPM/SI-DPM allows. 

We note, however, that there is a crucial difference between SIM and SI-QPM/SI-

DPM. SI-QPM/SI-DPM image the sample through coherent diffraction, not fluorescent 

emission. Thus, when we create the sinusoidal structured pattern on the sample via 2- 

beam interference, we are essentially doing simultaneous oblique illumination 

microscopy for each illumination beam. This directly leads to realizing that each 

individual illumination beam multiplexes regions of frequency content, individually 

diffraction limited but shifted over different regions of the sample’s spectrum, into the 

system’s detection aperture. The reconstruction process is then essentially a separation of 

these multiplexed components and though the final reconstructed image has a frequency 

support greater than that of the diffraction-limit, each enhanced-resolution component 

could be obtained using a single, properly oriented, illumination beam. This is in contrast 

to SIM, where the achieved resolution gain cannot be attributed to any single beam, 

regardless of orientation. Thus, though the post-processing reconstruction procedures for 

SIM and SI-QPM/SI-DPM are almost identical, the associated optical phenomena are quite 

different, and we refrain from using the term “super-resolution", a phrase often associated 
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with SIM, to describe SI-QPM/SI-DPM. In this respect, both SI-QPM/SI-DPM and SOIM 

have substantial similarities to synthetic aperture techniques.  

In addition, SI-DPM is introduced as a technique to get sub-diffraction resolution 

phase imaging with broadband illumination, which dramatically reduces coherent noise 

and thus allows better phase sensitivity. This allows high contrast, sub-diffraction 

resolution, quantitative visualization of phase structures imparting phase shifts on the 

order of nanometers. Furthermore, this high-contrast visualization is accomplished 

without use of any extrinsic contrast agents and comes from purely the intrinsic optical 

path delays in the cell due to cellular structure. 
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4. Multimodal quantitative-phase and fluorescent 
visualizations of biological samples 

Till now, we have focused almost exclusively on improving imaging resolution for non-

fluorescent samples. In this section, we focus on extending our previous developments 

to multimodal QP and fluorescent imaging. 

 

4.1 Need for multimodal coherent diffraction and fluorescent 
visualization 

Multimodal imaging capabilities have direct implications that benefit microscopy for 

biological research. Coherent diffractive imaging, which has been the main topic in this 

dissertation so far, provides a basis technology with which to noninvasively analyze 

endogenous cellular biophysical and biochemical parameters. Examples of coherent 

diffractive imaging, which include QP and light-scattering imaging, have been used for 

analysis of whole-cell morphology, mass, and growth, cellular shear stiffness, refractive-

index and optical-path-length distributions, cellular dispersion spectroscopy, nuclear 

morphology, cellular absorption and scattering, and true-color imaging (29, 30, 32, 41, 42). 

Important biomedical applications even include non-invasive and quantitative 

measurements of hemoglobin oxygenation saturation and detection of different cancers 

types. Furthermore, coherent imaging is effectively free and fast – no major sample 

preparation procedures are necessary to get strong signal from the sample and camera 

integration times rarely pose a problem for longitudinal biological studies. However, 
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coherent imaging inherently has no molecular specificity, and the biological parameters 

extracted cannot be localized to specific cellular components. This prevents analysis of 

localized and specific biophysical/biochemical parameters, which can hinder studies 

exploring morphology, mechanics, mass, spectra, or density endogenous to individual 

sub-cellular components. Towards this end, due to its ability for molecular-specific 

contrast, fluorescence microscopy directly complements coherent diffraction imaging. 

Fluorescence microscopy is the dominant imaging choice when studying interactions and 

dynamics of specific sub-cellular components, as is necessary in studies of gene 

expression, protein localization, intracellular transport, organelle dynamics, diffusion 

kinetics, etc. Previous studies have used separate QP and fluorescent imaging to analyze 

biological samples – however, because imaging a consistent field-of-view across multiple 

systems often requires an onerous search across the sample, such analysis typically only 

offer bulk-population, non-localized, multimodal information. Having a single optical 

system incorporating coherent diffraction and fluorescent imaging allows registered, 

multimodal visualization of specific, localized regions of the sample. In a simple 

extension, one could envision utilizing standard segmentation algorithms on the 

fluorescent image to segment specific sub-cellular components of interest. The outputted 

segmentation boundaries could then be applied to the coregistered coherent diffraction 

image to enable measurements and analysis of the endogenous physical and chemical 

properties of the specified biological components.  
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4.2 Multiplexed microscopy for simultaneous, sub-diffraction 
resolution quantitative-phase and fluorescent imaging.  

We present here a novel theoretical framework and experimental system that combines 

one QP and two fluorescent imaging channels to allow one-shot, single-camera, 

simultaneous diffraction-limited multichannel imaging that gives more access to a 

sample’s morphological and functional dynamics than simply QP or fluorescent imaging 

individually. We also emphasize that though we specifically focus on simultaneous 

QP/fluorescent imaging, our framework can be generalized to an arbitrary number of 

mutually incoherent widefield imaging modalities so long as they fulfill criteria for 

Fourier spectra separation, field-of-view (FOV), SNR, and detector dynamic range. 

 

4.2.1 Theoretical framework 

We start with the fundamentals of how we achieve one-shot, single-camera multichannel 

imaging. Consider first the basics of phase reconstruction via off-axis digital holography, 

our preferred method for QP imaging (40). A sample is illuminated and coherently 

diffracts to form an image at the camera, given by 𝑦𝑝(𝒓). Here, 𝒓 is the 2D spatial 

coordinate vector. This image is then coherently interfered with an off-axis reference 

wave, given by 𝑈𝑟(𝒓) = exp(−𝑗 𝒌𝒑 ∙ 𝒓), where 𝒌𝒑 is the direction vector for the off-axis 

interference. The net interference pattern at the camera from the coherent diffraction is 

then given by: 
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 𝑚𝑝(𝒓) = |𝑦𝑝(𝒓) + 𝑈𝑟(𝒓)|
2
 

= 1 + |𝑦𝑝(𝒓)|
2

+ 𝑦𝑝(𝒓) exp(−𝑗 𝒌𝒑 ∙ 𝒓) + 𝑦𝑝
∗(𝒓) exp(𝑗  𝒌𝒑 ∙ 𝒓) 

(18) 

 

Consider now that the sample also emits fluorescently, and can form a fluorescent image 

given by 𝑦𝑓(𝒓). If this image is modulated by a carrier wave, given by 𝑐(𝒓) = 1 +

cos(𝒌𝒇 ∙ 𝒓), then the fluorescent signal at the camera is given by: 

 

 𝑚𝑓(𝒓) = 𝑐(𝒓) ∙ 𝑦𝑓(𝒓) = [1 + cos(𝒌𝒇 ∙ 𝒓)] ∙ 𝑦𝑓(𝒓) 

= 𝑦𝑓(𝒓) + 𝑦𝑓(𝒓) exp(−𝑗 𝒌𝒇 ∙ 𝒓) + 𝑦𝑓
∗(𝒓) exp(𝑗  𝒌𝒇 ∙ 𝒓) 

(19) 

 

The fluorescent emission and the coherent diffraction from the sample are mutually 

incoherent with each other and add linearly at the imaging plane. Thus, the camera’s net 

acquisition is given by: 

 

                                𝑚𝑇(𝒓) =  𝑚𝑝(𝒓) + 𝑚𝑓(𝒓) 

= 1 + |𝑦𝑝(𝒓)|
2

+ 𝑦𝑓(𝒓) 

                                                     +𝑦𝑝(𝒓) exp(−𝑗 𝒌𝒑 ∙ 𝒓) + 𝑦𝑝
∗(𝒓) exp(𝑗  𝒌𝒑 ∙ 𝒓) 

                                                     +𝑦𝑓(𝒓) exp(−𝑗 𝒌𝒇 ∙ 𝒓) + 𝑦𝑓
∗(𝒓) exp(𝑗  𝒌𝒇 ∙ 𝒓) 

(20) 
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From the last 4 terms in Eq. (20), we see that the sample’s QP and fluorescent information, 

𝑦𝑝(𝒓) and 𝑦𝑓(𝒓) respectively, are frequency shifted in Fourier space away from DC by  𝒌𝒑 

and 𝒌𝒇, respectively. If these shifts are enough to completely separate 𝑦𝑝(𝒓) and 𝑦𝑓(𝒓) 

from each other as well as the “ambiguity” information given by the first 3 terms of Eq. 

(20), standard Fourier filtering processing can reconstruct QP and fluorescent images. 

Furthermore, though the mathematical treatment above explicitly considers only one QP 

and fluorescence channel, an arbitrary number of channels of mutually incoherent 

widefield modalities could potentially be added, as long as associated carrier frequencies 

and Fourier supports allow Fourier spectra separation. Similar strategies have been used 

to increase imaging FOV and speed up DPM processing time. Note, however, that 

increasing the number of imaging channels requires decreasing the Fourier support per 

channel – this requires higher magnification and thus lower FOV per channel. 

Furthermore, due to the finite dynamic range of the camera, the SNR of an individual 

channel is proportional to the ratio of that channel’s signal to the total signal from all 

channels, as well as the modulation depth of that channel’s carrier frequency. 

 

4.2.2 Multiplexed microscopy system design 

We built an optical system to demonstrate multiplexed imaging for simultaneous, one-

shot, single-camera, multichannel microscopy with 1 QP and 2 fluorescent channels. Our 

system (Figure 4-1(a)) used single-mode broadband illumination (NKT Photonics, EXW-
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6) spectrally filtered to 482 ± 12.5 nm (Semrock, FF01-482/25) as the dual QP-imaging and 

fluorophore-excitation wavelength. This illumination was collimated and passed through 

a 50:50 beam splitter (Thorlabs BS010) and the first dichroic mirror (DM1, Semrock FF505-

SDi01) before being reflected from the second dichroic mirror (DM2, Semrock FF580-

FDi01) into the imaging 4f system (L2  OBJ). The imaging objective (OBJ, Zeiss 

Apochromat 63x/1.4 NA) illuminated the sample with a collimated beam in an epi-

illumination configuration. The samples we consider are mainly transparent and thus 

have little back/multiple scattering – thus, the samples are plated/grown on a mirrored 

surface which reflects the coherent forward-diffraction back through OBJ. This diffraction 

went back through the system, reflected off DM2 and passed through DM1, before being 

reflected off the BS into the coherent-imaging arm of the microscope. In this arm, the 

sample’s coherent diffraction was passed through a diffraction-phase setup, where a 

grating (DG1, Edmund Optics Ronchi 70 lpmm), 0th order spatial filter, and -1st order 

block, were used to achieve a common-path off-axis interference at the camera plane with 

high temporal phase stability and low coherent noise (noise variance of 0.003 rad was 

achieved). The sample’s fluorescent emission also traveled back through OBJ and, 

depending on its spectral bandwidth, either traveled through DM2 into the first 

fluorescent arm of the microscope, or reflected off DM2 and DM1 into the second 

fluorescent arm of the microscope. Given the transmission spectra of DM1 and DM2 

(shown in Figure 4-1 (b)), the first and second fluorescent arms of the microscope were 
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designed to image with “red” and “green” fluorescence. This characteristic can easily be 

modified by changing the dichroic mirrors. The fluorescent arms imaged the “red” and 

“green” fluorescence signal from the sample onto gratings DG2 and DG3 (same as DG1 

except in different rotations), respectively. The resulting heterodyned signals were then 

incoherently combined with the sample’s coherent diffraction and imaged onto the 

camera via a 4f system (L3  L4). We note that this incoherent combination was 

guaranteed due to the imaging channels occupying separate spectral bands (as well as the 

two fluorescent channels being spatially incoherent), which prevents crosstalk terms like 

the ones demonstrated in. DG1, DG2, and DG3 were oriented to achieve image-channel 

Fourier separation (Figure 4-1 (c)). We also note that because DG2, and DG3 are not true 

sinusoidal gratings, there is signal loss due to fluorescence diffraction into the diffraction 

orders beyond the ± 1. This signal loss can be minimized by optimizing the grating design. 

