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Fluorescence imaging is very useful for skin cancer lesions detection because of its properties of
noninvasion and fast imaging. However, conventional °uorescence imaging devices' excitation
light source and camera are usually separated, which will cause problems such as complicated
structure, large volume, and poor illumination homogeneity. In this paper, we introduce a
miniature portable °uorescence imaging device to diagnose skin cancer. A coaxial design has been
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introduced to combine the exciting light source and °uorescence receiver as an integral part,
which signi¯cantly reduces the size of the device and ensures illumination homogeneity. The
volume of the device is less than 3:5� 3:5� 9:5 cm3 with weight of 150 g, and the total power
(including the excitation lamp) is only 1.5 W. It is used to detect the squamous cell carcinoma
mice for demonstration. The results show that the location of the cancer lesions can be easily
distinguished from the images captured by the device. It can be e±ciently used to detect
early skin tumors with noninvasion. It also has prospects to be integrated with other
diagnostic methods such as ultrasound probe, for multiple diagnose of skin tumors thanks to its
miniature size.

Keywords: Protoporphyrin IX; coaxial design; skin cancer.

1. Introduction

Melanoma and nonmelanoma skin cancer (NMSC)
are now the most common types of cancer, espe-
cially in the white population, and unfortunately,
the incidence of cancer is still rising.1–5 The public
reports estimated an increase from 3.1 to 4.3 million
US adults in the treated for NMSC annually from
2002 to 2011,3 and the incident rates reached to
nearly 400 cases per 100,000 people from the Mas-
sachusetts All Payer Claims Database in 2015.5

In the treatment of all the skin cancers, early
diagnosis plays a particularly important role, be-
cause skin cancer could turn into invasive growth
rapidly and cause high mortality rate if it is not
treated in time. Moreover, the early diagnosis can
not only improve patient prognosis, but also reduce
patient morbidity, as well as treatment complexity
and costs.6,7

Diagnosis of skin cancer includes histopatholog-
ical biopsy and various skin imaging methods.8–11

The histopathological biopsy is the \gold standard"
for tissue diagnosis, but it is not suitable for early
skin cancer because the characteristics of early skin
tumor lesions are not obvious and it is di±cult to
accurately determine the location and boundaries of
the tumor. In terms of skin imaging methods, der-
moscopy can magnify the appearance of the tumor
and help people to recognize the texture features of
pathologic skin based on visual appearance. The
re°ectance confocal microscopy can highlight the
scale characteristics of the skin tumor cells, and
the high-frequency ultrasound probe can highlight
the depth information of the tumor on the skin
surface.12–14 However, the characteristics of early
skin tumors are not obvious, which leads to the
inability of ordinary dermoscopy examination to
accurately distinguish early skin tumors from

normal skin. Moreover, the re°ectance confocal
microscope and high-frequency ultrasound probe
have a very limited view ¯eld, and cannot image all
suspected tumor sites on a large scale rapidly.

Photosensitizer-mediated °uorescence detection
is also known as Photodynamic Diagnosis
(PDD).15–17 It is an e®ective method for detecting
°uorescence using a speci¯c photosensitizer. Proto-
porphyrin IX (PpIX) is often used in the PDD of
nonmelanoma lesions. It is a precursor of heme in its
biosynthetic pathway and can emit red °uorescence
when excited by the light at about 400 nm. Under
normal conditions, heme is regulated and there is no
accumulation of PpIX. However, when the precur-
sor of PpIX, such as 5-aminolevulinic acid (ALA) or
methyl aminolevulinate (MAL), is applied to the
surface of lesion skin, a negative feedback control
within mitochondria will change and PpIX will ac-
cumulate. Normal tissues can usually eliminate the
excessive PpIX very fast, while abnormal tissues
have a di®erent form of accumulation and need
longer elimination time.18 Therefore, the lesion can
be located by the °uorescence of PpIX.

