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Abstract

Directed assembly of nano and microscale particles is of great interest and has widespread
applications in various fields including electronics, nanomaterials and tissue engineering. Bottom-
up tissue engineering is motivated by the occurrence of repeating functional units in vivo. The
bottom-up approach requires novel techniques to assemble engineered functional units as building
blocks at a high speed with spatial control over three-dimensional (3D) micro-architecture. Here,
we report a magnetic assembler that utilizes nanoparticles and microscale hydrogels as building
blocks to create 3D complex multi-layer constructs via external magnetic fields using different
concentrations of magnetic nanoparticles. This approach holds potential for 3D assembly
processes that could be utilized in various tissue engineering and regenerative medicine
applications.

Keywords
Magnetic microgels; three-dimensional assembly; complex construct; multi-layer assembly

Most tissues in organisms are composed of repeating basic cellular structures (i.e.,
functional units [11), such as the lobule in the liver and kidney, islets in the pancreas. In vivo,
the cells in these functional units are imbedded in a three-dimensional (3D)
microenvironment composed of extracellular matrix (ECM) and neighboring cells with
defined spatial distribution. Tissue functionality arises from these components and the
relative spatial locations of these components [1: 21, Tissue engineering approaches therefore
attempt to recreate the native 3D architecture in vitro. The importance of the 3D architecture
on actual native tissue function is reported [3-71. Control over the 3D architecture enables
researchers to define structure to function relationships as well as theoretical analyses and
modeling cellular events and diseases [8-10], Biodegradable scaffolds and other top-down
approaches to engineer tissues offer limited control over the 3D architecture to replicate
such complex features. Bottom-up methods, which involve assembling microscale building
blocks (e.g., cell encapsulating microscale hydrogels) into larger tissue constructs, have the
potential to overcome these limitations, since control over the features of individual building
blocks (e.g., composition, shape) may be exercised [11-13],
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Although bioreactors for microgel assembly dependent on stirring/agitation, self-

assembly [24] multi-layer photo-patterning [25] and hydrophilic-hydrophobic interactions [16]
have been developed to allow 3D cellular architecture, such methods have not been broadly
available in practical applications [>: 17: 18] Since these methods have not been able to show
multi-layer assembly of microgels with control, these existing assembly approaches to
engineer tissues offer limited control over the 3D micro-architecture. For instance, multi-
layer photo-patterning and microfluidic-directed assembly can also be used to create highly
sophisticated microgel assembly architectures [19 201, but long operational times and
complex peripheral equipment are usually required. Also, photo-patterning may suffer from
multiple ultraviolet light exposures to create multi-layer structures, and this method was
mostly used for 2D surface patterning to achieve simple geometries [21-231. Although the
capability to fabricate microscale cell-laden hydrogels using the photo-patterning method
has been shown, 3D assembly of these microgels to form larger 3D complex constructs is
still a challenge. Therefore, a straightforward technology enabling 3D microgel assembly
therefore remains an unmet need [> 18], To address these challenges, we fabricated magnetic
nanoparticle (MNP) loaded cell-encapsulating microscale hydrogels (M-gels) and assembled
these gels into 3D multi-layer constructs via magnetic fields (Fig. 1, Fig. S1). By spatially
controlling the magnetic field, the geometry of the 3D construct can be manipulated, and
multi-layer assembly of multiple microgel layers can be achieved.

Magnetics has been exploited in a variety of direct cellular manipulation, cell sorting, 3D
cell culture, local hyperthermia therapy, and clinical imaging applications [10. 24-31],
Magnetic fields have been utilized to manipulate cells to achieve 3D tissue culture
leveraging magnetic levitation [32], In this method, cells were encapsulated in a bioinorganic
hydrogel composed of bacteriophage, magnetic iron oxide, and gold nanoparticles, where
bacteriophage has the ligand peptide targeting the gold nanoparticles and magnetic iron
oxide. Incorporation of MNPs has been employed to create 2D surface patterns [25. 33-35]
form 3D cell culture arrays [3¢] and characterize cell-membrane mechanical properties 371,
In most of these magnetic methods, cells were first mixed directly with ferrofluid or
functionalized MNPs and then exposed to external magnetic fields, allowing for controlled
manipulation. Besides, methods to encapsulate MNPs in hydrogel microparticles have been
developed based on microfluidics [28: 38-40] and applied to multiplexed bioassays [41: 421,
However, although MNPs have been adjusted to bind to cells, the combination of MNP-cell
encapsulation in microgels and their magnetic assembly to achieve 3D multi-layer constructs
has not yet been systematically applied.

