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Abstract: We developed and applied rapid scanning laser-emission microscopy (LEM) to 
detect abnormal changes in cell nuclei for early diagnosis of cancer and cancer precursors. 
Regulation of chromatins is essential for genetic development and normal cell functions, 
while abnormal nuclear changes may lead to many diseases, in particular, cancer. The 
capability to detect abnormal changes in “apparently normal” tissues at a stage earlier than 
tumor development is critical for cancer prevention. Here we report using LEM to analyze 
colonic tissues from mice at-risk for colon cancer (induced by a high-fat diet) by detecting 
pre-polyp nuclear abnormality. By imaging the lasing emissions from chromatins, we 
discovered that, despite the absence of observable lesions, polyps, or tumors under 
stereoscope, high-fat mice exhibited significantly lower lasing thresholds than low-fat mice. 
The low lasing threshold is, in fact, very similar to that of adenomas and is caused by 
abnormal cell proliferation and chromatin deregulation that can potentially lead to cancer. 
Our findings suggest that conventional detection methods, such as colonoscopy followed by 
histopathology, by itself, may be insufficient to reveal hidden or early tumors under 
development. We envision that this innovative work will provide new insights into LEM and 
support existing tools for early tumor detection in clinical diagnosis, and fundamental 
biological and biomedical research of chromatin changes at the biomolecular level of cancer 
development. 

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 

Laser-emission microscopy (LEM) is an emerging imaging technology for biomedical 
research and medical diagnosis [1–4]. In LEM, a piece of tissue (either frozen or formalin-
fixed paraffin-embedded (FFPE)) stained with dyes is sandwiched between two mirrors that 
form a laser cavity. External excitation is scanned over the tissue and the laser emission from 
the staining dyes is detected and used to analyze tissues. Fundamentally different from 
fluorescence, laser emission has threshold behavior, narrow spectral linewidth, and strong 
intensity [5–13], leading to ultrasensitive detection, superior image contrast [2,14], and high 
spectral/spatial resolution [14,15]. To date, LEM has been applied to various types of human 
normal and cancerous tissues, including lung, breast, colon, and stomach [2,3]. The 
corresponding imaging protocol has also been developed and shown to be highly compatible 
with the sample preparation and staining routines in pathological laboratories [3]. Through 
extensive research, we have found that cancer tissues (or cells) have a much lower lasing 
threshold than normal tissues (or cells) when their nuclei are stained with dyes (such as 
YOPRO), which is attributed to the higher gain in the nucleus-staining dyes in the cancer 
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cells that are more active and undergo higher cell proliferation and chromatin condensation 
[2,3]. This phenomenon can be exploited to differentiate cancer and normal tissues with a 
high sensitivity and specificity. Indeed, in our recent work using Stage I/II human lung cancer 
tissues, an area under the Receiver Operating Characteristics (ROC) curve of 0.998 was 
achieved [2]. However, in reality cancer or cancer precursors may already be in progress at 
the biomolecular level (e.g., at the DNA level), much earlier than the structural and 
morphological changes (such as appearance of colonic polyps or tumors) that are usually 
detected by traditional microscopy. Therefore, given the unique LEM’s capability to detect 
cellular (chromatin) deregulations, we hypothesize that LEM may be able to pick up the 
signatures of cancer or cancer precursors at an earlier stage, which is critical for cancer 
treatment and prevention. 

Among all cancer types, colorectal cancer is one of the most common cancers [16] and top 
third leading cause of cancer-related deaths worldwide with estimated 51,000 deaths in 2018 
in the United States. Although overall incidence of colorectal cancer is decreasing in older 
adults, the incidence has been increasing in the United States among adults younger than 55 
years old with the increase confined to white men and women and most rapid for metastatic 
disease [17]. For people at risk for colorectal cancer, colonoscopy screening is usually 
performed to examine the presence of polyps (precursors for colon cancer) or cancerous 
lesion. These screening colonoscopies may turn out to be negative when there are either flat 
or depressed lesions or very small lesions that may not be detected without using any dye 
during the scoping. Some other precancerous lesions that are difficult to resect, such as sessile 
serrated polyps [18], also add to this list and cause increased colonic tumorigenesis. 
Improving prevention surveillance strategies that can improve detection will be a hallmark of 
lowering precancerous lesions. The adenoma detection rate is one of the most important 
features that can be improved to decrease the future development of colon cancer [19]. 
However, it is known that precancerous changes may be in progress even when a patient is 
only of 20-30 years of age, well before the appearance of polyps [20–23]. Thus the capability 
to detect abnormal changes in normal colon tissues at a stage earlier than polyps is extremely 
important for colon cancer prevention and treatment. Precancerous polyps tend to grow 
slowly, but some fastest growing polyps or cancers may double in size in 5-6 months [22,24]. 
Therefore, there is an unmet need to introduce newer technologies which can complement 
current strategies being used to improve the detection rates. This relatively inexpensive LEM 
technology, tested here and once warranted, may supplement the current screening methods – 
colonoscopy followed by histopathological assessment, by confirming and/or enhancing the 
original findings. 

