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Laser emission-based detection and imaging technology has attracted significant interest in biomedical re-

search due to its high sensitivity, narrow linewidth, and superior spectral and spatial resolution. Recent ad-

vances have further revealed the potential to use laser emission to investigate chromatin dynamics, as well

as to diagnose cancer tissues based on nuclear biomarkers. To move the laser emission based detection

technology a step further towards practical use, in this work, we developed a highly robust tissue laser plat-

form by microfabricating an SU8 spacer with a fixed height on the top mirror of the Fabry–Pérot (FP) cavity,

which allows generation of reproducible and stable lasing results regardless of tissue thickness. Then we

applied this platform to achieve lasing emission from formalin-fixed, paraffin-embedded (FFPE) lung tissues,

which account for an overwhelming fraction of tissues collected for research and clinical use worldwide.

We further showed that the cancer and normal FFPE lung tissues can be distinguished by their respective

lasing thresholds. Two different tissue thicknesses (10 μm and 5 μm) commonly used in pathological labs

were explored. Finally, we tested three additional types of tissues (colon, stomach, and breast) that were

prepared independently by lab technicians in a pathology lab in China and shipped to the US in order to

validate the general applicability and practicality of the laser emission-based technology as well as the cor-

responding sample preparation protocol and the tissue laser platform. Our work will not only vastly

broaden the applications of laser emission-based detection/imaging technology but also help translate it

from the laboratory to an automated system for clinical practice that may eventually benefit biomedicine

and biological research.

1. Introduction

Laser-based detection has emerged as a novel tool in bio-
sensing, biomedical research, and diagnosis due to its capa-
bility to amplify subtle changes in gain media caused by un-
derlying biological processes.1–14 Laser emission has unique
advantages over fluorescence, including narrow linewidth,
threshold behavior, and strong intensity,7,15 leading to
ultrasensitive detection,16,17 superior image contrast,18–20 and
higher spectral/spatial resolution.4,20 Recently, laser emission-
based microscopy has been employed in screening lung can-
cer tissues from human patients.20 It is found that the cancer
cells have a significantly lower lasing threshold than normal
cells, which allows for differentiating cancer and normal tis-
sues with high sensitivity and specificity. These results prom-
ise potential applications of the laser emission-based detec-

tion in cancer screening,21,22 tumor grading and subtyping,
and immunodiagnostics.20

To move the laser emission-based detection technology a
step further towards practical use, it is critical that the follow-
ing questions or issues are answered or addressed. First, in a
previous work, only cryogenic frozen tissues were used. How-
ever, frozen tissues are hard to preserve and the ice crystal for-
mation may create artifacts during diagnosis. As an alternative
to frozen tissues, the overwhelming majority of tissues are
stored in the form of formalin-fixed, paraffin-embedded (FFPE)
tissues with well over 400 million FFPE tissue samples assem-
bled in biorepositories.23 FFPE tissues are known for their con-
venience, cost-effectiveness, long-term preservation ability,
and valuable resource in clinical pathology,24 cancer prognosis,
translational genomics, and proteomic research.25–27 However,
it is unclear whether the laser characteristics will be signifi-
cantly affected by strongly scattering and opaque matrix mate-
rials (e.g., paraffin) and whether we are still able to differentiate
the cancer and normal FFPE tissues by their lasing thresholds,
as demonstrated previously in cryogenic samples. Second, we
need to develop a reliable system and protocols that are com-
patible with the general practice in a pathological lab and that

Lab Chip, 2018, 18, 1057–1065 | 1057This journal is © The Royal Society of Chemistry 2018

aDepartment of Biomedical Engineering, University of Michigan, 1101 Beal Ave,

Ann Arbor, MI, 48109, USA. E-mail: xsfan@umich.edu
bDepartment of Pathology, Xi'an No. 3 Hospital, No. 10, Feng Cheng 3rd Road,

Xi'an, Shaanxi, 710018, P. R. China

† Electronic supplementary information (ESI) available. See DOI: 10.1039/
c8lc00084k

http://crossmark.crossref.org/dialog/?doi=10.1039/c8lc00084k&domain=pdf&date_stamp=2018-03-22
http://orcid.org/0000-0002-0008-5601
http://orcid.org/0000-0001-5529-8092
http://orcid.org/0000-0003-0149-1326


1058 | Lab Chip, 2018, 18, 1057–1065 This journal is © The Royal Society of Chemistry 2018

can be used conveniently by a lab technician to generate repro-
ducible results and yet not to damage tissue samples. Finally,
in addition to the lung tissues used in the previous work, it is
important to investigate whether our technology can be gener-
ally applicable to other types of tissues (such as colon, stomach,
and breast tissues).