To evaluate the manipulation of M-gels via magnetic fields, we developed a magnetic
assembler (Fig. 1b and Fig. S2), where M-gels were enclosed in a chamber and subjected to
a magnetic field (Fig. 2a). To test the magnetic response of M-gels, we applied a magnetic
field to the chamber using parallel sheet magnets (Fig. 1b). The resulting constructs
assembled in a line geometry as multiple rows (Fig. 2b). To better understand this
phenomenon, we performed finite element analysis of the magnetic field patterns in
microgel assembler chamber. The simulation results (Fig. 2c) agreed with experimental
observations (Fig. 2b). For the parallel magnets, the axes of magnetization ran parallel to the
chamber surface. Magnetic field strength was greatest immediately adjacent to the magnets
while the space between magnets corresponded to local minima in the magnetic field (Fig.
2¢). This magnetic field led to a parallel, linear chain pattern at the onset of assembly
produced by the force that attracts M-gels towards the field maximum. We observed the
assembled constructs to retain their shape and remain intact after the magnets were removed
(Fig. 2b). Breaks in chains (Fig. 2b) were observed when a low number of M-gels were
placed into the magnetic-assembler (200 gels mL~1). The magnetic spacers (PMMA)
influence the flux lines between adjacent magnets. The magnetic field is stronger and the
gradient is steep in the vicinity of the outer magnets depending on the location and
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orientation of the magnets. In addition, when the assembler chamber size is larger than the
magnet area, gels outside the magnets are drawn primarily to the outer magnetic field zones
(Fig. 2b). The inner magnetic zones attract gels in their immediate vicinity. Thus, the outer
magnets effectively draw gels from a larger chamber volume than the inner magnets based
on the chamber design. A high concentration of gels loaded into the chamber minimized the
dependency of assembled row width of the constructs on the relative positioning and
magnitude of the magnetic flux density maxima and minima.

To tune row width, we assembled microgels using different numbers of magnets placed
under the assembler chamber (Fig. 1b, and Fig. 2b—c). We observed that by reducing the
number of magnets and holding the number of gels constant, the same number of gels was
distributed among fewer magnetic field maxima (Fig. 2b). This gave wider assembled
constructs. The average row width were observed as 1435 + 113 ym, 877 = 49 um, 537 £ 75
pum, 438 + 33 um and 406 + 67 pm for n=1, 2, 3, 4, 5 magnets, respectively (Fig. 2d). The
row assembly process took less than a second (Video S1, Supporting Information) indicating
rapid assembly and potential for scalability. By further rotating magnets, microgel array
with uniform element size were formed (Fig. 1b, Fig. S3), and there was no significant
variation in uniformity between arrays of different sizes (Fig. S3m), indicating the
scalability of the platform. Besides, the assembly time for array formation via magnetic
manipulation of M-gels increased with increasing array size from 2x2 to 8x8 (Fig. S3n).

Having demonstrated the ability to manipulate M-gels, we subsequently used NIH 3T3 cells
as a model to evaluate the magnetic assembler and cell viability after the assembly process
steps (Fig. 3). We observed that cell viability in M-gels over 5 days, and in controls of PEG
without MNPs, were comparable, Figure 3a—b. Within the initial 24 hours, the cell viabilities
in both MNP M-gels and in controls were above 80%, which reached ~70% and stayed at
that level at days 3 and 5. Cell viability was observed to decrease over days even in the
controls, where no MNPs were encapsulated. These results agreed with earlier reports on
cell viability with PEG gels [43. 441 We also tracked the cell growth, attachment and spread
in these M-gels. We observed that these cells grew, attached, spread within the gels and
formed a 3D microtissue construct after 108 hours (Fig. 3c—g).

