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Abstract

Three-dimensional (3D) cell models that mimic the structure and function of native tissues are enabling more detailed study of
physiological and pathological mechanisms in vitro. We have previously demonstrated the ability to build and manipulate 3D
multicellular microscopic structures using holographic optical tweezers (HOTs). Here, we show the construction of a precisely
patterned 3D microenvironment and biochemical gradient model consisting of mouse embryoid bodies (mEBs) and polymer
microparticles loaded with retinoic acid (RA), embedded in a hydrogel. We demonstrate discrete, zonal expression of the RA-
inducible protein Stra8 within mEBs in response to release of RA from polymer microparticles, corresponding directly to the
defined 3D positioning of the microparticles using HOTs. These results demonstrate the ability of this technology to create
chemical microgradients at definable length scales and to elicit, with fidelity and precision, specific biological responses. This
technique can be used in the study of in vitro microenvironments to enable new insights on 3D cell models, their cellular
assembly, and the delivery of drug or biochemical molecules for engineering and interrogation of functional and morphogenic
responses.
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Introduction

Our ability to understand the complex biology and physiology
of cells and tissues is being advanced through innovative ap-
proaches to reproduce their multicellular three-dimensional
(3D) interactions, structure, and function in vitro. With the
relatively simple approach of culturing different cell types,
together with specific signaling factors and natural or synthet-
ic scaffolds, cells can be encouraged to self-assemble and
form organized 3D cellular structures in vitro that mimic na-
tive tissues. Organoids and organ-on-chip technologies are
now enabling investigation of specific developmental,
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physiological, and disease processes and to dissect the effects
and mechanisms of biochemical factors or drug molecules in a
controlled manner [1-8].

The level of precision and accuracy of control of cell inter-
actions and delivery of bio-instructive signals that can be
achieved is varied among these technologies, and the ability
to work interactively and precisely at the scale of individual
cells and their microenvironment is a particular challenge [9].
Meeting this challenge, we have established the use of holo-
graphic optical tweezers to enable simultaneous imaging and
micromanipulation of multiple cells, as well polymer micro-
particles within 3D culture environments [10]. These can be
precisely positioned and assembled, within a matter of
minutes, into predetermined 3D microtissue structures,
with accuracy of control from micron- to millimeter-
length scales (10).

In this study, we use HOTS to create biochemical gradients
within 3D microenvironments by precise positioning of mi-
croparticles loaded with a biochemical factor and induction of
highly localized responses in mouse embryoid bodies (EBs).
The formation of EBs from embryonic stem (ES) cells has
been used extensively as a model to investigate in vitro differ-
entiation of particular cell types in response to specific
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biochemical factors [11-15]. Various approaches have been
used to stimulate differentiation, including simply adding bio-
chemical factors to the culture medium [11-13] through to
aggregating ES cells together with microparticles doped with
biochemical factors [14, 15]. While such studies demonstrate
directed and localized differentiation of ES cells and EBs in
response to bio-instructive signals, the results are often highly
variable, with minimal predictable and repeatable targeted
control of differentiation within defined cell populations or
locations within the 3D cellular aggregates.

To demonstrate the potential of HOTs to achieve precision
delivery of bio-instructive signals with concomitant biological
responses at defined locations within EBs we have used a
robust and highly sensitive retinoic acid (RA) inducible ge-
netic system. Recent work has shown that mES cells are sen-
sitive to low concentrations of RA resulting in marked in-
creases of two RA responsive elements (RAREs), stimulated
by RA gene 8 (Stra8) and deleted in azoospermia-like (Dazl)
[16, 17]. The expression of these two RARE:s is tightly linked
to RA concentration and up to 800-fold increases have been
reported after just 24 h of exposure [16, 17]. This presents a
robust model to demonstrate highly localized release of RA
and expression of Stra8.

In this study, we show the formulation of RA encapsulated
microparticles with controlled release profiles, together with
an approach to enable selection of microparticles with high
RA loading efficiency. Subsequently, we show the precise
positioning of small numbers of RA encapsulated microparti-
cles to defined X, Y, Z locations and distances around mEBs
and the resulting highly localized induced expression of Stra8,
correlating directly with the positioning of RA release source.

Lay Summary (98/100)

Advances in growing cells in a culture dish and forming
organized 3D cellular structures that mimic tissues in our
body are greatly improving the study of biological pro-
cesses in health and disease. Using an instrument called
holographic optical tweezers, we have shown how a non-
damaging light source can literally work as a pair of mi-
croscopic tweezers. We demonstrate the ability to interac-
tively and precisely build microscopic tissues and to de-
liver biochemical or drug molecules and induce highly
localized responses in the cells. This technology has great
potential for building accurate tissue models to test and
develop new drugs.