In this work, we developed a highly robust lasing emission-
based imaging and detection platform by microfabricating an
SU8 spacer with a fixed height on the top mirror of the Fabry–
Pérot (FP) cavity, which is able to generate reproducible results
regardless of the tissue thickness. In addition, the top mirror
can be removed and placed back repetitively so that regular
bright-field and fluorescence images can be acquired along
with the laser emission-based images. We further used lung
FFPE tissues as a model system to study the lasing characteris-
tics from those tissues and investigate the feasibility to differ-
entiate cancer and normal lung tissues based on their respec-
tive lasing thresholds. Two different tissue thicknesses (10 μm
and 5 μm) commonly used in pathological labs were explored.
Finally, we tested three additional types of tissues (colon, stom-
ach, and breast) that were prepared independently by lab tech-
nicians in a pathology lab in China and shipped to the US in or-
der to validate the general applicability and practicality of the
laser emission-based technology as well as the corresponding
sample preparation protocol and the lasing imaging/detection
system. This work will not only vastly broaden the applications
of laser emission-based detection/imaging technology but also
help translate it from the laboratory to an automated system
for clinical practice that may eventually benefit biomedicine
and biological research.

2. Experimental
Tissue preparation and staining

In this study, a total of 30 FFPE tissue samples from 20 pa-
tients' tissues were used, including human lung tissues, co-

lon tissues, stomach tissues, and breast tissues, all of which
were obtained under IRB approved by the institutional com-
mittees and the informed consent forms were obtained. De-
tailed information of all the tissues used in this work is de-
scribed in Table S1.† All the human lung tissues used and
shown in Fig. 1–6 were purchased from OriGene Technolo-
gies in the form of FFPE tissue blocks. Both male and female
patients diagnosed with stage I/II cancer, with ages from 40
to 75, were examined. Samples were collected from a diverse
set of medical institutions throughout the United States in
order to maximize patient diversity. These tissues were veri-
fied at the company by pathologists with full pathological
evaluation data, clinical annotation (including patient age,
gender, and minimum stage grouping), and abstracted pa-
thology reports to ensure the accuracy of the sample level di-
agnosis. For human lung tissues (shown in Fig. S5†) and co-
lon, stomach, and breast FFPE tissues (shown in Fig. 7), they
were collected from Asian patients and prepared by lab tech-
nicians in a pathology lab in Xi'an No. 3 Hospital, China. The
bottom mirrors were first shipped from the US to China for
tissue preparation and mounting and then shipped back to
the US for laser measurements.

For the samples prepared at the University of Michigan,
all FFPE tissue blocks were sliced into 10 μm or 5 μm thick
sections by using a microtome (Thermo Fisher #HM355S).
The selected tissue section was picked up, rinsed in a 45 °C
warm water-bath, and then placed on the top of a poly-L-ly-
sine (Sigma-Aldrich #P8920) coated dielectric mirror, which
was first cleaned and rinsed with lysine for better tissue ad-
hesion. 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, 100%,
95%, 75%, and 50%, each for 2 minutes. Next, the tissues
were soaked and rinsed with DI water and PBS (phosphate
buffer solution, ThermoFisher #10010023) and air dried be-
fore staining (see staining/labeling details in the next

