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Abstract

Prior to cancer cell invasion, the structure of the extracellular matrix (ECM) surrounding the 

tumor is remodeled, such that circumferentially oriented matrix fibers become radially aligned. 

This predisposed radially aligned matrix structure serves as a critical regulator of cancer invasion. 

However, a biomimetic 3D model that recapitulates a tumor’s behavioral response to these ECM 

structures is not yet available. In this study, we have developed a phase-specific, force-guided 

method to establish a 3D dual topographical tumor model in which each tumor spheroid/organoid 

is surrounded by radially aligned collagen I fibers on one side and circumferentially oriented 

fibers on the opposite side. A coaxial rotating cylinder system was employed to construct the dual 
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fiber topography and to pre-seed tumor spheroids/organoids within a single device. This system 

enables the application of different force mechanisms in the nucleation and elongation phases of 

collagen fiber polymerization to guide fiber alignment. In the nucleation phase, fiber alignment is 

significantly enhanced by a horizontal laminar Couette flow driven by the inner cylinder rotation. 

In the elongation phase, fiber growth is guided by a vertical gravitational force to form a large 

collagen matrix gel (35 x 25 x 0.5 mm) embedded with >1,000 tumor spheroids. The fibers above 

each tumor spheroid are radially aligned along the direction of gravitational force in contrast to 

the circumferentially oriented fibers beneath each tumor spheroid/organoid, where the presence 

of the tumor interferes with the gravity-induced fiber alignment. After ten days of invasion, there 

are more disseminated multicellular clusters on the radially aligned side, compared to the side of 

the tumor spheroid/organoid facing circumferentially oriented fibers. These results indicate that 

our 3D dual topographical model recapitulates the preference of tumors to invade and disseminate 

along radially aligned fibers. We anticipate that this 3D dual topographical model will have broad 

utility to those studying collective tumor invasion and that it has the potential to identify cancer 

invasion-targeted therapeutic agents.

Keywords

extracellular matrix; aligned collagen fibers; tumor dissemination; collective cell invasion; tumor 
organoids; Couette flow

1. Introduction

Cancer progression is a dynamic process of tumor cells interacting with their 

microenvironment [1]. Cancer cells interact with tumor stromal cells to continuously 

remodel their microenvironment even before local invasion [2, 3] and distant metastasis [4, 

5]. In turn, the remodeled tumor microenvironment distinguishes itself from normal tissue 

by providing biophysical and biochemical cues as a route of cancer invasion [6, 7]. Together, 

the reciprocal interaction between cells and extracellular matrix (ECM) forms a synergistic 

loop to drive tumor progression. Structural remodeling of the ECM surrounding tumors 

is one consequence of cell-ECM interaction [8]. Invading cancer cells align surrounding 

ECM fibers to form a “migration highway,” which guides tumor cells to efficiently penetrate 

through stroma [9–11]. Furthermore, the predisposed tumor ECM structure at the tumor 

border can be formed even before cancer invasion. For example, the alteration of the 

stromal microenvironment is a major factor driving the progression from preinvasive breast 

cancer, ductal carcinoma in situ (DCIS), to invasive ductal carcinoma (IDC). In contrast, 

there are only modest genetic changes between cancer cells in IDC and DCIS [2, 12]. In 

DCIS patients, the predisposed radially oriented matrix structure predicts poor prognosis 

[13]. Direct evidence from experimental mouse models reveals that radially aligned fibrillar 

collagen structure promotes breast tumor invasion [14, 15]. Also, an in vitro tumor model 

demonstrates that tumor spheroids can remotely orient collagen fibers up to a distance of 

five times the spheroid radius from the spheroid border [16].

Regarding the ECM-to-cell effect, previous studies indicated that aligned fiber topography 

guides tumor cell movement by enhancing migration persistence and velocity [9, 17]. 
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However, most studies focused on responses of individual cells to aligned topography, and 

little is known about how tumor spheroids or organoids react to predisposed ECM structure, 

mainly due to the lack of relevant experimental models [18–21]. Unlike matrices containing 

scattered individual cells, tumor spheroid models better recapitulate in vivo collective cell 

migration, tumor invasion, and metastasis [22]. However, elucidating how tumor spheroids/

organoids respond to various ECM structures requires more complicated bioengineering 

approaches. A major obstacle in engineering a 3D topographical tumor spheroid/organoid 

model is to encompass multicellular tumor spheroids with specialized ECM architecture 

without damaging ECM structure.

Previous studies created aligned collagen fibers by applying different methods such as 

extensional strain [23–25], electrospinning [26–28], magnetic field [29, 30], microfluidics 

[31–33], and cell remodeling [18, 19, 34]. Among all the existing methods to align ECM 

fibers, cell remodeling [18, 19, 34] and microfluidics [20, 21, 25] are the most commonly 

used to build tumor models with a predisposed ECM structure (Table 1). However, common 

limitations of these methods are that fiber alignment is confined to a small or restricted area 

[20, 34] and difficulties with embedding tumor spheroids in the matrix. Thus, embedding 

or attaching tumor spheroids to the matrix after the formation of fiber alignment risks 

interrupting the preformed ECM structure [18, 19, 34]. Microfluidic methods may only 

be suitable for single-cell models and are difficult to apply to tumor spheroid models 

because the pre-seeded tumor spheroids interfere with the flow that drives fiber alignment. 

In addition, it is difficult to embed tumor spheroids in electrospun scaffolds due to their low 

porosity [35]. Therefore, despite their utility for studying individual cell invasion, currently 

available models of aligning matrix fibers are not applicable to study collective cell invasion 

of tumor spheroids/organoids. A novel model that enables us to seed tumor spheroids/

organoids and control fiber pre-alignment is needed to investigate collective cancer cell 

invasion.

To develop a 3D topographical tumor spheroid/organoid model, we established a novel 

method to efficiently create a large-scale collagen gel with tumor spheroids/organoids 

surrounded by dual ECM topography. We applied a phase-specific, force-guided method 

for collagen polymerization. [32, 36]. In the nucleation phase, the first phase of collagen 

polymerization, a horizontal laminar Couette flow was generated by rotating the inner 

cylinder in a coaxial rotating cylinder system to promote the adsorption of collagen 

monomers onto the surface and form an initial coating of collagen. Next, in the elongation 

phase, a vertical gravitational force was adopted to guide the direction of collagen fibril 

assembly. This new topography system presents several advantages. First, a higher fiber 

alignment is achieved than applying the gravitational force alone. Second, unlike most 

microfluidics, our coaxial rotating cylinders enable the seeding of tumor spheroids. Third, 

each tumor spheroid is surrounded on one half by radially aligned fibers and the other half 

by circumferentially oriented fibers. Since the individual tumor spheroids are interacting 

simultaneously with the two most common topographical features of tumor stroma, our 

model is ideal for studying how 3D topography affects tumor invasion. Our results indicate 

that radially aligned topography promotes tumor invasion by enhancing cluster-based 

dissemination of tumor cells. Disseminated multicellular clusters budding out from the main 

tumor on radially aligned collagen fibers in our 3D model authentically recapitulates human 
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cancer invasion. We anticipate that our 3D topographical tumor model can be readily applied 

to investigate collective invasion across cancer types and to identify new cancer therapies.