Fourier filtering steps were taken to extract the individual QP and fluorescent images 

from the raw acquisition. Due to the differences between coherent and incoherent 

propagation, the lateral resolution for the reconstructed QP and fluorescent images were 

𝜆/NA and 𝜆/2NA, respectively. This resolution difference between the separate arms of the 

microscope was important to consider when setting the sizes of the digital filters used for 

post-acquisition processing 
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Figure 4-1: (a) Optical schematic for the multiplexed microscopy system with 

red/green/blue color codes for the separate optical arms and associated signal. (b) 

Spectra for dichroic mirrors used in system and fluorophores used for cell-imaging (c) 

Example of Fourier separation between microscope’s fluorescent and coherent signals 

(color coded) using rotated gratings DG1, DG2, and DG3. 
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4.2.3 Multiplexed quantitative-phase and fluorescent imaging of 
microspheres 

Using this system, we first demonstrated multiplexed QP/fluorescent imaging of 

fluorescent microspheres. We prepared calibration samples of 7.32um diameter 

polystyrene microspheres tagged with yellow and green fluorescent labels 

(BangLaboratories FS06F). In order to attach the beads to a mirror, 50 uL of a microsphere 

dilution (2 uL stock-solution / 500 uL ethanol) was placed on a silver mirror (ThorLabs 

BB1-E02) and allowed to air-dry. An adhesive spacer was placed onto the mirror around 

the imaging area, and index-matching oil was deposited on top of the adhered 

microspheres. Finally, a No. 0 coverslip was placed over the region of interest, creating a 

closed imaging chamber with a uniformly distributed layer of index-matching oil. 

Appropriate index-matching oil was chosen such that the maximum index-of-refraction 

difference between the oil and the polystyrene microspheres was Δ𝑛 = 0.016. 

 Figure 4-2 below demonstrates our system’s capabilities by imaging this sample. 

Figure 4-2 (a) shows an example of our system’s raw acquisition. Zooms on select regions 

(outlined in the color associated with the arm of the microscope that dominates in signal 

at that location) emphasize the different carrier frequencies for each arm in the 

microscope, as set by the rotations of gratings DG1, DG2, and DG3. The Fourier spectrum 

of the raw acquisition, as shown in Figure 4-2 (b), clearly shows the resulting Fourier 

separation between the multichannel signal components. After processing, fluorescent 

(Figure 4-2 (c-e)) and amplitude/QP (Figure 4-2 (f-h)) images were reconstructed. Figure 
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4-2 (g,h) shows that though QPM can visualize the  two populations of microspheres with 

high, endogenous contrast, it is unable to distinguish between them, due to their identical 

size and refractive index. However, the fluorescent channels of the microscope can 

discriminate, and the composite red-green fluorescent image clearly distinguishes 

between the green and yellow microspheres (Figure 4-2 (e)) 

 

 

Figure 4-2: (a) Raw acquisition and (b) associated Fourier spectra. Fourier signal from 

the microscope’s diffraction and fluorescent arms are circled. (c) Red and (d) green 

fluorescent images are reconstructed, and a (e) red/green overlay distinguishes the 

yellow and green microspheres. Simultaneous reconstruction of the (f) amplitude and 

(g,h) QP visualizations (gray-scale and color contrast, respectively) of the sample give 

transmittance and optical-path-length (OPL) maps. Scale bar corresponds to 10 um. 
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4.2.4 Multiplexed quantitative-phase and fluorescent imaging of 
cellular specimens 

Next, we demonstrated the use of the multiplexing technique in biological specimens. 

African green monkey kidney cells (COS-7) were cultured using ATCC recommended 

media and plated at low density onto silver mirrors. Cell were fixed using a 3.7% 

paraformaldehyde solution and subsequently washed with PBS prior to fluorescent 

staining. In order to visualize cellular cytoskeletal architecture, Alexa Fluor 488 phalloidin 

(Life Technologies) was used to selectively stain filamentous actin (F-actin). Propidium 

iodide ReadyProbe reagent (Life Techologies) was also used as a nuclear stain to include 

nuclear visualization. Importantly, though Alexa Fluor 488 and propidium iodide both 

excite at the 480 nm wavelength used for phase imaging, their emission bandwidths have 

minimal overlap and thus can be spectrally separated. Following staining, cells were 

washed twice with PBS and stored at 4 °C prior to imaging. As before, an adhesive spacer 

and coverslip was placed on the top of the sample in order to create a uniform PBS layer 

above the imaging region. 

Figure 4-3 below demonstrates imaging results from a single COS-7 cell. Given the 

spectral reflectance/transmittance bandwidths of the microscope’s dichroic mirrors and 

the spectra of our selected cellular fluorescent stains (see Figure 4-1(b)), we expected the 

system’s green and red fluorescent channels to image cellular F-actin and nuclei, 

respectively. Because the signal from the coherent-imaging arm of the microscope was 

much stronger than the signal from the fluorescent arms, a variable neutral-density (ND) 
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filter was used (not shown in Figure 4-1(a)) to manually attenuate the coherent signal to 

comparable levels to the fluorescent. This ensured that the camera’s dynamic range was 

evenly divided between the different imaging channels, which is important to reconstruct 

images with similar SNR. An example of a raw acquisition and its associated Fourier 

spectrum is shown below in Figure 4-3 (a,b), respectively. As seen on the spectrum, signal 

components from the microscope’s imaging channels were clearly separated in Fourier 

space. After inverse Fourier reconstruction, the red and green fluorescent channels 

(digitally filtered from the Fourier regions outlined in the yellow rectangle in Figure 4-3 

(b)) showed clear depictions of the nucleus and F-actin cytoskeleton (Figure 4-3 (c,d)). 

Figure 4-3 (e) shows the overlay of the two fluorescent images with the red nucleus over 

the green F-actin cytoskeleton and clearly shows the nuclear positioning in the cell body. 

Coherent amplitude/QP imaging was also reconstructed from Fourier spectrum of the raw 

acquisition, as shown in Figure 4-3 (f,g). Note that the amplitude image in Fig. 3(f) showed 

little endogenous contrast and was unable to distinguish the nucleus and cell body. In 

contrast, Figure 4-3 (g) shows that QP imaging provided an OPL mapping of the cell and 

showed clear delineation of the cell body and sub-cellular structures near the cell center. 

In Figure 4-3 (h), the same QP data is shown in grayscale, which facilitates easier biological 

identification and evaluation. Comparing the fluorescent red-green image with the 

grayscale QP image (Figure 4-3 (e,h)), close matching  is observed between the boundaries 

of the cell body and nucleus, as has been outlined in dashed green and red and labelled 
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as (A) and (B), respectively, in Figure 4-3 (h). Additionally, QP visualized structures not 

associated with either the nucleus or the F-actin, which are visible only in the QP image. 

We have outlined this region in dashed yellow and labelled it as (C) in Fig. 3(h). Since QP 

is sensitive to mass-localization, the area denoted by (C) may correspond to endoplasmic-

reticulum (ER) due to its proximity to the nucleus. Verification would require actively 

staining for ER and imaging for fluorescent signal. 

 

 

Figure 4-3: (a) Raw acquisition and (b) associated Fourier spectrum. Digital filters used 

for fluorescence and QP reconstructions are shown. (c) Red and (d) green channel 

fluorescence reconstructions show nucleus and F-actin, respectively. (e) Red/green 

fluorescence channel overlay. (f) Amplitude and (g) QP image reconstructions are also 

shown. (h) Gray-scale QP image with labelled cell-body, nucleus, and potential 

endoplasmic-reticulum is shown. Scale bar corresponds to 10 um. 
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4.2.5 Multiplexed microscopy for multimodal diffraction-limited 
imaging 

We have demonstrated that multiplexed microscopy can allow simultaneous QP and 

fluorescent visualization of biological samples. More generally, multiplexed microscopy’s 

theoretical framework can accommodate any number of mutually incoherent widefield 

imaging techniques that can be heterodyned to non-overlapping regions of Fourier space. 

We note again, however, that an increase in the number of channels requires a 

corresponding decrease in available Fourier support per channel, which thus requires 

higher magnification and smaller FOV per modality. SNR also sets a practical bound to 

how many channels can be feasibly multiplexed through the microscope. Because the 

camera’s finite dynamic range must be shared between the different modalities, 

multiplexing more modalities through the microscope results in reduced SNR for each 

individual modality. Thus, design of a multiplexed microscopy system must include 

considerations for FOV and SNR constraints. 

In cases where FOV and SNR standards are met, however, multiplexed 

microscopy offers a novel augmentation to conventional widefield 

multimodal/multichannel imaging. Multimodal imaging, which is often used to elucidate 

biological mechanisms that cannot be comprehensively captured by a single modality, 

typically suffers from non-simultaneous acquisition or increased microscope cost. This 

work of multiplexed microscopy aims to extend multimodal imaging towards cost-
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effective, true-simultaneous acquisition, which may be important for future real-time 

studies of biological dynamics.  

 

4.2.6 Suitability of multiplexed microscopy for multimodal sub-
diffraction resolution imaging 

From a theoretical standpoint, it should be a simple matter to extend the concept of 

multiplexed microscopy to sub-diffraction resolutions via SI. All one must do is insert a 

sinusoidal grating into the illumination arm of the microscope as shown (or alternatively, 

insert a ronchi grating and incorporate spatial filtering of all extraneous orders except the 

0th and ±1) to generate a sinusoidal pattern at the sample. The multiplexed system will 

detect the sample structure overlayed with the sinusoidal SI pattern through the different 

modalities, which can then be digitally separated via Fourier filtering as described above 

for typical diffraction-limited imaging. Multiple acquisitions, after translating and 

rotating the sinusoidal grating in the illumination arm, will allow sub-diffraction 

resolution reconstructions via standard SI processing methods.  
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Figure 4-4: Multiplexed microscope extended for SI sub-diffraction capabilities. All 

components are the same as presented in Figure 4-1, except with a sinusoidal grating, 

DG-SI, that images a sinusoidal pattern onto the sample for SI sub-diffraction imaging  

 

 Unfortunately, multiplexed microscopy poses a fundamental SNR obstacle that 

hinders SI-incorporation for fluorescent sub-diffraction resolution imaging. To 

understand this, we first note that, to generate a final fluorescent image onto the CMOS 

camera, the fluorescent signal from the sample propagates through two imaging systems 

– (1) the first system consists of the 4f telescope OBJ  L2 and (2) the second system 

consists of the 4f telescope L3  L4. Furthermore, the fluorescent signal is heterodyned 

with a carrier wave (DG2 and DG 3) during the transition between the two imaging 

systems, which split 3 copies of the fluorescent signal’s spectrum to different regions of 
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frequency space (which necessarily reduces the power in each copy by a factor of 3). This 

leads to a fundamental issue that hinders sub-diffraction fluorescent imaging.  

