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Abstract 

Engineering complex tissues represents an extraordinary challenge and, to date, there have been 

few strategies developed that can easily recapitulate native-like cell and biofactor gradients in 

three-dimensional materials. This is true despite the fact that mimicry of these gradients may 

be essential for the functionality of engineered graft tissues. Here, a non-traditional magnetics-

based approach is developed to predictably position naturally diamagnetic objects in 3D 

hydrogels. Rather than magnetizing the objects within the hydrogel, the magnetic susceptibility 

of the surrounding hydrogel precursor solution is enhanced. In this way, a range of diamagnetic 

objects (e.g. polystyrene beads, drug delivery microcapsules, and living cells) are patterned in 

response to a brief exposure to a magnetic field. Upon photo-crosslinking the hydrogel 
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precursor, object positioning is maintained, and the magnetic contrast agent diffuses out of the 

hydrogel, supporting long-term construct viability. This approach is applied to engineer 

cartilage constructs with a depth-dependent cellularity mirroring that of native tissue. To the 

best of the knowledge, these are the first results showing that magnetically unaltered cells can 

be magneto-patterned in hydrogels and cultured to generate heterogeneous tissues. This work 

provides a foundation for the formation of opposing magnetic susceptibility-based gradients 

within a single continuous material. 

 

Main Text 

For decades, tissue engineers have focused on creating tissues to replace or model highly 

complex, heterogeneous tissues.[1,2] In certain cases, the simplified, homogeneous, models 

created by standard fabrication methods may suffice, however graft functionality and model 

system relevance are both enhanced by improved biomimicry. Early work on the development 

of gradient scaffolds showed efficacy, but widespread applicability was limited by the need for 

specialized materials and fabrication techniques.[3,4] The advent and subsequent refinement of 

three-dimensional (3D) bioprinting significantly improved capabilities for engineering tissues 

with spatial heterogeneities. However, print resolution (~100 µm) currently limits the detail and 

continuity of deposited features.[5] Other techniques, such as photopatterning, offer greater 

spatial control of material cues, which can then influence cell phenotype, but again, 

photopatterning relies on specialized photoresponsive materials.[6,7]  

More recently, researchers have developed other precise patterning techniques—

buoyancy, acoustic, and magnetic patterning—that work across a wide range of materials (e.g. 

hydrogels) and objects (e.g. cells, growth factors, microspheres, etc.).[8–12] These methods rely 

on a differential between the object and material property of interest, x, where x refers to the 

density (buoyancy patterning), density and compressibility (acoustic patterning), or magnetic 

susceptibility (magnetic patterning). Unlike unidirectional buoyancy-driven gradients and 
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geometric acoustic patterns, magnetic fields have the potential to create multidirectional 3D 

patterns. Equation 1 must be valid to enable patterning: 

𝑥object  −  𝑥material ≠ 0                                                      (1)  

A greater difference in x improves the ease and speed of patterning, if this force (i.e. the 

magnetic force) is dominant over opposing forces—most commonly including gravitational and 

drag forces. However, most objects and materials are similarly diamagnetic and do not create a 

significant differential in x to overcome opposing forces. Therefore, magnetic patterning 

(magneto-patterning) approaches traditionally require the object to be magnetically 

tagged.[10,11] Unfortunately, not all objects are receptive to magnetic tags; for example, 

intracellular iron oxide particles can compromise cell differentiation.[10,12] Ideally, an object 

could be magnetically manipulated without altering its intrinsic magnetic character. 

 In this work, we developed a magnetics-based approach to position unaltered cells, or 

any diamagnetic objects of interest, within 3D hydrogels. Previously, magnetics-based 

approaches have been developed and employed to separate different cell populations in 2D,[14] 

levitate cells,[15] and assemble cell aggregates without magnetically tagging the cells.[16] To 

carry out these studies, the magnetic susceptibility of the cell-containing solution was enhanced, 

increasing xmaterial. However, to the best of our knowledge, this concept of altering xmaterial 

(instead of xobject) has not been applied to magneto-pattern diamagnetic objects in 3D, and 

subsequently fix this pattern by crosslinking the surrounding solution. Here, we show that the 

addition of a gadolinium-based magnetic contrast agent to a hydrogel precursor solution 

effectively (and transiently) increases xmaterial, satisfying Equation 1, and allowing a variety of 

diamagnetic objects to be magnetically manipulated. After positioning the objects, we 

crosslinked the hydrogels, and serially washed the samples to elute the magnetic contrast agent. 

