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Abstract 

It is necessary to verify whether nail fold capillaroscopy can be utilized for the early detection of breast cancer. To 
establish this technology, an animal model was developed, utilizing mice for nail fold observations. Nail fold capilla-
roscopy revealed a human-like anatomical pattern and facilitated the observation of cellular movement within blood 
vessels. Injection of MCF-7 or mammary fibroblasts in mice allowed the observation of cellular vibrations using 
motion microscopy from nail fold. We have named this technology ‘capillary cell motion microscopy.’ Intriguingly, we 
were able to identify distinct cellular vibrations in the MCF-7 group. Moreover, evaluating its effectiveness in mice 
with chemically induced cancer revealed higher sensitivity (81%-85%) compared to conventional methods (45%-
68%). Capillary cell motion microscopy, operating at 0.5–1.5 Hz, provided clear distinction of tumor cells and demon-
strated potential applicability in human subjects. While condition adjustments may be necessary, this method holds 
promise for noninvasive breast cancer detection through nail fold observations.
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Introduction
Circulating tumor cells (CTCs) are cells shed from a 
primary tumor and circulate in the bloodstream dur-
ing cancer progression (Lin et  al. 2021). Therefore, they 
may act as circulating biomarkers that enable prediction, 
diagnosis, and treatment assessment (Tiberio et al. 2023). 
Various techniques have been utilized and applied for 
the detection of CTCs (Bankó et  al. 2019). These tech-
niques comprise density-based separation, microfiltra-
tion, microfluidic sorting, immune magnetic affinity, or 
combination of these methods (Bankó et al. 2019). How-
ever, these methods commonly share the inconvenience 
of requiring a significant amount of blood (Huang et al. 
2023; Qiu et al. 2018).

It is possible to noninvasively observe blood cells 
through the human eye and nail fold (McKay et al. 2020; 
Li et al. 2023). In particular, the capillaries in the nail fold 
are more easily observable for continuous monitoring 
compared to the eye. The skin at the fingertips is densely 
populated with capillaries, allowing for the observation 
of the circulation of blood cells (Baran et al. 2015). Capil-
lary imaging is achieved by positioning the objective lens 
perpendicular to the nail fold and selecting the magni-
fication for capturing images without compressing the 
skin. Nowadays, there are capillary observation devices 
that can be easily attached to smartphones, enabling real-
time diagnostics even in a home setting (Patterson et al. 
2020).

Previously, we have developed a technology to detect 
the vibrations of tumor cells from blood (Kim, Ahn, Kim, 
Park, Yoon, Park, Moon, Ryu, Kang, et  al. 2020). The 
principle involves amplifying specific frequency signals 
of subtle movements that can be stored in the pixels of a 
digital camera (Adiv 1985; Hurlburt and Jaffey 2015; 
Sellon et  al. 2015; Wadhwa et  al. 2017). Spatial local 
phase information was combined in different sub-bands 
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of frames for each pixel at location (x, y), time t, scale r, 
and orientation θ using squares objective function, 
argmin
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 (Wadhwa et  al. 

2017). There have been studies conducted on using nail 
fold capillaroscopy for cancer diagnosis (Gollins and de 
Berker. 2021). However, morphological changes in the 
nail fold can also be found in various diseases such as 
chronic bronchitis, inflammatory bowel disease, rheu-
matoid arthritis, congestive heart failure, and hypothy-
roidism. The exact mechanisms behind these 
phenomena have not yet been elucidated. Therefore, nail 
fold capillaroscopy alone remains a premature technol-
ogy for cancer diagnosis. Nonetheless, nail fold capilla-
roscopy holds potential for providing disease 
information without the need for blood sampling. There 
have been developments in using smartphones for can-
cer detection through photoelectrochemical immunoas-
says and biomineral probes for detecting cancer 
biomarkers in urine (Zeng et  al. 2022; Yu et  al. 2023). 
However, since cancer-specific markers may exist in 
small amounts or not be expressed on the surface of can-
cer cells, there is a need to develop methods that do not 
rely on cancer-specific markers. Motion microscopy 
technology offers a solution by detecting unique vibra-
tion signatures caused by Catenin Delta 1 and Actin 
Gamma 1, which are present in normal cells as well (Kim 
et al. 2020). This method allows for the detection of can-
cer cells without relying on cancer-specific biomarkers. 
Therefore, we aim to combine these two technologies to 
explore whether noninvasive tumor cell discrimination 
is possible in the nail fold. To start with this, we ampli-
fied the capillary images of mouse nail folds using a 
motion microscope.