Unlike coherent imaging, the transfer function for a fluorescent microscope is not 

a flat-top (as was discussed in the Background section above). In the case of a rectangular 

imaging aperture, which we use now for the sake of simplicity, the fluorescent transfer 

function takes the form of a triangle, as shown in Figure 4-5 below. The frequency-

spectrum of the sample’s image that gets fluorescently imaged onto either DG2 or DG3 

will have been attenuated by the transfer function of the first imaging system. After 

interaction with the grating, three identical copies of the image’s frequency spectrum will 

be generated, as shown in Figure 4-5 (b), before going through the second imaging system 

with a transfer function similar to what is shown in Figure 4-5 (c). Thus, the transfer 

function of the net output fluorescent image at the camera plane will have a form similar 

to that shown in Figure 4-5 (d). As we had discussed above, the region of frequency space 

that we digitally filter out to recover the multimodal information is the non-DC 

component, as outlined in dashed yellow in Figure 4-5 (d). We can immediately see a 

trade-off here – high carrier frequencies, which are required to achieve good separation 

between the multimodal components from the central DC, come with a cost of low SNR 

for fluorescent imaging, which originate from the non-uniform transfer function shape 

associated with fluorescent imaging. Furthermore, the net transfer function is not 

symmetric, which can affect deconvolution procedures in cases of low SNR. In the case of 
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diffraction-limited imaging, which we explored above, these costs were manageable since 

most of the relevant information that we looked for was close to the center DC of the 

sample spectrum. However, for fluorescent sub-diffraction resolution imaging, where 

emphasis was given to the high-frequency but low SNR components, the reconstructed 

sub-diffraction resolution fluorescent images were heavily corrupted with artifacts and 

were not acceptable for biological visualization.  

 

 

Figure 4-5: (a) Three copies of the fluorescent spectrum generated by heterodyning with 

the carrier. (b) frequency profiles of the three copies after passing through first imaging 

system and (c) transfer function of the second imaging system are shown. (d) net tranfer 

function is shown. 
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4.3 SI multimodal microscopy for 3D sub-diffraction resolution 
imaging 

We present here our work that utilizes SI to enable multimodal QP and fluorescent sub-

diffraction resolution imaging. We note now that we use separate cameras to capture each 

imaging channel – the imaging system introduced below does not use the multiplexing 

principles introduced above. This allows us to avoid the SNR issues encountered with 

multiplexed microscopy. Instead, we focus on the fact that one physical system can 

reconstruct co-registered 3D multimodal images with subdiffraction resolution by 

utilizing SI principles.  

 All our work thus far has focused on only 2D visualization of samples. To describe 

how SI can enable 3D visualization, we first review some theoretical foundations of 3D 

QP and fluorescent imaging.  

 

4.3.1 3D Optical Imaging Passbands 

Diffraction theory for conventional fluorescence and QP microscopies describe the 

maximum lateral spatial frequencies 𝑘∥,𝐹 and 𝑘∥,𝑄𝑃𝑀 and maximum axial spatial 

frequencies 𝑘⊥,𝐹 and 𝑘⊥,𝑄𝑃𝑀, respectively, that can be observed through the microscope. 

For our case where QP and fluorescent modalities share the same physical microscope 

and the light used for QP imaging serves the dual purpose of also being the excitation for 

fluorescent imaging, these maximum spatial frequencies are given by  𝑘∥,𝐹 = 2NA/𝜆𝑒𝑚, 

𝑘∥,𝑄𝑃 = NA/𝜆𝑒𝑥, 𝑘⊥,𝐹 = 𝑛(1 − cos 𝜃)/𝜆𝑒𝑚, and 𝑘⊥,𝑄𝑃 = 𝑛(1 − cos 𝜃)/𝜆𝑒𝑥. Here, 𝜆𝑒𝑥 and 𝜆𝑒𝑚 
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are the excitation and emission wavelengths used for QP and fluorescent imaging, 

respectively, 𝑛 is the index of refraction of the medium, 𝜃 is the maximum half-angle of 

light that the objective supports, and NA = 𝑛 sin𝜃 is the objective’s numerical aperture. In 

three-dimensional Fourier space, these spatial frequencies set the bounds of observable 

spatial frequency content that can be passed through the microscope (note that the spatial 

frequency bounds for QP and fluorescence are only applicable in the electric-field and 

optical intensity regimes, respectively, so direct comparisons are inappropriate). In 

accordance with diffraction theory, these regions of observable spatial frequencies define 

the systems’ transfer functions (TF) and take the shape of a spherical cap, mathematically 

a subsection of Ewald’s sphere, in QP imaging and a torus-like structure in fluorescence 

imaging, as shown in Figure 4-6. Note that 𝑘⊥,𝑄𝑃𝑀, does not equate to QP imaging’s axial 

resolution – because QP imaging’s TF has infinitesimal axial frequency support, the 

sample’s diffracted wave vector with the 𝑘⊥,𝑄𝑃𝑀 axial component propagates through the 

whole image volume and offers no optical sectioning.  

The spatial frequencies outside the QP and fluorescent TFs are fundamentally 

unobservable and are the target for visualization by sub-diffraction resolution imaging. 

SI achieves this by moving information into the TF by aliasing the sample’s structural 

information with a spatial illumination pattern. Because this aliasing effect happens 

naturally when two spatial patterns overlap regardless of fluorescent or diffractive 

imaging, SI can serve as a generalized platform for multimodal sub-diffraction imaging, 
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up to a resolution gain factor of 2. Nonlinear SI, which uses fluorescent nonlinearities to 

achieve resolution gains of > 2, is not considered here. 

 

 

 

Figure 4-6: 3D transfer functions in QP and fluorescence imaging, assuming 𝝀 = 𝝀𝒆𝒙 ≈

𝝀𝒆𝒎 (a,b) Cross-sectional plot and 3D rendering demonstrate that the transfer function 

in QP imaging forms a spherical cap (commonly referred to as Ewald’s Sphere). 

Dimensional parameters of this cap are determined by wavelength, microscope 

objective NA, and immersion oil refractive index. From coherent theory [], the 

autocorrelation of this cap corresponds to the transfer function for fluorescence 

imaging. (c,d) Cross-sectional plot and 3D render show this region to have a filled 

torus-like shape. Note that direct comparisons between (a) and (c) are inappropriate 

because spatial frequencies in QP and fluorescence imaging are measured in the 

electric-field and intensity regimes. 
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4.3.2 SI-DPM for 3D tomography 

Here, we describe the framework behind how SI can enable 3D sub-diffraction coherent 

tomography. This will be later combined with SI’s capabilities for 3D sub-diffraction 

resolution fluorescent imaging (described beautifully in (43)) to achieve multimodal 3D 

visualization. 

To extend the conceptual frameworks from our past developments in 2D sub-

diffraction coherent imaging, we reintroduce a concept that was presented early on – for 

diffractive imaging, SI is equivalent to multiplexed oblique illumination, where each tilted 

plane wave in the illumination’s plane-wave-decomposition contributes linearly to the 

electric-field at the image plane. It follows from Fourier theory that because on-axis plane 

wave illumination results in a spherical-cap TF centered at the origin of 3D frequency 

space, tilted plane-wave illumination, mathematically described with a phase ramp, 

displaces the TF in frequency space by an amount equal to the tilt angle. This concept 

happens to be identical to and ubiquitously used in optical diffraction tomography (ODT). 

 3D SI-DPM’s main difference from conventional ODT is in implementation – 

because SI linearly multiplexes tilted illuminations onto the sample to achieve its 

structured pattern, the imaged field is a linear superposition of the sample’s spatial 

frequencies from correspondingly shifted TFs. In the case of a sinusoidal structured 

pattern, translation of the pattern can analytically solve for these spatial frequencies, 

which can then be digitally shifted to their correct regions in 3D frequency space. Because 
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the coherent TF is a spherical cap with infinitesimal axial frequency support, simply 

illuminating with structured patterns with spatial frequencies at the maximum-allowed 

magnitude, as is typically done to maximize lateral resolution gain in fluorescent SI, leaves 

much of the axial frequency space uncovered. To thoroughly cover 3D frequency-space, 

the tilt angle of the illuminations must be incremented. ODT often accomplishes this by 

scanning the tilt angle of the illumination beam directly with a pair of scanning mirrors.  

 

 

Figure 4-7: Filling out 3D frequency space with structured illumination. Cross-sectional 

plots show how axial frequency space is filled with (a) uniform illumination, (b) 

sinusoidal illumination with maximum allowable spatial frequency, and (c) a 

summation of sinusoidal illuminations of varying spatial frequencies. Note that 

illuminating with simply one spatial frequency is not sufficient to fill out axial 

frequency space in diffractive imaging, as it is in fluorescent imaging. (d,e,f) 

Corresponding 3D renderings show 3D frequency space being filled by Ewald caps. 
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SI achieves the same effect by illuminating with spatial sinusoids of varying spatial 

frequencies (Figure 4-7).  In the end, however, 3D SI-DPM can reconstruct a tomogram 

with a 3D frequency support identical to ones obtained by established ODT methods. 

 

4.3.3 Resolution reporting metric 

Reporting on an imaging system’s resolution usually involves reporting some metric of 

“minimum-resolvable distance”. For the remainder of this work, we choose to report 

theoretical diffraction-limited resolution in terms of the Abbe limit, which gives the cycle-

period of the highest spatial frequency that is present in the image. In our case of DC-

centered, symmetric, and filled lateral TFs, diffraction-limited lateral Abbe resolutions are 

the reciprocal of the spatial frequency bounds described above – QP and fluorescent 

imaging have Abbe lateral resolutions of  𝑑∥,𝑄𝑃 = 1/𝑘∥,𝑄𝑃 = 𝜆𝑒𝑥/NA and 𝑑∥,𝐹 = 1/𝑘∥,𝐹 =

𝜆𝑒𝑚/2NA in the electric-fields and optical intensity domains, respectively. As mentioned 

above, due to its infinitesimal axial TF extent, QP imaging does not have a conventional 

electric-field axial Abbe resolution. SI-enabled QP tomography, however, has an expected 

Abbe axial resolution in electric-field of 𝑑⊥,𝑄𝑃 = 1/𝑘⊥,𝑄𝑃 = 𝜆𝑒𝑥/𝑛(1 − cos 𝜃). Similarly, 

fluorescent imaging has an Abbe axial resolution of 𝑑⊥,𝐹 = 1/𝑘⊥,𝐹 = 𝜆𝑒𝑚/𝑛(1 − cos 𝜃) in 

optical intensity. 

We choose the Abbe standard for “minimum-resolvable distance” because of its 

straightforward applicability to both coherent and incoherent modalities. Other popular 
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alternatives that involve basic parameters of the image’s point-spread-function (PSF) such 

as full-width-half-max (FWHM metric), distance to first minimum (Rayleigh limit), or 

distance of two PSFs such that the centrally overlapped signal is constant (Sparrow limit), 

have complex interpretations in coherent imaging. In the case of intensity-based coherent 

imaging, where the imaged intensity is nonlinearly related to sample function, such 

interpretations may be outright misleading. Even in the case of electric-field imaging via 

holographic or computational methods, accurate interpretations must incorporate 

considerations for the system’s coherence properties or the sample’s phase dependences.  