2. Materials and Methods

2.1. Design and assembly of the coaxial rotating cylinder system

Our coaxial rotating cylinder system comprises two borosilicate glass scintillation vials 

(Sigma-Aldrich, USA) with different radii that were concentrically aligned by a customized 

3D printed base, a brass rod, and plastic bearings. The outer cylinder is held fixed by the 

base, while the inner cylinder is free to rotate about its axis. The portion above the neck of 

the outer glass vial was cut off by a glass cutter for the inner glass vial to fit in. The rotation 

of the inner glass cylinder was powered by a direct current 6 volt 500 revolutions per minute 

(rpm) micro speed reduction motor, and the rotation speed was controlled by a pulse-width 

modulation stepless direct current motor speed controller. The brass rod attached to the inner 

glass cylinder was connected to the motor shaft by a customized 3D-printed part. The 3D 

printed base and parts were designed using Autodesk Inventor software (Autodesk, USA) 

and printed by a desktop 3D printer (Cubicon, Korea) with acrylonitrile butadiene styrene 

filaments. After being concentrically aligned, the smaller inner glass cylinder was placed 

inside the center of the larger outer glass cylinder leaving an empty annulus between the two 

cylinders for collagen gelling.

2.2. Fabrication of collagen matrices with aligned fibers

Collagen matrices were prepared by mixing type I rat tail telocollagen solution and 

neutralization solution in a ratio of 9:1 at a final concentration of 3.69 mg/ml (lot. 8282, 

RatCol® Rat Tail Collagen for 3D Hydrogels, Advanced BioMatrix, USA). Type I collagen 

solution was kept on ice before mixing. After mixing 900 μL of type I collagen solution 

with 100 μL neutralization buffer, a 1 mL collagen pregel solution was poured into the 

space between the two glass cylinders, and the inner cylinder was immediately rotated. A 

2-minute rotation of the inner cylinder at 50 rpm was applied to generate Couette flow for 

collagen monomer nucleation on the glass surface and followed by a 20-minute gelling in a 

stationary condition for the gravitational force to guide collagen fiber elongation. Collagen 

was polymerized at room temperature.

2.3. Computational fluid dynamic simulation

A computational fluid dynamic simulation was performed using COMSOL Multiphysics 

version 5.5 (COMSOL, USA). First, a 2D geometry of a rectangle with the cross-section 

dimensions of the space between two glass cylinders was built. The density and dynamic 

viscosity of the collagen solution were input as material properties. Then, to simulate the 

fluid dynamics with the inner cylinder rotating, the inner wall of the 2D rectangle was set as 

a sliding wall, and the center axis of both cylinders was fixed as the symmetry. Laminar flow 

was applied as the physical model, and the fluid flow was described following Navier-Stokes 

equations [37]. Finally, the parameter sweep was set under various rotation speeds of the 

inner cylinder to determine the ideal shear rate for collagen nucleation.
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2.4. Alignment and orientation analysis of collagen fibers

The collagen fibers in gels were visualized by an Olympus FV1000 multiphoton 

second-harmonic generation (SHG) microscope (Olympus, Japan) or a multiphoton 

second-harmonic generation (SHG) and confocal microscope (Zeiss LSM 710NLO-Meta, 

Germany). Images of 20 randomly picked locations were taken for each collagen gel. The 

SHG microscopic images were segmented and analyzed computationally by CT-FIRE, a 

MATLAB-based program, to quantify the orientation of collagen fibers [38]. To compare 

the alignment and orientation between experimental conditions, we performed directional 

statistics analysis using CircStat, a MATLAB program for circular statistics [39].

The fiber alignment was determined by resultant vector length from 20 random images for 

each gel. The value of resultant vector length ranges between 0 and 1. When the value 

is closer to 1, the fiber orientation angle is more concentrated around the mean direction, 

indicating more aligned fibers.

Resultant vector length = 1
N ∑

i = 1

N
cosθi

2
+ 1

N ∑
i = 1

N
sinθi

2

An alignment index representing the peakedness was introduced as a second method to 

assess the fiber alignment. The alignment index is equal to the highest frequency percentage 

(h) of angular distribution divided by the half of full width at a half maximum (FWHM) 

[24]. A value of 0 represents random distribution. The higher the value is, the more aligned 

the fibers are.

Alignment index = h
FWHM × 1 2

The fiber orientation was represented by mean resultant vector. The mean resultant vector 

between experimental conditions was tested by the Watson-Williams test [39].

Mean resultant vector = 1
N ∑

i = 1

N cosθi
sinθi

2.5. Scanning electron microscopy (SEM)

Images of the fibrous collagen morphology were taken using SEM (Apreo, Thermo Fisher 

Scientific, USA). The collagen gel samples were lyophilized at −80 °C and high-vacuum 

status (0.07 millibar) via a Freeze Dry System (FreeZone Plus 2.5 Liter Cascade Benchtop 

Freeze Dry System, Labconco, USA). The lyophilized samples were coated with Au/Pt by a 

sputter coater for 60 seconds. Next, the samples were placed into the SEM vacuum chamber, 

and a 5kV of accelerating voltage was applied to acquire high-resolution images.

Su et al. Page 5

Biomaterials. Author manuscript; available in PMC 2022 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.6. Cell culture

MCF7, T47D, and MDAMB231 human breast cancer cells were purchased from American 

Type Culture Collection (VA, USA). MCF7 and MDAMB231 cells were maintained in 

Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco, USA), and T47D cells were 

maintained in RPMI 1640 medium (Gibco, USA). Media were supplemented with 10% 

fetal bovine serum (Thermo Fisher Scientific, USA) and 1% penicillin-streptomycin (10,000 

U/mL) (Thermo Fisher Scientific, USA). The cells were incubated under a 5% CO2 

humidified atmosphere at 37 °C.