Future Work (50/50)

To build more complex 3D models of biochemical gradi-
ents, including localized delivery of single or multiple
factors and dynamic monitoring of localized release kinet-
ics and cell responses. Recent studies on spontaneous
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in vitro assembly of embryo-like structures present a ro-
bust model to build localized biochemical gradients and
interrogate developmental processes.

Methods
Holographic Optical Tweezer (HOT) Systems

Experiments were performed with the HOTs instrument as
described previously [10] and a commercially available por-
table system (CUBE; Meadowlark Optics, USA). Both sys-
tems are based on an infra-red laser for bio-applications. All
software-based control functions were programmed using
LabVIEW software (National Instruments) as described pre-
viously [10]. The CUBE system was housed in a standard cell
culture incubator (37 °C, 5% CO,) facilitating HOTs con-
trolled patterning of cells and microparticles under standard
culture conditions.

Mouse Embryonic Stem (mES) Cell Culture

The mES cell line (denoted CGRS) [18] was cultured on 0.1%
(v/v) gelatin solution. Medium consisted of Dulbecco’s mod-
ified Eagle’s medium (DMEM) (Life Technologies) supple-
mented with 10% (v/v) fetal bovine serum (FBS) (Sigma-
Aldrich), 2 mM vL-glutamine (Life Technologies), 0.1 pM 2-
mercaptoethanol (Sigma-Aldrich), 50 pug/mL penicillin/strep-
tomycin (Life Technologies), and 5000 U/mL leukemia inhib-
itory factor (LIF) (Calbiochem).

Formation of Embryoid Bodies (mEBs) by Hanging
Drop

Prior to aggregation, mES cells were transiently serum
started by culturing in mES cell culture medium without
FCS for 24 h to minimize any RA-induced responses be-
fore the controlled release experiments. Uniformly sized
cell aggregates, mES cells were created by the hanging
drop method [13]. Cell suspensions were diluted to 2 x
10* cells/mL in the same medium as above without LIF
and then, using a multi-flow pipette (8 tips), 25-uL vol-
umes were deposited onto the underside of a 60 mm Petri
dish lid to form eight rows. The resulting 64 droplets
containing mES cells were then inverted and the lid is
placed on the Petri dish containing PBS. The droplets
containing roughly 500 cells were cultured for 24 h and
the resulting cell aggregates were collected and suspended
in a pre-gel GeIMA solution ready for patterning on the
HOTS system.
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Immunohistochemical Staining of Stra8 in mES Cells
and mEBs

Dose-response effects of RA on expression of Stra8 were
initially assessed by adding RA directly to culture medium
and culturing ES cells or EBs in concentrations of RA at 0,
10, 100, and 1000 nM for 24 h. Subsequently, the experiments
were repeated with solutions of RA released from microparti-
cles allowing comparison of freshly prepared RA. ES cells
and EBs were fixed in 3.5% paraformaldehyde for 20 min.
Fixed cell samples were permeabilized in 0.1% (w/v) Triton
X-100 (diluted in PBS) for 40 min at room temperature for cell
monolayers and 90 min for cell aggregates. Following perme-
abilization, samples were covered in blocking solution for
30 min at room temperature. Aggregates were immunostained
by incubation overnight at 4 °C with rabbit anti-Stra8 primary
(Abcam) diluted 1:100. After washing 3 x 10 min with PBS,

Fig. 1 Dose-response effects of
RA on Stra8 expression in mES
cells. Stra8
immunocytochemistry staining
showing the response of mES
cells to a range (0—-1000 nM) of
RA concentrations. Cells were
counterstained with Hoechst dye.
Scale bar represents 100 pm.
atRA, all trans retinoic acid
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the aggregates were incubated for 2 h at room temperature
with anti-rabbit Alexa Fluor 546 fluorescent secondary anti-
body (Invitrogen) diluted 1:200. Immunostaining was visual-
ized by conventional fluorescence and confocal microscopy.
In all experiments, qualitative observations are presented and
described and for each individual experiment images were
collected at similar exposure settings.

