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Abstract

The mechanical properties of tissue change significantly during the progression from healthy to 

malignant. Quantifying the mechanical properties of breast tissue within the tumor 

microenvironment can help to delineate benign stages from cancerous. In this work, we study 

high-grade invasive ductal carcinoma in comparison with their matched tumor adjacent areas, 

which exhibit benign morphology. Such paired tissue cores obtained from eight patients were 

indented using a MEMS-based piezoresistive microcantilever, which was positioned within pre-

designated epithelial and stromal areas of the specimen. Field emission scanning electron 

microscopy studies on breast tissue cores were performed to understand the microstructural 

changes from benign to cancer. The normal epithelial tissues appeared compact and organized. 

The appearance of cancer regions, in comparison, not only revealed increased cellularity but also 

showed disorganization and increased fenestration. Using this technique, reliable discrimination 

between epithelial and stromal regions throughout both benign and cancerous breast tissue cores 

was obtained. The mechanical profiling generated using this method has the potential to be an 

objective, reproducible, and quantitative indicator for detecting and characterizing breast cancer.

Introduction

The contrast in elastic stiffness of normal and cancerous breast cells and tissues has been 

long recognized.1 Studies have revealed that the elasticity and/or deformability in breast 

cells/tissues are associated with the malignancy.2–10 Recent research has shown mechanical 

phenotyping to be an effective quantitative biomarker for characterizing state of malignancy 

in cells and tissues.11,12 Several methods such as micropipette aspiration, laser-based 

tweezers, magnetic probes11, elastography13–16 and indentation-type atomic force 
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microscopy (IT-AFM)17 have been proposed to study mechanical properties of biomaterials 

and breast tissue.

Due to its superior precision capabilities and minimal sample preparation, AFM techniques 

have proved to be more reliable and accurate. But the AFM measurement suffers from 

practical problems like complex electronics, bulky optics, and its incompatibility to use in 

opaque liquids.18–26 Thus, there exist a challenge to improvise the method of mechanical 

phenotyping to simplify its use, while retaining the reliability and accuracy of 

measurements.

Piezoresistive sensing overcomes the cited limitations. Piezoresistive sensors translate the 

force to resistance.27–36 Existing literature indicates considerable research in understanding 

the cancer cellular response to external force37–41, but the use of piezoresistive sensing42 in 

characterizing diseased tissue is only now emerging as a viable approach for achieving this 

end. One major challenge in testing such a hypothesis lies in the heterogeneous structural, 

chemical, and biophysical properties of tumor tissue. Unlike controlled-environment 

experiments conducted on cells, which result in easy isolation of populations, non-targeted 

probing into tumor tissue may produce a complex picture with multiple structural elements 

contributing to the local mechanoresponse.

Breast cancer continues to be the second leading cause of cancer-related death amongst 

American women.43 A method capable of reliably quantifying the underlying changes that 

occur in tissue during onset and progression of cancer will provide insight into the 

architectural changes of the tissue while potentially leading to improved methods for early 

detection and more accurate staging. Most of the literature suggests that breast cancer 

originates from epithelial tissue which forms lobules and ducts that are often seen in an 

underdeveloped state, except during lactation or in disease. Although the mutant 

parenchyma cells dominated many cancer researchers’ focus and attention for most part of 

last century, it is now recognized that the stromal, which surrounds and supports the 

epithelial, also plays an important role in tumorigenesis, progression, and metastasis. 

Routine molecular markers of breast cancer management include estrogen receptor and 

progesterone receptor. Statuses of these two biomarkers remain the most important factors 

for treatment designation and prognosis in breast cancer.44,45 P63 and smooth muscle actin 

are routinely used to visualize myoepithelial structure while providing evidence of tumor 

progression.46–48 Alpha-smooth muscle actin, as a marker of desmoplastic change, has also 

recently proven to correlate with patient outcome.49–50

In this Article, we report a method for reliably characterizing breast cancer tissue using a 

fabricated piezoresistive microcantilever (PMC) equipped with an SU-8 tip. With the help of 

tissue microarray51,52 and digital pathology technologies, our experiment was strategically 

designed to examine matching benign and cancerous regions of patients in epithelial as well 

as stromal components within the specimens to study and chronicle changes in the tissue’s 

piezoresistive characteristics in these regions in both benign and cancerous samples. 