In recent years, the use of °uorescence-based
methods either to detect or to delimitate the inva-
sive extent of several malignant tumors has been
widely investigated and enhanced.19–21

For example, in 2015, Olena et al. reported a
study of PpIX metabolism with a handheld °uo-
rescence imaging device that can be easily used in a
clinical setting. A corresponding disposable °exible
reference frame was ¯xed to the skin of a patient
with tape when analyzing the skin lesion, which
allowed imaging the same area through a time-
course study.22 However, they adopted a ring of 16
LEDs powered by a 9 V battery as the source light
around the camera, which signi¯cantly increased
the volume of the device and have high energy
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consumption. Moreover, it also needs to install and
unload the ¯lter repeatedly to obtain the PpIX
emission image and normal image of the skin. Also
in 2015, Clovis et al. reported a device consisting of
two probes— one emitting 630 nm light was used to
do the photodynamic therapy (PDT) treatment and
the other emitting 450 nm light was used to excite
the °uorescence of PpIX. A handheld ¯lter was used
to help doctors observe the skin lesions illuminated
by the 450 nm light.23 It can be used for both
treatment monitoring and PDT treatment, but it
requires the user to observe with the naked eyes,
which makes the observation method inconvenient
and might damage the user's eyes because of the
blue light emission.24

Those reported results show that °uorescence
imaging has the advantages of fast and real-time
imaging. However, their light source is separated
from the °uorescence imaging camera, which results
in an illumination homogeneity problem, large vol-
ume and high energy consumption. Moreover, every
technology has its limitations, such as low pene-
trating for °uorescence imaging and low resolution
for ultrasound imaging. The combination of skin
imaging technologies has become a promising di-
rection to overcome their shortages. When com-
bining the °uorescence imaging and ultrasound
imaging techniques, they can locate the lesion and
acquire depth information and even provide three-
dimensional information of the tumor. They can get

more information from the lesions and help clin-
icians diagnose more accurately.25,26 The combina-
tion of skin imaging technology with others also
requires the miniaturization of the device. There-
fore, we report a miniature portable °uorescence
imaging device with a coaxial path for illumination
and °uorescence to reduce the size, lower the power
and solve the illumination homogeneity problem. As
a demonstration, the device is used to distinguish
the early skin cancer tumors of mice successfully.

2. Fluorescence Imaging System

The separation of light source and acquiring system
in most °uorescence image acquisition devices is the
main obstacle for their applications as mentioned
above. In our device, we propose a coaxial optical
path for illumination and °uorescence to integrate
the light source with camera tightly, as shown in the
principle diagram of Fig. 1(a). The °uorescence
imaging device consists of three parts: A LED light
source, a °uorescence acquisition part, and a coaxial
light path. They will be introduced in detail as
follows.

The °uorescence acquisition part mainly includes
a CMOS image sensor, a ¯eld programmable gate
array (FPGA) chip, a static random-access memory
(SRAM) chip, a data transmission interface and a
power supply circuit. These components are inte-
grated on a Printed Circuit Board (PCB) and are

(a) (b)

Fig. 1. (a) The principle diagram of the miniaturized °uorescence imaging device we proposed. The wide blue line is the excitation
light, and the narrow orange line represents the °uorescence light. (b) The transmittance of the ¯lters, and the luminous intensity of
the LED and PpIX °uorescence. The green dash line is the transmittance of the low-pass ¯lter; the blue dash-dot line is the
transmittance of the high-pass ¯lter; the solid red line is the transmittance of dichroic ¯lter; the solid black line is the luminous
intensity of LED, its peak is at 406 nm; the black dash line is luminous intensity of PpIX °uorescence, its peak is at 621 nm.
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responsible for the acquisition and transmission of
image data. The light source is a LED with a
wavelength shorter than the °uorescence of PpIX.
We choose a blue LED with a peak wavelength of
406 nm in this case and it is perpendicular to the
CMOS sensor in the light path. The illuminous in-
tensity of LED is shown in Fig. 1(b) with black solid
line. The coaxial light path composed of three ¯l-
ters: A low-pass ¯lter, a high-pass ¯lter and a 45�
dichroic ¯lter. The low-pass ¯lter is used to ¯lter
out the long-wavelength light from the source and
environment. The high-pass ¯lter is used to ¯lter
out the source light which is re°ected from the skin
to emphasize the °uorescence signal of the object.
Dichroic ¯lter is an important component to com-
bine the illumination and °uorescence paths, which
can re°ect the short-wavelength light and transmit
the long-wavelength light simultaneously. There-
fore, the source light will be re°ected to the skin to
excite the °uorescence. The excited °uorescence
signal from the skin will transmit through it and
reaches the image sensor. The coordination of these
¯lters ensures the integration of two optical paths,
resulting in the simpli¯ed structure and reducing
volume remarkably. It also prevents the interfer-
ence of illumination and ambient light to ensure
the acquisition of pure °uorescence information
from the object. The transmission spectra of the
¯lters and the luminous power of PpIX °uorescence
are shown in Fig. 1(b). In addition, all the parts
mentioned above, together with the objective lens,
constitute our optical device which has a lateral
resolution of 14�m and an object ¯eld of view of
1:2� 1:0 cm2.