Retinoic Acid (RA) Microparticle Encapsulation

Retinoic acid containing PLGA/TBIIF (70:30) polymer mi-
croparticles with an average size of 5 um were produced using
a single-emulsion, water-in-oil encapsulation method as pre-
viously described [19]. Briefly, 2 mg RA was solubilized in
dichloromethane (DCM) along with 700 mg PLGA and
300 mg TBIIF, 10 mg FITC-BSA (or 10 mg unlabeled
BSA), and 200 mL of 0.3% (w/v) poly vinyl alcohol and

Anti-Stra8
AlexaFlour488

Hoechst

@ Springer



Regen. Eng. Transl. Med.

homogenized at 4000 rpm for 2 min. The solution was stirred
at 300 rpm for 4 h to allow the DCM to evaporate. The
resulting microparticles were then collected by centrifugation,
the particles were washed with distilled water three times and
snap frozen in liquid nitrogen and freeze dried (Edwards
Modulyo D, IMA Edwards, UK) for 2 days.

Encapsulation Efficiency of Microparticles

Using an adapted version of the method published by Sah
(1997) [20], 15 mg of loaded PLGA microparticles was dis-
solved in 750 uL of DMSO and 2150 pL 0of 0.02% (w/v) SDS
in 0.2 M NaOH for 1 h at room temperature and 150-pL
aliquots of each solution were added to a well plate and a
bicinchoninic acid (BCA) assay (Sigma-Aldrich) was per-
formed. Appropriate standards of BSA were created, and after
2 h of incubation at 37 °C, the plate was scanned at 562 nm on
aplate reader. The total protein content was then calculated via
a polynomial equation of the standard curve, and the encap-
sulation efficiency was calculated from the theoretical expect-
ed loading of the microparticles. The microparticle batches
were lyophilized and the powder was vacuum packed and
stored at 4 °C until required. The size distribution of micro-
particle batches was determined by suspension in deionized
water (20 mg/mL) and sized using a laser diffraction method
(Coulter LS230; Beckman Coulter, UK).

For release kinetics, 25 mg of microparticles was
suspended in 1.5 mL of PBS in glass tubes and then placed
on a GyroTwister and gently rocked at 5 rpm at 37 °C. At
24-h intervals, the tubes were centrifuged at 3000 rpm for
3 min. The supernatant was then carefully removed and
stored at — 20 °C for analysis. The microparticles were
then re-suspended in 1.5 mL PBS and returned to the

Fig. 2 Induced expression of
Stra8 by RA in mEBs. Stra8
immunostaining in mEBs in
response to RA (10 nM), with
Hoechst counterstaining. Scale
bar represents 100 pum. atRA, all
trans retinoic acid

incubator; this process was repeated over 12 days to en-
sure complete release from the microparticles.

Fluorescence-Associated Cell Sorting (FACs) or RA
Microparticles

Microparticles containing FITC-BSA RA or BSA RA and
5-um reference beads were suspended in PBS (25 mg/mL)
and sonicated for 30 s to break up aggregates before being
added to separate 5 mL FACS tubes under sterile conditions.
Sorting and analysis were performed using a MoFlo Astrios
Cell Sorter (Beckman Coulter, UK) equipped with a 488-nm
laser at 100 mW of power. Forward scatter (FSC1) and side
scatter (SSC) were collected through a filter and the FITC
signal was collected in the FL1 channel through a 513/26
bandpass filter. A light scatter gate was drawn in the SSC
versus FSCI plot to include microparticles of a similar size
to 5-um reference beads. Cells within the gate were displayed
within a SSC versus 488,513/26 intensity plot allowing a vi-
sualization of the fluorescence intensity distribution within the
microparticle batches. A final selection gating was applied to
sort based on fluorescence intensity. Microparticles were
sorted over several sessions in separate batches to reduce the
time spent suspended in PBS and were freeze dried for long-
term storage.

HOTs Patterning Procedures with Embryoid Bodies
and Microparticles

The movement and positioning of cells and microparticles
was as described previously [10]. Briefly, the system uses a
Nd:YAG, solid state, infrared (1064 nm), 3 W maximum out-
put, continuous wave, class 4 3.2-mm-beam-diameter laser