2.7. Development of dual topographical tumor spheroid and organoid model

Tumor spheroids were generated using AggreWell 400 6-well microwell culture plates 

(STEMCELL Technologies, USA) [40]. Before seeding cells in microwell culture plates, 

0.5 mL anti-adherence rinsing solution (STEMCELL Technologies, USA) was added into 

each well, and a 2-minute 2000 g centrifugation followed by a 30-minute incubation at 

37 °C was performed to prevent cell adhesion onto the microwells. Next, a 2.5 million 

single-cell suspension in 2 mL was seeded in each well. A 5-minute 200 g centrifugation 

was performed to cluster the cells in microwells, and the cells were incubated in a CO2 

incubator at 37°C overnight for cells to aggregate and form spheroids. Tumor spheroids 

generated from a well of a 6-well microwell culture plate were harvested, and one-fourth 

of the tumor spheroids in 100 μL medium were mixed and seeded together within a 1 

mL collagen pregel solution (900 μL of type I collagen solution and 100 μL neutralization 

buffer) at a final concentration of 3.35 mg/ml (lot. 8282, RatCol® Rat Tail Collagen for 3D 

Hydrogels, Advanced BioMatrix, USA), and poured into the space between the two coaxial 

cylinders.

Mouse mammary tumor organoids were derived from two genetically engineered 

mouse models of breast cancer, MMTV-PyMT [41] and C3(1)-Tag [42]. as described 

previously [43]. Mammary tumors harvested from MMTV-PyMT or C3(1)-Tag mice 

were mechanically minced and enzymatically digested by collagenase and trypsin. Single 

cancer cells or stromal cells were separated from epithelial tumor organoids by a series 

of differential centrifugation. Around 1500 mammary tumor organoids in 100 μL of 

medium were mixed with a 1 mL collagen pregel solution and seeded together into the 

space between the two coaxial cylinders. All mice were female and were obtained from 

The Jackson Laboratory (Bar Harbor, ME). All procedures were conducted by following 

protocols approved by the Johns Hopkins Medical Institute Animal Care and Use Committee 

(IACUC).

For the Couette + gravity group, collagen fibers were polymerized in the coaxial cylinder 

system under a 2-minute laminar Couette flow driven by inner cylinder rotation at 50 

rpm followed by a 20-minute gravity-driven fiber elongation. For the gravity only group, 

collagen fibers were polymerized in the coaxial cylinder system with a 20-minute gelling in 

a stationary condition. Collagen was polymerized at room temperature. The resulting tube­

shaped collagen gels embedded with tumor spheroids/organoids were then cut and spread 

out to form dual topographical tumor models. MCF7 and MDAMB231 tumor spheroids 

were maintained in DMEM medium (Gibco, USA), and T47D tumor spheroids were 
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maintained in RPMI 1640 medium (Gibco, USA). Media were supplemented with 10% fetal 

bovine serum (Thermo Fisher Scientific, USA) and 1% penicillin-streptomycin (Thermo 

Fisher Scientific, USA). MMTV-PyMT and C3(1)-Tag tumor organoids were maintained 

in DMEM-F12 medium (Gibco, USA) supplemented with 1% insulin–transferrin–selenium 

(Gibco, USA), 1% penicillin-streptomycin (Sigma, USA), and 2.4 nM FGF2 (Sigma, USA).

2.8. Cancer invasion pattern analysis

After a 10-day culture in collagen gels, tumor spheroids were stained with CellTracker 

Red CMTPX Dye (Thermo Fisher Scientific, USA) and Hoechst 33342 (Thermo Fisher 

Scientific, USA) and fixed with 4% paraformaldehyde (Thermo Fisher Scientific, USA). A 

spinning disk confocal microscope (Nikon TiE inverted widefield microscope and Yokogawa 

W1 spinning disk, Japan) or a multiphoton second-harmonic generation (SHG) and confocal 

microscope (Zeiss LSM 710NLO-Meta, Germany) was used to image tumor spheroids. 

Images were analyzed by a customized macro in ImageJ. In brief, Z stack confocal 

images of a whole tumor spheroid/organoid were processed by Background Subtraction, 

Z projection, and Make Binary. The area, perimeter, orientation angle, and other parameters 

of binary images were quantified with the Analyze Particles function. Disseminated cell 

clusters were defined as cells with no continuous connection with the main tumor in 

binary images. The morphology complexity of tumor spheroids was presented by border 

complexity [44].

Border complexity = ∑perimeter 2
4π × ∑area

The higher the border complexity, the more irregular the tumor. When invasion occurs, 

the invasion projection increases the border complexity by a greater border perimeter for a 

corresponding area. When disseminated cell clusters appear, the perimeter and area of both 

the main spheroid and disseminated cell clusters were taken into calculation. To compare 

the border complexity between radial and circumferential zone in the same tumor spheroids/

organoids, we divided the binary image of a whole tumor spheroid/organoid into two images 

using the widest short axis of the spheroid/organoid as the separating line.

2.9. Statistical analysis

Data were analyzed using GraphPad Prism 9 (GraphPad Software, USA). The frequency 

distributions collagen fiber orientation was compared by Kolmogorov-Smirnov test. Fiber 

alignment (resultant vector length) between experimental conditions was compared by 

one-way ANOVA. The border complexity of tumor spheroids/organoids and the number 

and size of disseminated cell clusters between experimental groups were compared by 

one-way ANOVA. Spheroid morphology in different ECM structures was compared using 

the Student’s t-test, one-way ANOVA, or Wilcoxon matched-pairs signed-rank test. For 

directional statistics, the alignment and orientation parameters of collagen fibers were 

analyzed on a MATLAB program, CircStat [39]. The mean resultant vectors between 

samples were compared by the Watson-Williams test. For all statistical analyses, the 

difference was considered significant at p < 0.05.
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3. Results

3.1. Collagen fibers are aligned using a phase-specific, force-guided method

A proof of concept to develop a phase-specific, force-guided method for aligning collagen 

fibers in a 3D matrix gel is based on the two-phase nature of collagen fiber polymerization, 

with nucleation and elongation phases [32, 36]. Type I collagen was used to create the 

3D matrix for modeling breast cancer invasion because it is one of the most abundant 

ECM components in breast tumors and plays a critical role in tumor progression [45, 46]. 

Figure 1A shows the working principle and fabrication process of our method to create a 

large collagen gel with aligned fibers. During the nucleation phase, we applied a horizontal 

laminar Couette flow to deposit collagen monomers on the cylinder glass surface. This 

increases the initial collagen monomer coating, which forms a collagen mat on the glass 

substrate, improving the collagen fiber formation and alignment [32]. The nucleation of 

collagen occurred within the first two minutes of polymerization [32]. Therefore, the inner 

cylinder was set to rotate for the first 2 minutes to adsorb a collagen monomer mat onto 

the surface to form an initial coating of collagen. Then, after inner cylinder rotation was 

stopped, the force orientation was changed to vertical gravitational force to guide collagen 

fibers to grow vertically in the elongation phase [31, 32].