 

4.3.4 System Design 

We modified our previous SI-DPM system with an additional fluorescence imaging arm 

to enable sub-diffraction resolution QP and fluorescent imaging. The design of this SI-

DPM/SIM system is shown in Figure 4-8 (a). Our system uses single-mode broadband 

light (NKT Photonics, EXW-6) spectrally filtered to 488 ± 12.5 nm (Semrock, FF01-482/25), 

which serves the dual purpose of being the illumination and excitation for QP and 

fluorescent imaging, respectively. This light was collimated and passed through a 50:50 

polarization beam splitter (PBS, Thorlabs, PBS251) before being incident onto an 

amplitude spatial light modulator (SLM, Holoeye, HED 6001). The pattern written onto 

the spatial light modulator was magnified by the first 4f system (L1  L2) before being 

imaged through the second 4f system (L3  OBJ) onto the sample. Unwanted diffraction 
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orders from the SLM are spatially filtered out by an adjustable iris diaphragm (F, Thorlabs, 

ID25) placed in the Fourier plane of the first 4f system. Diffraction and fluorescence from 

the sample are collected in transmission from the sample through a detection objective 

(matched in NA to the imaging objective) and is magnified by the second 4f system (OBJ 

 L4). The sample’s fluorescence signal is split from the diffraction signal by a dichroic 

mirror (DM, Thorlabs, DMLP505) and further spectrally filtered (SF, Thorlabs, FEL500) 

before imaging onto the first camera (CMOS-F, Pixelink). The sample’s diffraction signal, 

after being split from the fluorescence via the DM, was passed through a diffraction-phase 

setup, where a grating (DG, Edmund Optics Ronchi 70 lpmm) splits the signal into various 

diffraction orders. The 0th order was spatially filtered by via a 20 um pinhole (PH, 

Edmund Optics, 52-869) and was interfered with the +1st order (all other orders were 

blocked) to achieve common-path off-axis interference at the second camera (CMOS-QP, 

Pixelink) with high temporal phase stability and low coherent noise (noise variance of 

0.003 rad was achieved for widefield imaging). The sample was mounted on an automated 

stage with axial piezo-control translation capabilities (Thorlabs, Max312D). For the 

experiments involving calibration microspheres, a 60X, 1.0 NA Nikon Physiology 

objective lens was used. For the experiments involving the A549 cells, this objective was 

replaced with a 40X, 1.3 NA Zeiss objective lens. 
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Figure 4-8: (a) Optical system diagram is shown, and consolidates conventional 

fluorescent structured illumination (SI) microscopy with SI diffraction phase 

microscopy (SI-DPM) for sub-diffraction resolution quantitative-phase (QP) and 

fluorescent imaging. (b) Conventional widefield illumination is achieved when all the 

SLM pixels are turned ‘ON’, resulting in a single focused spot at the back pupil plane 

of the imaging objective, and thus a single collimated beam illuminating the sample. 

To achieve sinusoidal structured illumination, a Ronchi ‘ON’/‘OFF’ pattern is written 

onto the SLM pixels. Only the 0th and ±1st diffraction orders are passed through the 

iris diaphragm (F) in the Fourier plane of the first 4f system after the SLM, which results 

in three focused spots at the back pupil plane of the imaging objective and a three beam 

coherent interference through the imaging volume. The distance between the orders 

(labelled as Δx) at the back pupil plane directly relates to the spatial frequency of the 

structured illumination pattern. Rotating the Ronchi pattern written to the SLM rotates 

the ±1 diffraction orders around the 0th diffraction order and results in rotating the 

structured illumination pattern through the imaging volume to fill out the sample’s 

frequency space. 
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4.3.5 SI for 3D quantitative-phase and fluorescent visualization 

The conceptually easiest way to generate a 3D distribution using SI-DPM is to simply 

axially scan the sample and for each axial position, generate a sub-diffraction resolution 

quantitative-phase image. As described in Figure 4-7, if this sub-diffraction resolution 

image is reconstructed by using various spatial frequencies for the illuminated structured 

patterns, then it will inherently have optical sectioning. Repeating this process for each 

axial position that the sample is scanned through will generate a 3D distribution of 

quantitative-phase values. We describe our acquisition procedures and experimental 

results for this below. 

 

4.3.5.1 Image acquisition 

Custom acquisition software was written in MATLAB. Three beam interference, with an 

unblocked 0 order, was used to generate periodic illumination patterns for 3D fluorescent 

and QP SI. Our sample was axially scanned during image acquisition at increments of 

200nm, satisfying the Nyquist requirement set by our fluorescent axial diffraction limit. A 

total of 60 axial slices were taken for a single volume. There was no physical change in the 

optical system between 3D fluorescent and QP SI imaging – however, the patterned 

illumination procedures for the two modalities were different and so the fluorescent/QP 

acquisitions were not simultaneous. 
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For 3D fluorescent SI imaging, the acquisition procedure largely followed (). The 

illumination pattern had the maximum magnitude spatial frequency, such that the 

component ±1 orders were at the edge of the illuminating objective’s pupil plane. For each 

imaged z-plane, acquisitions were taken for five phase-shifts, spaced 2𝜋/5, per rotation of 

the illumination pattern, with total three rotations, spaced 2𝜋/3 radians apart. In total, 

this corresponded to 900 raw acquisitions to reconstruct a single volume and took a total 

acquisition time of 93.21 seconds. 

For 3D QP SI imaging, the spatial frequency magnitude of the periodic 

illumination pattern was incremented 10 times to evenly distribute through [0, NA/𝜆 ] and 

fill out 3D frequency space, per imaged z-plane. For each spatial frequency, acquisitions 

were taken for five phase-shifts, spaced 2𝜋/5, per rotation of the illumination pattern, 

with total six rotations, spaced 𝜋/3 radians apart. In total, this corresponded to 18000 raw 

acquisitions to sub-diffraction resolve a single volume, and took a total acquisition time 

of 832.65 seconds.  

For both fluorescent and QP imaging, phase-shifting of the spatial illumination 

pattern allowed solving for the sub-diffraction spatial frequency components via linear 

system inversion. These components were then translated back to their appropriate 

regions in frequency space before being added together. No further deconvolution 

methods were applied 

 



 

111 

4.3.5.2 Sample preparation 

Bead Phantom Preparation 

We prepared calibration samples of 400nm, 520nm, and 770nm diameter 

polystyrene microspheres (BangLaboratories). In order to attach the beads to a 

surface, 10 uL of the microsphere dilutions (2 uL stock-solution / 500 uL ethanol) 

were placed onto #1.5 coverslips and allowed to dry. 1X phosphate buffered 

solution (PBS) was placed over the regions of interest and served as the 

appropriate immersion fluid for our 1.0 NA Nikon Physiology objective lens. 

 

Cell Preparation 

A549 lung cancer cells were cultured using Dulbecco’s Modified Eagle Medium 

(DMEM) supplemented with 10% fetal bovine serum and 1 µL/mL pen-strep. Cells 

were plated at low-density onto #1.5 coverslips and allowed to attach to the 

substrate overnight. Cells were fixed using a 4% paraformaldehyde in PBS. Alexa 

Fluor 488 phalloidin (Life Technologies) was used to stain filamentous actin 

following the manufacturer’s suggested protocol. Following staining, an adhesive 

spacer and coverslip was placed on top of the sample to ensure a uniform PBS 

layer above the imaging field of view. Oil of refractive index n=1.51 was placed 

over the region of interest and served as the appropriate immersion fluid for our 

40X 1.3 NA Zeiss objective lens. 
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4.3.5.3 3D quantitative-phase experimental results 

3D SI-DPM imaging with calibration microspheres 

SI’s capability to enable lateral QP subdiffraction resolution has been previously 

introduced in (38, 39, 44-46) and is clearly demonstrated with microspheres and biological 

samples in Supplementary Figures S3(a-d) and S4(a-d), respectively. Directly below, 

however, we instead highlight the importance of SI-enabled QP tomography by 

demonstrating how a lack of axial resolution may affect and degrade lateral visualization 

of structures within the system’s diffraction limit. For these images, our system used 

broadband, single-mode, illumination at 𝜆 = 488 ± 15 nm with an imaging objective of 

NA = 1 designed for imaging through immersion media with refractive index 𝑛 = 1.33. 

This yielded a lateral diffraction limit of 𝑑∥,𝑄𝑃 = 𝜆/NA ≈ 488nm and an axial diffraction 

limit for tomography of 𝑑⊥,𝑄𝑃 = 𝜆/[𝑛(1 − cos 𝜃)] ≈ 1.0um. We prepared a monolayer 

sample by diluting a suspension of 520nm polystyrene microspheres (n=1.59) in methanol 

and allowing a drop of suspension to air-dry on a cover-slip. This sample was then imaged 

through 1x Phosphate Buffered Solution (PBS) as the immersion medium. Figure 4-9 (a,b) 

below compares the SI-enhanced and conventional WF QP image, respectively, of a 

central x-y slice through an imaging volume of this sample, and a cursory glance indeed 

demonstrates superior visualization with SI-enhancement. Figure 4-9 (c,d) show depth-

slices through the location marked by the dashed yellow line in Figure 4-9 (a,b), 

respectively, and demonstrate that SI-enhancement can provide depth sectioning of the 
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microspheres to a resolution of 1.2 um, which matches well with our expected axial 

resolution. No such depth localization is apparent with the conventional WF depth-slice, 

where QP signal from the microspheres propagates through all depth slices. We note in 

Figure 4-9 (c) that, although the beads are well localized, a haze of QP signal (indicated 

by yellow arrows) is present– this is an artifact of the missing cone problem in ODT and 

is typically be dealt with in post-processing. To demonstrate how SI changes the imaged 

frequency content, we show in Figure 4-9 (e,f) the axial profiles of radially-averaged 3D 

Fourier transforms of the SI-enhanced and WF imaging volumes, respectively. The 

Fourier transform of the WF imaging volume clearly shows that the imaged spatial 

frequencies lie on the spherical shell (Ewald cap) associated with coherent imaging. In 

contrast, the Fourier transform of the SI-enhanced volume depicts the distinct butterfly 

shape associated with ODT, which allows optical sectioning and enables QP tomography. 

As expected, Figure 4-9(e) shows twice the lateral frequency support as Figure 4-9 (f). 

