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Abstract

Purpose of Review—Light microscopy plays an essential role in clinical diagnosis and
understanding the pathogenesis of cancer. Conventional bright-field microscope is used to
visualize abnormality in tissue architecture and nuclear morphology, but often suffers from many
limitations. This review focuses on the potential of new imaging techniques to improve basic and
clinical research in pathobiology.

Recent findings—Light microscopy has significantly expanded its ability in resolution, imaging
volume, speed and contrast. It now allows 3D high-resolution volumetric imaging of tissue
architecture from large tissue and molecular structures at nanometer resolution.

Summary—~Pathologists and researchers now have access to various imaging tools to study
cancer pathobiology in both breadth and depth. Although clinical adoption of a new technique is
slow, the new imaging tools will provide significant new insights and open new avenues for
improving early cancer detection, personalized risk assessment and identifying the best treatment
strategies.
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Introduction

Light microscopy is one of the most important tools for pathological diagnosis and
biomedical research. Bright-field light microscopy has been the main technique for
pathological evaluation for more than two centuries. The microscopic morphology-based
pathology remains the “gold-standard” to identify cancer cells and to specify cancer type. It
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relies on identifying structural abnormalities in tissue architecture and nuclear morphology
on stained cell and tissue visualized under conventional bright-field microscope. Such
morphology-based diagnostic features are highly robust, as they are common structural
features for a wide variety of tumor types without being confounded by the significant
molecular heterogeneity in various stages of carcinogenesis.

Despite the tremendous clinical value of conventional morphology, they have limitations in
many clinical scenarios. On one hand, the visualization of conventional morphology requires
time-consuming tissue processing (e.g., paraffin-embedding or freezing and tissue section),
which is not ideal for surgical applications where real-time “histology” is preferred. On the
other hand, conventional morphology also has limited performance in personalized risk
stratification for at-risk patients. For example, identification of the earliest precursor lesions
in various tumor types play an important role in cancer prevention. Precursor lesions serve
as prognostic markers to predict the risk for future development of malignancy. Patients with
high-grade dysplasia are likely to progress into aggressive cancer than those with low-grade
dysplasia. But in some cases, different types of precursor lesions present similar
morphological difference, resulting in significant inter-observer variation [1]. Importantly,
most patients with precursor lesions will not develop cancer, so frequent and invasive
surveillance of at-risk patients carries financial, physical, and emotional burdens. Similarly,
some malignancies are indolent, some are aggressive. But conventional morphology often
has limited accuracy in detecting genuinely high-risk patients, or distinguishing aggressive
from indolent cases.

In the last decade, advancement in the field of light microscopy has been revolutionary, from
the widespread use of confocal/two-photon/non-linear microscopy for three-dimensional
(3D) high-resolution tissue imaging, to light-sheet and optical coherence microscopy for 3D
volumetric imaging of large tissue and the whole organ, to label-free light scattering and
quantitative phase imaging for interrogation of nanoscale cellular architecture, to the
emergence of super-resolution microscopy that overcomes the physical diffraction limit to
visualize previously invisible molecular structures. This review will discuss the potential of
these light microscopy techniques in understanding the pathogenesis of cancer and
improving cancer diagnosis.

Clinical samples used for pathological evaluation

As optical signals come from the interaction between light and the imaging object, the
knowledge of the sample characteristics is an essential, but often overlooked component for
high-resolution microscopic imaging of pathological tissue. The main sources of human
samples that are used to study cancer pathogenesis or provide diagnostic, prognostic or
therapeutic information are tissue obtained through small biopsies or surgical resection and
cells obtained through brushing or body fluid. Although fresh cells and tissue are ideal
source to study the underlying pathogenesis of human diseases, their biochemical
compositions change quickly after they are removed from human body. For clinical use,
these samples have to be preserved in fixatives for short-term use; or prepared as frozen or
formalin-fixed and paraffin-embedded (FFPE) tissue blocks for long-term storage. Clinical
FFPE tissue preservation is the gold standard for pathological diagnosis. It also provides a
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large human tissue repository with documented clinical outcome and allows respective
evaluation of many diseases, especially for those that would be difficult to study such as
precursor lesions that often take decades to progress into malignancy. Therefore, the ability
to analyze FFPE is of immense importance to study human diseases [2]. Any imaging
techniques that can be tailored for FFPE tissue will be of great advantage that can be easily
integrated with the existing clinical workflow.