3.2. A coaxial rotating cylinder system is applied to align collagen fibers in a 3D matrix

To develop a device that accommodates forces for both the nucleation and elongation 

phases, we applied a coaxial rotating cylinder instead of microfluidics for the following 

reasons (Figure 1A). First, as a closed system, the shear force driven by laminar Couette 

flow can be easily controlled by tuning the rotation speed of the cylinder without external 

equipment such as a syringe pump. Since the nucleation phase occurs quickly within two 

minutes [32], our system does not need a syringe pump to drive the flow, thereby shortening 

the preparation time and reducing the probability of nucleation occurring outside of the 

system. Second, stopping the inner cylinder rotation immediately shifted the laminar shear 

flow to the vertical gravitational force to allow collagen fiber elongation. Third, our method 

creates a large collagen gel with homogeneously aligned fibers compared to the limited 

space in microfluidics. Fourth, our coaxial rotating cylinders system is a stable environment 

to seed spheroids/organoids inside collagen during polymerization [47].

We designed our coaxial rotating cylinder system to create a laminar Couette flow upon 

rotation of the inner cylinder. We used a larger borosilicate glass scintillation vial (radius of 

13.7 mm) as the outer cylinder and a smaller borosilicate glass scintillation vial (radius of 

11.4 mm) as the inner cylinder (Figure 1B). The radius ratio of the two concentric cylinders 

was 0.83, which is > 0.8, the criteria to form laminar Couette flow [47]. To coaxially 

align the inner and outer cylinders, we designed and 3D-printed a pyramid-shaped base, 

together with a brass rod and plastic bearings to hold the inner cylinder in the middle of the 

outer cylinder. (Figure 1C). The resulting open-topped annulus between the inner and outer 

cylinders allowed space to pour the mixture of collagen solution and neutralization buffer. 

Then, the laminar Couette flow driven by the rotating inner cylinder initiated the coating of 

collagen monomers on the cylinder glass surface. The rotation speed ranging from 0 to 500 

rpm was stably regulated by a motor and stepless motor speed controller (Figure 1D).
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To determine an optimum rotation speed for collagen nucleation and validate our device 

design to create a laminar Couette flow, we performed a computational fluid dynamics 

simulation on COMSOL Multiphysics. The simulation results with a rotating inner cylinder 

showed laminar Couette flow without turbulent Taylor vortices at 50 rpm rotation and up 

to 500 rpm, the highest rotation speed limit of the motor (Figure 2A and 2B). Our finding 

was consistent with previous studies showing a stable laminar flow without turbulence at 

a low rotation speed [48]. On glass substrates, an intermediate shear rate between 20 to 

80 s−1 has been demonstrated to best align collagen fibers (3 mg/ml) compared to a lower 

shear rate of 9 s−1 or a higher shear rate of 500 s−1 [32]. Based on our simulation results 

of shear rate at different rotational speeds, we determined the inner cylinder rotation speed 

at 50 rpm to achieve the desired shear rate of 35 s−1 (Figure 2C) and flow velocity of 0.03 

m/s (Figure 2D) on the surface of the inner cylinder. We measured the desired rotation 

speed using shear rate, rather than shear force, for the following reasons: shear rate does 

not change as concentration or viscosity changes, and shear rate independently increases 

collagen nucleation by excluding flow rate as a confounding factor [32].

Couette flow was stopped before any gross gel solidification could be observed. After 

the 2-minute rotation period, the collagen began its elongation phase under the influence 

of vertical gravitational force. During this elongation phase, collagen fibers grew along 

vertical gravitational force after stopping the 2-minute rotation of the inner cylinder. No 

bulk movement of the gel was seen during the rotation- or gravity-driven phase. An intact 

tube-shaped gel was formed after a 2-minute rotation and an additional 20-minute gelling 

period in a stationary condition (Figure 1E). In contrast, a 10-minute or a 5-minute rotation 

did not form an intact gel. Instead, fragmented collagen debris was formed even after a 

60-minute gelling in a stationary condition (Supplementary Figure 1A). After generating an 

intact tube-shaped gel, we cut and spread the gel to make a large rectangular collagen matrix 

gel (35 mm x 25 mm x 0.5 mm) (Figure 1E). Gravity only and a random condition were 

used as control groups. In the gravity only group, collagen was polymerized in the coaxial 

cylinder system in a stationary condition without the initial 2-minute rotation. In the random 

group, collagen pregel solution was poured onto a glass slide with a polydimethylsiloxane 

(PDMS) frame designed to have the same dimension as the space between two cylinders in 

the coaxial cylinder system (Supplementary Figure 1B). The collagen matrices were gelled 

on glass slides in a stationary condition to form randomly oriented collagen fibers.

3.3. Collagen fiber alignment is enhanced by laminar Couette flow followed by 
gravitational force

Collagen fibers in 3D matrix gels formed under different experimental conditions were 

visualized by a multiphoton SHG microscope (Figure 3A) and computationally segmented 

using CT-FIRE, a MATLAB-based program (Figure 3B). We compared the alignment 

and orientation of collagen fibers in the 3D matrix gel formed in different experimental 

conditions. First, we analyzed the directional statistics of collagen fibers in 20 randomly 

picked spots from one gel for each experimental condition. The angular frequency 

distribution analysis of collagen fibers demonstrated that resultant vector length was higher 

in the Couette + gravity group (0.8) than in the gravity only (0.7) or random (0.59) groups. 

(Figure 3C and 3D). The fiber orientation angles were also significantly different between 
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the 2-minute rotation group (79.34°) and the no rotation group (90.14°) (Figure 3C and 3D). 

These results suggested that the additional laminar Couette flow promoted fiber alignment 

and contributed to the fiber orientation deviation (p < 0.0001). In addition, SEM images 

confirmed more aligned but oblique collagen fibers in the Couette + gravity group compared 

to the gravity only group (Figure 3E). Our findings, along with previous studies, suggest the 

orientation of collagen fibers was the combined consequence of the flow direction in both 

nucleation and elongation phases [32].