As the first step towards early detection of colon cancer or cancer precursor, in this work 
we used colonic samples from C57BL/6 mice at risk for colon cancer to test the LEM’s 
capability in detecting nuclear abnormality. The purpose of this work was to detect any 
nuclear abnormalities in the colon of a mouse model to validate LEM technology before 
testing it in human samples. These C57BL/6 mice were well characterized in a previously 
completed study to understand the risk for colon cancer due to lifelong intake of the high-fat 
Western style diet (HFWD) [25]. AIN-76A was used as low-fat control diet. In that study, a 
total of 40 C57BL/6 mice (20 males and 20 females) were maintained for 15 months on either 
the high-fat or low-fat diets (high-fat: 10 males and 10 females; low-fat: 10 males and 10 
females. See Fig. 1(a)). They were euthanized at the end of the 15-month period and the 
histological sections of colons were evaluated and characterized microscopically by a 
pathologist. Published data has shown that the mice (and particularly the female mice) fed 
with a high-fat diet have a higher incidence of colon polyps (adenomas) than those fed with a 
low-fat diet (20% incidence in the high-fat mice - all female vs. 0% incidence in the low-fat 
mice) [25]. A follow-up time course study with a study duration of 18 months demonstrated 
that even the low-fat mice developed polyps, 36% as compared to 47% in the high-fat group 
after 18 months of dietary intervention [26]. Additionally, 16% of these precursor lesions 
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the conventional pathological methods and tools (e.g., H&E and IHC), we envision that LEM 
may provide a new paradigm for earlier diagnosis of cancers and cancer precursors. 

2. Experimental setup and materials 

2.1. Mouse model 

In this study, 50 mouse colon FFPE tissue samples were used, including 10 1-month mice (5 
males, M1-M5, and 5 females, F1-F5) as baseline with no dietary intervention and 40 mice 
after 15 months of dietary intervention (20 males and 20 females). The design of animal 
experiment model is illustrated in Fig. 1(a). Specifically, the 20 15-month males (labeled as 
L1 - L10 for low-fat and H1 - H10 for high-fat diet mice) and 20 15-month females (labeled 
as L11 - L20 for low-fat and H11 - H20 for high-fat diet mice) were used in a previously 
published paper focused on the dietary effort on colon cancer prevention [25]. 

The complete details regarding the mouse model and dietary interventions can be found in 
Ref [25]. Briefly, all the 50 inbred C57BL/6 mice were obtained from Charles River, Portage, 
MI at 3 weeks of age. The animals were started within 1 week of arrival on either a standard 
low-fat rodent chow diet (AIN-76A) to serve as a control or an HFWD. HFWD was prepared 
according to the formulation of the Newmark stress diet and contained 20 g% fat from corn 
oil as compared to 5 g% in AIN-76A. The animals were euthanized at the respective time-
points (1-month or 15-month) and were autopsied. Visible raised polyps were found in 4 
(H11, H14, H17, and H20) out of the 20 mice at 15 months in the HFWD group. These 
polyps were detected grossly and verified by stereoscopic dissecting microscope. After the 
removal of the polyps, the colon tissues from those 50 mice were processed into FFPE blocks, 
part of which were subsequently stained with hematoxylin and eosin (H&E) and examined at 
the light microscopic level by a board-certified veterinary pathologist. The remaining 
unstained FFPE tissues were used in the current work (see the next section for tissue 
preparation for LEM). 

As an additional control, FFPE samples (Ad1 to Ad5) of carcinogen-induced colon 
adenomatous tissue were employed. These 3 months old male mice were injected 
intraperitoneally with the carcinogen, azoxymethane (10 mg/kg), followed by three cycles of 
a 5-day course of 2% dextran sulfate sodium separated by 16 days of regular water, which 
induced the formation of adenomas [30]. For this experiment, mice were on a regular diet 
(LabDiet 5001). All of the original studies involving mice were reviewed and approved by the 
Institutional Animal Care & Use Committee at the University of Michigan (Approval#: 
PRO00006534). 