Fig. 1 Conceptual illustration of an FFPE tissue laser platform, in which formalin-fixed paraffin-embedded (FFPE) tissue is sandwiched within a
high-Q Fabry–Pérot (FP) cavity and the top mirror is removable and reusable. A spacer is microfabricated on the top mirror in order to fix the FP
cavity length. Refractive index matching oil is used to reduce the reflection caused by the gap between the tissue and the top mirror. For this work,
the spacer was made of SU8 and was designed to be 15 μm. The tissue thickness was 5 μm and 10 μm, respectively. The sample was excited by a
pulsed laser at 470 nm.
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paragraph). Finally, the tissues were covered with the top
mirror. Refractive index matching immersion oil (n = 1.42)
(ThermoFisher #S36937), which is commonly used in micros-
copy, was used to fill the gap between the tissue and the top
mirror. For the samples prepared in the pathological lab in
China, the same protocol was followed to mount the tissue
sections (all 5 μm in thickness) onto the bottom mirrors. For
experiments in Fig. 4, 6 and 7, all of the tissues were sec-

tioned into 2 slices and at least 10 cells within the tumor/nor-
mal region from each tissue section were randomly selected
and measured. The number of cells picked up and measured
depends on how many cells can express lasing in a certain
fixed area on each tissue, which is strongly affected by the
density of the cells and tissue types. For all cases, we require
a minimum of 10 positive lasing cells per tissue slice for ef-
fective comparison and biological significance.

Fig. 2 a, Examples of lasing spectra of the normal lung tissue (10 μm in thickness) stained with YOPRO (0.1 mM) under various pump energy
densities. b, Examples of lasing spectra of the lung cancer tissue (10 μm) stained with YOPRO (0.1 mM) under various pump energy densities. All
curves are vertically shifted for clarity. Excitation wavelength = 470 nm. Numerical aperture = 0.42. Cavity length = 15 μm. The slight blueshift in a
and b is the result of the photobleaching effect. c, H&E images of representative normal and cancer tissues used in this work. Scale bars, 60 μm. d,
Spectrally integrated laser output as a function of pump energy density extracted from the laser spectra of the normal and cancer tissues. The solid
lines are the linear fit above the lasing threshold, which was 30 μJ mm−2 and 72 μJ mm−2 for the cancer and normal tissues, respectively. e, Direct
comparison of laser emission spectra of normal (green curve) and cancer (red curve) lung FFPE tissues (10 μm in thickness) under a pump energy
density of 70 μJ mm−2. f, Laser emission images of normal and cancer cells when pumped around 70 μJ mm−2. Scale bar, 10 μm. g, Representative
laser emission images taken from normal and cancer tissues with multiple lasing cells when pumped around 100 μJ mm−2. Scale bar, 10 μm.

Fig. 3 a, Time series lasing spectra of the cancer lung FFPE tissue (10 μm in thickness) labeled with YOPRO. All spectra were measured under the
same pump energy density of 35 μJ mm−2. b, Time series lasing spectra of the normal lung FFPE tissue (10 μm in thickness) labeled with YOPRO.
All spectra were measured under the same pump energy density of 100 μJ mm−2. Cavity length = 15 μm. The free spectral range (FSR) is 6.8 nm
and 6.9 nm for the cancer and normal tissues, respectively. Curves are vertically shifted for clarity. The vertical lines in a and b are used to guide
the eye. A slight blueshift (a total of 0.45 nm in 5 minutes) in the lasing wavelength in b may result from the dye photobleaching at a relatively
high pump energy density (i.e., 100 μJ mm−2).
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For nucleic acid labeling, YOPRO solution (ThermoFisher
#Y3603) was dissolved in PBS to form a concentration of 0.1
mM. The prepared YOPRO solution was then applied to the
tissue sections for 10 minutes and rinsed with PBS solution
twice before measurements.