When the device works, the light emitted from
the LED is re°ected by the 45� dichroic ¯lter and
shines on the skin. Then the °uorescence excited
from the skin transmits through the 45� dichroic
¯lter and is captured by the image sensor. There-
fore, the re°ected excitation source and the °uo-
rescence have the same optical path. Such a design
can not only minimize the whole device and lower
the energy consumption, but also eliminate the
homogeneity problem of illumination and °uores-
cence imaging. The prototype of our °uorescence
imaging device is shown in Fig. 2(a). The total
volume of our device is smaller than 116 cm3

(3:5� 3:5� 9:5 cm3), with a weight of 150 g and a
consumption power of 1.5W. Its size is reduced to
be smaller than a cell phone. The overview of our

experiment system is shown in Fig. 2(b). The total
volume is very small and similar to the camera part
reported by Kulyk et al. (2015).22 They adopted a
ring light source as the excitation source around the
camera (LM075 M). Their cameras volume is
108 cm3 (4:4� 4:4� 5:6 cm3), with a weight of 130 g
and a consumption power of 2.5W if regardless of
the ring light source part. However, if their ring
light source is taken into account, its volume looks
three times larger than ours. The weight and power
consumption of our devices are also signi¯cantly
smaller than theirs. Furthermore, their lighting
power generated from 16 LEDs is only 0.1mW/cm3,
which is proportional to the excited °uorescence
signal. As a comparison, the lighting power of our
device can reach 19.8mW/cm3 with only one LED,
which can have a much stronger excited °uores-
cence signal and much easier to detect the tumor.
These data are listed in Table 1.

(a)

(b)

Fig. 2. Experimental system. (a) is the device compared with
a cell phone. (b) is the overview of our experimental system.
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3. Materials and Methods

In order to verify the feasibility of the miniaturized
°uorescence imaging system, the experiment was
designed to take °uorescence images of mice skin
tumors. The experiment site located in the Shang-
hai Dermatology Hospital, experimental subjects
and procedure will be described in detail as follows.

3.1. Animal model

Female, hairless SKH-1 mice (6–8 weeks old) were
obtained from the Jackson Laboratory. In our
study, the mice were divided into two groups: One
was the cutaneous squamous cell carcinoma (cSCC)
mice group, and the other was a normal control
group. In each group, some mice were taken out and
applied with 10% ALA cream, and the other mice
were not applied. The methods of obtaining cSCC
mice and applying ALA cream are introduced as
follows.

The squamous cell carcinoma mice were obtained
as follows. We took one cage mice (there were 5
mice each cage), and adjusted the exposure light
source (SS-03B UV-B Phototherapy armarium with
exposure power of 0.26mW/cm2) to about 30 cm
from the back of the mouse. The exposure light was
illuminated on the back of the mice by 2 min a time,
¯ve times a week (from Monday to Friday). This
process lasted 20–24 weeks, until tumors with a
diameter of about 5mm appeared, and the cumu-
lative UVB dose was approximately 1:59 J=cm2.
The experiment mice are shown in Fig. 3. The
tumor had been fully discussed in our previous
work27,28 which also included the histopathological
examination and the electron microscopic exami-
nation. There are a lot of appearances shown in the
histopathological results of mouse squamous cell
carcinoma: Hyperkeratinization, irregular epider-
mal hyperplasia, a large number of atypical cells,
obvious mitosis ¯gures, the appearance of kerati-
nized cells and horns, some tumor tissues break

through the basement membrane to the dermal re-
ticular layer. All of these prove that the mouse
cSCC is consistent with the pathology of human
cSCC, and can be used as a veri¯cation of the pre-
surgical experiment of skin squamous cell
carcinoma.

The method of applying ALA was as follows.
First, we anesthetized the mice, then applied 10%
ALA cream to them with cotton balls, and last,
immediately placed the mice in a dark room to
avoid light for 2 h.27,28 For the cSCC mice, the ALA
solution was topically applied on and around the
tumor, and for normal mice, the application area
corresponded to that of the cSCC mice.