2.2. Materials and tissue preparation 

For the current studies involving LEM, all FFPE tissue blocks were sliced into 10 μm thick 
sections by using a microtome (Thermo Fisher #HM355S). The selected tissue section was 
picked up, rinsed in 45 °C warm water-bath, and then placed on the top of a poly-L–lysine 
(Sigma-Aldrich #P8920) coated dielectric mirror, which was first cleaned and rinsed with 
lysine for better tissue adhesion. The tissues were then soaked in Xylene for 5 minutes to 
clean off the paraffin and wax materials. Then the tissues were soaked in different 
concentrations of ethanol, from 100%, 95%, 75%, to 50%, each for 2 minutes. Next, the 
tissues were soaked and rinsed with PBS (phosphate buffered solution, ThermoFisher # 
10010023), and air dried before staining (see staining/labeling details in the next section). 
Finally, the tissues were covered by the top mirror (with a spacer fabricated on top of it [3]). 
Refractive index matching immersion oil (n = 1.42) (Thermofisher #S36937) was applied to 
fill the gap between the tissue and the top mirror (see details in Ref [3].). For each tissue, 
approximately 10 cells within the colon tissue were randomly selected and measured. 
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2.5. Optical imaging system setup 

The confocal fluorescence microscopic images in Fig. 4(e) of colon cells were taken by using 
Nikon A1 Spectral Confocal Microscope with an excitation of 488 nm laser source. The 
bright field IHC and H&E images were taken by a high-throughput digital slide scanner 
(Leica Aperio AT2). Quantitative morphometric analysis of digitized slides was performed 
using freely available software (Leica Aperio) using nuclear algorithm version 9. 

The laser-emission images and its corresponding bright field images were captured by 
using a CCD (Thorlabs #DCU223C) mounted directly on top of the objective in our 
experimental setup (see Figs. 1(b) and 2). A typical confocal setup was used to excite the 
sample and collect emission light from the FP cavity. In this work, a pulsed Optical 
parametric oscillator (OPO) laser (pulse width: 5 ns, repetition rate: 20 Hz) at 473 nm was 
used as the excitation source to excite the stained tissues with a laser beam size of 30 μm in 
diameter. The pump intensity was adjusted by a continuously variable neutral density filter, 
normally in the range of 10 - 200 μJ/mm2. The emission light was collected through the same 
lens and sent to a spectrometer (Horiba iHR550, spectral resolution ~0.2 nm) for analysis. See 
Fig. 2 for the optical system. 

The high-speed scanning laser-emission images were collected through the same optical 
setup, in which the images were taken by the CCD (20 fps, Thorlabs #DCU223C) mounted 
on top of the objective (NA 0.42, 20X). A high repetition rate (600 Hz) pulsed laser at 473 
nm was used to pump the tissue. The raster scanning stage was home-built using two linear 
actuators with electric controllers (Newport #CONEX TRA25CC) and controlled by 
LabVIEW. The high-speed scanning was conducted by a continuous linear scanning method 
with a step size of 10 μm. For a 1 mm x 1 mm area, only 200 seconds are required to form an 
LEM image. Currently, the largest mapping area is approximately 3 mm x 3 mm. 

2.6. Statistical evaluation 

All sample comparisons are performed using a two-sample t-test and only p-values smaller 
than 0.01 are regarded as significant. The values in the box plots are medians (not means), 
which are generated by using Origin 2018 version. 

3. Results 

In this study, 50 normal colon tissues (Fig. 1(a)) labeled with nucleic acid probe (YOPRO) 
were sandwiched in an FP microcavity while a high-repetition rate excitation laser was 
scanned to build a rapid-scanning LEM for large area diagnosis, as illustrated in Fig. 1(b). 
Here “normal tissues” are referred to those with no detectable polyps or tumors by using 
stereomicroscope. Based on conventional microscopy (H&E), the morphology of cell nuclei 
remains similar among all low-fat and high-fat normal colon tissues (left panel in Fig. 1(b)). 
However, laser emissions from the “apparently normal” cells/tissues may turn out to be 
significantly different between high-fat and low-fat dietary treatment, owing to chromatin 
deregulations and altered DNA concentrations (right panel in Fig. 1(b)). The role of such 
chromatin related abnormalities in cancer progression has also been demonstrated in the past 
using several methods [31–33]. 