FP cavity and spacer fabrication

The FP cavity was formed by two customized dielectric mir-
rors (Fig. S1†) made by Evaporated Coatings Inc. (Willow
Grove, PA, USA). They had high reflectivity in the spectral

Fig. 4 a, Statistics of the lasing threshold for cells in the normal tissues stained with YOPRO (labeled N1–N3) from three matched-paired patients.
b, Statistics of the lasing threshold for cells in the cancer lung tissues stained with YOPRO (labeled T1–T3) from the same three patients in a. c, Sta-
tistics of the lasing threshold for cells in the normal lung tissues stained with YOPRO (labeled N4–N7) from four individual (nonmatched-paired) pa-
tients. d, Statistics of the lasing threshold for cells in the cancer lung tissues stained with YOPRO (labeled T4–T9) from six different lung cancer pa-
tients (with moderately or poorly differentiated cells). In a–d, each dot represents the lasing data from a single cell. Statistical box plots are also
shown in a–d. In d, the red box stands for squamous cell carcinoma, while the purple box stands for adenocarcinoma. Exemplary H&E microscopy
images of the two major types of non-small cell lung cancers, including squamous cell carcinoma for T4–T6 and adenocarcinoma for T7–T9, are
shown in Fig. S3.† All tissues were 10 μm in thickness sandwiched in a cavity length (with a spacer) of 15 μm. [YOPRO] = 0.1 mM for all samples.

Fig. 5 a, Histogram of all cancer/normal cell lasing thresholds (N = 360) extracted from Fig. 4. b, Receiver operating characteristic (ROC) curve
based on the 360 cells. The ROC curve is plotted by using the different excitations (denoted by the numbers of the dots in units of μJ mm−2) as
the cut-off criterion. The area under the fitted red curve is 0.87 and a sensitivity of 85% is obtained based on the criterion of 80 μJ mm−2.
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range of 500–580 nm to provide optical feedback and high
transmission around 470 nm for excitation. The Q-factor of
the FP cavity was on the order of 104 at a cavity length of 15
μm (in the absence of tissues).

The spacers were fabricated with negative photoresist SU8
on the surface of the top mirrors using standard soft lithogra-
phy. The mirrors were first cleaned by solvent ultrasonication
(sonicated in acetone, ethanol, and de-ionized water sequen-
tially) and oxygen plasma treatment. Then, they were dried at
150 °C for 15 minutes right before a 15 μm thick SU8 2010
(MicroChem Corp., USA) layer was spin-coated on top. After
soft-baking the SU8-coated mirrors for 1 minute at 65 °C and
4 minutes at 95 °C, a contact lithography tool Karl Suss MA
45S was used to UV expose the mirrors through a mask with
a bar-like spacer design. The exposed mirrors were subse-
quently subjected to post-exposure baking at 65 °C for 1 min-
ute and 95 °C for 5 minutes, followed by 4 minutes of devel-
opment. After rinsing and drying, the SU8 spacer on top of
the mirror could be clearly seen by the naked eye. The
spacers were further hard baked at 150 °C for 10 minutes
and treated with oxygen plasma to improve hydrophilicity.

Optical system setup

A typical confocal setup was used to excite the sample and
collect emission light from the FP cavity (Fig. 1). In this work,

a pulsed optical parametric oscillator (OPO) laser (pulse
width: 5 ns, repetition rate: 20 Hz) at 470 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 ad-
justed using a continuously variable neutral density filter,
normally in the range of 10–300 μJ mm−2. The emission light
was collected through the same lens and sent to a spectrome-
ter (Horiba iHR550, spectral resolution ∼0.2 nm) for
analysis.

All experiments were performed in compliance with the
relevant laws and institutional guidelines. All the human tis-
sues were obtained under IRB approved by the institutional
committees and the informed consent forms were obtained.

3. Results

Fig. 1 illustrates the tissue laser platform, in which the FFPE
tissue labeled with nucleic acid probes (such as YOPRO) is
sandwiched inside an FP cavity formed by a bottom mirror
and a removable top mirror. In particular, an SU8 spacer of
15 μm in height, slightly more than the tissue thicknesses
used in this work, was microfabricated on the top mirror
(Fig. S1†). Such a design ensures a fixed cavity length regard-
less of the tissue thickness. Consequently, consistent results
can be obtained even when the top mirror is repetitively re-
moved and placed back and when different tissue