To validate the reproducibility of our method, we performed three independent experiments 

and investigated the fiber alignment by determining the angular frequency distribution 

(Figure 3F) and resultant vector length (Figure 3G) of collagen fibers. The peak frequency 

distribution was higher in the Couette + gravity group (13.91% at 80°) than in the gravity 

only (8.33% at 90°) and random (7.59% at 170°) groups (Figure 3F). Resultant vector length 

analyses demonstrated that applying both Couette flow and gravity significantly enhanced 

fiber alignment in comparison to gravity only (p < 0.01) and random (p < 0.001) groups 

(Figure 3G). As a second measure of fiber alignment, alignment indexes derived from the 

frequency distribution were also significantly higher in the Couette + gravity group than in 

gravity only and random groups (Supplementary Figure 1C). The alignment and orientation 

analysis results demonstrated the reproducibility of our novel technology to generate a large 

collagen matrix gel with homogeneously aligned fibers.

3.4. Each tumor spheroid is surrounded by radially aligned and circumferentially oriented 
collagen fibers in dual topographical tumor model

We pre-seeded tumor spheroids within the collagen solution before gelling to allow the 

close contact of tumor spheroids with the in vivo tumor-like ECM topography. Tumor 

spheroids of MCF7 and T47D breast cancer cells were uniformly generated in a spherical 

shape in microwells (Figure 4A and Supplementary Figure 2A). Approximately 1500 tumor 

spheroids were suspended in 1 mL of collagen solution to achieve a density of two 

tumor spheroids per mm3. Then, the mixture of collagen solution and tumor spheroids 

in the coaxial cylinder system underwent 2 minutes of laminar Couette flow and 20 

minutes of gravitational force to align collagen fibers (Figure 4A and Supplementary 

Figure 2B). Immediately after collagen gels were formed, we analyzed the collagen fiber 

orientation surrounding tumor spheroids using SHG microscopy. Interestingly, collagen 

fibers surrounding tumor spheroids exhibited a location-specific topography, in which 

collagen fibers above spheroids were radially aligned, and fibers beneath spheroids 

were circumferentially oriented (Figure 4B bottom and 4C). This location-specific dual 

topography was not observed in the collagen gel without tumor spheroids or in random 

groups with tumor spheroids (Figure 4B top and 4C), where collagen was gelled with 

spheroids on glass slides. In comparison, collagen fibers polymerized only by gravitational 

force without Couette flow exhibited weaker radial alignment above spheroids (Figure 

4B middle, 4C, and 4D). Therefore, we concluded that Couette flow with subsequent 

gravitational force significantly enhanced fiber alignment in the radial zone above tumor 

spheroids.
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To prove that this location-specific topography is not due to tumor cell contractility, 

we embedded 200 μm glass microbeads instead of tumor spheroids. We found the 

same location-specific topography where fibers above microbeads were radially aligned, 

and fibers beneath microbeads were circumferentially oriented. This result ruled out 

the possibility that the location-specific topography was due to tumor cell contractility 

(Supplementary Figure 2D and 2E). Furthermore, there was no difference in fiber density 

between the radial zone above spheroids and the circumferential zone beneath spheroids 

(Figure 4E), which suggests that the circumferentially oriented topography beneath tumor 

spheroids was more likely due to spheroids’ interference with collagen fiber elongation, 

rather than aggregated fibers by spheroid weight. The interference of fiber orientation 

by objects during fiber elongation was reported in a previous study in which cylindrical 

microposts in a microfluidic device interfered with the fluid flow-guided fiber alignment 

[21]. No difference in fiber density, suggesting similar mechanical properties [49] between 

radial and circumferential zones, also suggests that matrix topography can serve as an 

independent factor in determining tumor invasion patterns. Finally, we verified that the 

2-minute Couette flow did not affect the morphology and border complexity of tumor 

spheroids, indicating that the shear forces from Couette flow did not disrupt tumor spheroid 

integrity (Figure 4F and Supplementary Figure 2C). Our dual topographical tumor model 

enables spheroids to be in contact with two most common tumor ECM topographical 

structures, which recapitulates in vivo tumor microenvironment and makes this model 

applicable to investigate collective cancer invasion.

3.5. Radially aligned ECM topography promotes a cluster-based cancer invasion

Tumor invasion patterns were analyzed after a 10-day interaction of T47D and MCF7 tumor 

spheroids with the predisposed collagen fiber structure. Images of MCF7 tumor spheroids 

after a 10-day invasion in dual topographical model demonstrated evenly distributed tumor 

spheroids and the same invasion pattern toward radially aligned fibers (Figure 5A). SHG 

images of T47D cells demonstrated that the ECM topography on day 10 (Figure 5B) 

remained similar to the predisposed topography on day 0 (Figure 4B). Fibers in the radial 

zones retained radially aligned structure, and fibers at the circumferential zones were 

still circumferentially oriented. No prominent remodeling of predisposed collagen fiber 

structure was observed. Both SHG and confocal images revealed multicellular disseminated 

clusters and finger-like projections invading along radially aligned collagen fibers but not 

in circumferentially oriented fibers (Figure 5C and 5D; Supplementary Movie 1 and 2). In 

the fibers polymerized only by gravitational force without Couette flow, fewer multicellular 

disseminated clusters and finger-like projections were observed along the weakly aligned 

fibers (Figure 5C and 5D). Border complexity analysis confirmed that spheroids in Couette 

+ gravity groups had a more irregular border compared to the gravity only and random 

groups (p < 0.0001 for both MCF7 and T47D) (Figure 5E and 5F). In random groups 

where breast cancer spheroids were surrounded entirely by circumferentially oriented 

collagen fibers, tumors formed ductules recapitulating well-differentiated human breast 

cancer (Supplementary Movie 3). In contrast, the disseminated multicellular clusters and 

projections observed at the tumor border along radially aligned fibers recapitulated the 

morphology of poorly differentiated breast cancer (Supplementary Movie 4).
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We examined the intra-spheroid morphology responding to two distinct ECM structures, 

circumferentially orientated or radially aligned (Figure 6A). The orientation analysis 

indicated that multicellular clusters disseminated from tumor spheroids invaded and 

elongated along the collagen fiber direction (Figure 6B). The side of tumor spheroids 

interacting with radially aligned fibers had more disseminated cell clusters (p < 0.001 for 

MCF7 and p < 0.01 for T47D) (Figure 6C) and a more irregular border compared to 

the other side of tumor spheroids interacting with circumferentially oriented fibers (p < 

0.0001 for both MCF7 and T47D) (Figure 6D). The average cell number in disseminated 

cell clusters was higher in radially aligned fibers (MCF7: 3.76, T47D: 3.08) than in 

circumferentially oriented fibers (MCF7: 1.43, T47D: 1.35) (Figure 6E).

Our aligned collagen gel can also be applied to investigate individual cell behaviors. When 

cancer cells were seeded as individual cells in collagen gels aligned by Couette flow and 

gravity, individual cells were surrounded by aligned fibers instead of dual topography. 