As the baseline, we first investigated the lasing thresholds of normal colon tissues 
extracted from 10 individual new-born mice (1-month mice, 5 males and 5 females) without 
any dietary treatment (i.e., low-fat diet). The lasing spectra under various pump energy 
densities are given in Fig. 3(a), showing highly stable lasing peak positions due to the spacer 
used in the cavity that fixes the cavity length [3]. The spectrally integrated laser output as a 
function of pump energy density extracted from the laser spectra is plotted in Fig. 3(b) and 
the lasing threshold of 11 μJ/mm2 is obtained. Figure 3(c) further compares the lasing 
threshold for the individual ten mice. For each mouse, 10 cells were selected randomly from 
the epithelial part of the colon tissue along the colon crypt. Obviously, the lasing thresholds 

                                                                              Vol. 10, No. 2 | 1 Feb 2019 | BIOMEDICAL OPTICS EXPRESS 843 



for all the s
proliferation 
sample t-test i
there is no si
which is furth

Fig. 3
tissue
pump 
laser 
norma
11 μJ
nm. c
YOPR
mice 
provid
= 100

Next, we 
(adult mice) 
subgroups, lo
which subgro
from a low-fa
4(b) shows ex
energy densit
energy densit
The solid lin
respectively. 
tissue is able 
in the cell n
microscopic i
and high-fat m
under laser-em
images taken 
30 μJ/mm2. N
lasing emissio
cells in the h

amples are re
and thus chro
is performed b
gnificant diffe

her verified by 

3. Lasing propertie
from a 1-month o
energy densities.

output as a funct
al colon tissue in a
/mm2. Tissue thic

c, Statistics of the
RO from five 1-m
(labeled as F1-F5)
ded in the insets. d
) extracted from c

studied the la
with differen

ow-fat male, lo
ups had 10 mic
at male colon t
xemplary lasin
ties. The corres
y extracted fro
es are the line
When pumped
to lase due to h

nucleus, as pre
images in Fig. 
male colon tiss
mission image
from the same

No lasing emis
on with a supe

high-fat female

elatively low, 
matin condens

between the ma
erence in the la
the histogram 

es of 1-month mi
old mouse (initial 
. All curves are v
tion of pump ene
a. The solid line i

ckness = 10 μm. C
e lasing threshold

month old male mi
). Exemplary H&E
d, Histogram of al
. 

asing threshold
nt dietary trea
ow-fat female,
ce (see also Fig
tissue under va

ng spectra from
sponding spect
om the lasing s
ear fit above t
d at 30 μJ/mm
higher nucleic 
esented in Fig
4(e) shows no

sues. In contra
es. In Fig. 4(f
e low-fat male
ssion is seen fr
erior contrast a
e colon tissue. 

mostly below
sation in new 
ales and the fem
asing threshold
in Fig. 3(d). 

ce. a, Examples o
stage) stained wit

vertically shifted 
ergy density extra
s the linear fit abo

Cavity length = 15
d for cells in the 
ice (labeled as M1
E images of male 
ll male/female nor

ds of normal c
atments. Thes
 high-fat male
g. 1(a)). Figure
arious pump en

m a high-fat fem
trally integrate
spectra in Figs
the lasing thre

m2, we can clea
acids concentr

g. 4(d). Comp
o significant d

ast, a clear diff
f) we further 

e and high-fat f
rom the low-fa
gainst the surr
When the pum

w 40 μJ/mm2,
born mice [3

males. A p-valu
d between thes

of lasing spectra o
th YOPRO (0.1 m
for clarity. b, Spe

acted from the las
ove the lasing thre
5 μm. Excitation w
normal colon tis

1-M5) and five 1-
and female mouse
rmal colon cell las

olon tissues fr
se 40 mice w
e, and high-fat
e 4(a) shows ex
nergy densitie
male colon tiss
ed laser output
s. 4(a) and 4(b)
eshold, which 
arly see that on
rations (i.e., m
parison of the 
difference betw
ference can be 
show represen
female colon t
at male colon 
rounding backg
mp energy den

