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Nonlinear Imaging Histopathology: A Pipeline to
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Abstract—Hematoxylin and eosin (H&E) staining, the century-
old technique, has been the gold standard tool for pathologists
to detect anomalies in tissues and diseases such as cancer. H&E
staining is a cumbersome, time-consuming process that delays
and wastes precious minutes during an intraoperative diagnosis.
However, even in the modern era, real-time label-free imaging
techniques such as simultaneous label-free autofluorescence multi-
harmonic (SLAM) microscopy have delivered several more layers
of information to characterize a tissue with high precision. Still,
they have yet to translate to the clinic. The slow translation rate
can be attributed to the lack of direct comparisons between the
old and new techniques. Our approach to solving this problem is
to: 1) reduce dimensions by pre-sectioning the tissue in 500 µm
slices, and 2) produce fiducial laser markings which appear in both
SLAM and histological imaging. High peak-power femtosecond
laser pulses enable ablation in a controlled and contained man-
ner. We perform laser marking on a grid of points encompassing
the SLAM region of interest. We optimize laser power, numer-
ical aperture, and timing to produce axially extended marking,
hence multilayered fiducial markers, with minimal damage to the
surrounding tissues. We performed this co-registration over an
area of 3 × 3 mm2 of freshly excised mouse kidney and intestine,
followed by standard H&E staining. Reduced dimensionality and
the use of laser markings provided a comparison of the old and new

Manuscript received 22 October 2022; revised 3 December 2022; accepted 27
December 2022. Date of publication 2 January 2023; date of current version 12
January 2023. The work of Kayvan Forouhesh Tehrani was supported by the Na-
tional Institutes of Health Fellowship under Grant 5T32ES007326-23. This work
was supported by NIH under Grants 1R41GM139528 and 1R01CA241618.
(Corresponding author: Stephen A. Boppart.)

This work involved animals in its research. All animal experiments were
approved by the Institutional Animal Care and Use Committee (IACUC) at the
University of Illinois.

Kayvan Forouhesh Tehrani and Eric J. Chaney are with the Beckman In-
stitute for Advanced Science and Technology, University of Illinois Urbana-
Champaign, Urbana, IL 61801-3028 USA (e-mail: kayvanf@illinois.edu;
echaney@illinois.edu).

Jaena Park is with the Beckman Institute for Advanced Science and Technol-
ogy, University of Illinois Urbana-Champaign, Urbana, IL 61801-3028 USA,
and also with the Department of Bioengineering, University of Illinois Urbana-
Champaign, Urbana, IL 61801-3028 USA (e-mail: jaenap2@illinois.edu).

Haohua Tu is with the Beckman Institute for Advanced Science and Technol-
ogy, University of Illinois Urbana-Champaign, Urbana, IL 61801-3028 USA,
and also with the Department of Electrical and Computer Engineering, Uni-
versity of Illinois Urbana-Champaign, Urbana, IL 61801-3028 USA (e-mail:
htu@illinois.edu).

Stephen A. Boppart is with the Beckman Institute for Advanced Science and
Technology, Department of Electrical and Computer Engineering, Department
of Bioengineering, Carle Illinois College of Medicine, and Cancer Center at
Illinois, University of Illinois Urbana-Champaign, Urbana, IL 61801-3028 USA
(e-mail: boppart@illinois.edu).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/JSTQE.2022.3233523.

Digital Object Identifier 10.1109/JSTQE.2022.3233523

techniques, giving a wealth of correlative information and elevating
the potential of translating nonlinear microscopy to the clinic for
rapid pathological assessment.

Index Terms—Histopathology, hematoxylin and eosin staining,
label-free microscopy, nonlinear microscopy, multi-photon.