However, the processing of tissue or cells can change the chemical compositions of tissue
and cells and thus alter the optical properties from both intrinsic and exogeneous optical
signals in different high-resolution imaging systems. Proper sample preparation is essential
to obtain high-quality and reproducible images. For example, fixatives such as alcohol-based
solution dehydrate the tissue and cells, thus increasing their refractive index - the intrinsic
properties detected by light scattering techniques. The increased refractive index may also
induce spherical aberration in high-NA objectives in fluorescence microscopy. Other
fixatives (e.g., paraformaldehyde (PFA) and formalin) cross-link proteins, which has been
shown to best preserve tissue architecture and morphology. But over-fixation can introduce
significant autofluorescence background and mask the epitopes that are essential for
immunofluorescence staining. Frozen tissue, on the other hand, has better-preserved
molecular constituents such as epitopes, with less autofluorescence background, but suffers
from poorly maintained tissue morphology. These factors must be considered for high-
resolution imaging of human tissue samples.

Intrinsic vs. exogeneous contrast

In light microscopy, optical contrast is as important as optical resolution that determine the
ultimate performance of the imaging system. There are two types of contrast that forms the
image - intrinsic contrast or label-free imaging that detect the intrinsic optical signals from
light-tissue interaction, and exogeneous contrast that relies on contrast-providing tags (e.g.,
fluorescent or chromogenic dye) to highlight the molecules of interest in the image. The
intrinsic optical signals come from light-tissue interactions, such as scattered light that
detects the refractive index variations due to structural or density changes within the
samples; autofluorescence, infrared and Raman signals that detect a wide variety of
biochemical constituents that have important functional implications of the underlying
biological activities; and second-harmonic generation signals that often come from
birefringence of extracellular matrix. The biggest advantage of intrinsic optical signal is the
minimal sample preparation, as it does not use any chemicals, antibodies or stains, thus
immune to the variation introduced by the external reagents. The intrinsic optical signals
have been widely used to distinguish normal from cancerous tissue in clinical settings.
However, the underlying biology of the detected optical signals can be ambiguous. On the
other hand, the exogenous optical contrast is advantageous when there is a well-defined
molecule in cancer pathobiology. For example, certain proteins are overexpressed in cancer
tissue, so tagging a chromogenic or fluorescent dye to this cancer-specific protein will
provide significant diagnostic value. But the staining process is subject to variation, as the
accumulation of the exogeneous contrast agent depends on various factors, such as the
preservation and accessibility of epitopes, efficiency of antibodies, and penetration of the
contrast agent. Further, as most functional molecules can be tagged with a contrast agent,
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molecular imaging with high-resolution microscopy can serve as important diagnostic tools
and provide valuable mechanistic insights into the underlying biology of cancer
pathogenesis. Both intrinsic and exogeneous contrast are applied in the following discussion
of optical microscopy systems will be divided into three main categories - conventional
diffraction-limited 3D microscopy techniques, super-resolution microscopy and other label-
free imaging techniques, and their advantages and limitations are summarized in Table 1.

Conventional microscopy for in-vivo tissue imaging or 3D volumetric

imaging of ex-vivo tissue

Conventional high-resolution imaging systems such as confocal microscopy [3], light-sheet
microscopy [4], two-photon/nonlinear microscopy [5], optical coherence microscopy [6],
structured illumination microscopy [7], stimulated Raman scattering (SRS) microscopy [8],
infrared microscopy [9], microscopy with UV-surface excitation (MUSE) [10] have been
used for /n-vivoimaging to visualize oval tissue and cell morphology in various organs. The
resolution of these systems is still limited by diffraction, ranging from ~300 nm to a few
microns. They either detect intrinsic tissue properties (e.g., refractive index variation,
NADH/FAD, birefringence, intrinsic Raman scattering or absorption signals of
macromolecules), or use exogeneous labels to enhance the detection of overall tissue
architecture.