, due to the 
4]. In addition
ue of 0.04 sug
se two groups

 

of a normal colon
mM) under various
ectrally integrated
ser spectra of the
eshold, which was
wavelength = 473

ssues stained with
-month old female
e colon tissues are
sing thresholds (N

rom 40 15-mo
were classified
t female mice
xemplary lasin
s. For compari
sue under vario
t as a function 
) is plotted in 
is 40 and 14 

nly the high-fa
more gain from 

confocal fluo
ween the low-f

observed whe
ntative lasing 
tissues when p
tissues, where

ground is seen 
nsity is increas

high cell 
n, a two-
gests that 
 of mice, 

n 
s 
d 
e 
s 
3 
h 
e 
e 

N 

onth mice 
d into 4 
, each of 

ng spectra 
ison, Fig. 
ous pump 

of pump 
Fig. 4(c). 
 μJ/mm2, 

fat female 
YOPRO) 
orescence 
fat female 
en viewed 

emission 
umped at 

eas strong 
from the 

sed to 70 

                                                                              Vol. 10, No. 2 | 1 Feb 2019 | BIOMEDICAL OPTICS EXPRESS 844 



μJ/mm2, mult
tissues in Fig
emission from

Fig. 4
Exam
staine
norma
variou
energy
above
low-fa
wavel
(blue 
densit
the sa
f, Rep
colum
Laser 
70 µJ/

In order to
genders, in Fi
15-month ma
mice where th
197 μJ/mm2. 
whose lasing 
thresholds are
both low-fat a
Characteristic
which indicat
be challengin
low-fat and h
results in Fig
these two g
immunohistol
show any sig
lasing approa
precursor lesi
conventional 

tiple lasing cel
g. 4(g), but the
m each of those

4. Comparison of 
mple of lasing spec
ed with YOPRO u
al colon tissue fro
us pump energy d
y density extracte

e the lasing thresh
at mouse, respect
length = 473 nm. d
curve) and high-

ty of 30 µJ/mm2. e
ame low-fat male (
presentative laser

mn) and high-fat f
emission images o
/mm2. All scale ba

o understand w
ig. 5 we perfo

ale mice. Figur
he lasing thresh
In comparison
threshold rang

e within 25-50
and high-fat is
cs (ROC) curve
es a low sensit
g to select a cu

high-fat males 
gs. 5(a) and 5(
roups of mic
logy (IHC) res

gnificance betw
ach may be ab
ions) induced 
IHC or H&E m

lls can be seen
e high-fat fema
e lasing cells. 

laser emissions b
ctra of a normal co
under various pum
om a 15-month old
densities. c, Spect
ed from the laser 
old, which was 14
ively. Tissue thic
d, Direct comparis
fat female (red cu
e, Representative 
(left column) and h
r emission images
female (right colum
of the same sets of
ars, 20 μm. 

whether high-fa
rmed the lasin
re 5(a) shows t
holds seem to h
n, Fig. 5(b) sho
ge is narrower

0 μJ/mm2). Th
s provided in F
e is given in th
tivity and speci
ut-off value in 
in such a case

(b) indicate tha
ce since the 
sults of Ki-67 i
ween low-fat an
ble to detect ea

by a certain d
methods. 

n for both low
ale tissue has m

between low- and
olon tissue from a

mp energy densities
d female high-fat 
trally integrated la
spectra in a and b
4 μJ/mm2 and 40 
kness = 10 μm. C

son of laser emissi
urve) colon tissue
fluorescence micr
high-fat female (ri
s of colon cells 
mn) mice used in
f cells in f when th

at diet plays a k
ng thresholds o
the lasing thre
have a wide ran
ows the lasing
r and lowered 
e histogram of
Fig. 5(c) and th
he inset. The ar
ificity in terms
the pump ener

e. However, th
at there still ex
p-value is le

in Fig. 6 nor o
nd high-fat ma
arly changes p
dietary effect 

w-fat male and
more lasing ce

d high-fat induced
a 15-month old low
s. b, Example of l
mouse stained wi
aser output as a 
b. The solid lines
μJ/mm2 for the hi
Cavity length = 1
ion spectra of the s
es used in c at fi
roscopic images o
ght column) colon
from the same l

n e when pumped 
he pump energy de

key role in the 
of colon tissue
esholds of 10 i
nge of distribu

g thresholds of
to 12 μJ/mm2

f all lasing thr
he correspondi
rea under the R
s of the dietary
rgy density to 

he box plots in
xists biologica
ess than 10−3

our previous stu
ale colon tissu

preceding colon
that may not 

d high-fat fem
ells and strong

d colon tissues. a,
w-fat male mouse
lasing spectra of a
ith YOPRO under
function of pump
s are the linear fit
igh-fat mouse and
15 μm. Excitation
same low-fat male
ixed pump energy
of colon cells from
n tissues used in d
low-fat male (left

at 30 µJ/mm2. g,
ensity increased to

laser emission
s collected fro
individual low

ution from 21 μ
f 10 high-fat m
2 to 110 μJ/m
resholds collec
ing Receiver O

ROC curve is o
y effect on male

clearly differe
n Fig. 5(d) base
al significance
3. In contrast
udies using ste
ues [26]. There
n polyps (colo
be readily det

ale colon 
ger lasing 

 

