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Abstract 17 

Three-dimensional (3D) cellular constructs derived from pluripotent stem cells allow the ex vivo 18 

study of neurodevelopment and neurological disease within a spatially organized model. 19 

However, the robustness and utility of 3D models is impacted by tissue self-organization, size 20 

limitations, nutrient supply, and heterogeneity. Herein, we have utilized the principles of 21 

nanoarchitectonics to create a multifunctional, polymer/bioceramic composite microsphere 22 

system for stem cell culture and differentiation in a chemically defined microenvironment. 23 

Microspheres could be customized to produce three-dimensional structures of defined size 24 

(ranging from <100 to >350 µm) with lower mechanical properties compared to thin-film. Further, 25 

microspheres softened in solution, approaching more tissue-like mechanical properties with time. 26 

Using neural stem cells (NSCs) derived from human induced pluripotent stem cells, microsphere-27 

cultured NSCs were able to utilize multiple substrates to promote cell adhesion and proliferation. 28 

Prolonged culture of NSC-bound microspheres in differentiating conditions promoted the 29 

formation of both neural and glial cell types from control and patient-derived stem cell models. 30 

Human NSCs and differentiated neurons could also be co-cultured with astrocytes and human 31 

umbilical vein endothelial cells (HUVECs), demonstrating possible application for tissue-32 

engineered modeling of development and human disease. We further demonstrate microspheres 33 

allow the loading and sustained release of multiple recombinant proteins to support cellular 34 

maintenance and differentiation. While previous work has principally utilized self-organizing 35 

models or protein-rich hydrogels for 3D neural culture, the three-dimensional matrix presented 36 

here represents a chemically defined and robust alternative for the in vitro study of 37 

neurodevelopment and nervous system disorders.  38 
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Introduction 48 

Disorders affecting the nervous system are one of the leading causes of co-morbidity and death 49 

worldwide.1, 2 Observing and analyzing disease impacts on the nervous system is inherently 50 

challenging within affected individuals. The use of model systems to recapitulate different 51 

structures and functions of the nervous tissue under study provides a mechanism to study 52 

neurological disease. Many of the insights into neuropathological disease have come from 53 

research on post-mortem tissue, traditional two-dimensional (2D) cell culture experiments, and 54 

within animal models such as transgenic mice and rats.  Despite the availability of genetic and 55 

technological tools and a robust foundation of neuroscience research, these model systems each 56 

have limitations.3 Studying the pathogenesis of complex diseases has proven to be particularly 57 

difficult due to a lack of access to healthy and diseased brain tissue, immature and spatially limited 58 

in vitro cell culture systems, and animal models that fail to capture the developmental, 59 

architectural, and species-specific aspects of the human brain.2, 4 Therefore, additional models of 60 

the human nervous system are needed to help overcome some of these limitations.  61 

Human induced pluripotent stem cells (iPSCs) have created a fundamental shift in how scientists 62 

study human disease. By establishing a reliable method for generating individual-specific 63 

pluripotent cells, iPSCs represent a robust model system for the study of human disease and may 64 

accelerate progress towards revolutionary treatments.5 iPSC-derived neural stem cells (NSCs), 65 

therefore, are a useful tool to provide insights into the underlying mechanisms of 66 

neurodevelopment and neurodegenerative diseases. The use of iPSCs has led to new strategies 67 

for therapeutic intervention and increased accuracy for drug discovery.6-9 Although iPSCs 68 

represent a revolution in studying development and human disease in vitro, researchers have 69 

predominantly relied on 2D culture platforms.10 Since traditional monolayer cultures support only 70 

planar cell-cell interaction, this system poorly simulates the natural three-dimensional (3D) 71 

microenvironment of the body. The natural interaction and communication between the 72 

heterogeneous milieu of cells and the extracellular matrix found within the body is difficult to 73 

replicate in 2D culture.11 Certain cellular characteristics, including apicobasal polarity and guided 74 

cell migration, cannot be recapitulated in planar culture systems.12 Spatially complex iPSC models 75 

of neurological disease are thus needed.13 76 

As recent groundbreaking studies have shown, 3D culture of iPSCs more accurately represents 77 

the spatial arrangement and temporal development of nervous tissue when compared to 2D 78 

models.3, 14-16 Research conducted with 3D culture models provides new knowledge of areas that 79 

were previously only poorly modeled or inaccessible altogether, such as the cerebral cortex, 80 



neocortex, ventral forebrain, ventral telencephalon, cerebellum, midbrain, choroid plexus, and 81 

optic cup.14-19 Although each 3D protocol has advantages and disadvantages, they all utilize the 82 

capacity of embryonic stem cells or iPSCs to self-organize, self-assemble, and differentiate within 83 

a 3D environment.2 Known as spheroids, neurospheres, cellular scaffolds or organoids depending 84 