I. INTRODUCTION

THE most common histopathology stains used on thin
sections of tissue specimens are hematoxylin and eosin

(H&E) [1], which produce contrast in the cell nuclei and the
extracellular matrix, respectively. H&E, which has been the
standard method of histopathology for several decades [2], gives
the “doctor’s doctor” (the pathologist) an understanding of the
phenotype and density of cells, and the overall structure of the
tissue. For instance, this information can be used to distinguish
healthy from neoplastic samples when an abnormal proliferation
of cells is observed or if the microstructure has been altered.
Although histopathology with H&E staining is a powerful tool,
it involves a time-consuming, laborious, and costly process [3],
[4], often producing only a limited amount of information. In
surgical oncology, for example, results often lead to compro-
mised margins, the need for re-excision surgeries, and higher
morbidity [5], [6]. On the other hand, modern optical imaging
technologies have shown great promise to change the paradigm
for speed, accuracy, and subjectivity of diagnosis by producing
several more layers of label-free contrast and comprehensive in-
formation, examining tissue consistency, structure, and function
in real-time, almost instantaneously [7], [8].

Advances in nonlinear optical microscopy have led to label-
free imaging techniques that can produce high-resolution molec-
ular, metabolic, and structural contrast. Linear [9], [10], [11]
and nonlinear [12], [13] microscopy modalities have been used
to express several different metabolic [14], [15], [16], structural
[17], [18], [19], [20], [21], [22] and chemical [23], [24], [25]
biomarkers. This wealth of information can be used not only
for the diagnosis of excised biopsies [26] or intraoperative
assessment [27], but also they can be used to assess the healing
process [18], [28], [29].

Our lab has previously pioneered a multimodal microscopy
technique, called Simultaneous Label-free Autofluorescence
Multi-harmonic (SLAM) microscopy [13], which by program-
ming of the spectrum and shaping of ultrafast pulses, can readily
extract metabolic and structural information using autofluores-
cence signals from nicotinamide adenine dinucleotide (NADH),
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and flavin adenine dinucleotide (FAD) metabolic coenzymes, as
well as purely structural information from Second and Third
Harmonic Generation (SHG and THG) modalities, which re-
spectively express information on fibrous structures (e.g., colla-
gen, myosin), and optical heterogeneity (e.g., boundaries). The
tailored ultrafast pulses of SLAM enable simultaneous 3-photon
excitation of NADH and 2-photon excitation of FAD with both
spatial and temporal co-registration using the same laser spec-
trum, enabling accurate redox ratio measurements reflective of
metabolic processes [15].

These contrast mechanisms work best with freshly excised
tissue, not requiring any chemical treatment of the tissue (e.g.,
fixation, paraffin embedding, sectioning into thin slices, staining,
etc.), unlocking the potential for immediate imaging and diagno-
sis of a biopsy, even at the point-of-care or point-of-procedure.
Conversely, H&E histology requires either snap-freezing or
paraffin embedding of the tissue, sectioning into multiple thin
(∼5 µm) slices, followed by mounting on microscope slides and
finally staining with markers of a limited number of cellular
or structural features. This long and cumbersome procedure
sometimes has to be performed while a cancer patient is un-
der anesthesia undergoing a tumor resection surgery, delaying
the initial diagnosis by the pathologist and the intraoperative
procedure by the surgeon. The current standard of care relies
on technologies that have been proven and demonstrated for
many years, although they might be time-consuming, or limited
in their aspects of specific information. With the aging of the
U.S. population and the increased demand for high-quality
healthcare, there is a solid need to renovate these disease di-
agnosis workflows by demonstrating and proving the span of
new diagnostic-aiding information that microscopy can add to
the pathologists’ toolbox. This can only become possible by
extensive correlative histology–microscopy analysis, which is
non-trivial since meticulous and precise technique and effort
is needed to match a thin optical section with its physical
counterpart within a large tissue after tissue altering chemical
treatments for histology. Previous efforts by us and others very
often involve best-efforts and trial and error in finding a slice that
closely matches the imaging field of view (FOV) [10], [30]. In
this paper, we present a workflow that enables close comparison
and correlation of SLAM microscopy and paraffin-embedded
H&E histology.