, 
e 
a 
r 
p 
t 
d 
n 
e 
y 

m 
. 

ft 
, 
o 

ns of both 
om the 20 
w-fat male 
μJ/mm2 to 
male mice 
m2 (most 
cted from 
Operating 
only 0.71, 
es. It may 
entiate the 
ed on the 

e between 
t, neither 
ereoscope 
efore, the 
on cancer 
tected by 

                                                                              Vol. 10, No. 2 | 1 Feb 2019 | BIOMEDICAL OPTICS EXPRESS 845 



Fig. 5
Statist
staine
colon 
thresh
Opera
excita
and th
compa
betwe
respec
[YOP

Fig. 6
high-f
rando
expres
colon 
Sectio
expres
with K

The differ
move to the f
lasing thresho
distribution b
females (e.g.,
abnormal chr
high-fat fema

5. Assessment of 
tics of the lasing 

ed with YOPRO. b
tissues (10 mice)

holds (N = 230) 
ating Characteristi
ations (in units of 
he sensitivity of 50
arison of the lasi

een the two grou
ctively. All tissues

PRO] = 0.1 mM for

6. a, Comparison 
fat male, low-fat 
mly selected and 
ssions were calcul

tissue section. D
on and Ref [28]. 
ssion shown in da
Ki-67 expression s

rence between 
female groups.
olds of 10 low
between 20 and
, L11 and L1
omatin activiti

ale mice that ar

the lasing thresh
threshold for cell

b, Statistics of the 
) stained with YO

extracted from a
ics (ROC) curve.
µJ/mm2) as the cu
0% is obtained ba
ing threshold for 
ups is <10−3. The
s were 10 μm in th
r all 20 mouse sam

of Ki-67 prolifera
female, and hig
used nuclear algo

lated based on the
Details of the ana

b, Exemplary IH
ark brown color. c
shown in dark brow

the low-fat an
. Similar to the

w-fat female mi
d 168 μJ/mm2

8) have relativ
ies. For compa
re much lower 

hold of low-fat an
ls in individual low

lasing threshold f
PRO. c, Histogram
a and b. The ins
 The ROC curve

ut-off criterion. Th
ased on the cut-off

all 230 cells ext
e median is 54 

hickness and were 
mples. 

ation biomarker e
gh-fat female gro
orithm to analyze
 percentage of 2 +
alyzing protocol c
HC image of a h
c, Exemplary IHC
wn color. Scale ba

nd high-fat bec
e format used 
ice, whose las

2. In particular
vely low lasin
arison, Fig. 7(
and narrowly 

nd high-fat induc
w-fat male colon 
for cells in individ
m of all low-fat/h
set is the corresp
e is plotted by u
he area under the f
f criterion of 40 µJ
tracted from a an
and 40 µJ/mm2

sandwiched in a 1

expression among 
oups. In each gro
e the Ki-67 expres
+ and 3 + positive 
can be found in 
high-fat female m
C image of a low-
ars, 100 µm. 

comes even mo
in Fig. 5, in F

sing thresholds
r, we can obse
ng thresholds, 
(b) shows the 
distributed be

 

ced male mice. a,
tissues (10 mice)

dual high-fat male
high-fat cell lasing
ponding Receiver

using the different
fitted curve is 0.71
J/mm2. d, Statistic

nd b. The p-value
for LF and HF,

15 μm long cavity

 

the low-fat male
oup 5 mice were
ssions. The Ki-67
 Ki-67 cells in the
the Experimental

mouse with Ki-67
-fat female mouse

ore significant 
Fig. 7(a) we pr
s have a wider
erve that a few
which indicat
lasing thresho

etween 11 to 98

, 
) 
e 
g 
r 
t 
1 
c 
e 
, 
. 