By incorporating quantitative parameters associated with our experimental setup, we were able 

to show that the magnetophoretic mobility of objects is computationally predictable in this 

system. This computational simulation established a working parameter space for our 
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experimental trials. We then demonstrated the versatility of our approach by patterning 

diamagnetic objects of different sizes, including polystyrene beads, poly(D,L-lactide-co-

glycolide) (PLGA) microcapsules, and mesenchymal stromal cells (MSCs). We next applied 

our magneto-patterning method to the field of complex tissue engineering by generating 

engineered cartilage constructs with a depth-dependent cellularity similar to native articular 

cartilage. We mimicked the continuous high-to-low cellularity observed in articular cartilage 

from the superficial (top) region to the deep (bottom) region of the tissue. The initial viability 

and metabolic activity of these constructs over 6 weeks of in vitro culture was not impacted by 

the brief magnetic field exposure during construct fabrication. More importantly, the 

biochemical gradient of these constructs corresponded with the local cellularity, as assessed 

histologically at 3 weeks, and quantitatively at 6 weeks. The predictability and versatility of our 

magneto-patterning approach should enable future applications to the field of complex tissue 

engineering, particularly toward the fabrication of tissues with opposing cell and biofactor 

gradients. 

Since previous studies magnetically manipulating diamagnetic objects were limited to 

2D and/or nonviscous solutions,[14–17] we first sought to establish whether 3D manipulation in 

viscous solutions was theoretically possible, and if so, under what parameter space. To do this, 

we first established our experimental magneto-patterning workflow (Figure 1A). In this 

workflow, one or more diamagnetic objects are combined with a hydrogel precursor solution 

(1% w/v methacrylated hyaluronic acid, MeHA), a magnetic contrast agent (200 x 10-3 M 

Gadodiamide, Gd), and a photoinitator (0.5% w/v Lithium phenyl-2,4,6-

trimethylbenzoylphosphinate, LAP). This crosslinkable viscous solution is then injected into a 

mold (: 4 mm, height: 1.3 mm) 3.8 mm above a permanent magnet (: 15/16”, height: ½”, 

Brmax: 13,200 Gauss). After a set time of magnetic field exposure, the solution is 

photocrosslinked, locking the objects in place. To model this system computationally, we 

started by mapping the magnetic field across a 2D cross section of the gel, using the COMSOL 
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Multiphysics software (Figure 1B). Throughout this cross section, the magnetic field is 

relatively constant in the R-direction, and decreases in the Z-direction from 340 mT (Z: 0 mm) 

to 280 mT (Z: 1.3 mm). The uniformity of the magnetic field in the R-direction is due to the 

fact that the diameter of the magnet is ~6-fold larger than the diameter of the gel. We exported 

the magnetic field map from the COMSOL software into MATLAB to calculate the magnetic 

force (Fmag) on an object at a given point in the viscous solution. Along with Fmag, we also 

accounted for the buoyant (Fbuoy), gravitational (Fgrav), and drag (Fdrag) forces in our simulation 

(Figure 1C). For a known object, these force equations (Supporting Information) were 

iteratively solved until the object reached the top of the solution, or until the simulation reached 

the set maximum magnetic field exposure time (10 minutes). The experimental parameters used 

in the simulation are outlined in Table S1 of the Supporting Information.  

In addition to implementing our experimental parameters in our computational model, 

we also explored a range of solution viscosities (Figure S1, Supporting Information), and 

magnetic susceptibilities (Figure S2, Supporting Information) to characterize the constraints of 

the magneto-patterning approach. We performed these analyses for two cases. The first case is 

when the solution is slightly denser than the object, and there is a minor buoyant contribution 

to the upward motion of the objects: 

𝜌object  −  𝜌solution = − 0.01 g mL−1                                                     (2) 

The second case is when the object is slightly denser than the solution, and there is a minor 

gravitational contribution to the net force on the objects: 

𝜌object  −  𝜌solution = + 0.01 g mL−1                                                   (3) 

From this analysis, we found that for both Equation 2 and Equation 3, solutions that are ten-

fold more viscous than water at 20°C are able to facilitate object patterning in under 10 minutes. 