Materials and methods
Animal treatment
All mice were in C57BL/6 (RRID: 2,159,769) back-
ground and purchased from Charles River. All experi-
ments using animals were approved and performed 
by the Ewha Womans University Animal Care Com-
mittee (Guide for the care and use of laboratory ani-
mals; IRB number: ESM14-0260). Ten female mice 
were each given by subcutaneous injection of MCF-7 
cells or human mammary fibroblasts (1 × 106 cells in 
100 mL phosphate buffered saline). For carcinogenesis 
model, seventeen female mice were each given weekly 
1  mg doses of 7,12-Dimethylbenzathracene (DMBA) 
in 0.2  ml of sesame oil by oral gavage for six weeks 
and were implanted with 30 mg pellets of compressed 
medroxyprogesterone acetate (MPA) subcutaneously 
beginning at 5 weeks of age.

Cell culture
Human breast cancer cell lines, MCF-7 (ATCC; 
RRID: CVCL_0031), was maintained in Dulbecco’s 
MEM (11,885, Gibco, USA) with 10% bovine serum 
(16,000,044, Gibco, USA), and human mammary fibro-
blast was obtained from cell biologics (H-6071, USA) 
and maintained in fibroblast medium (Cell Biologics, 
M2267, USA) with 10% fetal bovine serum (16,000,044, 
Gibco, USA) at 37 ℃ under an atmosphere of 95% O2 
and 5% CO2.

Real‑time PCR
RNA levels of ERBB2 (Hs01001580_m1, Life Tech-
nology) were determined using primer/probe set 
from Life Technology. Real-time PCR was performed 
with TaqMan PCR Mix on an ABI PCR System 7000 
(Applied Biosystems, USA). PCR conditions were 50 °C 
for 2 min and 95 °C for 10 min, followed by 40 cycles of 
95 °C for 15 s and 60 °C for 1 min. For each experimen-
tal sample, the relative abundance value was normal-
ized to the value derived from ACTB (Hs03023943_g1, 
Life Technology) as housekeeping control gene. Rela-
tive mRNA levels were quantified using the compara-
tive 2−ΔΔCT method.

Nail fold capillaroscopy
Nail fold capillaroscopy was performed with a capil-
laroscope model JH-1004C with a total magnification 
of 380 to obtain video files recorded. Nail fold capil-
laroscopy was performed at room temperature on the 
front and hind limbs of the specimen. The excess hairs 
near the nail fold were trimmed, and immersion oil was 
applied to the nail fold.

Experimental procedures of motion microscope 
and microfluidic device
MCF-7 or human primary mammary fibroblasts were 
introduced to microfluidic device at a flow rate of 
22  μm/s, and images were recorded through micro-
scope at 1024 × 576 pixels and 900 frames per second. 
The recorded images were uploaded to lambda vue 
(https://​lambda.​qrilab.​com/​site/), and magnification 
was done with amplification ratio of 35 and wavelength 
from 0.1  Hz to 10  Hz. Microfluidic devices (Microfit, 
South Korea) were placed on the stage of the micro-
scope, and the fluid flow was controlled by individual 
syringe pumps (BS-9000–12, Braintree scientific, USA).

Quantification of cellular trail intensity
The obtained images were subtracted through the roll-
ing ball radius method, and cellular trails were individ-
ually selected. The area of histograms was quantified by 
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ImageJ (Java-based image processing and analysis soft-
ware). Data were acquired as arbitrary area values.

Fluorescence microscope
Briefly, cells were placed in 10% formalin for 3  h and 
incubated with antisera against FITC-conjugated ERBB2 
(1:400; ab134182, Abcam, USA). After washing with 
PBS, cells were visualized using Zeiss LSM 510 confocal 
microscope (Carl Zeiss, German).