on their complexity and the methods used, these 3D platforms can produce functional, highly-85 

organized populations of cells.1, 20, 21 However, 3D models are still limited by experimental 86 

heterogeneity, limited control over tissue organization, inadequate diffusion and heterogeneous 87 

distribution of macromolecules, and endpoint analyses.17, 22-29 88 

To help overcome the limitations of current 3D models, we have developed a microsphere-based 89 

scaffold with nanoarchitectural features for iPSC-based neural differentiation30, 31. Using a 90 

biomaterial-based microenvironment, we have created an alternative to the undefined 91 

components present within other materials-based 3D culture systems.  We have defined the 92 

mechanical properties of this scaffold, demonstrated the maintenance and lineage differentiation 93 

of iPSC-derived NSCs cultured on the scaffold, established a protocol for co-culture of multiple 94 

neural and endothelial cell types, and utilized this scaffold for localized cellular delivery of small 95 

molecules. This system represents a novel advancement in 3D culture and provides a 96 

multifunctional platform for disease modeling, drug screening applications, and developmental 97 

studies.    98 

Materials and methods 99 

Chemicals and reagents 100 

Poly lactic-co-glycolic acid (PLGA; 50:50, 1.15 dL/g) was purchased from Lactel (Birmingham, 101 

AL). Gelatin Type A, dichloromethane, poly L-ornithine, molecular grade water, bovine serum 102 

albumin (BSA), disodium ethylenediaminetetraacetate  (EDTA), and magnesium chloride were 103 

purchased from Sigma Aldrich (St. Louis, MO). Low-attachment 24-well plates, sodium chloride, 104 

sodium bicarbonate, Tris base, Neurobasal media, and epidermal growth factor were purchased 105 

from ThermoFisher Scientific (Carlsbad, CA). B27 supplement with vitamin A, B27 without vitamin 106 

A, Accutase and Glutamax were all purchased from Life Technologies (Carlsbad, CA). Basic 107 

fibroblast growth factor (bFGF) was purchased from Reprocell (Beltsville, MD). Y27632 ROCK 108 

inhibitor was purchased from Reagents Direct (Encinitas, CA). mTeSR1 was purchased from 109 

Stem Cell Technologies (Vancouver, BC). DMEM, DMEM-F12, Penicillin/streptomycin, One Shot 110 

fetal bovine serum, Trypsin-EDTA, and phosphate buffered saline were purchased from Gibco 111 

(Carlsbad, CA). BDNF and GDNF were purchased from Peprotech (Rocky Hill, NJ). Matrigel 112 



hESC-Qualified Matrix was purchased from Corning (Glendale, AZ). Laminin was purchased from 113 

Invitrogen (Carlsbad, CA). Hydrochloric acid was purchased from Avantor Performance Materials 114 

(Center Valley, PA). Polyvinyl alcohol was purchased from PolySciences, Inc. (Warrington, PA). 115 

Ethanol, calcium chloride, and sodium phosphate were purchased from Acros Organics (Fair 116 

Lawn, NJ). 96-well ultra-low attachment plates were purchased from Nexcelom Bioscience 117 

(Lawrence, MA). 118 

Preparation of microspheres 119 

A double emulsion procedure was used to prepare porous microspheres. First, 0.5 g of 50:50, 120 

1.15 viscosity PLGA was placed into a glass vial with 15 mL of dichloromethane (DCM). PLGA 121 

was dissolved under constant stirring at 700 rpm at 50 °C. Simultaneously, the primary aqueous 122 

phase was prepared by dissolving 0.4 g of type A porcine gelatin and 5 mg of polyvinyl alcohol 123 

(PVA) in 5 mL of deionized (DI) water in a separate glass vial. A third solution, the secondary 124 

aqueous phase, was prepared by dissolving 200 mg of PVA in 200 mL of DI water and cooled to 125 

4 °C. The dissolved polymer solution was poured into a 25 mL beaker and placed on a hotplate 126 

at 50 °C under the IKA homogenizer (IKA Works, Inc., Wilmington, NC). The aqueous solution 127 

was added manually using a 1000 µL pipette and the two solutions were emulsified for 5 min at 128 

4000 rpm. The primary emulsion was immediately poured into the secondary aqueous phase and 129 

rotated using a magnetic stir plate at 400 rpm for 60 min. After stirring at 400 rpm for 60 min, the 130 

contents of the beaker were poured into 1200 mL of fresh DI water and stirred overnight at 300 131 

rpm to facilitate DCM evaporation. The supernatant was discarded, the microspheres were rinsed 132 

and collected in a 50 mL conical tube, kept at -80 °C for 60 min, and lyophilized for 36 - 48 h. 133 