Our approach for correlative imaging of the two technologies
consists of first imaging a sample with the SLAM microscope,
then processing the tissue for H&E staining while maintaining
reference points or fiducial markers, followed by white light
imaging of the stained slides. Because the sample is often bulky
(tens of millimeters cubed), and the microscope can image very
thin slices of this volume, coordination of these two efforts
must be precisely concerted to achieve the same FOV in both
methods. Other than matching the coordinates in x, y, and z,
the yaw and pitch of oblique angles have to match, while the
sample is processed and embedded in paraffin, making it a
non-trivial task. Our method for correlation of the two methods
is a four-prong approach: 1) reduce the dimensions, 2) add
a reference plane, 3) add laser-induced fiducial markings that
appear on both imaging methods, and 4) laser alignment of the

Fig. 1. Pipeline from freshly excised tissue to correlated SLAM-H&E images.
The first path (green) in the pipeline prepares the tissue for SLAM imaging by
reducing the dimensions (vibratome sectioning) and adding a reference point
(coverglass). In the second path (purple) of the pipeline, the imaged sample is
prepared for H&E stained imaging, while the reference point is maintained and
laser-aligned to match the imaging and sectioning planes. Finally, the resulting
images from both modalities are put together for comparison.

microtome vs. the reference plane. In the first step, the tissue is
pre-sectioned to thinner slices in the 200-500 micron range. Then
the slice is placed on a coverglass which acts as the reference
plane and stays on throughout the process (step 2). Since the
coverglass is maintained in parallel to the SLAM imaging plane,
it can be used as the reference point. For samples with indistinct
shapes, laser markings are used to make a guide between the
two methods (step 3). Finally, laser alignment is performed to
ensure that the microtome sectioning plane is matched with the
imaging plane. Following these steps enables a close match
between label-free SLAM images of fresh tissues and images
of H&E-stained tissue sections. We present a close correlation
of slices of mouse intestine and kidney with and without laser
marking, respectively. We show that the vibratome sectioning
and embedding of the tissue in agarose gel do not affect the
metabolism of the tissue and preserve the tissue for a longer
time.

II. METHODS

A. Tissue Preparation

The pipeline (Fig. 1) accepts a freshly excised tissue spec-
imen and embeds it in 6% low-melting point (LMP) agarose
(Fisher scientific 50-136-8026) gel in phosphate-buffered saline
(PBS) for vibratome sectioning. The gelling temperature of LMP
agarose is ∼30 °C, lower than the body temperature, thus min-
imally affecting the metabolism of the tissue. The temperature
of the gel is measured after melting, and when it reaches 37 °C
the tissue is added to the gel and then placed on ice for faster
gelling. The tissue is subsequently sectioned into 500 µm slices
using a vibratome. The slices are then sandwiched between a
coverglass and a slide using a silicone press-to-seal spacer (EMS



TEHRANI et al.: NONLINEAR IMAGING HISTOPATHOLOGY: A PIPELINE TO CORRELATE GOLD-STANDARD 6800608

Fig. 2. Microtome alignment. This process consists of two steps 1) aligning
the laser steering versus the blade, using a finely sliced and reflective surface
of paraffin, and 2) align the sample using the reflection from the surface of the
coverglass.

70336-61). The resulting fresh mounted tissue slices are then
imaged on the SLAM microscope. It must be noted that the
aforementioned sectioning process is only for the purpose of
this correlation pipeline, and it is not a regular preparation step
for SLAM imaging. After imaging, the tissue and the coverglass
are placed in a tissue processing cassette, where layers of foam
pads are placed on top of the tissue as extra support to maintain its
position. The cassette is initially placed in formalin and then in
the tissue processor as per the standard for histology. Following
this, the tissue, still attached to the coverglass, undergoes paraffin
embedding. The tissue and coverglass, which are in molten
paraffin, are placed in a mold and cooled to set, followed by
the removal of any excess paraffin in front of the glass using
a razor blade. The paraffin-blocked tissue is then placed in the
microtome, where the pitch and yaw are corrected using the
laser alignment system. Finally, the paraffin-embedded tissue is
sectioned into 5 µm sections. These sections are deparaffinized
(10 minutes Xylene, 3 minutes 100% EtOH, 3 minutes 95%
EtOH, 3 minutes 70% EtOH, 3 minutes 50% EtOH, 1 minute wa-
ter wash) and stained with H&E (3 minutes Hematoxylin: Fisher
Scientific 23-245677, 10 minutes wash with water, 30 second
Eosin-Y: Fisher 314-630, 15 seconds 50% EtOH, 1 minute 70%
EtOH, 1 minute 90% EtOH, 2 minutes 100% EtOH, 4 minutes
Xylene) and the whole slides are digitized in a slide scanner
(Nanozoomer, Hamamatsu).