, 
e 
7 
e 
l 
7 
e 

when we 
resent the 
r range of 
w low-fat 
te certain 
lds of 10 
8 μJ/mm2 

                                                                              Vol. 10, No. 2 | 1 Feb 2019 | BIOMEDICAL OPTICS EXPRESS 846 



(most are wit
low-fat and hi
in the inset. 
provide a sen
sensitivity of 
off pump ene
mice. Similar
calculated p-v
two groups in
changes in ch
the IHC resu
quantitated in
may be one o
It is importan
by convention
female group 
results sugge
progression an
8 for the st
investigated t
without interr
Western style

Fig. 7
Statist
staine
colon 
the 4 
parts u
204) e
(ROC
as the
obtain
thresh
<<10−

in thic
mouse

thin 20-40 μJ/m
igh-fat female 
The area unde

nsitivity of ~9
~99% but a sp

ergy density ca
r results can b
value is far les

n female mice. 
hromatin conde
ults in Fig. 6 s
n Aslam et al. 
of the factors fo
nt to note that a
nal examinatio
has significan

est that high-f
nd LEM can b
atistical result
hese murine co

rogating further
e diet, as it was

7. Assessment of t
tics of the lasing t

ed with YOPRO. b
tissues (10 mice) 
mice that had bee
used in the curren
extracted from a an

C) curve. The ROC
e cut-off criterion.
ned based on the 
hold for all 204 c
−3. The median is 4
ckness and were 
e samples. 

mm2). The hist
groups is prov
er the ROC cu
1% specificity

pecificity of onl
an be easily d
be validated b
ss than 10−3, s
The above resu
ensations and h
show that high
Ref. [35] than

or low lasing t
although the sa
ons, our LEM
ntly low lasing
fat diet may h
e used to detec
ts combining 
olon samples t
r why female m
 not the goal o

the lasing thresho
threshold for cells

b, Statistics of the l
stained with YOP
n identified with p
t study). c, Histog
nd b. The inset is 

C curve is plotted b
 The area under t
cut-off criterion o

cells extracted from
41 and 24 µJ/mm2

sandwiched in a 

togram of all l
vided in Fig. 7(
urve is about 

y of 60%. The
ly 35%. In con

defined to diffe
by using the b
showing strong
ult suggests tha
higher localize
h-fat females 
n low-fat fema
thresholds (see
amples used in

M results show 
g thresholds in
have a higher
ct abnormal pre

both male a
to test LEM in
mice got more 
f the study. 

old of low-fat and 
s in individual low
lasing threshold fo
RO. The black tria
polyp growth in ot

gram of all low-fat
the corresponding
by using the differ
the fitted curve is
of 45 µJ/mm2. d,
m a and b. The p

2 for LF and HF, r
15 μm long cavit

lasing threshol
(c) with the cor
0.87. The cut

e cutoff at 45 
ntrast to the ma
ferentiate low-f
box plots in F
g biological si
at high-fat diet
ed DNA conce
possess highe

ales, suggesting
e more discussi
n Figs. 5 and 7

otherwise. Pa
n most of the 1
r impact on t
e-polyp nuclea

and female ge
n normal versu
tumors in resp

d high-fat induced 
w-fat female colon
or cells in individu
angles above the 4
ther parts of their 
t/high-fat cell lasin
g Receiver Operati
rent excitations (in
s 0.87 and the sen
 Statistic compari
p-value between t
respectively. All ti
ty. [YOPRO] = 0

lds collected f
rresponding RO
toff at 35 µJ/m
µJ/mm2 will p

ale mice in Fig
fat and high-fa
Fig. 7(d), in w
gnificance bet
t may cause pr
entrations. Add
er Ki-67 expre
g that cell pro
ions related to 
are regarded a

articularly, the
10 mice. There
the colon pol

ar changes (see
enders). Note 

us tumor-bearin
ponse to the ing

 

female mouse. a
n tissues (10 mice)
ual high-fat female
4 data sets indicate
colons (not in the

ng thresholds (N =
ing Characteristics
n units of µJ/mm2)
nsitivity of 99% is
ison of the lasing
the two groups is
issues were 10 μm
0.1 mM for all 20

from both 
OC curve 
mm2 will 
provide a 
. 5, a cut-

fat female 
which the 
tween the 
ogressive 

ditionally, 
ession (as 
oliferation 
 Fig. 10). 
as normal 
e high-fat 
efore, the 
lyp/tumor 
e also Fig. 