One general goal is for fast visualization of overall tissue morphology with histology-like
microscopic images on either freshly resected ex-vivotissue or without physically removing
the tissue. Such capability is very useful to determine which abnormal lesions should be
removed, or whether tumors are completely removed at the margin in real time. As tissue is
optically thick and scattering, visualization of microscopic structures requires the imaging
volume to be confined within several microns. Physical tissue sectioning is currently used in
clinical setting, which requires the time-consuming frozen tissue that takes 20—30 minutes or
paraffin-embedding process that takes ~10 hours. As many optical microscopy techniques
can perform non-invasive optical sectioning, they are ideally suited for 3D microscopic
imaging of /n-vivoand ex-vivotissue in real time. For example, confocal reflectance
microscopy and optical coherence microscopy have been successfully used for in-vivo
imaging of skin [11], ovary [6] and other organs, which detect the intrinsic scattering signals
due to the changes in the refractive index of subcellular organelles, and provide label-free
high-resolution images that resemble the H&E-stained histology images. An example using
optical coherence microscopy is shown in Fig. 1A. /n-vivo confocal reflectance microscopy
has been cleared by Food and Drug Administration (FDA) for dermatologists to
noninvasively visualize cellular structures within the skin. But certain sub-cellular details,
especially nuclear morphology, can be difficult to assess from the images without any stains.
To overcome this limitation, fluorescence dyes (fluorescein or acridine orange) have been
used to enhance the contrast of cell nuclei or overall tissue architecture in the ex-vivo tissue
[12, 13] (an example shown in Fig. 1B), but /n-vivotissue imaging using fluorescent dyes is
still limited by the very few available fluorescent dyes approved by FDA for safe use in
human. Raman scattering based label-free imaging technique also showed the promise for
tumor margin assessment with close resemblance to H&E-stained histology images with
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clear delineation of nuclear details and extracellular matrix in brain tumor [8]. As
conventional wide-field microscopy generally lacks 3D sectioning, most techniques
discussed above use confocal point-scanning system to reject the out-of-focus background in
tissue imaging, which leads to the increased cost and complexity of the imaging system. A
nice deviation from these approaches is the recently reported MUSE that uses ultraviolet
radiation to naturally “section” the tissue surface due to the short penetration depth of UV
has achieved excellent histology-like microscopic images on ex-vivotissue, using a simple
and low-cost wide-field fluorescence microscope [10], as shown in Fig. 1C. Another
exception is light-sheet microscopy that uses two orthogonally positioned beams to achieve
optical sectioning, which significantly improved the throughput and imaging speed [4].

Besides structural information, some intrinsic optical signals can provide functional
information in pathogenesis. For example, NADH and FAD are important indicators for
metabolic activities and have been used to monitor the drug resistance in cancer models such
as xenograft model [14] and tissue organoid [15], and to image mitochondrial dynamics to
improve the /n-vivo diagnosis of skin cancer in human patients [16]. The birefringence
properties in the extracellular matrix have also shown promising prognostic value in patients
with ovarian cancer [17]. Another label-free nonlinear imaging technique provides /n-vivo
visualization of tumor microenvironment and outline overall tissue morphology that also
demonstrate potential diagnostic values in tumor margin detection [5]. Confocal infrared
microscopy that uses infrared spectroscopic imaging was also reported to biochemically
characterize breast cancer tissue in both epithelial cells and tumor microenvironment [9].