Figure 4-9 (g,h) show zooms of regions in Figure 4-9 (a,b) outlined in yellow to emphasize 

the improvement in visualization capability of SI-enhanced QP over WF. Though the 

microspheres are within the system’s diffraction limit and are visible in the conventional 

WF QP image zoom in regions of sparse microsphere density (indicated with green 

arrows in Figure 4-9 (h)), microsphere edges show significant defocus as well as 

susceptibility to diffraction artifacts. In regions of high microsphere density (indicated 

with yellow arrows in Figure 4-9 (h)), these defocus and diffraction artifacts can effectively 
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hinder clear visualization of individual microspheres. In the SI QP image zoom, such 

defocus and diffraction artifacts are effectively sectioned out and result in clear and sharp 

visualization of all individual microspheres. Fig S5 rigorously demonstrates that, even 

with sample features well within the diffraction limit, WF QP imaging is susceptible to 

diffraction artifacts from defocus – conversely, SI QP imaging clearly demonstrates its 

tomographic capability to strongly section out defocused artifacts. 
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Figure 4-9: Demonstrating SI’s capabilities for enabling 3D quantitative-phase (QP) 

imaging. (a,b) We compare SI-enhanced and conventional widefield (WF) QP imaging 

volumes when visualizing 520nm diameter microspheres. (c,d) Axial cross-sections 

from the SI-enhanced and WF imaging volumes (location marked by dashed yellow 

line in (a,b)) show that the beads can be depth-localized to a resolution of 1.2um with 

SI-enhancement, while no depth-localization is apparent with conventional WF. (e,f) 

The axial cross-sections of radially-averaged Fourier transforms show the 3D frequency 

content of the SI-enhanced and WF imaging volumes. The Fourier transform of the WF 

imaging volume clearly shows the Ewald cap associated with conventional coherent 

imaging. In contrast, the Fourier transform of the SI-enhanced imaging volume depicts 

the distinct butterfly shape associated with ODT, which enables 3D QP imaging. (g,h) 

Zooms of the region outlined in yellow from (a,b), respectively, are shown. The 520nm 

diameter beads fall just within the bound set by the diffraction limit, and so are 

theoretically resolvable – however, coherent noise and out-of-focus diffraction artifacts 

deem sections of the zoom (indicated by yellow arrows in (h)) practically irresolvable 

without the enhancements allowed by SI 
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3D SI-DPM imaging with A549 cells 

We experimentally demonstrate here, for the first time to our knowledge, SI being used 

for 3D subdiffraction imaging of both QP and fluorescence in a single, multimodal, optical 

system. For this system, we used an imaging objective with NA of 1.3 to image through 

immersion media with refractive index 𝑛 = 1.51. Our excitation light remained the 

original broadband, single-mode, illumination at 𝜆𝑒𝑥𝑐 = 488 ± 15 nm. This yields QP 

lateral diffraction limits of 𝑑∥,𝑄𝑃 = 𝜆𝑒𝑥𝑐/NA ≈ 375nm and a QP tomographic axial 

diffraction limit of 𝑑⊥,𝑄𝑃 = 𝜆𝑒𝑥𝑐/[𝑛(1 − cos 𝜃)] ≈ 635nm. Our fluorescent filter is designed 

to pass fluorescent emission at 𝜆𝑓 = 545 ± 20 nm. Thus, our expected fluorescent lateral 

and axial diffraction limits are 𝑑∥,𝐹 = 𝜆𝑓/2NA ≈ 210nm and 𝑑∥,𝐹 = 𝜆𝑓/[𝑛(1 − cos 𝜃)] ≈

735nm, respectively.  

 To demonstrate imaging performance in a biological application, we fluorescently 

labelled A549 cells with AlexFluor-488 phalloidin for visualization of F-actin, and 

sequentially imaged with the QP (Figure 4-10 (a,b), S4(a,b), and S6(a,b)) and fluorescent 

(Figure 4-10 (c,d), S4(e,f), and S6(k,l)) channels. While QP imaging offers endogenous 

mass-based contrast, it lacks sensitivity to specific organelles and cellular components. 

Therefore, coupling QP imaging with fluorescence allows for the simultaneous evaluation 

of mass and other descriptors of specific cytological components, and could be further 

used to delineate organelle boundaries for the determination of refractive index. For both 

modalities, SI imaging (Figure 4-10 (a,c), S4(a,e), S6(a,k)) offered visualization 
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enhancements when compared to its conventional wide-field (WF) counterparts (Figure 

4-10 (b,d), S4(b,f), S6(b,l)). These enhancements were particularly dramatic in QP imaging. 

For a 3-cell cluster of A549 cells (Figure 4-10), we zoom into a region (Figure 4-10(e)) above 

the nucleus of the right-most cell to analyze a cluster of mass localizations. Molecular 

labelling would be required to truly ascertain the identity of these high phase-delay 

structures. However, given their small size and high phase-delay, we hypothesize that 

these are small lipid based vesicles which are known to have a high refractive index lipid 

bilayer, leading to the relatively high phase delay for the small object (47). A previous 

work utilized total internal reflectance microscopy (TIRF) to monitor the secretion of ATP-

containing vesicles from the same cell line, and reported these vesicles to surround the 

perinuclear region (48). As seen in Figure 4-10 (a,b) the visible high phase-delay vesicles 

indeed surround the apical portion of the cell where the nucleus likely resides. From the 

zooms in Figure 4-10 (e), we see that these QP structures are beyond the diffraction limit 

– the factor 2 resolution enhancement enabled by SI, however, allows clear visualization 

of the individual localizations. A line-cut (Figure 4-10(f)) shows that the distance between 

the peaks of two adjacent localizations to be 228 nm. Furthermore, Figure 4-10 (e) also 

shows that defocus by 1.2 um results in diffraction artifacts (indicated by the yellow 

arrows) from the out-of-focus mass localizations in the conventional WF image. 

Depending on the specific parameters of the QP system and its illumination, these artifacts 

may even be indistinguishable from coherent noise. Figs S6(a-j) shows that these artifacts 
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remain even across larger defocus distances. With SI enhancement (Figure 4-10 (e) and 

S6(a-j)), however, the mass localizations effectively disappear from out-of-focus QP 

images. This phenomenon attributes to the tomographic ability that SI enables in QP 

imaging by filling out axial frequency space. 

 The F-actin visualization was also drastically improved when comparing the 

fluorescent SI super-resolved image to the diffraction-limited WF image. As can be seen, 

individual actin units can be visualized with super-resolution SI fluorescence in contrast 

to diffraction limited widefield fluorescence (Figure 4-10 (c,d), S4(e,f) and S6(k,l), 

respectively). Previous work has demonstrated that 3-beam fluorescent SI results in 3D 

resolution gain as well as out-of-focus rejection via filling of the missing cone (43). In 

Figure 4-10 (g), we experimentally confirm this by showing a zoom region (outlined in 

yellow in Figure 4-10 (c,d)) undergoing defocus of 1.5 um and 3 um. Increased axial 

visualization is apparent when comparing the defocused zooms between SI and 

conventional WF fluorescent imaging. Defocused signal is abundant in the WF zooms and 

occludes clear visualization of the important high-frequency content associated with the 

F-actin – conversely, the SI-enhanced zooms demonstrate clear optical sectioning, and the 

imaged actin morphology shows distinct changes as the cells are axially scanned through 

the image focus. Lateral resolution improvement was demonstrated by an intensity 

profile drawn across an actin filament (Figure 4-10 (h)) in the in-focus zoom – the width 

of the filament was 180nm between the signal troughs in the SI fluorescence image, while 
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no resolvable width could be measured in the WF image. Having this increased 

visualization and resolution capability in the fluorescence arm could of great utility to 

biologists, especially since actin and cytoskeletal structures and spatial organization is of 

great interest in the study of cellular motility and cancer migration (49). 
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Figure 4-10: Example is shown of SI’s flexibility in 3D sub-diffraction resolving both 

fluorescence and quantitative-phase (QP) for an A549 cell cluster. (a,b) QP, an indicator 

of cell morphology, is shown with and without SI enhancement. Improvements include 

increased lateral resolution, increased out-of-focus rejection, and reduced coherent 
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noise artifacts.  (e) Zooms of selected regions from the SI-enhanced and normal 

widefield (WF) QP images are compared when sample is defocused by 1.2 um. 

Resolution increase is apparent when comparing the QP structure in the in-focus QP 

zooms, and a (f) QP profile plot shows resolution of structures 228 nm apart. 

Comparison of QP images after defocus shows that, without SI enhancement, high-QP 

structure diffracts onto the defocused image plane. With SI enhancement, these 

diffraction artifacts effectively disappear. This optical-sectioning capability is a direct 

result of SI’s tomographic ability in QP imaging. (c,d) The same system can also 

perform SI fluorescent super-resolution, as is demonstrated when comparing super-

resolved and diffraction-limited WF fluorescent imaging of F-actin. (g) Zoom of 

selected region is shown undergoing defocus to 1.5 um and 3.0 um. Confirming what 

has been previously demonstrated (), SI fluorescent super-resolution shows 3D 

resolution gain as well as out-of-focus rejection via filling of the missing cone. (h) 

Intensity profile crosscut of a f-Actin filament shows 180 nm width between signal 

troughs. 
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4.3.5.4 3D quantitative-phase supplemental experimental results 

 

 

Figure 4-11: 1.6um polystyrene microspheres are immersed in a refractive index 

medium oil of n = 1.51 and imaged through the 1.3 NA microscope objective. Sample 

features are well within the diffraction limit, and individual microspheres are clearly 

resolvable in both the (a) SI and (b) WF QP images. However, axial cuts through the 

location marked in dashed yellow in (a,b) clearly show that (c) SI QP imaging allows 

depth localization of the microspheres while (d) conventional WF QP imaging allows 

no such depth localization, even though the microspheres are clearly laterally 

resolvable. This is a direct result of the tomographic capability that SI QP enables over 

WF QP, as presented in Figure 2. To emphasize this point, we show zooms (from 

regions outlined in yellow in (a,b)) of defocused sample planes at 2um increments 

through the (e,g,i,k) SI and (f,h,j,l) WF QP volumes. In SI QP volume, the QP signal 

shows clear attenuation with increasing defocus, which is indicative of its depth 

localization. No such attenuation is present in the WF QP volume, where the QP signal 

from the microspheres instead diffracts out into the defocused planes. 
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Figure 4-12: (a,e,j) WF QP is compared with (b,f,j) SI QP when taking optical image 

sections through 400nm, 520nm, and 770nm diameter polystyrene spheres, respectively. 

Lateral sub-diffraction imaging capabilities are clearly demonstrated when comparing 

the WF and SI zooms (c and d, respectively) of the 400 nm beads. As demonstrated in 

the WF and SI zooms of the 520nm spheres (g and h, respectively), SI’s tomographic 

capability is also important to reject any out-of-focus diffraction artifacts that can 

otherwise occlude sample features, even if such features are within the diffraction 

limit. Such artifacts may affect even features well within the diffraction limit, as shown 

by the diffraction rings and de-focused edges in the WF and SI zooms of the 770nm 

spheres (k and l, respectively). Examples of such artifacts affecting diffraction-limited 

visualization are indicated with yellow arrows in (g and k). 
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Figure 4-13: Visualization capabilities of QP and fluorescent imaging are compared 

between the (a,e) SI and (b,f) conventional WF techniques when imaging two adjacent 

A549 cells. Lateral resolution gain is clearly evident when comparing the zooms of the 

(c,g) QP and fluorescent SI optical sections to their (d,h) WF counterparts, respectively. 