Fig. 6 a, Examples of lasing spectra of the normal lung tissue (5 μm in thickness) stained with YOPRO (0.1 mM) under various pump energy densities.
b, Examples of lasing spectra of the lung cancer tissue (5 μm in thickness) stained with YOPRO (0.1 mM) under various pump energy densities. All
curves are vertically shifted for clarity. Cavity length = 15 μm. Excitation wavelength = 470 nm. The measured FSR in both a and b is approximately 6.8
nm. The slight blueshift in a and b is the result of the photobleaching effect. c, Statistics of the cell lasing threshold for the 5 μm thick normal lung
tissues from the same six patients used in Fig. 4. d, Statistics of the cell lasing threshold for the 5 μm thick lung cancer tissues from the same six
patients used in Fig. 4. In particular, N1/T1, N2/T2, and N3/T3 were from match-paired patients whereas the rest were from different patients (non-
matched patients). In c and d, each dot represents the lasing data from a single cell. Statistical box plots are also shown in the same figures.
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thicknesses are used in the measurement. Furthermore, due
to the gap between the tissue and the top mirror, the damage
to the tissue and the top mirror is minimized. Details of the
mirror fabrication and characterization can be found in the Ex-
perimental section and Fig. S1.† During the experiment, either
tissue or the excitation laser is scanned to form laser emission-
based images. In addition, since the top mirror is removable,
the regular bright-field images and fluorescence images can be
acquired and overlap with the laser emission images.28

As an example given in the lower inset of Fig. 1, cancer
cell nuclei present several highly concentrated nucleic acids
sites (heterochromatins) that may provide a higher gain for
lasing emission. Our earlier findings using cryogenic tissues
showed that the cancer tissues (cells) have much lower lasing
thresholds than the normal tissues (cells), which results from
chromatin condensation and the increased levels of nucleic
acid activities in malignant cell nuclei. This unique lasing
characteristic allows us to distinguish cancer tissues from
normal ones with high sensitivity and specificity (AUC =
99.8%).20 Switching from cryogenic tissues to FFPE tissues
causes two immediate consequences. First, the high scatter-
ing and opacity of FFPE tissues may preclude lasing at rea-
sonable excitation. Second, chromatin or nucleic acids may de-
grade over time after being processed by the FFPE method.
Therefore, the lasing threshold difference between the cancer
and normal tissues may not be significant for observation. To

our relief, sharp lasing peaks were able to be achieved by
using FFPE tissues stained with YOPRO. As a control experi-
ment, we also tested the lasing possibility of pure YOPRO in
Fig. S2.† No laser emission could be generated from YOPRO
without binding to nucleic acids in the tissue. In contrast, the
lasing spectra of 10 μm thick normal and cancer FFPE tis-
sues stained with YOPRO under various pump energy densi-
ties are provided in Fig. 2a and b, respectively (exemplary
H&E images are given in Fig. 2c). The spectrally integrated
laser emission versus pump energy density for the cancer and
normal tissues is presented in Fig. 2d, from which the lasing
threshold is derived to be approximately 30 μJ mm−2 and 72
μJ mm−2, respectively. The significant difference in the lasing
threshold can thus allow differentiation between the cancer
and normal tissues/cells. For example, in Fig. 2e a sharp las-
ing peak can be only obtained in cancer cells with a high
signal-to-background ratio at a pump energy density of 70 μJ
mm−2, whereas no lasing is observed in the normal tissue un-
der the same pump energy density due to lower nucleic acid
concentrations (i.e., less gain from YOPRO) in the cell nu-
cleus. Fig. 2f further shows representative lasing emission
images taken from the normal and cancer tissues when
pumped at 70 μJ mm−2. No lasing emission is seen from the
normal tissues, whereas strong lasing emission with superior
contrast against the surrounding background is observed
from the cell nuclei in the cancer tissue. When the pump