The presented approach can also provide temporal and spatial control to manipulate
microgels in a 3D environment. To demonstrate this, we fabricated 3D multi-layer spherical
constructs using the assembly system, in which M-gels were collected onto the tip of a
magnetic rod and each layer was stabilized via second crosslinking using filling layer of
PEG. Using a filling layer between multiple gels may increase the cell-cell distances, with
effects on cell-cell communication. Hence, minimal gaps and maximum contact between
microgels is advantageous during assembly. On the other hand, the cells in hydrogels are
shown to self-assemble, migrate in the hydrogels after culture [5: 45471, The process took 5
seconds to assemble a 10 mm diameter 3D single-layer spheroid (Video S2, Supporting
Information). By varying the MNP concentration in M-gels, single-layer spheroid
assemblies of different sizes were achieved (Fig. 4a—b). The gaps remaining between
microgels after assembly were filled with PEG and crosslinked to stabilize the structure,
which eliminated disassembly (Fig. 4b). The maximal assembled spheroid diameters were
1.89+0.11 mm, 2.13 + 0.13 mm, 2.46 £ 0.21 mm, 2.61 + 0.15 mm and 3.13 + 0.11 mm at
MNP concentrations of 0.003, 0.005, 0.010, 0.015, 0.020 g mL™1, respectively (Fig. 4c). To
assess the effect of microgel size on assembly process, we assembled spheroid constructs
using three microgel sizes (200 pm, 400 m, 1 mm). We observed that the number of
microgels needed to achieve maximum assembly size for fixed magnetic field decreased
with increasing microgel size (Fig. 4d), while the diameter of assembled structure increased
(Fig. 4e). Although there was difference in the assembly time for different microgel sizes
(Fig. 4f), it took less than 3 seconds all the cases. Other complex constructs were also
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fabricated by combining magnetic field with flexible surfaces (Fig. 4g-h), such as an arc
(Fig. 4g) and a dome (Fig. 4h). These geometries were chosen as examples to mimic
structures observed in vivo, e.g., dome for diaphragm (dome-shaped muscle) beneath the
lungs, tube for vascular structure, sphere for islets, and hexagon for lobule in pancreas. The
capability to control the spheroid size via varying MNP concentration allowed fabrication of
3D multi-layer spheroids, Figure 4i—0. Such capability to assemble microgels into complex
shapes (e.g., such as spherical, dome, and tube shaped gels) of multi-lamellar structures
brings a unique potential to 3D assembly.

Hydrogels are 3D cross-linked networks of polymers that feature advantageous biological
properties, including moldability, high porosity and diffusion controllability, resembling the
physical characteristics of native cell microenvironment 48], We have used two types of
hydrogels to create M-gels for the assembly process, i.e., GelMA and PEG. GelMA is
biodegradable and PEG gels can be modified to become biodegradable. Although PEG is
not biodegradable and cells may not come in direct contact with cells from other gels, PEG
can be functionalized with functional groups for various applications, such as for controlled
differentiation of human mesenchymal stem cells encapsulated in PEG based hydrogels [49].
The PEG can also be modified to become biodegradable [30: 511, In addition, the magnetic
assembly method reported here is not limited to PEG and could be extended to other
hydrogels such as Agarose, GelMA, PELGA. Since the assembly process is determined by
the interaction of the magnetic particles in the M-gel with the magnetic field, we did not
observe any differences in the assembly process of the degradable and biodegradable gels.
Further, cells are reported to self-assemble and migrate in 3D hydrogels in vitro in various
hydrogels such as collagen, matrigel and fibrinogen [>: 21. 45-47.52] These studies not only
show that cells can migrate in 3D hydrogel matrix, but also that the migration behavior in
3D is different from that on 2D surfaces [4?]. For instance, the maximum migration speed of
human prostate carcinoma cells on 2D substrates and 3D substrates are different, and
depends on the mechanical properties of the matrix [46],

Incorporation of MNPs into microgels creates a new biomaterial that maintains the
biocompatibility of hydrogels (5354, while contributing additional capabilities for culture,
magnetic manipulation, and complex 3D assembly of microgels. The United States Food
and Drug Administration (FDA) has approved the use of MNPs in several applications such
as imaging agents [3°], and tolerability of mammalian cells to MNPs have been
demonstrated under used conditions [33: 34 561 Besides, MNPs do not need to stay for long
times within the assembled constructs and they can be released out as the gels biodegrade,
and cells secrete their own ECM and take over the space. Therefore, magnetic directed
assembly of microgels may become a practical biotechnological tool. Although MNPs are
used clinically, further toxicological studies would be beneficial for other types of
applications including 3D microgel assembly.