3.2. Parameter adjustment of the

°uorescence imaging system

In order to adjust the parameters of the °uorescence
imaging system, we needed to take images of the
malignant tumor which was visible to the eyes. In
this experiment, a cSCC mouse applied with ALA
cream was chosen. The mouse was anesthetized

Table 1. Parameters of °uorescence imaging device.

Type Volume Weight Consumption power
Number of
the LED Lighting power

Ours 116 cm3 (total) 150 g (total) 1.5W (total) 1 19.8mW/cm3

Reported by
O. Kulyk et al.

108 cm3 (Regardless
of the ring light
source)

130 g (Regardless
of the ring
light source)

2.5W (Regardless
of the ring
light source)

16 0.1mW/cm2

Fig. 3. (a) control group, (b) squamous cell carcinoma mice
group.

A miniaturized °uorescence imaging device for rapid early skin cancer detection

2050026-5

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

02
1.

14
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 H

U
A

Z
H

O
N

G
 U

N
IV

E
R

SI
T

Y
 O

F 
SC

IE
N

C
E

 A
N

D
 T

E
C

H
N

O
L

O
G

Y
 o

n 
03

/2
1/

21
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



with an anesthesia machine and the lesion was
placed directly under the °uorescence imaging sys-
tem. The exciting LED was turned o® and the white
lamp on the roof was turned on when taking the
white light images. Only the 405 nm LED exciting
light in the imaging device was turned on when
taking a °uorescent image. The imaging results are
shown in Figs. 4(a) and 4(b).

The results show that both the white light and
°uorescent tumor images can be captured by the
device clearly. The white light images display a
strong yellow-green background because the high-
pass ¯lter can block blue light out. Moreover, the
°uorescent images can show the information of
normal skin, early tumor areas and malignant
tumor lesions more clearly, compared with the
white light images. In the °uorescent image, the
texture of skin can be clearly displayed as shown in
Fig. 4(b). The convex part is the cutaneous ridge
and the concave part is the sulci cutis. The ridge
presents a thin strip of red in the °uorescent image
while the sulci cutis shows dark gray. The early
tumors were reddish. It is di±cult to distinguish
the sulci and ridge of tumors. There were keratin
and escharosis in the malignant tumor. The keratin
was bright green and the escharosis was black.
Part of the point green °uorescence was from
dander.

This result demonstrates that the miniaturized
°uorescence imaging device is capable of collecting
skin information well under both white light and
°uorescent conditions. Also, the experiment pa-
rameter is con¯rmed as follows: The height of the
camera in the experiment is 9.5 cm. The imaging
area is 1:2 cm� 1:0 cm. The electrical consumption
power of LED is 1W. And the integration time of
the camera is 0.11 s, which is very fast for catching
images and diagnosis. Owing to the miniature size
of the device with coaxial path design for

illumination and °uorescence, one can take both the
white light and °uorescence pictures of almost any
position easily and rapidly.

3.3. Early tumors detection

After completing the parameter adjustment of the
°uorescence imaging system, an experiment was
arranged to explore the e®ect of the °uorescence
imaging device in early tumor detection. In the ex-
periment, we took two squamous cell carcinoma
SKH-1 mice as an experimental group and chose
invisible lesions as the test area. Then, we took two
normal SKH-1 mice as a control group and chose
the same part in the experimental group as contrast
area. There were two mice in the experimental
group. One was applied with ALA for 2 h while the
other was not applied. The control group is the
same as the experimental group. The classi¯cation
of the mice is shown in Table 2.

4. Results and Discussion

We take °uorescence images and white light images
of early skin tumors in the primary tumor group.
The images of the skin taken by our device are
shown in Fig. 5. Figure 5(a) is the skin under white
light and not treated with ALA. Figure 5(b) is the
skin under white light but treated with ALA. It can
be seen that under the white light, the color and
texture of early tumors and normal skin are similar,
no matter they are treated with ALA or not.
Therefore, it is hard to distinguish the early tumor
site from normal skin with the naked eye for normal
illumination.