Fig. 7 a, Lasing spectra of cancer/normal colon cancer tissues measured under a pump energy density of 30 μJ mm−2. b, Lasing spectra of
cancer/normal stomach cancer tissues measured under a pump energy density of 30 μJ mm−2. c, Lasing spectra of cancer/normal ductal breast
cancer tissues measured under a pump energy density of 30 μJ mm−2. Tissue thickness = 5 μm. Cavity length = 15 μm. d–f, Statistics of normal and
tumor cell lasing thresholds from (d) colon (N = 46 cells), (e) stomach (N = 42 cells), and (f) breast tissues (N = 52 cells). For each type of tissue,
two matched-paired patients' specimens were tested, labeled CN1 and CN2 (normal colon); SN1 and SN2 (normal stomach); BN1 and BN2 (normal
breast) and CT1 and CT2 (colon tumor); ST1 and ST2 (stomach tumor); BT1 and BT2 (breast tumor). For each patient, a minimum of 10 cells were
randomly selected and measured. Statistical box plots are also shown in d–f. The representative lasing threshold curves of the cancer tissues are
given in Fig. S7.† The corresponding ROC curves are given in Fig. S8.†

Lab on a ChipPaper



Lab Chip, 2018, 18, 1057–1065 | 1063This journal is © The Royal Society of Chemistry 2018

energy density is increased to 100 μJ mm−2, multiple lasing
cells at different sites can all be seen for both normal and
cancer tissues. More examples of lasing emission images are
provided in Fig. 2g.

In order to demonstrate that the designed spacer provides
a robust laser cavity to generate reproducible lasing results,
the time series lasing spectra of cancer and normal lung
FFPE tissues are shown in Fig. 3a and b, respectively. The las-
ing spectra were measured intermittently over a 5 minute pe-
riod. At τ = 1 s, the free spectral range (FSR) in the cancer
and normal tissues was 6.8 nm and 6.9 nm, respectively,
which agree well with the theoretical calculation using eqn
(1) at their respective lasing peak wavelength of 542 nm and
545 nm:

(1)

where n1 = 1.44 and n2 = 1.42 are the FFPE tissue refractive
index29,30 and the matching refractive index of the oil, respec-
tively, t is the sectioned tissue thickness within the cavity,
and d = 15 μm is the spacer height (cavity length). Note that
the closely matched refractive indices between the tissue and
the oil ensure that virtually no change in the FSR occurs
when tissues of different thicknesses are used. Also note that
the use of refractive index matching immersion oil between
the tissue and the cover slip is a routine in conventional
microscopy measurement. At τ = 300 s, the FSR remains 6.8
nm for the cancer tissues and the peak position of lasing
emission is consistent with that at τ = 1 s, suggesting that the
cavity length can be maintained throughout the experiment.
This is a significant improvement over the FP cavity used in
our previous work, in which the top mirror was in contact
with the tissue. In that scenario, the cavity length is deter-
mined by the tissue thickness that varies from one sample to
another and may even change during the measurement on
the same sample (due to water evaporation, ice thawing, etc.).
Similarly, as shown in Fig. 3b, a consistent FSR (and hence
the cavity length) was also obtained for the normal tissue, de-
spite a small blue shift of 0.45 nm that was likely caused by
photobleaching due to high excitation. Multiple tissue sec-
tions (2 sections for each tissue from each patient) of 10 μm
in thickness sliced from both lung cancer and normal FFPE
blocks were further tested. Although there may exist a small
tissue thick variation for each tissue, the FSR remains re-
markably stable. As will be shown later, different tissue thick-
nesses (such as 5 μm) and types (such as colon, stomach,
and breast tissues) were also tested and the FSR again re-
mains 6.8 nm–6.9 nm (depending on the lasing wavelength),
which attests to the robustness and repeatability of our sys-
tem. Note that due to the natural variation in the cell size
and cell/nucleus refractive index, which causes a small
change in the optical path of the FP cavity, the lasing emis-
sion wavelength may vary slightly. For example, the lasing
wavelength is 542.00 nm and 545.64 nm, respectively, for the

right-hand peak in Fig. 3a and b, which corresponds to less
than 1% change in the cavity optical path.