After a 7-day culture in aligned fibers, tumor cells formed elongated multicellular 

clusters along the orientation of aligned fibers, similar to the disseminated cell clusters 

in dual topographical spheroid models (Supplementary Figure 3). In summary, our dual 

topographical tumor spheroid model with disseminated tumor clusters invades along radially 

aligned fibers and recapitulates the histology of tumor invasion in human cancer.

3.6. Dual topographical tumor model distinguishes invasion pattern of tumor spheroids 
and organoids

To evaluate whether our dual topographical model can distinguish tumors with different 

invasive and metastatic potentials, we investigated breast tumor spheroid or organoid models 

differing in ER/PR/HER2 status and invasion ability. Tumor spheroids were originated from 

T47D and MDAMB231 human breast cancer cells. Tumor organoids were derived from 

mouse mammary tumor models, MMTV-PyMT [41] and C3(1)-Tag [42]. T47D represents a 

luminal A (ER+/PR+/−/HER2−) subtype and is minimally invasive [50, 51]. MMTV-PyMT 

represents a luminal B (ER+/PR+/−/HER2+) subtype and is moderately invasive. Both 

MDAMB231 and C3(1)-Tag represent the basal triple-negative (ER−/PR−/HER2−) subtype 

are highly invasive in vivo [52]. After four days of invasion in our dual topographical tumor 

model, tumor spheroids/organoids from the different models displayed different invasion 

patterns responding to local fiber structures. In radial zones, all four tumor spheroid/

organoid models invaded with finger-like projections and disseminated cell clusters along 

radially aligned fibers (Figure 7A and 7B; Supplementary Movie 5 and 6). Fiber orientation 

in radial zones retained radial alignment in all four tumor spheroids/organoids (Figure 

7C). Moreover, MMTV-PyMT, MDAMB231, and C3(1)-Tag spheroids/organoids, which are 

metastatic in vivo, had significantly higher border complexities and more disseminated cell 

clusters compared to T47D spheroids, which is non-metastatic in vivo (Figure 7D and 7E). 

In the circumferential zone, basal-like tumor spheroids/organoids, MDAMB231 and C3(1)­

Tag remodeled collagen fibers to be radially aligned (Figure 7C). On the contrary, T47D and 

MMTV-PyMT spheroids/organoids failed to remodel circumferentially oriented structures. 

In the circumferential zone, MDAMB231 and C3(1)-Tag spheroids/organoids demonstrated 

higher border complexity than T47D spheroids (Figure 7D). C3(1)-Tag organoids had more 

disseminated cell clusters than T47D and MMTV-PyMT spheroids/organoids (Figure 7E).
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Allowing tumor spheroids/organoids to interact with both radially aligned and 

circumferentially oriented topography, our dual topographical tumor model further revealed 

how different tumors react uniquely to local topography. Compared to the circumferentially 

oriented side, radially aligned topography significantly increased border complexity and 

disseminated cell cluster number in MMTV-PyMT, MDAMB231, and C3(1)-Tag spheroids/

organoids and T47D spheroids (Figure 7D and 7E). Interestingly, while this enhancement 

induced by radially aligned topography was observed in all the four tumor spheroids/

organoid models, topography-induced collective invasion was more significant in MMTV­

PyMT and MDAMB231 spheroids/organoids (Figure 7F). We summarize the in vivo 
invasiveness, molecular subtypes, and in vitro invasion pattern of the tumor spheroids/

organoids tested in our dual topographical tumor model in Figure 7G.

4. Discussion

Extracellular matrix (ECM), the natural scaffold surrounding tumors, influences cancer cell 

behavior. A readily fabricated model recapitulating the interaction between tumors and 

ECM structures is of great interest in understanding how ECM regulates tumor invasion 

and identifying invasion-specific therapeutic targets. In the present study, we develop a 

topographical matrix by applying distinct forces specific for each collagen polymerization 

phase to align collagen fibers. Our 3D dual topographical tumor model enables each tumor 

spheroid to be surrounded by radially aligned and circumferentially oriented fibers, the two 

most common topographical features of tumor stroma.

Aligning matrix fibers has gained much interest in the last few decades for its broad 

application in recapitulating the ECM topography. Properly aligned fibers represent the 

physiological ECM scaffold features such as heart and skeletal muscle and the pathological 

features in the tumor microenvironment. However, previous methods of aligning fibers 

have limitations in their application as 3D tumor spheroid models (Table 1). The cellular 

contraction method, which aligns collagen fibers by fibroblast-induced strain, requires the 

decellularization of fibroblasts before seeding target cells [18, 19]. The decellularization step 

also makes the fabrication process time-consuming and induces potential cytotoxicity in the 

gel. Electrospinning has been widely used to generate aligned fibers made of natural and 

artificial materials [53] but requires a bulky machine and cytotoxic crosslinkers [54, 55]. 

Also, the pore size of densely compacted electrospun fiber scaffolds is too small to embed 

tumor spheroids [56]. Tumor spheroids can only be seeded onto the fiber sheet surface with 

a limited number of cells contacting the matrix topography. Techniques used to increase 

the pore size between electrospun fibers such as salt leaching [57] and sacrificial fiber [58] 

may change the material properties. Magnetic beads embedded in collagen gels pulled by 

an external magnetic field to guide fiber assembly direction is another method to align 

fibers [29]. However, the cytotoxicity and autofluorescence of magnetic beads diminish their 

application as tumor models [59]. Fluid flow is another commonly applied method to align 

fibers [31–33]. The shear force generated by laminar flow in the microfluidic devices helps 

control the anisotropic elongation of fibers [32]. However, the flow in microscale channels 

may be significantly disturbed by tumor spheroids, limiting the usage of microfluidics as 

tumor spheroid models. Finally, although the extensional strain method generates a highly 

aligned collagen sheet, the collagen layer is coated on thin films. Tumor spheroids cannot 
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be embedded to create a 3D model on such a thin collagen layer [24, 60]. Extensional strain 

driven by a rotating acupuncture needle in a polymerized collagen gel generates radially 

aligned fibers centering on the needle [61, 62]. However, highly aligned fibers are only 

seen in the area close to the needle. The fiber directionality decreases with distance from 

the needle, making homogeneous alignment difficult [62]. Our 3D dual topography system 

has several advantages to overcome the limitations of these conventional methods. First, 

the phase-specific forces we apply to enhance the fiber alignment are achieved within the 

same device without time delay or sample transfer between devices. Second, our method 

does not require additional reagents or post-polymerization treatment, thus a cytotoxic-free 

large-scale collagen gel with anisotropic aligned fibrils can be rapidly generated. Third, 

a coaxial rotating cylinder system allows pre-seeded tumor spheroids to be surrounded 

directly by predisposed structures without damaging fiber architecture. Furthermore, our 

method to fabricate aligned collagen gel can also be applied beyond cancer research. For 

example, our approach has potential in large-scale tissue engineering which aligned structure 

is required or in recapitulating tube-shaped organs such as the cardiovascular system.