As tissue structure is three-dimensional in nature, a full 3D histopathology mapping of the
entire organ or tumor will be valuable for both basic research and pathological diagnosis.
But the thickness of these tissues ranges from a few millimeters to several centimeters,
which is well beyond the penetration depth (about a few hundred microns) of light
microscopy. To achieve the full volumetric 3D high-resolution imaging for a large tissue
sample, two approaches are generally used. The first approach uses conventional microscopy
technique with physical sectioning, such as knife-edge scanning microscopy [18]; the
second approach uses tissue clearing to increase penetration depth, followed by 3D imaging
(e.g., confocal or light-sheet microscopy) [4, 19, 20] and an example is shown in Fig. 1D.
Both approaches have been widely used in brain imaging, and recently adapted for 3D
imaging of pathological tissue. Both chemical processing of tissue and 3D imaging take a
long time (e.g., hours to days). This approach shifts the traditional paradigm of 2D
pathology of a small region of the resected tissue and opens new avenues of 3D full
volumetric histology maps with sub-cellular resolution. Whether sampling the large tissue
and 3D pathology provide additional diagnostic value than conventional 2D pathology
remain to be proven in the clinical settings.

Super-resolution fluorescence microscopy for imaging molecular structure

at nanometer resolution

Super-resolution (SR) fluorescence microscopy has revolutionized biological imaging by
overcoming the physical diffraction limit to achieve a spatial resolution down to ~20-100
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nm, thereby allowing the observation of subcellular structures that are invisible in
conventional light microscopy. Such breakthrough has been recognized by Nobel Prize in
2014. Various SR fluorescence microscopy techniques such as stochastic optical
reconstruction microscopy [STORM] [21, 22], (fluorescence) photo-activated localization
microscopy [(f)PALM] [23, 24], stimulated emission depletion microscopy (STED) [25],
super-resolution structured illumination microscopy (SR-SIM) [26] and recently developed
expansion microscopy [27, 28], can now be used to detect molecular structures below the
diffraction- limited resolution.

The rationale of using super-resolution imaging system in understanding cancer
pathobiology and pathological diagnosis is motivated by our increased understanding of
molecular changes in cancer development. It is now established that disrupted genome and
epigenome that can alter nuclear architecture and other sub-cellular organelles in all stages
of cancer development including in normal precursor cells [29-31]. Correspondingly, the
structural transformation of cellular and sub-cellular organelles experiences progressive
alterations, ranging from subtle to significant. But conventional biochemistry approaches are
largely bulk measurement on the averaged cell population from tissue extract, which lose the
spatial context — an important component for pathological diagnosis and pathogenesis of
cancer.

The limitations of conventional morphology discussed above are in a large part due to the
diffraction-limited resolution of conventional light microscopy. Smaller structural
characteristics below 250-500 nm cannot be visualized. Indeed, the currently known
abnormal morphology characteristic of neoplastic cells is mostly microscale structural
features, such as abnormal tissue architecture, chromatin texture, nuclear size, shape, nuclei-
to-cytoplasm ratio, orientation of cells, the prominence of nucleoli, and ploidy. Super-
resolution microscopy combines nanometer resolution with molecular specificity, which has
a potential as powerful tools to address challenging problems in cancer pathobiology.

Attempts have been made for imaging pathological tissue using super-resolution techniques,
even though it is still at its infancy, with only a handful of studies. For example, 3D-SIM has
a resolution of ~120 nm and was used to resolves organizational differences in DNA
organization of myeloma cells among normal, multiple myeloma (MM) cells and its
precursor cells of monoclonal gammopathy of undetermined significance (MGUS) [32]. The
STED-based super-resolution microscopy achieves a resolution of ~50-70 nm and has also
been used to visualize nanoscale protein distributions in sections of well-annotated FFPE
human rectal cancer tissue [33] (an example shown in Fig. 2A). Single-molecule
localization-based approach — PALM, requires the incorporation of photoactivable
fluorescent proteins using genetic engineering approaches, it has limited clinical utility in
fixed pathological samples. While STORM uses conventional organic dyes and well-
established immunofluorescence staining that is highly compatible with pathological tissue
and routinely achieves a spatial resolution of ~20-30 nm, one of the best among various
super-resolution imaging techniques. It has also been used to image various molecular
structures of HER2, TOM20 and lamin B1 in clinical FFPE tissue sample from breast cancer
[34] (an example shown in Fig. 2C). STORM was also used with quantitative single-
molecule analysis and clinical touch repreparation to precisely quantify HER2 density from
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patients’ samples that showed a positive correlation with standard FISH-based assay of
HER2 copy number [35] (an example shown in Fig. 2B). Further, as tissue section often
induces higher background, to ensure robust performance in imaging nuclear architecture,
various methods have been developed to remove the heterogeneous background and improve
the throughput [36, 37]. Such method has allowed one-to-one mapping between
conventional H&E-stained image and STORM-based super-resolution image of chromatin
structure — one of the most important sub-cellular components in carcinogenesis, as shown
in Fig. 2D, allowing pathological evaluation at molecular scale [38]. In addition, expansion
microscopy, distinct from optics- based super-resolution imaging approaches, expands the
samples to resolve ultra-structure that is not visible under conventional light microscopy. It
has been optimized for clinical samples and demonstrated the potential to detect the kidney
tertiary podocyte foot processes in the kidney disease, a feature that was traditionally
detected by electron microscopy, as well as the feasibility to improve computation-based
diagnosis of breast precursor lesions [39] (an example shown in Fig. 2E).