Annotated regions-of-interest (ROIs) from human breast tissues that originated from eight 

patients were interrogated using PMC and the change in resistance was measured as a 

function of indentation. The method presented in this paper is simpler than traditional 
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techniques and provides objective, reproducible, and quantitative indicators, which facilitate 

detection and staging of the onset and disease progression in breast cancer. Staining of serial 

sections of the specimen with related cancer markers confirms region saliency.

Materials and Methods

2.1 Human biopsies

Tissue microarray (TMA) technology was used to allow accurate sampling of the identified 

regions. Eight cases of high-grade invasive ductal carcinoma, which is the most common 

subtype of breast cancer, were chosen from the biospecimen repository located at 

Histopathology and Imaging Core Facility at Rutgers Cancer Institute of New Jersey. 

Matching tumor and normal adjacent tissue blocks were selected. Three small format TMAs 

(3×4 experimental cores) were constructed (0.6 mm cores, 1.0 mm spacing) to contain two 

cores from each donor block using an Auto Tissue Arrayer (Beecher ATA-27). The TMAs 

were quality controlled by certified pathologist and serially sectioned at 4 ± 0.17 μm 

thicknesses (Supplementary Fig. S1).53

Immunohistochemistry

2.2 General Protocol

All IHC were performed using Ventana Discovery XT automated IHC/ISH slide staining 

system. Slides were cut at 4–5um. Deparaffinization and antigen retrieval were performed 

using CC1 (Cell Conditioning I, Ventana Medical Systems, Cat # 950-124). All primary 

antibodies were incubated at 37°C for 1 hour. Universal Secondary Antibody (Ventana 

Medical Systems, Cat#760-4205) was incubated for 12 minutes followed by chromogenic 

detection kit DAB Map (Ventana Medical Systems, Cat # 760-124) or Red Map (Ventana 

Medical Systems, Cat # 760-123). Slides were counterstained with Hematoxylin, then 

dehydrated and cleared before cover slipping from Xylene.

2.3 Estrogen Receptor (ER)

Paraffin slides were cut at 4–5um. Deparaffinization and antigen retrieval was performed 

using CC1 (Cell Conditioning Solution, Ventana Medical Systems, Cat# 950-124). Anti-ER 

(Ventana Medical Systems, Cat#790-4324, rabbit monoclonal antibody) was applied and 

slides were incubated at 37°C for 1 hour. Universal Secondary antibody (Ventana Medical 

Systems, Cat#760-4205) was incubated for 12 minutes followed by chromogenic detection 

kit DABMap (Ventana Medical Systems, Cat# 760-124). Slides were counterstained with 

Hematoxylin, then dehydrated and cleared before cover slipping from Xylene.

2.4 Progesterone Receptor (PR)

Paraffin slides were cut at 4–5um. Deparaffinization and antigen retrieval were performed 

using CC1 (Cell Conditioning Solution, Ventana Medical Systems, Cat# 950-124). Anti-PR 

(Ventana Medical Systems, Cat# 790-2223, rabbit monoclonal antibody) was applied and 

slides were incubated at 37°C for 1 hour. Universal Secondary antibody (Ventana Medical 

Systems, Cat#760-4205) was incubated for 12 minutes followed by chromogenic detection 
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kit DABMap (Ventana Medical Systems, Cat# 760-124). Slides were counterstained with 

Hematoxylin, then dehydrated and cleared before cover slipping from Xylene.

2.5 Dual IHC staining: P63+Smooth Muscle Actin (SMA)

Paraffin slides were cut at 4–5um. Deparaffinization and antigen retrieval were performed 

using CC1 (Cell Conditioning Solution, Ventana Medical Systems, Cat # 950-124). Anti-

P63 (Ventana Medical Systems, Cat#790-4509, mouse monoclonal antibody) was applied 

and slides were incubated at 37°C for 1 hour. Universal Secondary antibody (Ventana 

Medical Systems, Cat#760-4205) was incubated for 12 minutes followed by chromogenic 

detection kit DABMap (Ventana Medical Systems, Cat# 760-124).

Slides were well-rinsed and re-labeled with proper protocols. Anti-SMA antibody (Ventana 

Medical Systems, Cat#760-2833, mouse monoclonal antibody) was applied and slides are 

incubated at 37°C for 1 hour. Universal Secondary antibody (Ventana Medical Systems, Cat 

# 760-4205) was incubated for 12 minutes followed by chromogenic detection kit RedMap 

(Ventana Medical Systems, Cat #760-123). Slides were counterstained with Hematoxylin, 

then dehydrated and cleared before cover slipping from Xylene.