Statistical analysis
Values are means ± SE. The significance of differences 
was determined by a one-way ANOVA followed by a 

Bonferroni post hoc analysis where appropriate. Differ-
ences were considered significant when P < 0.05.

Results and discussion
Detection for tumor cells using nail fold capillaroscopy
Although nail fold capillaroscopy is not commonly 
associated with breast cancer detection, innovative 
approaches can be explored to leverage this technique 
for early diagnosis. To develop technology for detect-
ing cancer cells in nail fold images, an animal model 
was required. There have been reports that guinea pigs 
are an animal model in which nail pods similar to those 
of humans can be observed (Mandujano and Golubov 

Fig. 1  Tumor cells detection from nail fold capillaries. A Schemata of the experimental setup of nail fold capillaroscopy and motion microscope. 
The excess animal hairs near the nail fold were trimmed, and immersion oil was applied to the nail fold. B Images of nail folds in animals 
and humans were recorded through capillaroscopy. Video recording files were obtained from the microscope at 1024 × 576 pixels at 600 frames 
per second. Micromotions were amplified by video using spatial local phase. C The obtained videos were entered at lambda vue, and color modes 
were selected in magnification type. After setting the wavelengths between 0.1 and 10 Hz (D), cellular vibrations were amplified 35 times (E) 
and magnified images obtained (F)
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2022). To investigate whether nail fold capillaroscopy 
is feasible in mice as well, the excess hair was trimmed, 
and immersion oil was applied, and observed the nail 
folds. Capillaries were observed through nail fold capil-
laroscopy at a magnification of 300 times, and images 
were captured at a resolution of 1024 × 576 pixels with 
800 frames per second   (Fig.  1A). The anatomical pat-
tern closely resembled the human nail fold, featuring a 
U-shape or a hairpin-like configuration (Fig.  1B). Addi-
tionally, it allowed for the observation of cellular move-
ment within the blood vessels. Additionally, we observed 
the vibration of cancer cells from the nail fold images 
of mice. The cellular vibrations were enhanced using 
a motion microscope, with specific settings in color 
mode and magnification type as illustrated in Fig.  1C. 

The wavelength ranged from 0.1 to 10 Hz (Fig. 1D), and 
the amplification rate was set at 35 times (Fig.  1E). The 
resultant modified images were acquired through the 
aforementioned process, as depicted in Fig. 1F.

Vibration of breast tumor cells according to wavelengths
Before injecting breast cancer cells into the animal 
model, we confirmed the ability to detect the vibrations 
of the breast cancer cells. It has been reported that vibra-
tions are observed in breast tumor cells at 0.5 to 1.5 Hz 
(Kim, Ahn, Kim, Park, Yoon, Park, Moon, Ryu, Lee 
Kang, et  al. 2020). Here, 1  Hz corresponds to 60 invis-
ible repetitive movements over 60  s. As expected, the 
vibrations were prominently observed in MCF-7 cells, 
but not human mammary fibroblasts (Fig.  2A and B). 

Fig. 2  Motion magnified video revealed cellular vibration. The images of cellular vibration of human mammary fibroblast (A) or MCF-7 (B) were 
converted by a motion microscope at 0.1 Hz to 10 Hz. MCF-7 showed distinct cellular trails (arrow heads) between 0.5 and 1.5 Hz. Cells were 
immunostained with ERBB2 antibody and detected using fluorescence microscopy. C Diameters of human mammary fibroblast or MCF-7. D 
Intensity levels of cellular trails in motion magnified videos between 0.5 and 1.5 Hz. Results are the means ± SE of 6 experiments in each group. 
*Significantly different from motion magnified videos at 0.1 Hz to 0.5 Hz, P < 0.05
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Additionally, ERBB2, a positive marker for breast can-
cer cells, was prominently stained with fluorescence in 
MCF-7 (Klocker and Suppan 2020). There was no nota-
ble difference in the size of MCF-7 or human mammary 
fibroblasts (Fig. 2C). Under the discovered conditions, it 
was possible to distinguish tumor cells from mammary 
fibroblasts regardless of their size. (Fig. 2C and D).