Super-resolution fluorescence microscopy is far less widely used in the field of pathology
than cell biology. The concept of visualizing ultra-structures to improve the pathological
diagnosis was well explored in 1970s when electron microscopy first became widely
available and became the standard of care in some aspects of renal pathology. But it fell out
of favor after a decade due to the emergence of molecular-based approaches such as
immunohistochemistry (IHC) resolved ability of the new generation of super-resolution
fluorescence microscopy marries the molecular specificity with super-resolved imaging
capability, but with similar sample preparation as standard IHC, but at a much higher
imaging throughput and cheaper instrument [40] that are not available in electron
microscopy. Further, super-resolution fluorescence microscopy is far more powerful, with
single-molecule detection sensitivity and the ability to precisely quantify the multiple
molecular compositions [35]. Therefore, super-resolution fluorescence microscopy is poised
to make a significant impact in the largely unexplored nanoscale regime of molecular
structure in pathological evaluation of various diseases and may potentially be used to
address many challenges in clinical diagnosis as previously discussed.

Other label-free imaging techniques for interrogation of nanoscale
structure

Many label-free imaging techniques, such as autofluorescence/Raman spectroscopy [41, 42],
quantitative phase imaging [43], partial-wave spectroscopy [44], light scattering
spectroscopy [45], angle-resolved low coherence interferometry (aLCl) [46], spectral
encoding of spatial frequency [47], nanoscale nuclear architectural mapping (hanoNAM)
[48] also emerge as promising technologies to detect pre-cancerous and cancerous changes
in pathological tissue or cells, especially their ability to interrogate the sub-resolution
structural abnormalities in cells undergoing early-stage carcinogenesis that are invisible to
conventional pathology. Unlike the fluorescence-based imaging approaches that characterize
the spatial distribution of the fluorophore, these techniques do not require exogenous labels
and quantify the intrinsic structural information, based on scattered light, at various length
scales ranging from nanometer to micron.
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Light scattering is an intrinsic optical signal from refractive index variation in the cellular
and sub-cellular organelles and forms the basis of many label-free imaging techniques. They
can quantify the intrinsic architecture at the single-cell level with nanoscale sensitivity. They
achieved nanoscale sensitivity through three general approaches: interferometry that detects
nanometer optical path length difference, model-based interpretation of scattering signals,
and statistical properties of refractive index fluctuation. It is important to note that the
nanoscale sensitivity in the label-free imaging is not equivalent to the nanoscale resolution in
super-resolution microscopy. In the former case, the image is still diffraction-limited, but the
value distinguishes the nanoscale structural difference in a structural parameter (e.g., size,
optical path length, refractive index); in the latter case, the image has super-resolved
resolution and directly visualizes nanoscale structural features.

