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Abstract. Since basement membranes represent a critical 
barrier during breast cancer progression, timely imaging of 
these signposts is essential for early diagnosis of breast cancer. 
A label-free method using multiphoton microscopy (MPM) 
based on two‑photon excited fluorescence signals and second 
harmonic generation signals for analyzing the morphology of 
basement membrane in normal and cancerous breast tissues is 
likely to enable a better understanding of the pathophysiology 
of breast cancer and facilitate improved clinical management 
and treatment of this disease. The aim of this study was to 
determine whether MPM has the potential for label-free assess-
ment of the morphology of basement membrane in normal and 
cancerous breast tissues. A total of 60 tissue section samples 
(comprising 30 fresh breast cancer specimens and 30 normal 
breast tissues) were first imaged (fresh, unfixed and unstained) 
with MPM and are then processed for routine hematoxylin and 
eosin (H&E) histopathology. Comparisons were made between 
MPM imaging and gold standard sections for each specimen 
stained with H&E. Simply by visualizing morphological 

features appearing on multiphoton images, cancerous lesions 
may be readily identified by the loss of basement membrane 
and tumor cells characterized by irregular size and shape, 
enlarged nuclei and increased nuclear-cytoplasmic ratio. 
These results suggest that MPM has potential as a label-free 
method of imaging the morphology of basement membranes 
and cell features to effectively distinguish between normal and 
cancerous breast tissues.

Introduction

Breast cancer is the most frequently diagnosed cancer 
and the leading cause of cancer-related mortality among 
females, accounting for 23% of all cancer cases and 14% of 
cancer-related mortalities (1). Metastasis involves a multistep 
process including the detachment of cancer cells from a 
primary site, the invasion of surrounding tissue, and spreading 
through the circulation, and represents one of the main 
causes of mortality in breast cancer patients. In recent years, 
disease-related mortality and metastasis have declined as a 
result of adjuvant therapy. Comprehensive therapy (including 
chemotherapy and endocrine therapy) facilitates the suppres-
sion of the metastatic dissemination of local tumors (2). 
However, these treatments target the tumor cells and disregard 
the basement membrane, which represents a critical barrier 
during breast cancer progression. With breast cancer progres-
sion, tumor cells invade surrounding tissues and spread to 
distant organs, eventually leading to metastasis by inducing 
disruption of the underlying basement membrane (3), as 
shown in Fig. 1. Basement membranes play a key role in tumor 
progression (4). However, these signposts of tumor progression 
have so far only been evaluated by histological examination 
of previously excised specimens (5,6). It would therefore be 
useful to have a tool that allows label-free in situ imaging of 
these signposts.

The basement membrane is located between the epithe-
lium and stroma. Since epithelial cells are able to generate a 
two‑photon excited fluorescence (TPF) signal and the stroma 
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is composed primarily of collagen that is capable of emitting a 
strong second harmonic generation (SHG) signal (7-10), multi-multi-
photon microscopy (MPM) based on TPF and SHG signals may 
be useful for visualizing the outline of basement membranes 
that are not detectable by other imaging modalities.

As a nonlinear optical technique, MPM has advantages 
including label-free imaging, inherent optically sectioning, deep 
optical penetration, and reduced specimen photobleaching and 
photodamage (11-15). In this study, we used MPM to visualize 
the in situ morphology of basement membrane in normal and 
cancerous breast tissues based on intrinsic nonlinear optical 
contrast. Our results reveal that MPM demonstrates marked 
differences in the organization of basement membranes in 
normal breast tissue and breast cancer tissue.

Materials and methods

Tissue specimens. A total of 30 fresh breast biopsy specimens 
were obtained from 30 patients who underwent biopsy and 
were later diagnosed with breast cancer by conventional 
histological modality. Thirty normal breast tissues were 
obtained from reduction surgeries performed at Fujian 
Provincial Tumor Hospital, China. Written informed consent 
was required from every participant according to a protocol 
approved by the Institutional Review Board of Fujian Provin-
cial Tumor Hospital and in accordance with the Declaration 
of Helsinki. The specimens were placed in a glass-bottomed 
dish (coverglass, 0.085-0.13 mm; MatTek Corporation, 
Ashland, MA, USA) for multiphoton imaging. In this study, 
the specimen preparation and multiphoton imaging were 
completed within 1 h of biopsy.