Anti-Stra8
Hoechst AlexaFlour488
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Fig. 3 Characterization of RA-laden microparticles. a Microparticle size
distribution by differential volume Coulter analysis. b SEM micrograph
of the microparticles demonstrating their spherical, non-porous morphol-
ogy. ¢ In vitro release study over 10 days (error bars mark cumulative
standard error of the mean, minimum of three replicates). d
Representative immunofluorescence staining of Stra8 for each condition

adapted for biological applications (Laser Quantum). Optical
manipulation with multiple optical traps is achieved by
expanding the laser beam so that it overfills the aperture of
the spatial light modulator (SLM) chip (512 x 512 pixel fer-
roelectric liquid crystal (FLC) array) (Laser 2000). This is then
coupled with the optical tweezer system by imaging the SLM
onto the back aperture of a high numerical aperture oil immer-
sion microscope objective lens (40 x 1.3 NA Zeiss, Plan-
NeoFluar). The resulting traps can then be focused anywhere
within the field of view, with controlled holograms generated
by the SLM giving full axial and lateral control over the trap-
ping beam. All software-based control functions were pro-
grammed using LabVIEW software (National Instruments)
as described previously [10]. A patterning, microfluidic-type
gasket with multiple wells connected by channels was made
(see supplementary material). This enabled EBs and micro-
particles, together with pre-GelMA solution, to be added to
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microparticles

and bioactivity assessment comprising fresh solutions of 10 and 100 nM
RA and solutions extracted from a suspension of RA-containing micro-
particles, estimated by microparticle mass and estimated encapsulation
efficiency to contain 100 nM RA (post-encapsulation 100 nM). Scale bar
represents 100 pm

the wells and then moved and assembled by user-specified
design with the HOTs. The GelMA was prepared as described
previously [10] and then dissolved in 80 °C photo-initiator
(Irgacure 2959 0.5% (w/v)) to yield a 10% (w/v) GelMA
solution, and stored in the dark at 4 °C until use. This
solution was warmed to 37 °C and then added to the
patterning gasket to a maximum volume of 100 pL.
Cells and microparticles to be patterned were added di-
rectly to the patterning gasket as required under sterile
conditions. Once patterning was completed, the GeIMA
solution was cross-linked with a 5-s burst of UV light
from a distance of 5 cm resulting in an output of 30 W/
cm?® using a UV lamp (Omnicure S2000; JentonUV, UK).
The GelMA was left for 5 min to ensure complete
crosslinking. If prolonged cell culture was required, cell
culture medium was added on top of the cross-linked
GelMA before incubation at 37 °C with 5% CO,.
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Fig. 4 HOTSs patterned RA microparticles for zonal stimulation of Stra8
in mES aggregates. a Bright-field micrographs showing the GeIMA sta-
bilized 6- and 8-microparticle patterns around mES cell aggregates with a

Results

Retinoic Acid Dose Response-Induced Expression
of Stra8 in mES Cells

The dose response experiment in Fig. 1 shows induced ex-
pression of mES cells to a range of RA concentrations, from 0
to 1000 nM. The cells were serum starved for 24 h prior to
being exposed to RA for 24 h. The fluorescence staining in-
tensity gives an indication of the level Stra8 protein expression
and is seen to increase with increasing RA concentrations.
Little or no staining was seen in absence of added RA. This
contrasts with the low-level staining seen without transient
serum starvation (data not shown).

Retinoic Acid Dose Response-Induced Expression
of Stra8 in Mouse EBs

To show effective delivery and induction of Stra8 in 3D
cell aggregates, mouse EBs were exposed to either 0 or
10 nM RA for 24 h. Figure 2 shows clear staining and
expression of Stra8 in response to 10 nM RA, with
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HOTs patterning platform. b Fluorescence immunostaining for Stra8 with
Hoechst counterstaining. Representative of N =4 experiment repeats.
Scale bars represent 50 um

negligible staining seen in the absence of RA. Prior to
aggregation, the ES cells were serum starved for 24 h,
and this data indicates that there were no deleterious ef-
fects on EB formation or Stra8 gene expression and back-
ground Stra8 expression remains negligible.

Retinoic Acid Encapsulation and Induction of Stra8
in mES Cells

The RA microparticles (BSA-RA co-loaded) had an aver-
age size of around 5 pum (Fig. 3a), and SEM imaging
showed they had spherical, non-porous morphology
(Fig. 5b). The in vitro release study (Fig. 5c¢) showed an
initial burst release within the first 24 h, followed by a
more gradual release over the next 10 days. The bioactivity
assay (Fig. 3d) showed Stra8 staining in mES cells in re-
sponse to freshly prepared RA at concentrations of 10 and
100 nM and a solution collected from a suspension of RA-
containing microparticles, estimated by microparticle mass
and estimated encapsulation efficiency, to have a RA con-
centration of 100 nM. It can be seen that the solution col-
lected from RA encapsulated microparticles showed a level
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Fig. 5 Analysis and sorting of the FITC co-loaded RA microparticles.
FITC-BSA co-loaded RA microparticles were analyzed using FACS. A
FACS analysis by means of SSC vs. FSC1 to gate for appropriately sized
microparticles based on 5-pum reference beads. b The R4 gating plotted as

of staining somewhere between that seen with fresh RA at
concentrations 10 and 100 nM and confirmed the ability to
deliver RA from microparticles.