Additionally, the system is sensitive to the concentration of Gadodiamide in the solution. 

Objects in a solution with only 1 x 10-3 M Gadodiamide exhibited little movement, especially in 
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the case where the object is more dense than the solution (Equation 3). To increase the speed 

of patterning, the concentration of Gadodiamide, or the magnetic field strength can be 

increased.  

Through this simulation, we discovered that the radius of the diamagnetic object has a 

large influence on its magnetophoretic mobility within the paramagnetic fluid (Figure 1D). 

Small objects (radius: 1 µm) experience little to no movement in our system, mainly because 

Fmag is so small. Larger objects (radius: 5-15 µm) of the same density ascend to the top of the 

solution after 10 minutes of magnetic field exposure (Figure 1D, E). This upward movement is 

primarily due to Fmag, and not Fbuoy. Indeed, an object can be magneto-patterned even if it is 

denser than the surrounding solution (Figure S1, Supporting Information).  

While our magneto-patterning approach eliminates the need for magnetically tagging 

objects, such objects could be patterned opposite diamagnetic objects in this system. We 

extended our computational model to illustrate this concept of magnetic susceptibility based 

multi-directional patterning (Figure 1F). The motion direction of the objects is determined by 

the resultant net force from the vector sum of the forces outlined in Figure 1C. As diamagnetic 

objects (< 0) move toward regions of low magnetic field strength, paramagnetic objects (: 

10-4-10-2) move toward regions of high magnetic field strength. Therefore, within the same 

weakly paramagnetic solution (: 10-5), diamagnetic objects would cross paths with 

paramagnetic objects, ultimately creating opposing gradients.  

Our computational model supported the feasibility of magneto-patterning diamagnetic 

objects in 3D viscous solutions, and we progressed to experimentally validate this 

computational finding by positioning a range of objects in our system. We separately tested the 

movement of three different diamagnetic objects: polystyrene beads (radius: 5 µm,  1.05 g 

mL-1), drug delivery microcapsules (radius: 20 µm), and living MSCs (Figure 2A). To do this, 

we followed our established workflow (Figure 1A), to create a crosslinkable viscous solution 
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(1% w/v MeHA, 0.05% w/v LAP) containing our object of interest, and the magneto-responsive 

fluid (200 x 10-3 M Gd). The solution was injected into a mold, exposed to the magnetic field 

(Figure 1B) for up to 10 minutes, and subsequently crosslinked with UV light (: 365 nm, 

intensity: 10 mW cm-2, 9 minutes). We diametrically sectioned the gels to visualize the 

distribution of magneto-patterned objects within a 2D cross section, similar to the visualization 

from our computational model. The distribution of polystyrene beads in the magneto-patterned 

gels (Figure 2B) resembled our model output (Figure 1E), where after 10 minutes of magnetic 

field exposure, the majority of the beads had reached the top of the gel. Interestingly, the drug 

delivery microcapsules, composed of an outer PLGA shell and inner aqueous depot, moved 

faster, but more unevenly, than the polystyrene beads (Figure 2C). We attribute this variability 

in the movement of the microcapsules to intra-batch differences.[18,19] While all of the 

microcapsules are fabricated from the same microfluidic device, there are inherently minor 

differences in shell thickness and microcapsule diameter within the batch. Additionally, small 

defects in the shells of the microcapsules would allow the magnetic susceptibility modifier to 

flow from the viscous solution into the capsules, thereby negating Equation 1. Nevertheless, 

the majority of microcapsules responded to the applied magnetic field, showing that a 

therapeutic cargo could be positioned in a gradient fashion using this approach.  

Next, we aimed to magneto-pattern living, unaltered MSCs in 3D hydrogels. More 

specifically, we sought to create a cellular gradient within the gels, so as to match the depth 

dependence in cellularity in native tissue. Here, we used MSCs (bovine, passage 2, 20 million 

cells mL-1) as the objects of interest within our Gd-containing crosslinkable viscous solution. 