Imaging instrumentation. MPM was achieved using a 
nonlinear optical system which has been described previ-
ously (16). In brief, multiphoton images were acquired 
using a commercial laser scanning microscopic imaging 
system (Zeiss LSM 510 META; Carl Zeiss, Jena, Germany) 
coupled to a femtosecond Ti: sapphire laser (Mira 900-F, 
Coherent Inc., Santa Clara, CA, USA) operating at 800 nm. 
The polarization direction of the laser light was horizontal. 
An oil immersion objective [x63, with numerical aperture 
(NA) of 1.4] was employed for focusing the excitation beam 
into the tissue samples (average power, <15 mW) and was 
also used to collect the backscattered intrinsic multiphoton 
signals. The images were obtained at 2.56 ms per pixel. A 
fine focusing stage (HRZ 200 stage; Carl Zeiss) was used to 
translate the samples following an x-y scan of the samples to 
obtain a large-area image, and to change the focal position for 
recording various optical sections.

Histology analysis. After multiphoton imaging, histological 
procedures were completed including formalin fixation, 
paraffin embedding and 5‑µm‑thick sectioning. Hematoxylin 
and eosin (H&E; Dako, Carpinteria, CA, USA)-stained and 
antibody-stained sections were obtained from each specimen. 
The collagen IV primary antibody (rabbit polyclonal; 
1:200 dilution; cat no. SAB4500369) was obtained from 
Sigma-Aldrich (St. Louis, MO, USA) and the secondary anti-
body (polyperoxidase rabbit anti-mouse IgG; 1:200 dilution; 
cat no. zs2864967) was obtained from Beijing Zhongshan 

Golden Bridge Biotechnology Co., Ltd. (Beijing, China). All 
specimens were reviewed by an attendant pathologist using a 
light microscope (SMZ1500; Nikon, Tokyo, Japan).

Results

Patients and tumor characteristics. The study population 
comprised 60 female participants who were divided into 
two groups. Group 1 consisted of 30 patients with breast cancer 
with a median age of 54 years (32-68 years). Group 2 comprised 
30 patients who underwent breast reduction surgeries with a 
median age of 56 years (39-69 years). The average tumor size 
in group 1 was 2 cm (range, 1-5 cm). The demographic and 
histopathological characteristics of the patients in group 1 are 
summarized in Table I.

Multiphoton images. To visualize the morphological features 
of basement membranes in normal breast and breast cancer 
tissue, the representative multiphoton images of the tissues 
are respectively shown in Fig. 2. As expected, the MPM 
technique visualizes the outline of basement membranes 
well. Large morphological differences may be observed 
between normal breast and breast cancer in Fig. 2. In the 
case of normal tissue, the normal mammary gland is a highly 
organized structure. The acini and ducts have a central 

Table I. Demographic and histopathological characteristics of 
breast cancer patients.

Characteristic Number of patients

Age, years
  <50 23
  >50   7
Tumor size
  T1 12
  T2 18
  T3   0
Grade
  I 10
  II 11
  III   9
Tumor histology
  IDC 30
Estrogen receptor
  Positive 21
  Negative   9
Progesterone receptor
  Positive 19
  Negative 11
HER2
  Positive   9
  Negative 21

IDC, invasive ductal carcinoma; HER2, human epithelial growth 
factor receptor 2.
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lumen and are lined by simple columnar epithelium (TPF 
signal, in green), basement membrane (the interface of the 
epithelium and stroma), and stroma (SHG signal, in red). 
The basement membrane is intact and the surface is smooth 
and even. By contrast, breast carcinoma tissues have lost this 
organized architecture. The basement membrane observed in 
the normal case is replaced by the tumor cells and is missing. 
The tumor cells (TPF signal, in green) are characterized 
by irregular size and shape, enlarged nuclei, and increased 
nuclear-cytoplasmic ratio.

Histological results. The basement membrane is located 
between the epithelium and mesenchymal tissues. Base-
ment membranes are considered to form a protective barrier 
against the initial infiltration of tissue by tumor cells. Here, 
immunohistochemical staining of collagen IV reveals marked 
differences in the organization of basement membranes in 
normal breast tissue and breast cancer. Continuous basement 
membranes with strong staining for collagen IV were observed 
in normal breast tissues (Fig. 3A). Conversely, breast cancer 
tissues were negative for collagen IV staining (Fig. 3B), which 

Figure 1. Schematic presentation of breast cancer progression. (A) Normal breast tissue. (B) Breast cancer tissue. 

Figure 2. Representative multiphoton images from (A) normal and (B) cancerous breast tissues. To obtain a large‑area image, an optional HRZ 200 fine 
focusing stage (HRZ 200 stage; Carl Zeiss) was used to translate the samples after the x-y scan. The excitation wavelength λex was 800 nm. (A) Normal breast 
tissue has a highly organized structure. The ducts (as shown by the large arrow) are lined by simple columnar epithelium [two‑photon fluorescence (TPF) 
signal, in green], basement membrane (the interface of the epithelium and stroma), and stroma [second harmonic generation (SHG) signal, in red]. The base-
ment membrane is intact and the surface is smooth and even (as indicated by the small arrow). (B) Breast carcinoma tissues lose their organized architecture. 
The basement membrane observed in the normal case was replaced by tumor cells (as indicated by the small arrow) and is missing. The tumor cells (TPF 
signal, in green) are characterized by irregular size and shape, enlarged nuclei and increased nuclear‑cytoplasmic ratio. Original magnifications, x63.