2.6 Imaging and biomarker evaluation

Stained specimens were imaged using a Trestle whole slide scanner under 20X objective. 

The images had a scale of 0.33μm/pixel and were displayed on image servers at Rutgers 

Cancer Institute of New Jersey. Board-certified pathologist visually evaluated the 

immunohistochemical specimens using the TMA-Miner software developed in house, 

grading each tissue core with strategically designed evaluation qualifiers.

2.7 Experimental Setup

The mechanical characterization of breast tissue samples was performed by indenting the 

region of interests (ROIs) using a PMC sensor integrated with an SU-8 tip (Fig. 1). The 

piezoresistive microcantilevers (PMCs) (130 μm long, 40 μm wide and 2 μm thick) were 

fabricated using standard micromachining techniques. The process flow of sensor 

fabrication has been reported in our prior work.54 The difference in the present work is that 

the sensor is fabricated from pre-fabricated silicon-on-insulator (SOI) substrate instead of 

laboratory-made SOI.

The resistance of the PMC sensor was 498.4 Ω in its undeformed configuration. The tissue 

microarray (TMA) slide was placed on the piezoactuated stage (range of the X and Y-axes is 

90 μm and the customized range for the Z-axis is 40 μm). The fabricated PMC was attached 

to custom-made end-effector, which was attached to a motorized MP-285 micromanipulator 

(manufactured by Sutter Instruments, Novato, CA). The TMAs were viewed using an 

inverted microscope with a CCD camera (QImaging Inc, Model: Retiga 2000R) mounted 

atop to capture the image (see schematic in Fig. 2). The optical images of hematoxylin and 

eosin (H&E) stained tissue cores for 8 different patients are shown in Fig. 3.

Staining was performed on adjacent sections of the same TMAs that were no more than 4μm 

apart. These stained TMA sections were digitized into whole slide images and could be 
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browsed online with zooming and panning features. Next, these whole slide images were 

annotated to highlight rectangular regions of targeted tissue component so that the 

corresponding regions on the unstained section can be easily located and sampled.

The annotation of valid epithelial and stromal regions in benign and cancerous breast tissue 

cores was conducted by a certified pathologist. The annotations are marked by:

where, C and B denotes cancerous and benign tissue and E and S denotes epithelial and 

stromal region, respectively. The index, i, denotes the patient number and the index, j, 

denotes the annotation number.

The overall goal of this research is two-fold: (a) to extend the findings into developing a 

probe that can be used on surgical site for detecting tumor/tumor margin, and (b) at the 

microscopic scale, develop a better understanding of the mechanical changes in the tumor 

environment and correlate it with tumor biology based on changes in tissue morphology 

and/or molecular changes at protein or even cytogenetic level. In our prior work55, we found 

a correlation between fixed tissue and cancer cell line. Results from a recent fresh tissue 

study was also in concordance.14

Results and discussion

The PMC was connected in half-bridge configuration to convert the change in resistance to 

voltage and the output of the bridge circuit was applied to a data acquisition card (Sensoray, 

Model 626)via buffer and was displayed on the computer screen (Supplementary Fig. S2). 

The fabricated PMC was pressed down on a glass substrate to measure its sensitivity. The 

change in voltage (V) was plotted as a function of the vertical distance (Z) and the 

sensitivity of the sensor was measured (Supplementary Fig. S3).

Sixty eight annotated tissue ROIs were examined in the present study.

The fabricated PMC was used to indent the tissue at three different points per ROI. The 

change in voltage for the same z-displacement in epithelial regions as well as stromal 

regions for patient 3 and patient 7, as well as their corresponding histological and 

immunohistological samples, were plotted in Fig. 4. As seen in the figure, the placement of 

ROIs can be confirmed with hematoxylin and eosin (H&E) morphology. Cancer epithelial 

regions often shown increased Estrogen receptor staining as well as a loss of normal lobule/

ductal structure encased by P63/SMA staining as shown by an arrow. Similar results for 

other cases can be seen in Supplementary Fig. S4. Clear and repeatable demarcation of 

piezoresistive response between cancer and benign tissue can be found in every case. The 

results obtained from all eight cases shows that the sensor data is reproducible and we 

believe that the current method has the potential to be developed into a quantitative 

measurement for biomechanical characterization of tissue. The plot of percentage change in 

sensor voltage versus index (index corresponds to each z-position) for patient 3 and patient 7 