B. Laser Alignment

The laser-aligned microtome system consists of a continuous
wave laser (635 nm, Thorlabs HLS635), two mirrors, and the
microtome (Fig. 2). The goal of this process is to make sure that
the blade is fully parallel to the imaging plane within the sample,
as determined by the coverglass orientation. Hence, the resulting
sectioning plane will be in the same orientation as the imaging
plane. Step one of the process is to align the laser beam with
the blade, ensuring the beam is perpendicular to the blade plane.
To do this, a paraffin block is finely (1 µm) sectioned to make a
reflective surface, then without changing the yaw and pitch on
the microtome, the two mirrors are adjusted to guide the beam

Fig. 3. Correlative imaging of tissues containing distinct features. (A) Mosaic
SLAM image of a rolled mouse small intestine, including the ileum and a small
portion of the jejunum. (B) Histological staining of the section shown in (A).
(C) Zoomed-in images of a crypt containing Paneth cells characterized by their
granular structure. (D) Villi from the ileum.

back to its source, as shown in Fig. 3. Once the system is aligned,
the reflecting paraffin block is exchanged with the sample block
containing the reflecting coverglass. In step two of the process,
the reflection from the surface of the coverglass on the paraffin
block is used, and the yaw and pitch of the microtome are fine
tuned to guide the laser beam reflection back to the source.

C. Laser Marking

A separate optical setup was used for the generation of
laser-induced fiducial markers. This system includes a water-
immersion objective lens (Olympus LUMFLN60XW), for
which the back aperture of the objective lens is underfilled to
∼60% to reduce the numerical aperture, hence extending the
tissue marking depth. A fiber laser source (Satsuma, Amplitude
lasers) with ∼370 fs pulses at a repetition rate of 1 MHz, and
average power of 400 mW was used. The laser was incident
at each spot for 500 ms on a 5 × 5 grid pattern with 500 µm
intervals.

D. SLAM Microscopy

The SLAM microscope has previously been demonstrated
and explained in several publications [13], [31], [32], [33], [34],
[35], [36]. Briefly, this microscope employs a fiber laser with a
center wavelength of 1030 nm, 20 MHz pulse repetition rate, and
378 fs pulses (Satsuma, Amplitude lasers). The laser is coupled
into a photonic crystal fiber (NKT LMA-PM-15) to produce
a supercontinuum of light which is then sent to a spatial light
modulator based pulse compressor (MIIPSbox640, Biophoton-
ics solutions) to compress the pulse duration down to 50 fs.
The microscope uses two conjugated galvanometer mirrors for
scanning, an Olympus objective lens (XLPLN25XWMP2), and
four photon-counting photomultiplier tubes with the following
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filters (center wavelength / bandwidth): 370/10 nm, 450/60 nm,
555/30 nm, 610/60 nm, used for collection of THG, NADH,
SHG, FAD signals, respectively. The average power at the
sample was 14 mW and the pixel dwell time was 22 µs. In-
dividual images have a pixel size of 500 nm over a total of
900 × 900 pixels, requiring ∼18 s acquisition time.