Figure 4 shows an example of the results of HOTs
patterning experiments with a defined number of BSA-
RA microparticles precisely positioned around mEBs.
Immunostaining for Stra8 was only seen in approximately
only 50% of experiments (n =4) and was likely due to
variability in loading efficiency in the microparticles. This

SSC vs. fluorescent intensity (488—513/26 nm). ¢ Representative sorting
gating used to yield high, medium, and low fluorescent intensity micro-
particle groups

data is included to show the evolution of the experiment
and our work toward induction of a highly localized re-
sponse in the EBs. The 6- and 8-microparticle patterns
were arbitrarily chosen to produce an obvious, user-
defined pattern and to achieve a localized or focused de-
livery source. There were no differences in observed ef-
fects between 6- and 8-microparticle patterns and the 6-
microparticle triangular configuration was used in all sub-
sequent experiments.
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Fig. 6 Post-sorting encapsulation analysis of the FITC-BSA co-loaded
RA microparticles. A plot showing the estimated encapsulation efficiency
by means of protein (FITC-BSA) and RA loading of the four sorted
microparticle groups. Bars relate to the mean encapsulation efficiency
with bars showing standard error of the mean. Minimum of 5 replicates
and 3 separate experiments of Student’s ¢ test analyses were performed,
and the significant difference is indicated accordingly, ****p <0.001,
**k*p <0.0045, ***p <0.01, and *p <0.0253. EE, encapsulation
efficiency

Analysis and Sorting of the FITC Co-Loaded RA
Microparticles

In order to be able to select small numbers of RA-laden mi-
croparticles and ensure high encapsulation efficiency of the
selected microparticles, a method of co-loading FITC-BSA
and RA was developed. Figure 5 shows analysis and selection
of FITC co-loaded RA microparticles and sorting into differ-
ent groups of microparticles with fluorescence intensity rang-
ing from “High,” “Medium,” and “Low.” The microparticles
were initially gated based on their size versus 5-um reference
beads, assessed by forward and side scatter (Fig. 5a). As a
means of comparison, the non-fluorescent RA-laden micro-
particles were also analyzed to provide a baseline fluorescence
intensity. The use of these microparticles as a control ensured
that any RA or polymer autofluorescence would be normal-
ized from the FITC-labeled batch. When comparing these two
batches in the “Batch fluorescent intensity distribution”
(Fig. 5b), it can be seen that the FITC co-loaded microparticles
had a much greater fluorescence intensity. Three separate
groups were created to select for “High,” “Medium,” and
“Low” fluorescence microparticles, as shown in the represen-
tative plots (Fig. 5¢). Then by running a high-density suspen-
sion of the FITC co-loaded batch through the FACS process,
the three separate suspensions (“High,” “Medium,” and
“Low”) and any sub-“Low” microparticles were separated.

@ Springer

Analysis of the FACS Selected “High” Loading
Microparticles

Figure 6 shows that FITC fluorescence correlates with
encapsulation efficiency of BSA and by extension with
RA. With increased FITC fluorescence, greater RA is es-
timated to be encapsulated within the batch. The “High”
group was estimated to have an encapsulation efficiency
of 89.5 £ 1.8 and collectively this was expected to achieve
a robust and reliable selection and delivery process for the
HOTs patterning experiments.

HOTSs Patterning of FITC-BSA/RA Microparticles
Around mEBs

Figure 7a shows the release of RA from the FITC-BSA co-
loaded RA microparticles over 24 h. By the 24-h point, 39.5 +
5.9% of the loaded RA was released. Figure 7b shows the
positioning of six RA-releasing microparticles in a defined
triangular pattern formed in close proximity (within 20 pm)
to mEBs and stabilized by use of GeIMA cross-linking. After
24 h, immunostaining for Stra8 can be clearly seen in local-
ized regions within the EBs closely apposed with wherever
the RA release source was placed around the EBs. Through
the use of FACS sorted “High” loading RA microparticles,
experimental success was raised from 50% (n =4 separate
experiments) to 80% (n =5 separate experiments).

In this experiment, we focused entirely on positioning of
the microparticles at defined locations around EBs and induc-
ing highly localized responses while maintaining the same
distance that the microparticles were positioned from the
EBs at each set location. In a related study, we have investi-
gated the ability to control specific cellular responses over
defined distances using a model of chemotactic responses of
mouse osteoblasts (see supplementary material).