Studies based on 3D hydrogel models [18, 34] or quasi 3D topographical substrates [63, 

64] reported that radially aligned matrix topography enhanced tumor invasion and migration. 

In these models, however, tumor spheroids were not closely surrounded by the predisposed 

matrix structures, a unique histological pattern of tumor invasion in human cancer. For 

example, tumor invasion was not observed in weakly invasive breast tumors such as 

MCF7 and T47D cells in a hydrogel model, which has pre-aligned collagen fibers only 

in a restricted area [20]. In a recent study [65], MCF7 spheroids invaded in laser-ablated 

microtracks in dense collagen, the interface between collagen and culture dish, fibroblast­

rich dense collagen, and randomly oriented low-density collagen (1.6 mg/ml). Guidance 

cues are presented to study cancer invasion in response to ECM microarchitecture in both 

previous [65] and our present study. The previous study focuses on generating confined 

space to show that high ECM confinement rescues cell-cell junctions and leads to collective 

invasion [65]. By comparison, our 3D model is characterized by two different predisposed 

ECM structures, radially aligned and circumferentially oriented fibers and it demonstrates 

that tumor matrix topography is a determining factor in cancer invasion of both highly 

invasive and weakly invasive breast tumors. Moreover, cancer cells are known to react 

with local mechanical properties such as stiffness [66]. Our model places each tumor 

spheroid/organoid in direct contact with two different ECM structures at the same local 

fiber density within the same gel to provide direct proof of topography-induced collective 

cancer invasion.

Recent studies revealed that tumors invade as multicellular clusters by retaining E-cadherin 

expression to carry more metastatic potential [67–69]. In histopathology of human cancer, 

tumor cluster dissemination or tumor budding is defined by cell clusters of usually less 

than four or five tumor cells breaking apart from the main tumor [70]. Tumor budding 

is correlated with poor prognosis, larger tumor size, frequent lymph node metastasis, and 

distant metastasis in breast cancer [71], colorectal cancer [70], pancreatic cancer [72], 

gastric cancer [73], and other cancer types [74, 75]. More importantly, a recent prospective 

randomized controlled study reported that cancer patients with tumor budding have 

significantly higher tumor recurrence rates when treated with surgery alone compared to 
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additional postoperative chemotherapy [76]. These findings indicate the clinical implication 

of disseminated tumor clusters in deciding treatment strategies for cancer patients.

Tumor cluster dissemination in aligned breast tumor stroma is a metastasis precursor, 

however, mechanisms for the formation of disseminated tumor clusters are unclear. Partial 

epithelial-mesenchymal transition (EMT) is a generally accepted mechanism of tumor 

budding [77]. Instead of undergoing a complete EMT, cancer cells have the plasticity of 

retaining both epithelial and mesenchymal characteristics to invade as small cell clusters 

[77]. Our current study demonstrates that radially aligned topography acts as an external 

biophysical cue that promotes tumor cluster dissemination in luminal A (T47D), luminal 

B (MMTV-PyMT), and basal (MDAMB231 and C3(1)-Tag) subtypes of breast cancer. In 

mesenchymal-type tumor cells, a high-density ECM caused cell jamming and facilitated 

cluster formation [78]. However, in our dual topographical model, both radially aligned 

and circumferentially oriented fibers are within the same gel and have the same fiber 

density. Therefore, ECM topography can be an independent factor in driving collective 

cell invasion and cell cluster dissemination in both epithelial and mesenchymal-type cancer 

and may have distinct mechanisms other than EMT or cell jamming. Several possible 

mechanisms include Rho/ROCK signaling of cell contractility, cell-cell adhesion regulation 

aside from EMT, or integrin mechanotransduction involved in cell-matrix interaction. Rho/

ROCK signaling-mediated cell contractility was shown to play an essential role for tumors 

to align surrounding matrix fibers [17, 79]. But after the fibers are remodeled, the invasion 

of MDAMB231 cells in aligned fibers no longer needs Rho/ROCK mediated contractility 

[17]. It is not clear whether the invasion of weakly invasive tumors such as T47D and MCF7 

in pre-aligned fibers is independent of Rho/ROCK signaling. An alternative mechanism 

of collective cluster dissemination is an activation of the developmental pathway. A re­

acquired expression of adhesion molecules by plakoglobin [68], keratin 14 [69], or CD44 

upregulation [80] holds tumor cells together and increases the survival of tumor clusters in 

circulation. Cancer cell invasion in ECM fibers is also extensively affected by the integrin­

regulated interaction between cells and collagen fibers [81]. It is still unknown whether 

and how cell-cell adhesion or cell-matrix adhesion mediates topography-induced collective 

invasion. These unresolved questions reinforce our new 3D model as a in vivo-like platform 

for elucidating the mechanism of topography-induced tumor cluster dissemination.

5. Conclusion

We developed a rapid and reproducible method to fabricate a 3D dual topographical 

tumor model in which tumor spheroids are surrounded by two common predisposed tumor 

ECM structures, radially aligned and circumferentially oriented collagen fibers. Radially 

aligned topography promotes multicellular cluster-dissemination detached from the main 

tumor, which recapitulates in vivo cancer invasion. Our 3D tumor model is a viable 

experimental platform for investigating tumor invasion and identifying therapeutic targets 

against metastasis.
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Figure 1. Alignment of collagen fibers by a phase-specific, force-guided method in a coaxial 
rotating cylinder system.
(A) Proof of concept of a phase-specific, force-guided method. In the nucleation phase, 

a 2-minute horizontal laminar Couette flow is applied to adsorb collagen monomers on 

the cylinder glass surfaces. Then, in the elongation phase, the growth of collagen fibers is 

guided by a vertical gravitational force during a 20-minute gelling in a stationary condition. 