Although label-free imaging techniques lack the specificity to directly visualize the
molecular structure at nanoscale resolution (as is the case for super-resolution fluorescence
microscopy), subtle nanoscale structural changes that appear invisible to conventional light
microscopy can still be detected using simple and low-cost optical set-up with only minimal
sample preparation. For example, in early-stage cancer development when the cells still
appear normal to pathologists, chromatin structure and associated refractive index
distribution in the cell nuclei is already altered due to epigenetic dysregulation [44, 49]. It
results in changes in the phase and spatial distribution of light scattering signals that can be
picked up by these scattering-based label-free techniques. For example, quantitative phase
imaging based on various approaches (e.g., diffraction phase microscopy, digital holographic
microscopy) maps the integrated optical pathlength distribution along the tissue section and
provides a high-contrast high-resolution images of tissue architecture for unstained tissue.
Such information has shown the promise to predict the prostate cancer recurrence [50] (as
shown in Fig. 3A) and quantify inflammation [51]. Quantitative phase imaging and its
derived dry mass of the cell nuclei showed the potential to improve the cytological diagnosis
of urine cytology [52], as shown in Fig. 3C. Partial-wave spectroscopy detects the refractive
index fluctuation due to structural heterogeneity and has shown promising clinical data to
detecting high-risk lung cancer patients from normal buccal cells based on the field
cancerization (an example shown in Fig. 3B) [53, 54]. The aLCl combines low-coherence
interferometry with angle-resolved light scattering spectroscopy to quantify the structural
information at a depth-resolved manner, and can detect esophageal dysplasia at a high level
of sensitivity [55]. In addition, nanoNAM detects the depth-resolved Fourier phase in a
configure of spectral-domain optical coherence microscopy [56, 57] has shown the promise
to predict the risk of developing colorectal cancer in normal-appearing tissue from patients
with inflammatory bowel disease [48, 38], as shown in Fig. 3D. Although much remains to
be learned about the underlying molecular mechanisms that drive the minute structural
changes in the cells, the ability to accurately quantify the intrinsic structural changes in the
cells could be used for many clinical applications.

Discussion and Conclusion

As many microscopy techniques can now visualize or detect molecular-scale structure below
100 nm, the tissue processing methods optimized for conventional microscopy may not meet
the demand in the nanoscale regime. For example, fixation may introduce artifacts that are
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invisible under conventional light microscopy but become obvious with super-resolution
microscopy [58-60]. The labeling density that is routinely used for confocal fluorescence
microscopy is often insufficient for super-resolution microscopy [61]. As some imaging
techniques move towards the clinics, the impact of tissue processing and various pre-
analytical variables (e.g., duration of fixation, cold ischemic time) must be carefully
assessed based on the established clinical workflow to establish a standardized operating
protocol, before large-scale clinical studies. Clinical adoption of such standardized tissue
preparation is often driven by clinical benefit of the new technology. For example, due to the
strong clinical need to assess the expression level of estrogen/progesterone receptors and
HERZ2, a standardized duration of tissue fixation optimized for IHC has been established in
the guidelines of American Society of Clinical Oncology/College of American Pathologists
(ASCOI/CAP) [62].

The revolutionary advancement in the field of light microscopy in the past decade has
provided pathologists and biomedical researchers a wide range of powerful imaging tools
from 3D volumetric high-resolution of tissue architecture to molecular-level nanometer
resolution, to study cancer pathobiology in both breadth and depth. Such fast advances in
imaging techniques also generate a huge amount of data that is difficult to process for
important diagnostic features with conventional assessment by pathologists. Machine
learning has become an essential component in processing the large amount of imaging data
and quantitative diagnostic features can be quickly extracted. The molecular-level nanoscale
structural features, functional information and 3D high-resolution tissue architecture features
characteristic of various stages of tumorigenesis may soon be incorporated to improve our
assessment of malignant potential for pre-cancerous lesions or determine the best therapy in
cancer diagnosis and guiding personalized treatment. Although clinical adoption of any new
technique always takes a long time, the new insights gained from these imaging tools will
open new avenues for improving cancer diagnosis, risk stratification and facilitating the
development and evaluation of new preventive and therapeutic strategies.
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Figure 1.
(A) Full-field OCT images of (a) normal and (c) malignant ovary; corresponding histology