We also added small polystyrene beads (radius: 0.5 µm) to this solution as fiducial markers. As 

we learned from our computational model, objects with a radius below 1 µm are non-responsive 

to the applied magnetic field (Figure 1D), and so, these small beads marked the boundaries of 

the gels. After magneto-patterning the MSCs, we serially washed the cell-laden gels to promote 

Gd release and cell viability; this wash procedure was confirmed to effectively elute the Gd 
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(Supporting Information, Figure S3). We then cultured the magneto-patterned gels for 2 days 

in vitro, and subsequently imaged the constructs to assess the distribution and viability of the 

MSCs. In the control gels that were not exposed to the magnetic field, cellularity was constant 

throughout the depth of the samples (Figure 2D, E). However, in the gels that were exposed to 

the magnetic field for 10 minutes, there was a clear cellular gradient from the top to the bottom 

of the samples, which was validated by regional quantification of cell density. This regional 

quantification also demonstrated the repeatability of our approach, as the standard deviations 

for each group (0, 2, 5, 10 min) in a given region are small.  Additionally, at this timepoint, cell 

viability was unaltered by the magnetic field exposure (Supporting Information, Figure S4).  

Having successfully demonstrated that we could magneto-pattern living MSCs, and that 

the construct fabrication process maintained cell health, we next sought to apply our method to 

engineer articular cartilage, which has a natural cellular gradient from the superficial (high 

cellularity) to the deep zone (low cellularity) of the tissue.[20] While there have been numerous 

gradient tissue engineering studies that focus on regenerating the sharp interface between 

cartilage and bone,[3,8] few have engineered the depth-dependent composition of articular 

cartilage itself, without discrete material interfaces. Since our magneto-patterning approach 1) 

eliminates the need for permanent, potentially toxic magnetic tags, and 2) relies instead on Gd 

that washes out of the constructs within 24 h (Supporting Information, Figure S3), it is 

particularly conducive to fabricating tissue constructs for long-term culture. We generated 

control constructs (no magnetic field exposure), and constructs that received either 2 or 5 

minutes of magnetic field exposure for a 6-week culture in chondrogenic media (Figure 3A). 

The 10-minute condition, as shown in Figure 2D, was not selected due to the paucity of cells in 

the bottom region of the gels. We tracked the metabolic activity of the constructs over time in 

culture (Day 1, 14, 28, 42 timepoints) using an Alamar Blue assay. There were no differences 

between construct groups within a timepoint. All of the groups trended upward with time, 

signifying increased metabolic activity, and overall construct vitality (Figure 3B). After 3 weeks 
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of culture, constructs stained with Alcian Blue indicated that proteoglycan deposition (Figure 

3C) corresponded with the local, patterned cellularity of the constructs (Figure S5, Supporting 

Information). The 5 min constructs had noticeably less proteoglycan staining in the bottom 

region. At the terminal timepoint (6 weeks), we divided the constructs into top and bottom 

regions, measured their wet weights, and enzymatically digested each region. For a given pair 

(top and bottom) (Figure S6, Supporting Information), we computed the ratio of a major 

cartilage extracellular matrix component, glycosaminoglycan (GAG, normalized by wet 

weight), of the bottom region to the GAG content of the top region (Figure 3D). We did not 

detect a difference between the 2 min and control groups for this measure, likely due to the 

sensitivity of the assay and subtle gradients formed under these conditions. The cellular gradient 

created in the 2 min constructs is mainly localized to the bottom 20% of the constructs (Figure 

2D, E). Conversely, and consistent with our histological assessment at 3 weeks, this GAG ratio 

was statistically different for the 5 min patterning condition, compared to the control. This 

finding is particularly exciting, and shows the promise of our magneto-patterning approach in 

generating cellular gradients that culminate in matrix gradients. Taken together, the metabolic 

tracking, histology, and regional GAG quantification show that magneto-patterned MSCs can 

thrive, produce cartilaginous matrix, and establish matrix gradients over long term culture. 

Moving forward, we will seek to apply the opposing magneto-induced gradients (depicted in 

Figure 1F) to generate tissue constructs with opposing populations of chondrogenic cells and 

magnetically tagged bone-promoting agents. Reducing this to practice holds the potential to 

create continuous osteochondral tissues that lack sharp material discontinuities through the 

depth. 

In conclusion, we established an innovative magneto-patterning approach that allows 

diamagnetic objects, including living cells, to be predictably positioned in 3D hydrogels in 

response to the brief application of a magnetic field without magnetically tagging the objects. 