After an intact tube-shaped collagen gel is generated, the gel is cut and spread to form 

a large 3D collagen matrix with aligned fibers. A computer-aided design (B) and device 
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images (C) of coaxial rotating cylinder-system. The system consists of two glass cylinders 

concentrically aligned by a 3D printed base, a brass rod, and plastic bearings. Collagen is 

polymerized in the space between the two coaxial cylinders (arrow). (D) Coaxial rotating 

cylinder system is powered by a motor and speed controller system. (E) A tube-shaped 

collagen gel is taken out from the coaxial rotating cylinder system. After the tube-shaped 

collagen gel is cut and spread, a large collagen matrix with aligned fibers is generated.
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Figure 2. Computational fluid dynamic simulation of laminar Couette flow in collagen solution.
(A) A 3D plot of the fluid velocity field exhibits a laminar Couette flow in collagen 

solution with the inner cylinder rotating at 50 rpm. (B) 2D plots of the fluid velocity field 

demonstrates a laminar Couette flow with the inner cylinder rotating at 50 rpm and 500 rpm, 

respectively. (C and D) The desired shear rate (C) of 35 s−1 and flow velocity (D) of 0.03 

m/s are identified for the inner cylinder rotation at 50 rpm to align collagen fibers.
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Figure 3. The laminar Couette flow followed by gravitational force enhances fiber alignment.
Images of multiphoton second-harmonic generation (A) and computational segments 

(B) of collagen fibers in random (fiber polymerization on a glass slide), gravity only 

(fiber polymerization by gravitational force only), and Couette + gravity groups (fiber 

polymerization by laminar Couette flow with subsequent gravitational force). (C) The 

angular frequency distribution of collagen fibers within one gel for each experimental group 

(n=20 images). Red lines represent the magnitude and direction of mean resultant vectors. 

(D) A directional statistics analysis reveals a more aligned but slightly deviated collagen 
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fiber orientation in a Couette + gravity sample compared to a gravity only sample within 

one gel for each experimental group (n=20 images). *** p < 0.001, **** p < 0.0001 by 

Watson-Williams test. (E) Scanning electron microscope images of collagen fibers exhibit 

more aligned but oblique-oriented collagen fibers in a Couette + gravity group compared 

to a gravity only group. (F) Frequency distribution of collagen fiber orientation in random, 

gravity only, and Couette + gravity groups. Data are mean ± SEM (20 images per gel from 

three gels for each experimental group). (G) The resultant vector length of collagen fibers, 

representing fiber alignment, is greatest in Couette + gravity, followed by gravity only and 

random groups. Data are mean and 95% confidence interval (CI) (20 images per gel from 

three gels for each experimental group). * p < 0.05, ** p < 0.01, *** p < 0.001 by one-way 

ANOVA.
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Figure 4. Couette flow with subsequent gravitational force builds a dual topographical tumor 
spheroid model.
(A) Proof of concept schematic for dual topographical tumor spheroid model. (B) 
Multiphoton second-harmonic generation and computational segmented images of collagen 

fibers on day 0 after collagen polymerization with embedded tumor spheroids. (C) 
Frequency distribution and (D) alignment (resultant vector length) of collagen fiber 

orientation showing collagen fibers were more aligned in radial zone of tumor spheroids 

in Couette + gravity group (fiber polymerization by laminar Couette flow with subsequent 
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gravitational force). (E) Fiber density analysis showed no difference in fiber density between 

circumferential and radial zone in all experimental conditions. (F) Orthogonal view of a 

T47D spheroid on day 0 in Couette + gravity group. (C) Data are mean ± SEM (n=15 

spheroids per group from three independent experiments). ** p < 0.01, *** p < 0.001, **** 

p < 0.0001 by Kolmogorov-Smirnov test for comparing frequency distributions. (D-E) Data 

are mean and 95% CI (n=15 spheroids per group from three independent experiments). * p < 

0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 by one-way ANOVA.
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Figure 5. Dual topographical tumor spheroid model reveals cancer invasion pattern determined 
by matrix topography.
(A) MCF7 spheroids in dual topographical model (fiber polymerization by laminar Couette 

flow with the subsequent gravitational force) after a 10-day invasion manifests evenly 

distributed spheroids with the same invasion pattern along radially aligned fibers. (B) 
Multiphoton second-harmonic generation images of T47D tumor spheroids after a 10-day 

invasion show no collagen fiber orientation changes. Confocal images of (C) T47D and (D) 
MCF7 tumor spheroids after a 10-day invasion exhibit multicellular disseminated clusters 
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and finger-like projections invading along radially aligned fibers with a magnified inset for 

multicellular disseminated cell clusters. (E) MCF7 and (F) T47D tumor spheroids in the 

Couette + gravity group display more complicated borders than random and gravity only 

groups. (E-F) Box and whisker plot with mean and 95% CI (n=20 spheroids per group from 

three independent experiments). **** p < 0.0001 by one-way ANOVA.
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Figure 6. Radially aligned fiber topography promotes cell cluster-based collective cancer 
invasion.
(A) A binary image of an MCF7 tumor spheroid after a 10-day invasion. (B) Disseminated 

cell clusters invade along the direction of radially aligned or circumferentially oriented 

fibers. Red lines represent the magnitude and direction of mean resultant vectors. (C) More 

clusters of cells are disseminated from main tumors on the radial zone than circumferential 

zone. ** p < 0.01, *** p < 0.001 by Student’s t-test. (D) Border complexities are greater 

on the radial zone than circumferential zone. **** p < 0.0001 by Wilcoxon matched-pairs 
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signed-rank test. (E) Cell numbers of the disseminated cell clusters are higher on the radial 

zone than circumferential zone. * p < 0.05, *** p < 0.001 by Student’s t-test. (C and E) 
Box and whisker plot with mean and 95% CI (C-E) n=20 spheroids per group from three 

independent experiments.
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Figure 7. Dual topographical tumor model distinguishes tumor spheroids and organoids invasion 
pattern.
(A) Time-lapse images of MMTV-PyMT and C3(1)-Tag mouse mammary tumor organoids 

in dual topographical tumor models. (B) Multiphoton second-harmonic generation and 

confocal images of T47D and MDAMB231 human breast tumor spheroids and MMTV­

PyMT and C3(1)-Tag mouse mammary tumor organoids after a 4-day invasion. (C) The 

fiber orientation frequency distribution of originally radial and circumferential zones after 

a 4-day invasion indicates fiber orientation remodeling by MDAMB231 spheroids and 
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C3(1)-Tag organoids but neither by T47D spheroids nor MMTV-PyMT organoids. Data are 

mean ± SEM (n=20 spheroids or organoids per group from three independent experiments). 

(D) Border complexity, (E) disseminated cell cluster number, and (F) disseminated cell 

cluster size of tumor spheroids/organoids. (G) In vivo invasiveness, molecular subtypes, and 

in vitro invasion pattern in dual topographical model of tumor spheroids/organoids. (D-F) 

Box and whisker plot with mean and 95% CI (n=20 spheroids/organoids per group from 

three independent experiments). * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 by 

one-way ANOVA.
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