Taking advantage of this system, we systemically investi-
gated the lasing thresholds of 14 patients' lung biopsies in
Fig. 4, all of which were stained with 0.1 mM YOPRO. First,
in Fig. 4a and b we present the statistics of lasing thresholds
based on 3 pairs of normal and cancer FFPE tissues from the
same patients, respectively. At least 15 cells were randomly
selected and measured within each normal/tumor tissue re-
gion for each patient. All cancer cells exhibit consistently a
narrow lasing threshold range between 50 μJ mm−2 to 80 μJ
mm−2. In contrast, the normal cells have a much wider
threshold range, varying from 50 μJ mm−2 to 250 μJ mm−2.
Next, we investigated the lasing thresholds of normal and
cancer FFPE tissues from 10 different patients (4 normal and
6 cancer) in order to examine the sample-to-sample varia-
tions. In particular, two types of non-small cell lung cancers
(adenocarcinoma and squamous cell carcinoma) with differ-
ent extents of differentiation were investigated. Exemplary
H&E images are given in Fig. S3.† Similar statistic results of
lasing thresholds are observed in Fig. 4c and d, regardless of
the cancer subtype and differentiation. In comparison with
cryogenic frozen tissues, FFPE tissues tend to have higher las-
ing thresholds in both normal and cancer tissues (25 μJ
mm−2 vs. 60 μJ mm−2 on average for the cancer tissues and
60 μJ mm−2 vs. 100 μJ mm−2 on average for the normal tis-
sues), which is due to the higher scattering loss of the FFPE
tissues. Nevertheless, the FFPE tissues can still lase at a
threshold far below the tissue damage level.

Based on the results in Fig. 4, the histogram of the lasing
thresholds is plotted in Fig. 5a. Apparently, the lasing thresh-
olds for most cancer cells are below 80 μJ mm−2 whereas
those for the majority of normal cells are above that. The
lower lasing thresholds in cancer cells are attributable to the
higher DNA concentration in cancer cells resulting from
higher proliferation and chromatin condensation,31 as we
discussed previously.20 In order to find the optimal excitation
for cancer cell screening, we plot the receiver operation char-
acteristic (ROC) curve in Fig. 5b by varying the excitation as
the cut-off criterion and generate a fitted area under the
curve of 0.87. The optimal excitation to distinguish cancer
cells from the normal cells is found to be 80 μJ mm−2, which
corresponds to a sensitivity of 85.0%.

Our next task is to verify whether our system is compatible
with the current practice in pathology, in particular, whether
our system can accommodate thinner tissues. In a pathologi-
cal lab, a tissue thickness of 5 μm is preferable, which helps
save precious tissue samples. Therefore, in our experiment
we reduced the FFPE tissue thickness from 10 μm to 5 μm
and sandwiched them in the same cavity (with a 15 μm
spacer). Since the top mirror was removable and there was a
gap between the top mirror and the tissue, replacing tissue
samples, which were mounted on the bottom mirrors, was
quite straightforward. Fig. 6a and b are the examples of the
lasing spectra from the 5 μm thick normal and cancer tissues
labeled with YOPRO under various pump energy densities.
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The FSR is measured to be approximately 6.8 nm for both tis-
sues (considering the lasing peak wavelengths of 541 and 538
nm), which is consistent with the results obtained for the 10
μm thick tissues. In Fig. 6c and d, we selected 6 normal and
6 cancer lung tissues used in Fig. 4 and investigated their re-
spective lasing thresholds. Overall, there is no statistical dif-
ference between the 5 μm and 10 μm samples. The corre-
sponding ROC curve is plotted in Fig. S4,† showing the area
under the curve of 0.9 and a sensitivity of 97.7% with an exci-
tation cut-off criterion of 80 μJ mm−2. The above results sug-
gest that our system is highly robust and is able to differenti-
ate cancer and normal tissues/cells regardless of the tissue
thickness.