Capturing vibrations of breast cancer cells in mouse nail 
folds
MCF-7 or mammary fibroblasts were injected into 
mouse, and images of nail capillaries were captured and 
magnified at a wavelength ranging from 0.1 to 1.5  Hz 
(Fig.  3A). Cellular vibrations were not found in the 

mouse group administered mammary fibroblast (Fig. 3B). 
However, the vibrations were observed in the nail folds of 
the mouse group administered MCF-7 cells (Fig. 3C and 
D). A relatively high level of ERBB2 was detected in the 
blood of the group administered MCF-7, indicating that 
the tumor cells were properly administered to the ani-
mals (Fig. 3E). We referred to this observation method as 
capillary cell motion microscopy.

Capillary cell motion microscopy increases sensitivity 
of detecting breast cancer
The effectiveness of capillary cell motion microscopy was 
also investigated in mice that developed cancer caused by 
the chemical substance of DMBA (Fig. 4A). A relatively 

Fig. 3  Tumor vibration in mouse nail folds. A Beginning at 5 weeks of age, female mice were given subcutaneously mammary fibroblasts 
or MCF-7 cells for 2 weeks. B and C The vibrations in the obtained nail fold images were amplified between 0.5 and 1.5 Hz. MCF-7-treated group 
showed distinct cellular trails (arrow heads). D Intensity levels of cellular trails using motion microscopy. E Real-time PCR was performed using 
mRNA from blood cells to detect ERBB2. Results are the means ± SE of 6 experiments in each group. *Significantly different from mammary 
fibroblast-treated group, P < 0.05
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high level of ERBB2 was detected in the blood of the 
DMBA-treated group, indicating that the tumor cells 
were circulating in capillaries (Fig. 4B). Cellular vibration 
was also observed in the nail folds of mice with the chem-
ical carcinogenesis (Fig. 4C and D). To examine the per-
formance of our capillary motion microscopy with other 
techniques, we compared it with cancer antigen 15–3 or 
screen cell cyto (Fig. 4E and F) (Fakhari et al. 2019; Desit-
ter et  al. 2011). The cancer antigen 15–3 or screen cell 

cyto detection methods yielded a sensitivity of 45%–68%, 
whereas capillary motion microscopy method detected 
tumor cells with a sensitivity of 81%-85% (Fig. 4G). Over-
all, tumor cells were clearly distinguishable using the cap-
illary motion microscopy under condition of 0.5–1.5 Hz. 
Furthermore, although adjustment of conditions is inevi-
table, it shows the possibility of determining the presence 
or absence of the tumor cells from a person’s nail fold.

Fig. 4  Detecting tumor cells using capillary cell motion microscopy. A Beginning at 5 weeks of age, female mice were given 1 mg of DMBA by oral 
gavage and 30 mg of subcutaneous pellets of MPA for 6 weeks. B Real-time PCR was performed using mRNA from blood cells to detect ERBB2. 
C DMBA-treated group showed distinct cellular trails (arrow heads). D Intensity levels of cellular trails using motion microscopy. E–F Schemata 
of the experimental setup to detect breast tumor using cancer antigen 15–3 or size-based filtration system (screen cell cyto). Cells excluding red 
blood cells were separated by centrifugation at 500 × g using the Red Blood Cell Lysis Buffer kit (Roche, 11,814,389,001) and used for Screen cell 
cyto analysis. G In detecting tumor cells, cancer antigen 15–3 and screen cell cyto were compared with capillary cell motion microscopy. Results are 
the means ± SE of 6 experiments in each group. *Significantly different from treatment of sesame oil, P < 0.05. #Significantly different from cancer 
antigen 15–3, P < 0.05
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Conclusion
The purpose of this experiment is to develop a diag-
nostic method for breast tumor cells through the visu-
alization of microscopic vibrations. Recently, methods 
utilizing photoelectrochemical immunoassays and 
biomineral probes have been developed. However, 
these methods require specific amounts of blood and 
face difficulties in detecting cancers with minimal 
expression of specific markers. In contrast, a method 
that involves continuous video recording from finger-
nail folds to detect the presence of tumor cells does not 
overlap with the existing detection spectrum. Moreo-
ver, it offers the convenience of not requiring blood 
samples and demonstrates high sensitivity. Therefore, 
we provide a new tool for breast tumor detection with 
potential clinical utility.
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