Discussion

In this study, we have shown that we can build 3D cell micro-
environments with defined, reproducible control and precision
delivery, with micron resolution, of a biochemical signal gra-
dient and to induce a highly localized biological response in
multicellular aggregates directly in response to the biochemi-
cal signal.

The spatial and temporal induction of Stra8 in mEBs in
response to RA [17, 18] released from microparticles posi-
tioned at discrete locations around the 3D cellular structures
has served primarily as exemplar of the HOTs technology to
precisely deliver and induce a biological response. This builds
on our previous work with HOTs on assembly of complex
microenvironments [10] to show that the technology is also
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Fig. 7 Zonal delivery of retinoic acid to mEBs. a Plot of the in vitro
release study completed over 24 h for the release of retinoic acid from
retinoic acid encapsulated microparticles. Error bars represent the
cumulative standard error of the mean. b Fluorescence and confocal
imaging showing the positioning of 6 retinoic-acid-laden FITC

very amenable to creating biochemical gradients. It also
shows how the HOTs technology can complement other tech-
nologies on cellular assembly, as we have shown here by
precision engineering of the microenvironment around EBs
formed by the hanging drop method [13]. We envisage that
this can be applied to organoids and organ-on-chip models
and collectively can bridge gaps with the scale of cellular
assembly, precision of cellular organization and accurate con-
trol of delivery of bio-instructive signals [1-8].

The sensitivity and relative simplicity of the RA-inducible
Stra8 model [17, 18] was extremely useful for refining the
delivery of biochemical factors from microparticles and spe-
cifically adapting their use for selecting and positioning small
numbers of microparticles. Formulation of microparticles and
the controlled release of soluble biochemical factors and drug
molecules is well established with wide-ranging, demonstrated
applications [21-28]. In many cases, controlled release studies

microparticles arranged into a triangular structure in close proximity of
the mEBs with the HOTs patterning platform and immunostaining for
Stra8 at discrete locations after 24 h. Representative of N =5 experiment

repeats. Scale bars represent 50 um

are performed with bulk volumes of microparticles, and while
it is known that loading within individual microparticles can
be highly variable, this is relatively unimportant unless there is
aneed to work with individual microparticles. As we found in
our studies with HOTs positioning of RA microparticles, in
some experiments Stra8 expression was induced in EBs, and
in other experiments, no expression was seen, suggesting var-
iable loading of RA in the HOTs selected microparticles.

We were able to overcome this limitation by co-loading
microparticles with FITC-BSA and RA and through FACS
we were able to specifically select particles with high loading
efficiency and markedly increase the success rate in inducing
localized expression of Stra8. The burst release kinetics of the
microparticles, combined with the ability to reproducibly and
accurately position them at defined locations around the EBs,
stabilized with GeIMA, facilitated highly localized RA-induced
responses in regions of the EBs directly facing the RA
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microparticles. The choice of pattern of 6 microparticles,
roughly in an equilateral triangle configuration with the “base
of the triangle” facing the EBs, was an arbitrary choice intended
to clearly show that it was precisely patterned and included a
sufficient number of microparticles to achieve localized, fo-
cused release or RA toward the EBs sitting in close apposition.
As we have previously shown, the HOTs technology offers
considerable scope and flexibility to create a wide range of
defined patterns with microparticles, scaffolds, and cells [10].

Although we have not quantified the induced, localized
expression of Stra8, the response is highly defined and strik-
ing and serves to demonstrate a key objective of this study. In
related work, we have demonstrated and quantified chemotax-
is of mouse primary calvarial osteoblasts to platelet-derived
growth factor-BB (PDGF-BB), a known potent chemotactic
factor for osteoblasts. Agarose beads doped with PDGF-BB
(10 nM) and single mouse primary calvarial osteoblasts were
positioned at defined distances apart (50, 100, and 150 pm)
using HOTs and stabilized within gelMA (see supplementary
material). As expected, there was very clear movement of the
osteoblast toward the PDGF-BB-doped bead, with a trend of
decreasing distance moved with increasing distance of sepa-
ration. Over the 8-h time course of this experiment, it would
have been reasonable to expect a more marked gradation of
chemotaxis but, overall, there was no significant difference in
net positive migration relative to distance from the release
source. These observations serve to highlight the challenges
of creating and quantifying biochemical gradients and the
many variables involved, including the properties of the bio-
chemical factor, the kinetics of release, and the properties of
the environment through which the factor is distributed. What
is absolute from this study is that the HOTs technology and the
approach described here is highly amenable for precision as-
sembly of tunable, complex microenvironments with spatial
and temporal control of both cellular organization and deliv-
ery of bio-instructive signals.