(stromal case) is shown in Figs. 4(a) and 4(b), respectively. From the figure, the point at 
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which there is significant change in sensor voltage is considered as the initial point of 

contact, Z1. It can be seen from Fig. 4 and Supplementary Fig. S4 that the sensor saturates at 

higher displacements, which may be due to maximum bending of the sensor and thus can be 

attributed as an intrinsic property of the PMC. Hence, it is seen that the slope is different at 

higher displacements.

When examined under Field emission scanning electron microscopy (FE-SEM) (Fig. 5 and 

supplementary Fig. S5), the normal epithelial tissues were seen as compact and organized. 

The appearance of cancer regions, in comparison, not only revealed increased cellularity but 

also showed disorganization and increased fenestration. In addition to the coarse bundles of 

collagen in normal stromal images, the tumor stromal regions displayed a more intricate 

architecture, which was likely caused by desmoplastic changes such as an increased level of 

microvasculature.

The characterization and analysis of human tissue samples rendered by pathologists has long 

been the “gold-standard” for patient evaluation and care.56–57 Aided by visual enhancement 

of specimens using various histochemical and immunohistochemical treatments, an 

important part of a pathologists’ role is to understand the normal structure of specimen, 

including morphology of disparate tissue components and spatial relationships amongst 

them, recognize structural aberrations as related to known pathogenesis, and, in case of 

cancer, identify the source cells of tumorigenesis as well as the degree of progression. All of 

this information enables oncologists to determine patient prognosis and choose a specific 

treatment plan. Since the development of piezoresistive sensors continues to advance, we 

proposed this technology as feasible aid in cancer diagnosis and cancer research.

To avoid any alteration of the tissue that might change its underlying physical qualities, the 

tissue sections used in our studies were unstained, which rendered them nearly impossible to 

interpret visually using traditional methods. The challenge of positioning the probe to the 

proper location within the tissue samples was resolved through the use of tissue microarray 

technology, which reduces specimens to manageable sizes under microscope while allowing 

investigators to utilize corresponding serial sections of the specimen to undergo histological 

and immunohistological staining to provide context and guidance during sampling.

We found that for the same z-displacement, the sensitivity of the measurement differed for 

each class of tissue: benign epithelial, benign stromal, cancer epithelial, and cancer stromal. 

The patterns of sensor voltage for each was consistent across all patients examined 

(Supplementary Fig. S4). It was further observed that, for the same z-displacement, the 

change in voltage for benign epithelial was higher than cancer epithelial, and benign stromal 

was higher than cancer stromal. This indicates that tissues tend to become less stiff over the 

course of disease progression and that stromal regions are stiffer than epithelial in the 

specimens that originated from the same patient (benign or cancerous). Our findings match 

the observations16,18 indicating that the stiffness of the tissue decreased with the progression 

of breast cancer. Further, the observed change in voltage was higher in benign epithelial 

when compared to cancer stromal indicating that not only epithelial but also stromal regions 

lose stiffness during the course of cancer progression.
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The tissue response is inherently nonlinear and the sensor is not a rigid probe. Hence, when 

the sensor indents the tissue surface, the tissue indentation is non-linear compared to the 

sensor displacement. Thus, even when there is >4 μm displacement of the sensor (due to the 

motion of the z-stage), due to the difference in the stiffness of the sensor and the tissue, the 

tissue indentation would not be the same as z-stage displacement of the manipulator. We 

currently have no way to measure the true tissue indentation. The microtome (Reichert-Jung 

2030) that was used for slicing the TMAs in this experiment is routinely calibrated by 

professional service and operated by skilled technicians. All specimens in the batch were 

sliced under the same equipment settings.48 The thickness of the tissue was 4.0 ± 0.17 μm.53

The statistical analysis on the data obtained from indenting the PMC on breast tissue was 

performed using t-test. We extracted voltage measurements at certain z-position of the probe 

(20 μm). Data in Fig. 6 is grouped into four groups (un-paired samples) by tissue and disease 

type, namely: cancer epithelial, cancer stromal, benign epithelial and benign stromal. Using 

the t-test, the p-values were 2.8 × 10−8, 1.9 × 10−17, and 4.9 × 10−3 between cancer 

epithelial/cancer stromal, cancer stromal/benign epithelial, and benign epithelial/benign 

stromal, respectively. High statistical significance was unanimously found between each 

adjacent group for unpaired samples.