Following lyophilization, microspheres were treated with an ethanolic sodium hydroxide solution 134 

at a ratio of 20% 1M NaOH and 80% pure ethanol.32 Microspheres were placed into a 50 mL 135 

conical tube and vortexed for 20 - 30 s. Microspheres were rinsed with DI water, collected in a 136 

nylon cell strainer, kept at -80 °C freezer for 60 min, and lyophilized for 36 - 48 h. 137 

Hydroxyapatite deposition on microspheres 138 

The mineralization process of PLGA microsphere scaffolds was performed as previously 139 

published.33  Briefly, microspheres were divided into fractions based on diameter (ex: 150 - 300 140 

µm) by filtering them through ATSE metal sieves of decreasing size. Hydroxyapatite (HA) was 141 

formed on the entire exposed surface of the microsphere structure during two phases of 142 

immersion into two solutions known as simulated body fluid (SBF). First, microspheres were 143 

immersed into a phase I nucleation solution (P1). For P1, 19.95 g of NaCl, followed by 0.69 g of 144 



CaCl2, 0.45 g of NaHPO4, 0.88 g of NaHCO3, and 0.76 g of MgCl2 were dissolved in 500 mL DI 145 

water under stirring conditions. 25 mg of microspheres, with a diameter of 150 - 300 µm, were 146 

placed into a glass vial and 25 mL of P1 nucleation solution was added to the vial. Each vial was 147 

placed into an orbital shaker, heated to 37 °C, and set for 100 rpm for 12 h. To verify P1 deposition, 148 

a FITC-labeled scrambled peptide (FITC-QEQLERALNSS, Biomatik) was added to the P1 SBF 149 

and imaged by confocal microscopy.34 150 

After 12 h, microspheres were collected in a nylon cell strainer, kept at -80 °C for 60 min, and 151 

lyophilized for 18 - 24 h. Next, a phase II propagation solution (P2) was created by dissolving 152 

various salts. First, 0.27 g of CaCl2, followed by 3.98 g of NaCl, and 0.175 g of HaHPO4 were 153 

dissolved in 497.5 mL of DI water and 2.5 mL of 10M HCl under stirring conditions. Tris buffer 154 

was added to achieve a pH of 7.4. P1 microspheres were placed in a new glass vial and 25 mL 155 

of P2 propagation solution was added to the vial. Each vial was placed into an orbital shaker, 156 

heated to 35° C, and set for 100 rpm for 12 h. The microspheres were then collected in a nylon 157 

cell strainer, kept at -80 °C for 20 min, and lyophilized for 18 - 24 h. To verify P2 deposition, BSA 158 

conjugated to AlexaFluor647 (Invitrogen, Carlsbad, CA) was added to P2 SBF and imaged by 159 

confocal microscopy.  160 

Poly-L-ornithine (PLO) and laminin coating of 2D and 3D surfaces 161 

0.2% (v/v) PLO diluted in molecular grade water was added to culture surfaces and allowed to 162 

conjugate for 12 h in a 37 °C incubator. Dishes were rinsed twice with molecular grade water 163 

before a 1% solution (v/v) of natural mouse laminin diluted in PBS was added to each well. Culture 164 

dishes were incubated at 37 °C for 12 h and either used immediately or stored at -20 °C. 165 

Microspheres were immersed in 0.2% (v/v) PLO and placed in an enclosed orbital shaker 166 

maintained at 37 °C and 100 rpm for 12 h. Microspheres were rinsed twice with molecular grade 167 

water and placed into a new glass vial, immersed in a 1% solution of natural mouse laminin and 168 

placed in an enclosed orbital shaker set for 37 °C and 100 rpm for 12 h. PLO+laminin coated  169 

microspheres were kept at 4 °C and used within 12 h.   170 

Ultra-structural characterization of microspheres 171 

A FEI Quanta 450 field-emission scanning electron microscope (SEM) was used to characterize 172 

the morphological structures of microsphere samples. Overall microsphere diameter was 173 

analyzed using SEM images. Micro CT was performed by ScanCo Associates, (ScanCo µCT 50, 174 

Brüttisellen, Switzerland) to measure local pore diameter. Microsphere porosity was calculated 175 



using micro CT imaging, performed by ScanCo Associates. Microsphere porosity was determined 176 

using the following equation: 177 

𝑃௦௖௔௙௙௢௟ௗ ൌ
𝑉 െ 𝑉௉
𝑉

 ൈ  100% 178 

where Pscaffold is the porosity of the microsphere batch, V is the total volume of the microsphere 179 

batch, and Vp is the volume of PLGA is equal to the mass divided by the density of PLGA (ρ = 1.3 180 

g/cm3). 181 

Nanomechanical evaluation of microspheres 182 

To prepare a PLGA film for mechanical testing, 0.5 g of 50:50 PLGA (3.3% (w/v)), 0.75 g of 50:50 183 