The technology presented here offers an alternative to top-down biodegradable scaffold
approaches 37591 which face cell seeding limitations due to slow propagation of cells and
delayed establishment of cell-cell interactions. On the other hand, MNP-based microgel
assembly allows adaptable manipulation of microgels and has the potential to provide
improved 3D architecture and microenvironment for cell-growth predetermined by the
assembly design and microgel composition. This method is cost-effective, since it does not
require specific peripheral equipment, and is compatible with standard cell culture and
hydrogel techniques. The magnetic-driven assembly offers several advantages over existing
methods including self-assembly. The assembly time by the existing assembly methods are
within the order of tens of minutes without considering the time for the chemical
manipulation of microgels, where they are exposed to potentially toxic chemicals. In
contrast, the magnetic approach is rapid (~seconds) without these lengthy preprocessing
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steps and MNPs are regularly mixed as a part of the microgel with the cells. Besides, the
existing assembly methods provide no control over the 3D assembly process where any
microgel can end up being assembled at a specific location. The magnetic field can be
extrapolated to assemble microgels with spatial control. Although we have not used focused
magnetic fields in this paper to control a single microgel, this technology in principle
enables this level of control as shown by earlier work on the magnetic control of a
nanoneedle in the retina [%0], indicating a significant improvement over the existing
assembly methods. Even the directed assembly methods that use hydrophobicity and
hydrophilicity [61] do not assemble a single gel with control to a specified location in 3D.
Furthermore, the existing methods have shown assembly mostly in 2D where gels come
together randomly. Here, we present assembly in the 3D where microgels are not only
coming to side-by-side but assembling around a field in all directions controlled by the
magnetic field strength and interference. Although the earlier work on microgel assembly in
2D is intriguing, these assembled gels are now larger in size and need to further be
assembled to build even larger and physiologically relevant complex structures that could be
useful for tissue engineering applications. To build such larger constructs, the scalability of
the assembly mechanisms of existing methods has not been demonstrated. The magnetic
assembly method presents a large scale assembly with control over multiple layers of gels
rapidly by using a simplistic approach, where existing assembly methods mostly have not
gone beyond the assembly of few gels next to each other in 2D repeatably. For instance, the
magnetic method can create multi-lamellar (i.e., multi-layer) 3D constructs of complex
shapes repeatably using the same MNP concentration levels, and assemble different layer
thicknesses by changing these concentrations. The magnetic manipulation of M-gels into
microarrays poses a scalable method, as indicated by the above results on chamber sizes,
assembly times and distribution of gel numbers. Although we only presented up to an 8x8
array formation in this study, the method is shown to be scalable without significantly
increasing assembly times. We envision that for a large-scale process, the 8x8 microarray
contained within an area of 5 cmx5 cm can be placed into microfluidic systems merged with
the proposed magnetic assembly approach. The combination would enable a small array
(i.e., 8x8 array) to be assembled, screened, and dispersed quickly. In this sense, the
magnetic-driven assembly is a major step beyond the existing assembly methods and is a
unique approach to tissue assembly.