images are shown in (b,d). The matching areas are indicated by red arrows. (B) The acridine
orange stained confocal fluorescence microscopy images of basal cell carcinoma. The
infiltrative BCC can be readily detected on a wide-field fluorescent confocal mosaic image
(b) that correlates with H&E-stained image from a frozen tissue section (a). (c) A zoomed
image of (b) that shows nuclear morphology. (C) The wide-field fluorescence image
obtained by MUSE (a), converted virtual H&E image (b) and paired FFPE conventional
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histology (c). (D) (a) Stereo projection of confocal microscopy images of optically cleared
mouse ileum with DiD-stained membranes (gray) and Pl-stained nuclei (orange). (b) Stereo
projection of the confocal “luminal scan” and “serosal scan” for the ileum. Arrows indicate
the scan directions. (c) A full-depth, 3D projection of the ileum. Figures A-D are modified
with permission from the following sources: [6, 63, 10, 19], respectively.
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Figure 2.
(A) Comparison of H&E-stained (a) and the diffraction-limited immunofluorescence-stained

confocal microscopy (b) images over a large area of a HER2-positive human rectal cancer
tissue. (c) The magnified image of (b) from the area marked with white arrows. (d-e) The
comparison of diffraction-limited confocal microscopy with STED super-resolution
microscopy images. (B) (a) The workflow for Touch-prep samples for STORM-based super-
resolution imaging. (b) Quantitative single-molecule localization microscopy is performed
on the excised tumor tissue placed inside an imaging chamber, and H&E stained image of a
touch prep sample. (c) STORM image of a HER2-positive cell in patient tissue. (d) The
correlation between HER2 copy number from FISH and the average density of HER2
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molecules from quantitative analysis of STORM image from three cell lines. (C) 3D-
STORM images of HER2, TOM-20 and lamin-B1 on HER2+ tumor FFPE sections. Axial
positions are color coded. (D) Comparison of H&E-stained image of human pancreatic
tissue (a, ¢) and corresponding STORM-based super-resolution images (b, d) of facultative
heterochromatin structure marked by H3K27me3. (E) Electron microscopy (a, c) and
corresponding fluorescence microscopy images after expansion (b, d) on a clinical biopsy
sample from a normal human kidney and a patient with a patient with minimal change
disease (MCD). The intensity profile along the line cut of the inset is shown below each
microscopic image. The expansion microscopy image clearly distinguished the features that
are normally detected by electron microscopy. Figures A, B, C and E are modified with
permission from the following sources: [33, 35, 34, 39], respectively. Figure D is the
previously unpublished data from the authors of this paper.
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Figure 3.
(A) The optical anisotropy image (a) calculated based on quantitative phase imaging of a

prostate tissue, and the quantitative phase image (b) of a stromal tissue region in the prostate.
(c) The histograms distribution of anisotropy values for 89 non-recurrent and 92 recurrent
cases. (B) Bright-field microscope images and the corresponding disorder strength maps of
the nuclei obtained from partial-wave spectroscopy in histologically normal buccal cells
from a healthy patient (left) and a patient with lung cancer (right). (C) The quantitative
phase images of unstained urothelial cells and corresponding pap-stained cytology images
from patients with a cytologic diagnosis of (a) negative, (b) atypical, (c) suspicious, and (d)

Curr Pathobiol Rep. Author manuscript; available in PMC 2020 September 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Liu and Xu

Page 19

positive for urothelial carcinoma. The color bars are in radians. (D) The histology image and
corresponding nanoNAM on normal colonic epithelial cells from a patient with ulcerative
colitis (UC) who did not develop HGD or colorectal cancer (CRC) after 7 years of follow-up
(a, low-risk) and from a UC patient who developed colon adenocarcinoma after 7 years (b,
high-risk). Figures A-D are modified with permission from the following sources: [50, 54,
52, 48], respectively.
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Summary of high-resolution optical microscopy techniques for assessing pathological samples

Techniques

Representative
microscopy system

Advantages

Limitations

3D microscopy

Confocal
microscopy

One of the most versatile instruments;

Detects both intrinsic scattered light (refractive index
difference) and exogeneous signals (e.g.,
fluorescence); applicable for both dense and
transparent tissue for up to ~200um for uncleared
tissue; Theoretically unlimited depth on cleared
tissue

Resolution is diffraction-limited,;
Intrinsic contrast often does not
clearly distinguish subcellular
organelles.