Enhanced SI QP resolution shows clear elucidation of high phase-delay structures in 

close proximity, indicated by yellow arrows in (c), that are not separable via WF 

imaging. In the SI enhanced fluorescence case, axial rejection of out of focus fluorescent 

portions reduces fluorescent haze, which otherwise obscures the F-actin branching at 

the junction between the two cells (which can also be visualized in the QP images). 
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Figure 4-14: 3D visualization capabilities of QP and fluorescent imaging were 

compared between the (a,k) SI and (b,l) conventional WF techniques when imaging a 

volume through an individual A549 cell. SI-enhanced QP lateral resolution was clearly 

evident from a zoom of the region outlined in yellow in (a,b), which shows that several 

high phase-delay structures were clearly resolvable with (c) SI but not (d) WF QP 

imaging. SI-enabled tomographic capabilities were also evident when considering 

defocused sample planes through the (c,e,g,i) SI and (d,f,h,j) WF volumes. In the SI 

volume, the sharp QP signal from the high phase-delay structures attenuated with 

increasing defocus, indicating optical depth sectioning. In contrast, the WF volume 

showed the QP signal from the high phase-delay structures diffracting out into the 

defocused planes, leading to in diffraction artifacts that may be misinterpreted as QP 

signal at incorrect depths. These observations followed the conclusions drawn from 

Figure S4. Fluorescent resolution was also enhanced when comparing (k) SI to (l) WF 
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imaging, respectively. (m,o,q,s) Defocused planes show that SI fluorescence imaging 

demonstrates clear optical sectioning and show the actin morphology undergoing clear 

organizational changes through different depths of the cell. In contrast, defocused 

planes through the (n,p,r,t) WF fluorescence volume show a strong defocused signal 

throughout the volume stack, which hinders visualization of important high-resolution 

sample features. 
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4.3.6 SI for 3D refractive-index visualization 

The previous section showed a promising application of SI to enable 3D QP/fluorescent 

volumetric imaging. However, the depth-localized QP is not sufficient to measure the 

inherent optical properties of the biological sample, which would require refractive-index 

(RI) reconstruction. In this section, we extend the concepts introduced previously to 

formulate a mathematical framework for SI-enabled 3D refractive-index (RI) 

reconstruction. As before, SI-enabled RI tomography is uniquely compatible with 3D 

fluorescent super-resolution, and we foresee the importance of multimodal 

RI/fluorescence visualization. 

 

4.3.6.1 Mathematical theory for SI-enabled RI tomography 

4.3.6.1.1 Extracting plane-wave components from SI 

We start here by introducing the mathematical framework that describes how to extract 

the multiplexed components from coherent SI, (which follows closely from previous work 

(38, 39)). We use off-axis holography to obtain 2D complex-valued electric-field 

measurements from the image-plane. As shown in Figure 4-15(a), a raw hologram 

acquired with sinusoidal SI exhibits modulations from both the off-axis interference and 

the SI pattern. The Fourier transform of the interferogram (Figure 4-15 (b)) shows the 

central ambiguity term, the electric-field spectrum at the image-plane, and its conjugate. 

The image-plane spectrum (outlined in yellow) is digitally filtered out and reset to the 
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center of Fourier space (Figure 4-15 (c)). Inverse Fourier transform of this gives the electric-

field at the image-plane, which can be mathematically expressed as: 

 

 𝑦(𝒓𝑻) = ℎ(𝒓𝑻) ⊗ [𝑥(𝒓𝑻) ∙ (ℎ(𝒓𝑻) ⊗ 𝑖(𝒓𝑻))] (21) 

 

where 𝒓𝑻 = (𝑥, 𝑦) is the 2D spatial vector, 𝑦(𝒓𝑻) is the electric-field at the camera, 𝑥(𝒓𝑻) is 

the sample’s 2D complex transmittance function, 𝑖(𝒓𝑻) is the electric-field incident at the 

object plane due to the illumination, ℎ(𝒓𝑻) is the system’s coherent 2D PSF, and ⊗ is the 

convolution operator. We assume here that the system’s illumination and detection arm 

use equivalent NA and that magnification is neglected. We express all variables in this 

section in 2D domain to remain consistent with standard QP imaging techniques that 

approximate the electric-field incident at the image-plane to a projection of the object’s 3D 

RI distribution along the illumination path. In frequency domain, Eq. (21) transforms to: 

 

 𝑌(𝒌𝑻) = 𝐻(𝒌𝑇) ∙ [𝑋(𝒌𝑻) ⊗ (𝐻(𝒌𝑻) ∙ 𝐼(𝒌𝑻))] (22) 

 

here 𝒌𝑻 = (𝑘𝑥 , 𝑘𝑦) is the 2D spatial-frequency vector, 𝑌(𝒌𝑻), 𝑋(𝒌𝑻), 𝐼(𝒌𝑻), and 𝐻(𝒌𝑻) are 

the Fourier transforms of 𝑦(𝒓𝑻), 𝑥(𝒓𝑻), 𝑖(𝒓𝑻), and ℎ(𝒓𝑻), respectively. Here, 𝐻(𝒌𝑻) is the 

projection of the 3D system TF into 2D lateral-frequency space, and is often used as a 2D 
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TF for coherent imaging. For the purposes of this work, we set 𝐻(𝒌𝑻) to accept all 

wavevectors except ones with lateral-frequencies with magnitudes greater than 𝑘𝑐. 

 In the case of sinusoidal illumination by 3-wave interference, we write the 

illumination field as: 𝑖(𝒓𝑻) = 1 + 𝑚 cos(𝒌𝒄,𝑻 ∙ 𝒓𝑻 + 𝜙𝑛), where 𝑚 ≤ 1 and |𝒌𝒄,𝑻| ≤ 𝑘𝑐.  After 

Fourier transforming and substituting into Eq. (22), we see that the electric-field at the 

image plane after SI is given by 

 

 𝑌𝑆𝐼(𝒌𝑻) = 𝐻(𝒌𝑇) ∙ [𝑋(𝒌𝑻) + 𝑚
2⁄ 𝑋(𝒌𝑻 + 𝒌𝐜,𝑻)𝑒𝑗𝜙𝑛 + 𝑚

2⁄ 𝑋(𝒌𝑻 − 𝒌𝐜,𝑻)𝑒−𝑗𝜙𝑛] (23) 

 

We see here that the electric-field at the image-plane is a multiplex of the DC-centered, 

up-shifted, and down-shifted object frequency-spectra terms that can individually be 

obtained with sequential tilted plane-waves. This is easily verified by Fourier 

transforming the individual 2D expressions for the three component waves in the 

illumination, 𝑖𝐷𝐶(𝒓𝑻) = 1, 𝑖+(𝒓𝑻) = exp(𝑗 𝒌𝒄,𝑻 ∙ 𝒓𝑻) , 𝑖−(𝒓𝑻) = exp(−𝑗 𝒌𝒄,𝑻 ∙ 𝒓𝑻), and 

substituting into Eq. (22).  Yellow arrows in Fig. 3(c) indicate the strong DC signals from 

these plane-waves that are multiplexed into 𝑌𝑆𝐼(𝒌𝑻).  Because 𝑌𝑆𝐼(𝒌𝑻) is a linear 

summation of the object’s frequency-shifted terms, translating the SI pattern to vary 𝜙𝑛, 

allows linear solution of the raw component terms 𝐻(𝒌𝑇)𝑋(𝒌𝑻), 𝐻(𝒌𝑇)𝑋(𝒌𝑻 +

𝒌𝒄,𝑻), and 𝐻(𝒌𝑇)𝑋(𝒌𝑻 − 𝒌𝒄,𝑻), where 𝐻(𝒌𝑇) acts as a DC-centered window over shifted 

regions of the object’s spectrum. Correcting for these shifts result in the terms,  
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𝐻(𝒌𝑇)𝑋(𝒌𝑻), 𝐻(𝒌𝑻 − 𝒌𝒄,𝑻)𝑋(𝒌𝑻), and 𝐻(𝒌𝑻 + 𝒌𝒄,𝑻)𝑋(𝒌𝑻), which effectively summarize the 

objective of SI to probe different regions of an object’s spectrum with diffraction-limited 

windows. Inverse Fourier-transforming these corrected terms yield the background-

subtracted, electric-field QP maps 𝑥𝐷𝐶(𝒓𝑻), 𝑥+(𝒓𝑻), and 𝑥−(𝒓𝑻). We show both the raw 

component terms, and the associated QP maps in Figure 4-15(d-f). Note that 𝑥𝐷𝐶(𝒓𝑻) is 

exactly the output expected from standard QP microscopy with orthogonal illumination. 

 

 

Figure 4-15: (a) Raw interferogram with SI and (b) associated frequency spectrum 

(amplitude) are shown. (c) Image-plane frequency spectrum is digitally filtered. (d-f) 

Frequency spectra of individual plane-wave components, corresponding to down-

shifted, up-shifted, and DC-centered regions of the object’s frequency spectrum, are 

analytically solved and shown alongside associated spatial electric-field QP maps. 
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4.3.6.1.2 Tomographic reconstruction of RI 

The mathematical framework discussed in this section largely adapts the DT framework 

introduced in (50-52) to reconstruct 3D RI distributions from 2D measurements taken with 

coherent SI. We strive to keep similar notation to allow easy comparison with (52) 

specifically. We first re-introduce the scattering potential, which gives information about 

the object’s RI: 

 𝑓(𝒓) = −𝑘𝜆
2(𝑛(𝒓)2 − 𝑛𝑚

2 ) (24) 

 

where 𝒓 = (𝑥, 𝑦, 𝑧) is the 3D spatial vector, 𝑘𝜆 = 2𝜋 𝜆⁄  is the free-space wavenumber, 𝑛(𝒓) 

is the object’s 3D RI distribution, and 𝑛𝑚 is the constant media RI. The scattering potential 

is formulated directly from the wave equation under the implicit assumption that the 

object is semi-transparent, such that the total diffracted wave after passing through the 

sample 𝑢(𝒓) is a sum of the incident, 𝑢𝑖(𝒓), and sample-specific-scatter, 𝑢𝑠(𝒓), waves, 

respectively 

 

 𝑢(𝒓) = 𝑢𝑖(𝒓) + 𝑢𝑠(𝒓) (25) 

 

Under the first Born approximation, where 𝑢𝑖(𝒓) ≫  𝑢𝑠(𝒓), we can express the sample-

specific scatter wave as: 

 
𝑢𝑠(𝒓) = − ∫ 𝑔(|𝒓 − 𝒓′|) 𝑓(𝒓) 𝑢𝑖(𝒓) 𝑑𝒓 (26) 
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where 𝑔(|𝒓 − 𝒓′|) = exp(𝑗 𝑛𝑚𝑘𝜆 |𝒓 − 𝒓′|) / (4𝜋|𝒓 − 𝒓′|)  is the Green’s function describing 

an attenuating spherical wave arising from a point-source at 𝒓 = 𝒓′. Plane-wave 

decomposition of the Green’s function and substitution back into Eq. (26) yields the 

Fourier Diffraction Theorem, which shows that the scattered-wave at the image-plane 

(𝑧 = 0) is related to the scattering potential: 

 

 
𝐹(𝒌 − 𝒌𝟎) =

𝑗𝑘𝑧

𝜋
𝑈𝑠(𝒌𝑻; 𝑧 = 0) 

(27) 

 

where 𝒌𝟎 is the 3D illumination wavevector, 𝐹(𝒌) and 𝑈𝑠(𝒌𝑻; 𝑧 = 0) are the 3D and 2D 

Fourier transforms of 𝑓(𝒓) and 𝑢𝑠(𝒓; 𝑧 = 0), respectively, and 𝒌 = (𝒌𝑻, 𝑘𝑧) is the 3D 

spatial-frequency vector under the constraint 𝑘𝑧 = √(𝑛𝑚𝑘𝜆)2 − |𝒌𝑻|2. Furthermore, due to 

quasi-monochromatic illumination, which sets the additional constraint |𝒌𝟎| = 𝑛𝑚𝑘𝜆, the 

3D illumination wavevector is completely determined by its 2D counterpart and is given 

by 𝒌𝟎 = (𝒌𝟎,𝑻, 𝑘0,𝑧), where 𝑘0,𝑧 = √(𝑛𝑚𝑘𝜆)2 − |𝒌𝟎,𝑻|
2
. As is clear here, 𝑈𝑠(𝒌𝑻; 𝑧 = 0) 

directly relates to the values of 𝐹(𝒌) taken along a spherical surface (i.e., the Ewald sphere) 

displaced by 𝒌𝟎. We can easily correct for this displacement by rewriting Eq. (27) as: 

 

 
𝐹(𝒌) =

𝑗(𝑘𝑧 + 𝑘0,𝑧)

𝜋
𝑈𝑠(𝒌𝑻 + 𝒌𝟎,𝑻; 𝑧 = 0) 

(28) 
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Sung et al. (52) used a form similar to this for 3D RI reconstruction, where they used the 

Born and Rytov approximations to relate 𝑈𝑠(𝒌𝑻 + 𝒌𝟎,𝑻; 𝑧 = 0) to electric-field QP maps 

measured from angled plane-wave illuminations, and concluded that the Rytov 

approximation displayed superior DT reconstruction performance. This conclusion has 

been extensively verified by later studies, and we now describe how to apply Rytov 

approximation to data generated by SI. 