In summary, we have demonstrated the creation of bio-
chemical gradients within 3D cellular microenvironments
and the precision delivery of bio-instructive signals by
interactively positioning biochemical-laden microparticles
around multicellular 3D aggregates at user-defined loca-
tions. While challenges remain, such as quantifying signal
gradients within cellular microenvironments, this robust,
highly interactive “cause-and-effect” type model is able to
accurately target and provide insights into understanding
and quantifying specific biological responses in 2D or 3D
cell models.

Conclusion

The construction and interrogation of multicellular 3D models
and microenvironments and the capability to recapitulate
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complex physiological and pathophysiological processes
in vitro is being advanced significantly by various innovative
techniques and technologies, yet our understanding remains
far from complete.

Using HOTs, we can assemble complex microenviron-
ments and create biochemical gradients with a level of control
from micron- to millimeter-length scales. As we have also
shown, this technology is very adaptable and can be used with
other technologies such as organoids and microfluidics.
Collectively, this shows that we can create more accurate
in vitro representations of the native tissue structures and sig-
naling interactions and to build multicellular 3D cell models
that enable more detailed in vitro investigation and interroga-
tion of physiological and pathophysiological responses.

Acknowledgements The research leading to these results has received
funding from the European Research Council under the European
Community’s Seventh Framework Program (FP7/2007-2013)/ERC grant
agreement 227845, EPSRC grant agreement EP/L022095, and
Biotechnology and Biological Sciences Doctoral Training Programme,
University of Nottingham. The authors would also like to thank Dr.
Lisa White, School of Pharmacy, University of Nottingham, and Dr.
Helen Cox, University of Nottingham/Locate Therapeutics Ltd., for mi-
croparticle synthesis methodology and guidance.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a link
to the Creative Commons license, and indicate if changes were made.

References

1. Pampaloni F, Reynaud EG, Stelzer EH. The third dimension brid-
ges the gap between cell culture and live tissue. Nat Rev Mol Cell
Biol. 2007;8:839-45.

2. Huh D, Hamilton GA, Ingber DE. From 3D cell culture to organs-
on-chips. Trends Cell Biol. 2011;21:745-54.

3. Khademhosseini A, Langer R, Borenstein J, Vacanti JP. Microscale
technologies for tissue engineering and biology. Proc Natl Acad Sci
U S A. 2006;103:2480-7.

4. Bhatia SN, Ingber DE. Microfluidic organs-on-chips. Nat
Biotechnol. 2014;32:760-72.

5. Park D, Lim J, Park JY, Lee SH. Concise review: stem cell micro-
environment on a chip: current technologies for tissue engineering
and stem cell biology. Stem Cells Transl Med. 2015;4:1352-68.

6. Lee GH, Lee JS, Wang X, Lee SH. Bottom-up engineering of well-
defined 3D microtissues using microplatforms and biomedical ap-
plications. Adv Healthc Mater. 2016;5:56—74.

7. Sozen B, Amadei G, Cox A, Wang R, Na E, Czukiewska S, et al.
Self-assembly of embryonic and two extra-embryonic stem cell
types into gastrulating embryo-like structures. Nat Cell Biol.
2018;20:979-89.

8. Turco MY, Gardner L, Kay RG, Hamilton RS, Prater M,
Hollinshead MS, et al. Trophoblast organoids as a model for



Regen. Eng. Transl. Med.

10.

11.

12.

13.

14.

15.

17.

18.

maternal—fetal interactions during human placentation. Nature.
2018;564:263-7.

Good M, Trepat X. Cell parts to complex processes, from the bot-
tom up. Nature. 2018;563:188-9.

Kirkham GR, Britchford E, Upton T, Ware J, Gibson GM, Devaud
Y, et al. Precision assembly of complex cellular microenvironments
using holographic optical tweezers. Sci Rep. 2015;5:8577. 8577—
84.

Keller GM. In vitro differentiation of embryonic stem cells. Curr
Opin Cell Biol. 1995;7:862-9.

Mueller-Klieser W. Three-dimensional cell cultures: from molecu-
lar mechanisms to clinical applications. Am J Phys. 1997;273:
C1109-23.

Kurosawa H. Methods for inducing embryoid body formation:
in vitro differentiation system of embryonic stem cells. J Biosci
Bioeng. 2007;103:389-98.