Figure 5(c) shows the green °uorescence image of
mouse skin under the LED light without being
treated with ALA, but no early tumors can be dis-
tinguished from normal skin. The small bright green
dots in the ¯gure may be the °uorescence of collagen
or scurf excited by LED. After ¯nishing the ALA
treatment and then capturing the °uorescence
image under the LED light, the early tumor shows a
bright red °uorescence spot which is in obvious
contrast to normal skin, as shown in Fig. 5(d). Red

Fig. 4. (a) White light image of malignant squamous cell
carcinoma tumor, scale bar: 2mm. (b) Fluorescent image of
malignant squamous cell carcinoma tumor, scale bar: 2mm.

Table 2. Parameters of °uorescence imaging device.

Groups Experimental group Control group

Types ALA None ALA ALA None ALA
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spots are the images of early tumors diagnosed by
the doctors of Xinhua Hospital. Therefore, the early
tumor can be easily distinguished from normal skin
by °uorescence imaging after treated with ALA. It
can be easily used for early tumor diagnosis rapidly
with noninvasion since the time of imaging an area
of 1:2 cm� 1:0 cm needs only 0.11 s.

To verify the practicability and validity of our
°uorescence image device, the control experiment
was designed. We chose the normal mice mentioned
in Sec. 3.2.2 as the control group and took °uores-
cence images under the same experimental condi-
tions as before. The results are shown in Fig. 6.
Figure 6(a) is the skin under white light and not
treated with ALA. Figure 6(b) is the skin under
white light but treated with ALA. Figure 6(c)
shows the green °uorescence image of mouse skin
under the LED light without treated with ALA, and
there is no signi¯cant di®erence compared with
Figs. 5(a)–5(c). They reveal that the tumor cannot
be distinguished under white light or under LED
without ALA treated. Figure 6(d) shows the °uo-
rescence image of mouse skin under the LED light
and treated with ALA, the red cutaneous ridge and
dark sulci cutis can be seen from it. But there is no
bright red spot like Fig. 5(d). Therefore, red spots
exist only in experimental mice, further indicating

that the red spots are tumor images and demon-
strating the validity of our °uorescence imaging
device.

As a result, there is no signi¯cant di®erence be-
tween the experimental group and the control group
in the case of white light or LED light but not ALA-
treated. However, under the LED light and being
treated with ALA, there are obvious red spots only
in the experiment mouses °uorescence images. One
can distinguish and locate the cancer tumor from it
according to these spots.29 Moreover, the sulci and
ridge of normal skin can be clearly exhibited by the
°uorescent image after treated with ALA. In a
word, our device can detect the early skin tumors
and locate them in real-time on a large scale.

5. Conclusion

In this paper, we propose a novel miniature °uo-
rescence imaging device with a coaxial optical path
design. The coaxial light source is artfully embed-
ded in the device with a 45� dichroic, which signif-
icantly reduces the size of the device while ensuring
the illumination homogeneity. The total volume of
the device is less than 3:5� 3:5� 9:5 cm3, which is
only similar to the reported camera part regardless

Fig. 5. Fluorescence images and natural light images of early
skin tumors in the primary tumor group. (a) ALA-free natural
light image, (b) ALA-treated natural light image, (c) ALA-free
°uorescence image, (d) ALA-treated °uorescence image. All of
the scale bars are 1mm.

Fig. 6. Fluorescence images and natural light images of nor-
mal skin in the control group. (a) ALA-free natural light image,
(b) ALA-treated natural light image, (c) ALA-free °uorescence
image, (d) ALA-treated °uorescence image. All of the scale bars
are 1mm.
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of the ring light source. The weight of our device is
150 g with a consumption power of only 1.5W,
while the lighting power can reach 19.8mW/cm2.
Besides, 480 nm short-pass and 503 nm long-pass
¯lters have also been utilized in the device to further
reduce the stray light and enhance the signal-to-
noise ratio (SNR). To verify the validity of our de-
vice, it is used to detect the skin cancer tumor. The
results show that our device can be used to clearly
and rapidly distinguish the lesion and locate the
tumor. To our best knowledge, the °uorescence
imaging device we reported is the most compact one
to detect the early skin cancer tumor with much
lower consumption power. It is very convenient to
be held, and can detect skin surface on a large scale
rapidly. Moreover, the device is prospective to be
integrated with an ultrasound probe to achieve
multi-mode detection of tumors, which can increase
the diagnosis accuracy remarkably.
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