As shown in the previous section, SI enables decoupling of individual, 

background-subtracted, electric-field maps, 𝑥𝐷𝐶(𝒓𝑻), 𝑥+(𝒓𝑻),  and 𝑥−(𝒓𝑻). These maps 

could be equivalently obtained by sequential illumination with the plane-wave 

components forming the SI, say 𝑖𝐷𝐶(𝒓) = exp(𝑗 𝒌𝑫𝑪 ∙ 𝒓), 𝑖+(𝒓) = exp(𝑗 𝒌+ ∙ 𝒓), and  𝑖−(𝒓) =

exp(−𝑗 𝒌− ∙ 𝒓), respectively. In the example presented in the previous section, where a SI 

pattern with 2D spatial-frequency vector 𝒌𝒄,𝑻 was used, the wavevectors for these plane-

waves are 𝒌𝐷𝐶 = (0,0, 𝑘𝜆), 𝒌+ = (𝒌𝒄,𝑻, 𝑘𝑐,𝑧), and 𝒌− = (−𝒌𝒄,𝑻, 𝑘𝑐,𝑧), where 𝑘𝑧 =

√(𝑛𝑚𝑘𝜆)2 − |𝒌𝒄,𝑻|
2
.  Thus, each background-subtracted electric-field reconstruction, 

which we now generally refer to as  𝑥𝑚(𝒓𝑻), can be associated with an effective 

illumination wavevector, say 𝒌𝑚. For a complete SI dataset with acquisitions taken with 

sinusoidal SI patterns undergoing 𝑠 rotations with 𝑡 increments in spatial-frequency per 

rotation, we build a collection of electric-field maps with associated illumination 

wavevectors, {𝑥𝑚(𝒓𝑻), 𝒌𝑚 | 𝑚 = 1, 2, …  3 ∙ 𝑠 ∙ 𝑡}. 
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Sung et al. (52) showed that under the Rytov approximation, 𝑈𝑠(𝒌𝑻 + 𝒌𝟎,𝑻; 𝑧 = 0) =

ℱ{log(𝑥𝑚(𝒓𝑻))} for each illumination wavevector 𝒌0 = 𝒌𝑚, where ℱ{. } and log(. ) are the 

Fourier and complex logarithm operators, respectively. Thus, for each  1 ≤ 𝑚 ≤ 3 ∙ 𝑠 ∙ 𝑡, 

values of  𝐹(𝒌) along spherical-surfaces in 3D frequency space can be reconstructed by 

substituting ℱ{log(𝑥𝑚(𝒓𝑻))} and 𝒌𝑚 for  𝑈𝑠(𝒌𝑻 + 𝒌𝟎,𝑻; 𝑧 = 0) and 𝒌0, respectively, in Eq. 

(28) above. We illustrate this process in Fig. Figure 4-16: (a) Examples of reconstructed 

electric-fields and associated Fourier spectra from SI dataset are shown. 2D Rytov-

approximated scattered wave is mapped to 3D Ewald surfaces through F(k) for (b) 

orthogonal and (c) tilted illumination..  After 𝐹(𝒌) is sufficiently reconstructed, inverse 

Fourier transform directly gives back the estimate for 𝑓(𝒓). 3D RI can then be easily solved 

using Eq. (24). 

 

Figure 4-16: (a) Examples of reconstructed electric-fields and associated Fourier spectra 

from SI dataset are shown. 2D Rytov-approximated scattered wave is mapped to 3D 

Ewald surfaces through F(k) for (b) orthogonal and (c) tilted illumination. 
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4.3.6.2 Experimental methods and results 

We experimentally demonstrate SI’s DT capabilities by using a variant of our original SI-

DPM system introduced in (39). Our current optical system uses broadband, single-mode, 

illumination at 𝜆 = 488 ± 15 nm. The SI pattern is generated by programming a sinusoidal 

pattern onto an amplitude spatial light modulator (SLM, Holeye, HED 6001), which was 

then imaged onto the object through a system of lenses. An adjustable iris diaphragm 

placed at a Fourier conjugate plane to the SLM spatially filtered out all diffraction orders 

except the ±1 and 0 orders. These three orders were focused through the condenser 

objective lens (63X, 1.4 NA Zeiss) to create a 3-beam sinusoidal interference onto the 

sample. The diffraction from the sample is imaged in transmission through another 

objective lens (63X, 1.4 NA Zeiss) into a conventional diffraction-phase setup. A ronchi 

grating (DG, Edmund Optics Ronchi 70 lpmm) split the signal into three main diffraction 

orders. The 0th order was spatially filtered by 20 um pinhole (Edmund Optics, 52-869) to 

create a phase-stable, off-axis reference beam that interfered with the 1st order to create an 

off-axis hologram at the camera plane. The -1st order (and all other extraneous orders 

arising from RG) was blocked. 

 Our diffraction-limited lateral coherent resolution for typical QP imaging is 

expected to be 𝜆/NA = 0.35. Because we use identical condenser and detection lenses, the 

spatial frequencies of the imaged SI patterns are also diffraction-limited.  Thus, we expect 

the final RI reconstructions to have lateral resolution double that of typical QP, and be 
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able to resolve spatial frequencies of period 𝜆/2NA = 0.18. To generate a 3D RI 

distribution, 960 raw holograms were acquired (SI patterns underwent 5 translations per 

spatial-frequency, 32 spatial-frequencies per rotation, and 6 rotations). 

 

4.3.6.2.1 3D RI reconstruction of human breast adenocarcinoma 

We first demonstrate 3D biological RI reconstruction of cells from the human breast 

adenocarcinoma (MCF-7) line. These cells are popularly used in studies of tumor biology 

and previous works have extensively studied their signaling pathways, gene-activation 

events, molecular receptors, hormonal responsiveness, and proliferation rates. We 

cultured a group of MCF-7 cells using Dulbecco’s Modified Eagle Medium (DMEM) 

supplemented with 10% fetal bovine serum and 1µL/mL pen-strep. Cells were then plated 

at low density onto #1.5 coverslips and allowed to attach overnight. Cells were then fixed 

using 4% paraformaldehyde in PBS before imaging. 

 In Figure 4-17 below, we compare 3D RI reconstruction of a single MCF-7 cell (after 

reconstruction from a SI dataset), with typical QP visualization of axial slices spaced 

2.5µm apart through the cell volume. Standard Fresnel propagation kernels were used to 

digitally propagate the QP map. We see immediately from both RI (Figure 4-17(a-d)) and 

QP (Figure 4-17(e-h)) visualizations that the specific imaged cell has a high-mass bulk 

center-region with low-mass surrounding cytoplasmic extensions. However, as seen in 

Figure 4-17(e-h), QP does not allow high contrast visualization of structures within the 

high-mass region, and in fact does not allow the viewer to even make an educated guess 
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about whether the region is simply a “thick”, which relates to cell morphology, or 

“dense”, which relates to cell composition. This is of course due to RI and physical-path-

length being entangled into OPL, the source of contrast in QP imaging. Furthermore, the 

various axial slices show almost no variation in QP signal, and Figure 4-17(e) indicates 

two cytoplasmic extensions that are visualized with defocus through all the axial slices. 

This conforms to our expectation that QP imaging has no axial resolution. In contrast, the 

RI visualizations of the same axial slices show a drastic increase in intra-cellular contrast, 

which can attribute to both optical sectioning as well as the doubled lateral resolution over 

QP imaging. An obvious advantage of RI imaging includes significant enhancement of 

image contrast when visualizing central high-mass region of the cell. Unlike the 

ambiguities associated with QP imaging, RI shows that this region has a higher “density” 

(corresponding to RI values of ~1.335) than the surrounding cytoplasm, which suggests a 

compositional change. In fact, Figure 4-17(c) shows that this region has a circular 

delineation and is markedly denser than the surrounding cytoplasm, which suggests that 

this region is dominated by one large sub-cellular component. After referencing previous 

works that show molecular-specific fluorescent labelling of MCF-7 cells, and drawing 

comparisons to the size, shape, and positioning of the high-density region, it is reasonable 

to hypothesize that this high-density region is the cell’s nucleus. Even within the nucleus, 

high density structures can be clearly visualized. Given the shapes and locations of these 

structures, we hypothesize that we are visualizing the nucleolus and endoplasmic-
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reticulum. The nucleolus shows a grainy texture in Figure 4-17(c), which conforms with 

previous works visualizing MCF-7 nucleoli via fluorescence. The surrounding cytoplasm 

also exhibit significantly increased contrast, and various cytoplasmic extensions and 

cavities are clearly visible in sharp focus in Figure 4-17(a-c). These cytoplasm structures 

were either not visible or out-of-focus with QP imaging (Figure 4-17(e-h)). Furthermore, 

RI visualization shows both the nucleus and cytoplasm changing shape as the imaged 

depth-plane is axially moved, which demonstrates 3D optical sectioning.  

Interestingly, we have observed (not shown here) many MCF-7 cells from the same 

population that exhibit nuclear RI values lower than those of the rest of the cell. 

Furthermore, most MCF-7 cells do not have such a high karyoplasmic ratio 

(nucleus/whole-cell volume ratio). Indeed, extensive biology research suggests that one 

of the fundamental properties of eukaryotic cells is an ability to maintain nuclear sizes in 

relation to whole-cell volume, which is crucial for many nuclear-specific cell functions, 

such as nuclear transport, gene expression, organization of inter-nuclear components and 

compartments (nucleolus, Cajal bodies, Kremer bodies, etc), and general cell regulation. 

Given the expected consistency of nuclear size, nuclear growth is typically associated with 

a progression through the cell-cycle. We hypothesize that the enlarged nucleus in Figure 

4-17 indicates this individual cell’s preparation, before fixation, to enter into cell division. 
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Figure 4-17: Axial slices are shown from an MCF-7 cell after (a-d) 3D RI reconstruction 

via SI and (e-h) Fresnel propagating a QP image. RI visualization shows clear image 

contrast, resolution and optical-sectioning enhancement over QP. 
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4.3.6.2.2 3D RI reconstruction of human colorectal adenocarcinoma 

We demonstrate 3D biological RI reconstruction of human colorectal adenocarcinoma 

(HT-29) cells. Like the MCF-7 cells presented in the previous section, the HT-29 cell line is 

widely used to study tumor biology. However, HT-29 cells have a drastically different 

morphology than MCF-7, and typically exhibit globular shapes. HT-29 cells have been 

popular imaging choices in previous DT works (52, 53), perhaps because of their roughly 

spherical, profiles, and so we also image them to further explore 3D RI reconstruction via 

SI. The HT-29 cells were prepared in a similar fashion to the MCF-7 cells from above. 