Figure 3. Typical images stained by primary antibodies to collagen IV from normal (A) and cancerous (B) breast tissues. Short arrow indicates  
collagen IV‑positive basement membrane. Large arrow indicates ducts. Hematoxylin and eosin staining; original magnifications, x20.
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indicated the disruption and loss of basement membrane in 
invasive breast cancer. These results were similar to those 
observed with MPM imaging.

Discussion

In this study, we have provided the first evidence to demonstrate 
that MPM effectively characterizes basement membranes in 
normal (Fig. 2A) and cancerous (Fig. 2B) breast tissues. In 
multiphoton images, the normal breast tissue has a highly 
organized structure. The ducts are lined by simple columnar 
epithelium (TPF signal, in green), basement membrane 
(interface of epithelium and stroma) and stroma (SHG signal, 
in red). The basement membrane is intact and the surface is 
smooth and even (as indicated by the small arrow). By contrast, 
breast cancer tissues have lost this organized architecture. The 
basement membrane observed in the normal case is missing 
and replaced by tumor cells characterized by irregular size 
and shape, enlarged nuclei and increased nuclear-cytoplasmic 
ratio. These observations are in accordance with traditional 
histological analysis (shown in Fig. 3). The correlation between 
disintegration of the basement membranes of tumors and the 
increasingly anaplastic appearance supports the idea that 
basement membranes may play a role in tumor invasion (4,17). 
Furthermore, the absence of a basement membrane barrier 
may facilitate tumor spread.

It was noted that MPM enables direct visualization of 
the basement membranes in normal and cancerous breast 
tissues in a manner similar to H&E staining of conventional 
histological sections. Compared with H&E analysis, however, 
MPM presents a couple of advantages. Firstly, basement 
membrane may be clearly distinguished due to its unique 
structure using MPM (18), but may be difficult to identify in 
H&E-stained sections (as shown in Fig. 4). Secondly, MPM 
introduces no artifacts during processing due to the imaging 
being based on intrinsic nonlinear optical contrast, making 
it possible to diagnose biopsy specimens in situ. Finally, the 
multiphoton imaging time is shorter than the turnaround time 
for frozen sections involving slicing, paraffin embedding or 
freeze-thaw processes. Therefore, MPM provides an in situ 
histological tool with which to evaluate basement membranes 
without the labeling requirement of conventional methods. 
The significance of this capability results from the fact that 
basement membranes represent a critical barrier against the 

initial infiltration of tissue by tumor cells (6,7), and the detec-
tion of basement membrane has so far depended heavily on 
traditional histological procedures (5,6). These results indi-
cate that MPM holds promise for breast tissue analysis and 
applications to studying the dynamics of basement membrane 
changes at various stages of breast cancer in a manner that is 
compatible with clinical practice.

The use of MPM does have certain limitations in its current 
state. Firstly, the limited penetration depth of MPM imaging 
hinders evaluation of deeper tissue change. Furthermore, 
utilization of high NA objectives in MPM systems results in 
smaller fields of view, which may result in missing diseased 
tissues. In addition, due to sampling difficulties, this study did 
not include ductal carcinoma in situ, which is a proliferation of 
malignant epithelial cells within the mammary ductal system 
with intact basement membrane. The dynamic alteration of 
basement membrane reflects the progression of breast cancer. 
In future studies, we intend to focus on evaluating the feasi-
bility of MPM for tracking the progression of breast cancer.

In conclusion, this study demonstrates the potential of 
MPM to visualize basement membranes, the key indicators of 
breast cancer progression, in a tracer-free manner. This unique 
method of targeting basement membrane using MPM tech-
niques appears to be promising for further study, particularly 
as a complementary technique with gold-standard histopatho-
logical diagnosis. Without damaging histological procedures, 
this method unlocks new possibilities for in vivo diagnosis of 
breast cancer. With the capability of evaluating the basement 
membrane as shown in the present study, we envisage that a 
MPM‑based intra‑fiberoptic ductoscopy or transdermal biopsy 
needle (19‑21) could facilitate and benefit in vivo studies and 
diagnoses in the years to come. Thus, in the future we intend to 
extend the application of MPM to in vitro breast cancer studies 
as well as to other types of cancer.
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Figure 4. Comparison of multiphoton images (magnification, x63) and hematoxylin and eosin (H&E) staining images (magnification, x40) in normal breast 
tissue. (A) Basement membrane (interface of epithelium and stroma) in a duct. The basement membrane is intact and smooth. (B) Corresponding H&E image 
of normal breast tissue. The basement membrane is difficult to identify.
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