Since our experimental design incorporated paired cancer/benign tissue samples from 

patients, t-test (n=8) was performed and gave p-values of 1.4 × 10−6, 9.7 × 10−7, and 6.5 × 

10−6 between cancer/benign specimens, cancer/benign epithelial, and cancer/benign stromal 

specimens respectively (see Fig. 7). By pairing the results obtained from the benign and 

diseased tissue component from the same patient, the data demonstrated consistent loss in 

firmness (resulting in lower voltage output from the sensor) when the tissue changes from 

benign to cancer on an individual basis.

The paired tissue experiment was designed with built-in control mechanism: Paired cancer 

and benign tissue specimens were extracted from fixed tissue blocks that were harvested in 

the same manner at the same surgery and stored under the same condition. After the tissue 

cores were placed into the tissue microarray, they were processed together under same 

physical and chemical condition. As the results were stable and significant across all 8 cases 

used, we believe it is safe to conclude that there is significant difference across the groups 

examined.

Though current techniques helps to identify the changes in the tissue on a gross scale from 

benign to cancer, subtle changes in the tissue properties as well as correlation to 

morphological changes are not accurately captured. Thus, the goal of this research is to 

capture subtle changes in the mechanical properties of the tissue, which could help the 

physician to quantify the progression of cancer from the onset of malignancy.

Conclusions

Results from our initial experiments show significant promise in producing a reliable and 

reproducible micro-scale mechanical measurement that can be used to characterize and 

delineate diseased breast cancer tissue at the time of biopsy or surgery. The probe is not only 
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simple but also small enough to report tissue changes at the microscopic level. Our 

experimental protocol involving serial sections also provides effective means for 

establishing a mechano-morphological-molecular profile of ex vivo tumor specimens, which 

may allow future insights into tumor biology. In our future work, we plan to extend this 

research on fresh tissue specimens through close collaboration with clinical researchers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Piezoresistive Microcantilever. (A, B) SEM and optical image of the microcantilever, (C) 

Microcantilever indenting the breast tissue.
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Fig. 2. 
Experimental Setup. Schematic of the tissue microarray (TMA) slide placed on the 

piezoactuated stage and piezoresistive microcantilever attached to custom-made end-effector 

which is attached to a motorized MP-285 micromanipulator.
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Fig. 3. 
Tissue Microarray (TMA). A composite of H&E stained TMA images from all experiment 

patients with annotations highlighted. Green: cancer epithelial region of interest, Red: 

Benign epithelial ROI, Blue: stromal region of interest.
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Fig. 4. 
Piezoresistive and immunohistological results from (A) Patient 3 and (B) Patient 7. Upper 

left: Sensor responses from epithelial tissue. Upper right: Sensor responses from stromal 

tissue. Bottom Left: Percentage change in sensor voltage versus index (z-position). Bottom 

right: Histology and biomarker statuses of the ROIs. Tissue cores were stained with H&E, 

P63(brown)/SMA(red), ER and PR.
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Fig. 5. 
FE-SEM images for specimen 7. (A) Benign stromal and benign epithelial, and (B) cancer 

stromal and cancer epithelial. The benign epithelial tissues were seen as compact and 

organized. The appearance of cancer regions, in comparison, not only reveals increased 

cellularity but also shows disorganization and increased fenestration. In addition to the 

coarse bundles of collagen in normal stromal images, the tumor stromal regions display 

more intricate architecture.
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Fig. 6. 
Reproducibility of result for un-paired tissues. Voltage values for each piezoresistive 

responses curve were extracted at 20 μm and aggregated by group as shown. The red bar 

shows within-group standard deviations. The t-test found high significance between each 

adjacent group (p values as shown).
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Fig. 7. 
Indentation results for paired tissues samples. Voltage values for each piezoresistive 

responses curve were extracted at 20 μm and aggregated by group (a) benign versus cancer, 

(b) benign epithelial versus cancer epithelial, and (c) benign stromal versus cancer stromal. 

The t-test found high significance between cancer/benign specimens, cancer/benign 

epithelial, and cancer/benign stromal.
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