In Figure 4-18 below, we demonstrate 3D RI reconstruction of a pair of conjoined 

HT-29 cells, and immediately visualize their hallmark globular structure. In Figure 4-18 

(a-d), we show axial slices taken through the RI tomogram taken again at 2.5 µm 

increments. Due to the cells’ globe-like profiles, clear differences in the axial slices are 

apparent. The cell boundary separating the cell cytoplasm from the surrounding PBS 

immersion media is clearly visible in all slices and shows the cells’ circular cross-sections 

enlarging and then shrinking as the visualized cross-section shifts axially up through the 

cell, as is expected when visualizing a globular structure. Figure 4-18 (a) shows an axial 

slice at z=-3.8 µm depth which contains a number of high-density localizations below the 

nucleus. Molecular labelling is necessary to truly identify these localizations. However, 

given their sizes and positions to the nucleus, we hypothesize that these localizations are 

lipid-based vesicles, which are known to have high RI lipid bilayer. Previous works have 

demonstrated fluorescent imaging of vesicles and have reported vesicles to congregate 
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around the nuclear region of the cell. This finding conforms to our observation of the 

vesicles being situated almost directly beneath the nucleus. The next axial slice at z = -1.25 

µm is closer to the center of the cell and exhibits higher HT-29 cross-sectional area. Here, 

we can see a ring-shaped region of high RI that directly surround the nuclear region. We 

also see the tail ends of the nucleoli start to appear at this axial position. Interestingly, 

unlike our observations with the MCF-7 cell shown in Fig. 5, even though the nuclei in the 

two HT-29 cells show regions with modestly high RI, the nuclei as whole organelles do 

not exhibit a distinct difference in RI compared to the rest of the cell. This observation is 

continued into the next axial slice up, at z = +1.25 µm, where now the nucleoli appear fully 

formed. Previous studies performing 3D RI tomography on HT-29 cells have 

demonstrated similar observations. In Figure 4-18(e-f), we show 3D visualization of the 

RI tomogram after applying RI-thresholded opacity constraints so as to emphasize 

different biological features. Figure 4-18(e) emphasizes the cell boundary that 

encapsulates the cell. The cells’ subcellular components can be viewed through the 

boundary so as to see the visualize their positioning in the cell’s body. Figure 4-18(f) shows 

the cellular content within the cytoplasm by setting the RI values associated with the 

cytoplasm (RI < 1.337) transparent. We can see that the moderately-high, inter-cell 

components, typically with RI of ~ 1.35, to be concentrated in areas around the nuclear 

region. Figure 4-18(g) shows the positioning of only the high RI components (RI>1.37). As 
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is clear here, the high RI components are almost all localized to either the nucleolus or 

nuclear periphery.  

 

Figure 4-18: 3D RI tomograms reconstructed of HT-29 cells with the SI framework. (a-

d) HT-29 cross-sections are shown with increasing axial positionings. (e-g) 3D 

visualization of tomograms emphasizeing the cell boundary, general intracellular 

strucure, and high RI structure 
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4.4 Summary 

From a theoretical perspective, this work (1) introduced the framework for SI 3D sub-

diffraction QP imaging, (2) drew parallels between coherent SI and oblique illumination 

microscopy, and (3) coherent SI to a multiplexed form of the more established ODT. We 

also showed, for the first time to our knowledge, SI’s ability to achieve both fluorescent 

and diffraction sub-diffraction resolution imaging. In the first part of our work, we 

showed that 3D QP volumes could be reconstructed by simply conducting standard SI-

QPM processing, introduced in Aim 2, on each axial slice through the sample. This 

happens because the act of coherent SI imaging of an object inherently provides a form of 

depth resolution due to different regions of frequency space being sampled. It follows that 

if SI with patterns of incremented spatial frequencies are used, then the different regions 

of frequency space can be filled. Of course, along with 3D QP volumes, 3D fluorescent 

volumes were also reconstructed. The reconstruction procedure for fluorescence follows 

the procedures presented in (20, 43). In the second part of our work, we incorporate 

elements of diffraction theory into our model and draw parallels with SI to develop a 

framework for SI-enabled RI tomography. RI tomography is a significant step upwards 

from only QP tomography because it allows reconstruction of the intrinsic RI values in a 

biological sample, which govern the sample’s diffraction properties. A big limitation in 

general QP imaging is that QP signal cannot be easily decoupled between RI and physical-

path-length, and so QP is often used as a surrogate measure of the cell’s optical properties. 
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RI tomography circumvents this issue by using multiple angled illuminations in 

conjunction with diffraction theory. The second part of this aim builds on this even further 

by finding a way to do RI tomography that is compatible with fluorescent imaging.  
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5. Discussion and Conclusion 

This dissertation started as a means to extend SI to incorporate sub-diffraction resolution 

imaging of coherently scattering samples. In doing so, we found clever ways to implement 

the general SI framework with elements of coherent theory, Fourier theory, and diffraction 

theory. This yielded the results that were showcased in Aims 1 and 2. However, a 

potentially more fundamental shift was introduced in Aim 3. Out of all current sub-

diffraction resolution methods, there is no technique that can be applied to both diffractive 

and fluorescent samples. Aim 3 makes the point that SI offers the unique capability of sub-

diffraction imaging of QP/RI and fluorescence, and that SI is the only sub-diffraction 

resolution imaging technique that has multimodal compatibility.  

This multimodal compatibility has direct implications that can benefit microscopy 

for biological research. QP/RI imaging provides a basis technology with which to 

noninvasively analyze endogenous cellular biophysical and biochemical parameters. It 

has shown promise in studying whole-cell spectroscopy, morphology, mass, stiffness, and 

refractive-index/optical-path-length distributions (25, 29, 30, 32, 41, 42). Furthermore, 

QP/RI is effectively free and fast – no major sample preparation procedures are necessary 

to get strong signal from the sample and camera integration times rarely pose a problem 

for longitudinal biological studies. However, QP/RI imaging inherently has no molecular 

specificity, and the biological parameters extracted from QP/RI cannot be localized to 

specific cellular components. This prevents analysis of localized and specific QP/RI, which 
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can hinder studies exploring morphology, mechanics, mass, spectra, or density 

endogenous to individual sub-cellular components. Towards this end, due to its ability 

for molecular-specific contrast, fluorescence microscopy directly complements QP 

imaging. Fluorescence microscopy is the dominant imaging choice when studying 

interactions and dynamics of specific sub-cellular components, as is necessary in studies 

of gene expression, protein localization, intracellular transport, organelle dynamics, 

diffusion kinetics, etc (19, 20, 22, 54-66). Previous studies have used separate QP and 

fluorescent imaging to analyze biological samples (29) – however, because imaging a 

consistent field-of-view across multiple systems often requires an onerous search across 

the sample, such analysis typically only offer bulk-population, non-localized, multimodal 

information. Having a single optical system incorporating QP/RI and fluorescent imaging 

allows registered, multimodal visualization of specific, localized regions of the sample. In 

a simple extension, one could envision utilizing standard segmentation algorithms on the 

fluorescent image to segment specific sub-cellular components of interest. The outputted 

segmentation boundaries could then be applied to the coregistered QP/RI image to enable 

measurements and analysis of the endogenous physical and chemical properties of the 

specified biological components. Indeed, a few past works have considered this potential 

and have introduced optical systems that efficiently combine both modalities (67, 68). 

Unfortunately, though such systems may represent important tools for biological analysis, 

they remain diffraction-limited, and a generalized scheme to achieve robust sub-
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diffraction resolution imaging with coherent and fluorescent propagation has remained 

elusive. 

As shown in this work, SI represents a solution to this problem. Both QP/RI and 

fluorescent imaging have individually showed that the factor 2 resolution gain enabled 

by SI allowed visualization of sub-cellular structures with biologically significant 

functions. For example, in QP/RI imaging, Figs 4(a-c), S4(a-d), S6(a-j) demonstrate 

significantly improved 3D biological visualization and localization of the lipid vesicles 

surrounding the nuclear region of the cell. Beam-scanning ODT also exploits this factor 2 

resolution gain when visualizing 3D refractive-index maps at sub-diffraction resolutions 

(52). Biological extensions to this have explored population studies of red-blood-cell 

(RBC) cytoplasmic volumes, hemoglobin concentrations, stiffness maps, and 

morphological/structural changes due to parasitization (31, 41). In fluorescence imaging, 

SI has demonstrated that a factor 2 resolution gain dramatically enhances biological 

visualization of molecularly tagged components. Previous work has applied this concept 

for super-resolved, depth-localized visualization of microtubule dynamics associated 

with the polymerization of α-tubulin in Drosophila melanogaster S2 cells (20). 

Mitochondria dynamics in HeLa cells were also imaged, and SI-enhanced super-

resolution clearly visualized the fine mitochondrial features associated with the cristae, 

usually seen only with electron microscopes. Another work used multicolor 3D 

fluorescence SI to demonstrate super-resolution imaging of multiple molecular complexes 
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in the nucleus of C2C12 myoblast cells (18). SI-enhanced resolution was necessary to 

visualize the dense fibrous structure of the nuclear chromatin bound by the thin, 

heterogeneous layer of the nuclear lamina, and allowed observation of individual nuclear 

pore complexes adjacent to the lamina’s exterior. 

These biologically-relevant insights from individual QP/RI and fluorescent 

modalities, made possible by doubling the diffraction-limited resolution, can be 

synergistically combined with multimodal SI to more effectively explore significant 

biological questions that have distinct molecular and biophysical/biochemical 

components. For example, structural and compositional changes in the cytoskeleton, 

known to be a network of F-actin, microtubules, and other intermediate filaments that 

connects almost all cellular structures, directly affect the mechanical properties of the cell. 

Previous studies have explored the distributions of mechanical stresses and 

displacements within the cell in response to applied loads and have modelled the 

cytoskeleton as a network of discrete, stressed elements (69, 70). The cytoskeleton, 

however, also affects various important signal transduction pathways (STP) that control 

how information (from either mechanical or molecular stimuli) is passed from the cell 

membrane to structures within the cytoplasm or nucleus. Important cytoskeletal 

components that enable this include molecules from the glycolytic enzyme, protein 

kinase, lipid kinase, hydrolase, and GTPase families (71). Multimodal QP/fluorescent sub-

diffraction imaging can offer a unique ability to probe molecular and mechanical 
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interactions in the cytoskeleton during STP events by enabling visualization of molecular-

specific mechanical forces as well as whole-cell mechanical responses to signal 

transduction events. Applications of this can be important to explore how mechanical or 

mechanotransduction events affect gene expression and protein synthesis, as well as 

whole-cell functions such as cell growth, differentiation, locomotion, cytokinesis, and 

apoptosis. 

We have introduced SI here as a sub-diffraction resolution technique that is 

applicable to both QP/RI and fluorescent imaging. There is still much work to be done in 

terms of extending this work towards real-time 3D imaging of live cells, as fluorescent SI 

and ODT have individually accomplished (4, 20), but this work’s direct implication 

towards biological research is that it presents an imaging technique that efficiently 

packages sub-diffraction capabilities for both fluorescent and diffractive samples into one 

general-purpose solution. This would allow the biologist all the advantages of robust 

multimodal QP/RI and fluorescence imaging at sub-diffraction resolutions. 
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