III. RESULTS AND DISCUSION

A. Fiducial-Free Correlation

The first example of correlative microscopy we present here
is a fiducial-marker-free sample of a mouse small intestine that
has been rolled together (Fig. 3). Since this sample has distinct
features, similar features can be found effortlessly. For this
sample, the agarose gel was also maintained during the process,
protecting the integrity of the sample. A comparison of SLAM
and H&E images (Fig. 3(C), (D)) shows the additional informa-
tion available within the SLAM image compared to H&E. For
instance, the SLAM image illuminates the granular structure in
the cells, a hallmark of the Paneth cells [37], making detection of
the cell type relatively easy. In contrast, in the H&E image only
the nuclei are demonstrated, with no specific distinction of the
cellular features. In the villi of the ileum, while the H&E image
shows the density of cells and the overall structure of the villi,
the SLAM image shows not only the granular structures but also
the external muscular layer, and the fibrillar collagen outer layer
[38] through SHG contrast. The THG signal, in addition to the
granular structure, produces contrast in the superficial epithelial
layer of the villi. Moreover, the ratio of the two autofluorescence
biomarkers (NADH, blue and FAD, yellow) superimposed,
highlights the metabolic signature of the structures, essentially
the different shades of green in the image tells us about the
metabolic state of the tissue (yellow being healthiest, greener
shows reduced metabolism). The comparison presented here
may not be precisely one-to-one (pixel-wise comparison), due to
the changes that occur during the imaging and the tissue process-
ing. That is because a tissue is a dynamic environment, many
chemical and physical interactions occur during the imaging,
and post-processing can trigger mechanistic perturbation of the
tissue. The illumination with the laser light - even though under
the damage threshold, and later treatment with many chemicals
for fixation and paraffin can make the shapes deviate from
their original state. Nonetheless, with this correlative effort, the
imaging plane has been preserved and perdured throughout the
whole pipeline, enabling the comparison of H&E images with
their corresponding SLAM contrast mechanisms and paving
the way for further translation of histopathology to modern
nonlinear microscopy.

B. Laser Marked Fiducials

However, samples that do not have distinct features require
additional fiducial markings, enabling tracking of the same
locations between SLAM and H&E. Tissues like kidney consist
of multiple tubule structures in many orientations, and little
to no uniquely distinctive features, making it challenging to

Fig. 4. Laser-marking as fiducial markers for correlation. Femtosecond laser
with ∼370 fs pulses at a repetition rate of 1 MHz, and average power of
400 mW was shone for 500 ms on each spot. A rabbit kidney biopsy specimen
imaged before and after laser marking is shown in (A) and (B), respectively.
The corresponding histological staining of the same tissue is shown in (C).
SLAM image of a mouse kidney slice with laser marking and its corresponding
H&E-stained image are shown in (D) and (E), respectively.

Fig. 5. Laser-marking characterization. (A) A laser-induced mark along with
its orthogonal lateral cross-sections. (B) Zoomed-in view of 2-photon autoflu-
orescence signal from a single laser-induced marking, with the circles used for
damage distance threshold analysis. (C) Positions of 2PAF (FAD) signal from
multiple ablations. (D) Traces of the ablation spots from panel (C). Each point at
distance x shown in (D) is an average of a circle with radius x, as shown in (B).
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Fig. 6. Comparison of tissue preservation with and without agarose gel embedding. Fresh mouse kidney samples were imaged immediately (A & C) without
treatment. A second kidney sample was embedded in agarose gel, sliced, and sandwiched between two glasses, shown in (E). The samples shown in (A) and (E)
were kept on ice for one hour, and (C) was placed in formalin at room temperature for 1 hour. These samples were imaged again after 1 hour, shown in (B, D, F)
respectively. The corresponding graphs of NADH and FAD signals for each image are shown in their respective prime-marked panels (A’-F’). The center of mass
(COM) for each graph is calculated and used to compare the metabolic changes quantitatively.
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co-register a similar FOV without fiducial markers. Here we
present two examples of correlative microscopy using laser-
induced fiducial markers (Fig. 4). In Fig. 4(A), (C), a rabbit
kidney is shown before and after laser marking, along with its
corresponding H&E image. This example shows the markers
are clearly preserved between the two modalities, and several
structures can be distinguished between these images. However,
in this initial experiment, we realized that the laser markings
might have adverse effects on tissue health; therefore, we op-
timized the laser marking protocol by adjusting spot distances,
laser power, repetition rate, and duration to make sure there is
no observable damage outside of the confined region of the spot,
as presented in Fig. 4(D), (E).