Finally, we demonstrated that our platform and the find-
ings are generally applicable to other types of tissues. This
time, all the samples (5 μm in thickness) were prepared inde-
pendently by technicians in Xi'an No. 3 Hospital in China
using the bottom mirrors and the protocols provided by the
University of Michigan team. The samples were shipped
internationally and examined using the experimental setup
described previously. First, we used the lung cancer tissues.
Fig. S5† (tissue T10) shows the plot of the corresponding las-
ing threshold statistics, showing that it is very similar to the
lasing threshold statistics obtained from the lung cancer tis-
sue samples prepared by the University of Michigan team.
Therefore, the identical experimental conditions (such as la-
ser excitation spot size, repetition rate, laser scanning speed,
spectrometer settings, etc.) used in Fig. 1–6 can be employed
to test the samples from China. Fig. 7a–c show the exemplary
lasing spectra measured from colon, stomach, and breast
cancer/normal FFPE tissues (5 μm in thickness) labeled with
YOPRO, respectively. Both the cancer and normal tissues
were pumped under the same pump energy density of 30 μJ
mm−2. Only lasing emission from cancer cells/tissue is ob-
served since the pump energy density is below the lasing
threshold for normal cells. Additionally, the measured FSR
for each tissue is approximately 6.8 nm which matches well
with the previous results, implying the reproducibility of such
a lasing cavity. The exemplary H&E microscopy images as
well as spectrally integrated laser emission versus pump en-
ergy density for respective tissues are presented in Fig. S6
and S7.† Based on the same procedures as before, we investi-
gated the lasing thresholds for each type of tissue (normal
and cancer), with 2 matched-pair patients for each in
Fig. 7d–f. We observed that the lasing thresholds for the can-
cer tissue are relatively lower than the normal tissue among
all three tissue types (mean thresholds for normal colon = 60
μJ mm−2, colon cancer = 25 μJ mm−2; normal stomach = 102
μJ mm−2, stomach cancer = 32 μJ mm−2; normal breast = 63
μJ mm−2; breast ductal cancer = 18 μJ mm−2). Interestingly,
the normal colon tissue has a slightly lower lasing threshold
compared to all, which could be explained by the high re-
newal rate of epithelial cells in colons.32 Yet, we are still able
to distinguish between the colon cancer and normal tissues
by their lasing thresholds. The ROC curves based on the data
in Fig. 7d–f are plotted in Fig. S8,† which have an area under

the curve of 0.90, 0.88, and 0.95 for colon, stomach, and
breast FFPE tissues, respectively. For all three types of tis-
sues, a high sensitivity of 90.0% or above can be reached with
the optimal excitation around 40–45 μJ mm−2.

4. Discussion and conclusion

In this work, we have addressed three possible roadblocks
that may potentially impede the practical use of the laser
emission-based detection/imaging technology: (1) compatibil-
ity with FFPE tissues; (2) robust system for reproducible re-
sults and protocol compatible with the practice in pathologi-
cal labs, and (3) compatibility with a variety of tissue types.
First, we have successfully achieved lasing in FFPE tissues
and were able to differentiate cancer and normal tissues by
their lasing thresholds. Second, we have developed a reliable
system with a spacer microfabricated on the top mirror. As
such, the cavity length is fixed, which allows generation of re-
producible and stable results regardless of tissue thickness.
The gap between the top mirror and the tissue makes it easy
to exchange tissues without damaging them. Different tissue
thicknesses were examined to demonstrate that our technol-
ogy can be incorporated into the current practice in a patho-
logical lab. Third, we showed that the lasing emission-based
detection/imaging technology is applicable to other types of
tissues. The results suggest that the platform and the related
protocol are ready for tissue screening and cancer diagnosis
studies on a larger scale.

In the near future, a few potential directions are worth
pursuing. First, this platform can be broadly applied to fun-
damental biological research, especially for preclinical ani-
mal models, which require massive amounts of samples for
data analysis. Besides cancer and normal tissues, it is also
important to investigate the possibilities to differentiate be-
nign and malicious tissues by using similar tools. Therefore
a robust system with high reproducibility is necessary. Note
that this platform is not limited to nucleic acid analysis. In
fact, it can be extended to protein and peptide detection. Sec-
ond, this system can be an ideal platform for tissue microar-
ray analysis. Arrays of tissue biopsies containing tissue cores
from different sources can be mounted on a single mirror to
form a “tissue laser microarray”. This will allow high-
throughput simultaneous lasing measurement and analysis
of many tissue samples with minimal variations. Finally, a
high-speed motor stage, a high repetition-rate pump laser,
and a high-speed imager will be integrated to construct a
wide-field automated laser-imaging system for rapid tissue
analysis.
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