Carpenedo RL, Bratt-Leal AM, Marklein RA, Seaman SA, Bowen
NJ, McDonald JF, et al. Homogeneous and organized differentia-
tion within embryoid bodies induced by microsphere-mediated de-
livery of small molecules. Biomaterials. 2009;30:2507—15.
Qutachi O, Shakesheff KM, Buttery LD. Delivery of definable
number of drug or growth factor loaded poly(DL-lactic acid-co-
glycolic acid) microparticles within human embryonic stem cell
derived aggregates. J Control Release. 2013;168:18-27.

Silva C, Wood JR, Salvador L, Zhang Z, Kostetskii I, Williams CJ,
Strauss JF 3. Expression profile of male germ cell-associated
genes in mouse embryonic stem cell cultures treated with all-trans
retinoic acid and testosterone. Mol Reprod Dev 2009;76:11-21. .
Chen W, Jia W, Wang K, Zhou Q, Leng Y, Duan T, et al. Retinoic
acid regulates germ cell differentiation in mouse embryonic stem
cells through a Smad-dependent pathway. Biochem Biophys Res
Commun. 2012;418:571-7.

Nichols J, Evans EP, Smith AG. Establishment of germ-line-
competent embryonic stem (ES) cells using differentiation
inhibiting activity. Development. 1990;110:341-8.

19. Spiller KL, Liu Y, Holloway JL, Maher SA, Cao Y, Liu W, et al. A
novel method for the direct fabrication of growth factor-loaded
microspheres within porous nondegradable hydrogels: controlled
release for cartilage tissue engineering. J Control Release.
2012;157:39-45.

20. Sah H. A new strategy to determine the actual protein content of
poly(lactide-coglycolide) microspheres. J Pharm Sci. 1997;86:
1315-8.

21.  Ravi Kumar MN. Nano and microparticles as controlled drug de-
livery devices. J Pharm Pharm Sci. 2000;3:234-58.

22.  Mahoney MJ, Saltzman WM. Transplantation of brain cells assem-
bled around a programmable synthetic microenvironment. Nat
Biotechnol. 2001;19:934-9.

23.  Freiberg S, Zhu XX. Polymer microspheres for controlled drug
release. Int J Pharm. 2004;282:1-18.

24.  Anderson JM, Shive MS. Biodegradation and biocompatibility of
PLA and PLGA microspheres. Adv Drug Deliv Rev.
2012;64(Supple):72-82.

25.  White LJ, Kirby GT, Cox HC, Qodratnama R, Qutachi O, Rose FR,
et al. Accelerating protein release from microparticles for regener-
ative medicine applications. Mater Sci Eng C Mater Biol Appl.
2013;33:2578-83.

26. Rahman CV, Kuhn G, White LJ, Kirby GT, Varghese OP, McLaren
JS, et al. PLGA/PEG-hydrogel composite scaffolds with controlla-
ble mechanical properties. J Biomed Mater Res B Appl Biomater.
2013;101:648-55.

27. Simmons CA, Alsberg E, Hsiong S, Kim WJ, Mooney DJ. Dual
growth factor delivery and controlled scaffold degradation enhance
in vivo bone formation by transplanted bone marrow stromal cells.
Bone. 2016;35:562-9.

28. Duncanson WJ, Lin T, Abate AR, Seiffert S, Shah RK, Weitz DA.
Microfluidic synthesis of advanced microparticles for encapsulation
and controlled release. Lab Chip. 2012;12:2135-45.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Localized...
	Abstract
	Introduction
	Lay Summary (98/100)
	Future Work (50/50)

	Methods
	Holographic Optical Tweezer (HOT) Systems
	Mouse Embryonic Stem (mES) Cell Culture
	Formation of Embryoid Bodies (mEBs) by Hanging Drop
	Immunohistochemical Staining of Stra8 in mES Cells and mEBs
	Retinoic Acid (RA) Microparticle Encapsulation
	Encapsulation Efficiency of Microparticles
	Fluorescence-Associated Cell Sorting (FACs) or RA Microparticles
	HOTs Patterning Procedures with Embryoid Bodies and Microparticles

	Results
	Retinoic Acid Dose Response-Induced Expression of Stra8 in mES Cells
	Retinoic Acid Dose Response-Induced Expression of Stra8 in Mouse EBs
	Retinoic Acid Encapsulation and Induction of Stra8 in mES Cells
	Analysis and Sorting of the FITC Co-Loaded RA Microparticles
	Analysis of the FACS Selected “High” Loading Microparticles
	HOTs Patterning of FITC-BSA/RA Microparticles Around mEBs

	Discussion
	Conclusion
	References