We instead altered the magnetic susceptibility of the viscous hydrogel precursor solution, 
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causing a range of diamagnetic objects (polystyrene beads, drug delivery microcapsules, and 

MSCs) to be repulsed from a permanent magnet. Most importantly, after crosslinking the gels 

to ‘lock in’ the object positions, we showed that the magnetic contrast agent diffused out of the 

hydrogels, supporting the long-term health and viability of the cell-laden constructs. We 

extended this approach to fabricate engineered cartilage constructs with a high cellularity in the 

top region, and a low cellularity in the bottom region, similar to native tissue. Over long-term 

culture, the constructs maintained these cellular gradients, and subsequently produced gradients 

in the extracellular matrix content. Overall, the predictability and versatility of this magneto-

patterning approach will enable engineers to design and create complex tissues by simply 

combining their hydrogel and objects of choice.  

Supporting Information  

Supporting Information is available from the Wiley Online Library or from the author. 
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Figure 1. Enhancing the magnetic susceptibility of a hydrogel precursor enables positioning of 

diamagnetic and paramagnetic objects. (A) Schematic of magneto-patterning setup. i) The 

object(s) of interest are combined with a hydrogel precursor, gadodiamide, and a crosslinker. 

ii) The objects(s) are patterned under brief application of a magnetic field. iii) Gelation is 

induced to immobilize the object(s). (B) COMSOL model of the magnetic field across a 

diametric cross-section of the hydrogel using a single permanent magnet (15/16” diameter, 

Brmax = 1.32 T). (C) Free body diagram of forces on a diamagnetic object within a paramagnetic 

solution. (D) MATLAB simulation of polystyrene beads (1.05 g/mL density) of different radii 

moving in the hydrogel precursor solution. (E) Simulation of 100 objects moving over 10 

minutes of magnetic field exposure. (F) Simulation of diamagnetic and paramagnetic objects 

(5 µm) moving within the weakly paramagnetic hydrogel precursor. Arrows indicate paths of 

objects.   
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Figure 2. Engineering gradients of diamagnetic objects in hydrogels using magnetic fields. (A) 

Polystyrene beads (10 m diameter, 1.05 g mL-1 density), poly(lactic-co-glycolic acid) 

microcapsules containing bovine serum albumin (40 m diameter), and mesenchymal stromal 

cells (MSCs, ~20 m diameter), are all diamagnetic and positioned using a magnetic field. (B, 

C) Cross-sectional view of magneto-patterned methacrylated hyaluronic acid (MeHA) 

hydrogels with polystyrene beads and microcapsules, respectively. Scale bars, 1 mm. t 

represents the time of exposure to the magnetic field [min] before crosslinking. (D) Cross-

sectional view of magneto-patterned MSC-laden constructs stained with 4′,6-diamidino-2-

phenylindole (DAPI, blue, nuclear) after 2 days of culture. Small polystyrene beads (red, 1 m 

diameter, not responsive to the magnetic field) mark the gel boundary. Scale bar, 500 m. (E) 

Quantification of cellularity throughout the depth of the constructs. Region 1: top of construct, 

furthest from magnet. Region 5: bottom of construct, closest to magnet. Data represent the mean 

 standard deviation from 3 constructs (2-way analysis of variance, ANOVA, Bonferroni’s 

multiple comparisons test), p < 0.05 (*, ^), * vs. exposure time within Region, ^ vs. Region 1 

and Region 2 within exposure time.   
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Figure 3. Engineering articular cartilage with depth dependent matrix content via cell magneto-

patterning. (A) Schematic showing fabrication and culture of magneto-patterned engineered 

cartilage constructs. (B) Metabolism of magneto-patterned MSC-laden constructs, as assessed 

via an Alamar Blue Assay. The dashed line represents the fluorescent intensity of a well without 

a construct (media only). Data represent mean  standard deviation from 18-26 samples/group 

(2-way ANOVA, Bonferroni’s multiple comparisons test), p < 0.05 (*, ^), * vs. Day 1 within 

field exposure, ^ vs. Day 14 within field exposure. (C) Magneto-patterned constructs cultured 

for 3 weeks and stained with Alcian blue (proteoglycans). Scale bars, 500 m. (D) Magneto-

patterned constructs cultured for 6 weeks and digested in proteinase K for biochemical analysis 

of the top and bottom halves. Data represent the mean  standard deviation from 6-7 

samples/group (1-way ANOVA with comparisons to control—0 min, Bonferroni’s multiple 

comparisons test), p < 0.05 (*), * vs. 0 min. 
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