that we 
ng tissues 
gestion of 

, 
) 
e 
e 
e 
= 
s 
) 
s 
g 
s 

m 
0 

                                                                              Vol. 10, No. 2 | 1 Feb 2019 | BIOMEDICAL OPTICS EXPRESS 847 



 

Fig. 8. a, Histogram of all low-fat/high-fat cell lasing thresholds (N = 434) by combining the 
results for males and females in Figs. 5(c) and 7(c). The inset is the corresponding Receiver 
Operating Characteristics (ROC) curve. The ROC curve is plotted by using the different 
excitations (in units of µJ/mm2) as the cut-off criterion. The area under the fitted curve is 0.76 
and the sensitivity of 70% is obtained based on the cut-off criterion of 40 µJ/mm2. b, Statistic 
comparison of the lasing threshold for all 434 cells extracted from Figs. 5(a), 5(b), 7(a), and 
7(b) by grouping the mice based on low-fat and high-fat treatment regardless of the gender. 
The p-value between the two groups is <<10−3. All tissues were 10 μm in thickness and were 
sandwiched in a 15 μm long cavity. [YOPRO] = 0.1 mM for all 40 mouse samples. 

To validate the correlation between abnormal changes in the colonic mucosa (colonic 
adenomas or polyps) and low lasing thresholds, we obtained the lasing thresholds from 
another control experiment done on 5 FFPE tissue blocks (Ad1 to Ad5) with colon adenomas. 
The five tissue samples were collected from 3-month old male mice treated with 
azoxymethane and dextran sulfate sodium (AOM/DSS) to induce adenomas (see Section 2.1). 
As shown in Fig. 9(a), we first investigated the lasing thresholds for the adenoma part of the 
tissue, which is located around the center of each tissue section (about 2 mm in radius, as 
shown in the inset). It is seen that the lasing thresholds are relatively low in most cases, with 
an average between 25 μJ/mm2 to 45 μJ/mm2. In fact, the low lasing thresholds (and their 
narrow distributions) are very similar to our earlier findings in Figs. 7(b), which attests to the 
correlation between the abnormal change in chromatin and the low lasing threshold. Next, in 
Fig. 9(b) we investigated the lasing thresholds for the normal part of the tissue (Ad-N1 to Ad-
N5) located on the periphery of the same colonic tissue sections used in Fig. 9(a). 
Interestingly, the lasing thresholds from those cells were even slightly lower than those from 
adenoma, which suggests that the abnormal chromatin deregulation may still occur in the 
normal tissue surrounding the colonic adenoma and can be detected by the lasing threshold 
characterization with LEM (also recall the low lasing threshold observed in Fig. 7(b) from the 
“normal” tissues of 4 mice - H11, H14, H17, and H20, which had been identified with polyp 
growth in other parts of their colons). 
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4. Discussion 

In this work, we proposed a concept of using laser emission microscopy to investigate the 
chromatin laser emissions of normal colon tissue from the young, 1-month old mice and 
compared with older 15-month old mice. As the mice grew older and were exposed to 
different dietary interventions, the precursor of a colon polyp may gradually transform at the 
biomolecular (chromatin) level in the cell nucleus. Without the ability to detect such early 
changes, a colon polyp may emerge and may eventually turn into an invasive cancer. Given 
the fact that both male and female mice were treated with either low-fat or high-fat diet, all 
the examined colon tissues were regarded as normal tissues by conventional microscope. 
However, we surprisingly found that colonic tissues from high-fat diet induced mice have 
lower lasing thresholds in both females and males as compared to corresponding low-fat mice 
regardless of the emergence of colon polyps at 15 months. This interesting finding implies 
that conventional methods may not be sufficient to detect pre-tumor lesions that are still under 
development at a very early stage. That is, the high-fat diet may alter, accelerate the 
chromatin deregulations in the cell nucleus at a very early stage, well before polyps or 
abnormal growth occurs, and it may have higher impact than we have previously thought. 
Therefore, LEM simply stands out as a potential technology to reveal the hidden DNA 
(chromatin) signatures during such a pre-tumor development stage. Our study goals for this 
paper were achieved as LEM can clearly differentiate between normal and pre-cancerous 
colonic tissues in mice. Now the question is, will these findings hold in human colon samples 
to get the same results? We can predict based on our previous studies in human samples, 
including lung and colon cancer [2,3], that we should be able to pick up abnormal chromatin 
changes in the nuclei as we detected here in mice. Certainly, additional human studies are 
required to test the LEM technology before we can make use of it in any preclinical or 
clinical settings. 
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