It is important to notice that there are also limitations on the maximum amplitude for the
local magnetic field for the 3D assembly. High levels of magnetic force induced may shear
the gels and can influence the microgel integrity. In this study, low intensity magnetic fields
yielded assembly of these MNP encapsulating microgels. There are limitations on the
amplitude and duration of the magnetic fields that can be used. The use of alternative
current-based (AC) magnetic fields may lead to a certain amount of heat (magnetic
hyperthermia) that may counter-act the process of magnetic assembly. Since the assembly
was performed in several seconds using permanent magnets, we didn’t observe such adverse
affects, however, these design parameters need to be considered for larger scale constructs.
We also expect that the shape of the microgels will affect assembly process, where more
complex shapes such as saw, lock-key actually makes it harder to assemble these gels in
controlled geometries. Since agglomeration of MNPs is known to occur in prepolymer
solutions [62. 631 there exists a possibility that the MNP distribution is not the same in each
M-gel. Thus, some M-gels could have a lower affinity to the magnetic field. Hence, pre-
filtering and sonication of MNPs could minimize non-uniformities from the process steps.
Another challenge with this method is that some of the M-gels did not remain on the
chamber floor, but floated to the surface of the PBS, which can be solved by adding more
PBS to settle these floating M-gels. Another solution is using microfluidic channels to
refrain from such challenges that may be related to the surface tension of the fluids that the
gels reside in during assembly.
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This study indicates that the developed methodology can potentially become a
complementary and simpler surrogate for engineering multilayer 3D constructs. The
magnetic assembler reported here has potential to impact multiple fields including tissue
engineering and regenerative medicine, pharmacology, and stem cell research.
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(a) Fabrication of M-gels (b) Assembly of multi-row and array geometry
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(c) Assembly of multi-layer spheroid construct
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Figure 1.

Schematic of magnetic directed assembly of microgels. (a) M-gels were fabricated via
micromolding. (b) M-gels in a fluidic chamber were assembled to rows and arrays of
constructs. The scattered M-gels were arranged from a random distribution to a row
formation via parallel magnets separated by PMMA spacers. Then, they were assembled
into an array formation by rotating the magnets by 90 degrees to the base of the chamber. (c)
M-gels were assembled to fabricate three-layer spheroids through the application of external
magnetic fields.
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Figure 2.

Row assembly of M-gels. (a) Magnetic assembler is shown. Fluorescence images of
microgels assembled in PBS, (b) aligned using 1 to 5 magnets as compared to (c) in-channel
magnetic flux density simulated using finite element analysis. (d) Effect of number of
magnets on average assembled row width using the same number of microgels per chamber.
Row widths from multiple constructs were averaged to obtain the mean and standard
deviation for the process.
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Figure 3.

Cell encapsulation in M-gels. (a) Fluorescent image of live/dead staining of 3T3 cells in M-
gels at t=24 hours (green represents live cells, red represents dead cells). (b) 3T3 cell
viability in M-gels was comparable to the controls over a five day culture. The cell viability
was normalized to that of controls in culture flask (97.8%). Cell viability in M-gels for each
day was comparable to the microgel controls without MNPs. Images of 3T3 cells in M-gels
at (c) t=24 hours, (d) t=48 hours, (e) t=72 hours, (f) t=96 hours, (g) t=108 hours. The images
(c-g) indicated the presence of cells in M-gels, which were observed to attach and spread
within the gel as the gel biodegrades over time.

Adv Mater. Author manuscript; available in PMC 2013 January 03.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1X3]-){Jewtarems

Xu et al. Page 16
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Figure 4.

Multilayer spherical assembly of M-gels. (a) Images of assembled sing-layer spheroid using
five different MNP concentrations (0.003, 0.005, 0.010, 0.015, 0.020 g mL™1). (b)
Magnified image of the assembled single-layer 3D construct. (¢) Maximum 3D assembly
size as a function of MNP concentration. The effect of microgel size on (d) number of
microgels needed for achieving maximum assembly size, (e) diameter of assembled
structure, and (f) corresponding assembly time. (g)-(h) Images of fabricated arc and dome
shaped constructs using a flexible surface and magnetic assembly. (i)-(0) Merged
fluorescent images of three-layer spheroids. First layer gels were stained with rhodamine-B
(j); second layer gels were stained with FITC-dextran (k); third layer gels were stained with
TPB (1,1,4,4-Tetraphenyl-1,3-butadiene) (). (m)-(0) The cross sections of the layers by
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cutting the assembled construct into two hemispheres. The images were merged showing all
three layers.
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