Stimulated Raman
scattering
microscopy

Detects both intrinsic and exogenous Raman
scattering;

Provides unique molecular information of vibrational
mode.

Resolution is diffraction- limited,;
Often requires a high laser power to
generate strong Raman signals

Optical coherence
microscopy (OCM)

Detects the intrinsic scattering signals due to
refractive index mismatch;
High speed, large field of view; Low cost.

Resolution is limited to a few
microns;

Lack of molecular specificity;
Insufficient contrast to distinguish
sub-cellular organelles.

Light-sheet
microscopy

Low photobleaching effect and suitable for long-term
(days to weeks) imaging of live cells and organelles;
High speed and large field of view.

Requires exogeneous label of
fluorophore;

Limited penetration depth in dense,
uncleared tissue.

Two-photon/
nonlinear
microscopy

Provides a high molecular contrast with either
autofluorescence or second-harmonic signals (label-
free), or labeled fluorophores

Provides a deeper penetration depth compared to
confocal microscopy.

Resolution is diffraction-limited;
High cost.

Microscopy with
UV- surface
excitation (MUSE)

Provides a high-contrast visualization of fresh tissue;
Quick, simple and low cost;

Lateral resolution is diffraction-
limited;

Surface imaging with limited depth
resolution of ~10pm.

Structured
illumination
microscopy

Provides a 3D image using three structured
illumination patterns for intrinsically scattered or
fluorophore-labeled tissue; Quick, large field of view
and low cost

Resolution is diffraction- limited,;
The depth resolution is not as good as
confocal microscope; It has low
signal-to-noise ratio for weak
fluorophores.

Super-resolution
microscopy

Super-resolution 3D

Provides a 3D super-resolved image at a resolution of

Subject to image reconstruction

structured ~120 nm (lateral resolution); artifacts for mismatched refractive
illumination Applicable to a wide range of fluorophores; index of the sample.
microscopy Relatively fast compared to other super-resolution Limited probing depth to ~4-5um.
imaging techniques.
STED Provides 3D super-resolution image at a lateral Requires high laser power, leading to
resolution of ~50 nm; strong photodamage;
Applicable to a wide range of photostable High cost.
fluorophores;
Achieves deeper probing depth compared to other
superresolution imaging techniques.
STORM Provides one of the best resolutions of ~10-20 nm; Requires long acquisition time of a
Best potential for a low-cost system. few minutes; Limited to a small
number of photo-switchable
fluorophores.
Expansion Physically expands the sample, and can be imaged Potential for heterogeneous expansion
microscopy with conventional confocal microscope; and physical damage to the sample;

Applicable to a wide range of fluorophores.

Reduced brightness.

Other label-free
spectroscopy and
imaging
techniques

Quantitative phase
imaging

Measures optical pathlength difference along the
probing depth at nanoscale sensitivity;

Label-free imaging, thus simple sample preparation.
No photodamage, suitable for long-term imaging.

Lateral resolution is diffraction-
limited;

Limited to thin samples (e.g., 4-5
um).

No molecular specificity.
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Techniques

Representative
microscopy system

Advantages

Limitations

Light scattering
spectroscopy or

Detects particle size or optical density ranging from
tens of nanometers to several microns;

Lateral resolution is diffraction-
limited;

microscopy Label-free imaging and no photodamage. No molecular specificity;
Data interpretation is based on
simplified scattering models that may
not fully capture the complexity of
tissue properties.
Partial-wave Detects refractive index fluctuation within the sample | Lateral resolution is diffraction-
at nanoscale sensitivity; limited;
Label-free imaging and no photodamage. No molecular specificity.
nanoNAM Detects changes in spatial frequency at nanoscale Lateral resolution is diffraction-

sensitivity in a depth-resolved manner;
Label-free imaging with simple sample preparation.

limited;
No molecular specificity.
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