A. Characterization of Laser-Induced Fiducial Marks

Although the laser markings show that the correlation be-
tween the two imaging methods is possible, it is important to
understand the physical qualities of the marks and the health and
integrity of the tissue sample after the laser exposure. Therefore,
we quantified the laser-induced spots by measuring their diame-
ter and depth, as shown in Fig. 5(A). The diameter of the marks
was, on average, 36.4 ± 10.2 µm (10 markings), with a depth of
>50 µm. To characterize the laser damage, the FAD (2-photon)
autofluorescence signal of the marked region was collected and
then averaged on rings originating from the center of the mark
(Fig. 5(B), (D)). A characteristic of laser damage is raised signal
levels in all channels due to laser-induced plasma generation,
which can be inferred from the traces that the damage extends to
a maximum of 50 µm from the center. Also comparing the ratios
of NADH and FAD signals (redox), shows no significant change
outside of the laser marking area. Given that the spacing between
the marks is 500 µm, there exists substantial space for metabolic
and structural analysis of the tissue through SLAM images, and
its correlation with their corresponding H&E images.

B. Characterization of Imaging Following Gel Embedding

We also investigated whether embedding of the tissue in
agarose gel affects the health and integrity of the sample. We
excised the kidneys of a mouse, transversally sectioned them in
half and imaged them at 0-hour and 1- hour timepoints under
3 conditions: i) unprocessed tissue kept on ice (Fig. 6(A), (B)),
ii) unprocessed tissue placed in formalin (Fig. 6(C), (D)), and
iii) gel-embedded coverglass-slide mounted tissue slice kept on
ice (Fig. 6(E), (F)). To assess tissue health, we plotted graphs
of NADH vs. FAD autofluorescence signals for each image
and showed these respective panels marked prime (’). To better
quantify the tissue health status, we calculated the center of mass
(COM) for each graph based on the contributing (non-zero) data
points. As expected, in the first case, we see a slight shift of
the COM, with the FAD signal reducing and NADH increasing
due to reduced metabolism over time. In the case of the tissue
treated with formalin at room temperature, the COM shifted
significantly, with much-reduced FAD and increased NADH
levels. However, in the case of the coverglass-slide mounted
tissue, the COM shifted only slightly. It should also be noted
that in all cases, we attempted to go back to the same FOV after

1 hour, but the untreated tissues had changed structurally and
metabolically within this time frame, and it was impossible to
capture the exact same FOV. However, in the case of the mounted
tissue specimen, we could easily go back to the same FOV. This
experiment highlights that the proposed process and pipeline,
including agarose embedding and vibratome sectioning, not
only does not damage the tissue, but also helps preserve the
tissue architecture, which subsequently helps facilitate finding
the same FOV for longitudinal imaging.

IV. CONCLUSION

In conclusion, we presented a pipeline that enables correla-
tive microscopy of conventional histopathology imaging with
modern-day nonlinear optical imaging (SLAM microscopy).
Label-free SLAM imaging allows for capturing several or-
thogonal and spatially and temporally co-registered layers of
information instantaneously and noninvasively without need-
ing laborious and time-consuming staining, as in conventional
histopathology methods. SLAM microscopy can simultaneously
acquire endogenous molecular signals from a wide array of
cellular and extracellular components from both in vivo or
ex vivo tissues, including diverse cells, vesicles, adipocytes,
fibers, vessels, membranes, neural structures, and epithelial for-
mations. Our presented pipeline enabled finding similar FOVs
by reducing the dimensions of the tissue and adding laser-
induced fiducial markers that stay with the sample and appears in
both imaging methods, helping to correlate the FOVs. When the
sample consists of distinct landmarks, dimension reduction and
the use of a coverglass as a reference plane help with correlating
the two modalities; however, with more homogenous samples,
it is necessary to add the additional laser-induced markings to
facilitate locating and aligning the same FOV. We successfully
performed the placement of laser-induced fiducial markers and
optimized laser parameters to minimize collateral damage to the
sample. We also examined the effect of agarose gel embedding
and found that not only does it not significantly alter the sample,
but it also preserves the sample, and helps with finding the same
FOV in longitudinal studies. We would also like to emphasize
that although the comparisons between the two modalities are
not precisely one-to-one on the micron-scale due to the com-
plex tissue deformations that occur in both the fresh and the
processed specimens, this pipeline still produces a wealth of
correlative information that can pave the way for pathologists to
augment and potentially even replace the current gold-standard
histopathology technique with modern day optical microscopy.
We will continue this work by applying this method to a larger
scale collaborative effort with pathologists, on cancer or other
disease specimen, to further show the potential of nonlinear and
correlative microscopy to the scientific community.
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