PLGA (5% (w/v)) and 1 g of 50:50 PLGA (6.6% (w/v)) were each dissolved in 15 mL DCM and 184 

poured into a 25 mL glass beaker. Once the solvent evaporated, testing coupons were cut from 185 

each film and attached to titanium metal sections (10 mm x 10 mm x 0.25 mm) (Sigma, St. Louis, 186 

MO) with 100 µl Elmer's glue (Westerville, OH). To prepare PLGA microspheres samples for 187 

nanomechanical testing, 100 µl of Minwax polyacrylic (Upper Saddle River, NJ) was first applied 188 

to titanium sections using a spin coating system. A Dremel rotary tool (Dremel, Racine, WI) was 189 

used at 10,000 rpm for 5s to obtain a uniform polyacrylic layer before adherence of microspheres 190 

or films to the substrates is achieved. Samples were allowed to dry completely. Prior to 191 

nanoindentation experiments, some samples were rehydrated in neurobasal media for 1d, 2d, or 192 

7d. Samples were removed from the aqueous phase and carefully blotted before nanoindentation. 193 

A Hysitron Triboindenter (Hysitron Inc., Minneapolis, MN, USA) nanoindenter with a pyramidal 194 

Berkovich diamond indenter tip (tip radius of 200 nm) was used to calculate the mechanical 195 

properties of three PLGA films (3.3% (w/v), 5% (w/v), 6% (w/v)) and PLGA microspheres (3.3% 196 

(w/v) in dry and hydrated states. After calibration with a standard fused quartz reference sample, 197 

an indentation depth was set at 1000 nm with a 20 nm/s displacement rate. The elastic modulus 198 

and hardness of each sample were measured at room temperature. A displacement depth of 1000 199 

nm was selected for all quasistatic nanoindentation experiments, resulting in reliable elastic 200 

property measurements free of substrate effects. Average values of elastic modulus and 201 

indentation hardness were calculated from the analysis of 30 unique microspheres. The 202 

estimation methods for determining elastic modulus (E) and indentation hardness (HIT) were 203 

based on Oliver and Pharr's methods.35-38 These methods have been applied to make direct 204 

nanoindenter-based measurements of elastic and inelastic properties of soft materials such as 205 

human cells.39, 40  206 



Fourier Transform Infrared Spectroscopy (FTIR) analysis 207 

Transmission FTIR spectroscopy studies were performed using samples of polyvinyl alcohol 208 

(PVA), gelatin, PLGA, microspheres, microspheres coated with HAP for 12 h, and microspheres 209 

coated with HAP for 24 h. Samples were sandwiched between two KBr windows and placed in a 210 

universal sample holder. A Thermo Nicolet, Nexus, 870 spectrometer equipped with a KBr beam 211 

splitter was used for performing these experiments in the range of 4000 – 960 cm-1. A spectral 212 

resolution of 4 cm-1 and 32 scans were used for each sample.  213 

Culture of human iPSCs, NSCs, and neural differentiation 214 

Two control human iPSC lines, NL5 (NCRM-5; kind gift from the iPSC Core Facility, NHLBI, 215 

Bethesda, MD) and Scui21 (Scui; kind gift from the NIH Stem Cell Unit, NINDS, Bethesda, MD), 216 

and one Smith-Lemli-Opitz syndrome (SLOS) patient-derived iPSC line (CWI 4F2; kind gift from 217 

Dr. Forbes Porter, NICHD, Bethesda, MD) were cultured and directed towards NSCs using a 218 

rosette-based assay as previously published.41, 42 Following their derivation and expansion, NSCs 219 

were cultured on PLO+laminin coated 35 mm tissue culture dishes in NSC media (DMEM, 2 mM 220 

glutamine, B27 minus vitamin A, 20 ng/mL EGF, 20 ng/mL bFGF, 50 µg/mL Penicillin-221 

streptomycin) supplemented with ROCK inhibitor Y27632 (10 µM). Media was changed every 222 

other day. Cells were passaged via incubation with Accutase (Life Technologies, Carlsbad, CA) 223 

at 37 °C for 3 - 5 min. Enzymatic reaction was stopped by adding NSC culture media with Y27632, 224 

followed by centrifugation at 1,500 rpm. Cells were divided evenly between two new PLO+laminin 225 

coated culture dishes (approximately 2.5 – 3 x 106 cells per dish).  226 

To induce neural differentiation, NSCs were collected from 35 mm cell expansion dishes as 227 

described above. Upon resuspension in NSC media, cells were plated in 24- or 96-well plates 228 

coated with PLO+laminin (ThermoFisher Scientific, Waltham, MA) or Lab-Tek Nunc 4-well 229 

chamber glass slides coated with PLO + laminin.  Cells were maintained in NSC media 230 

supplemented with 10% fetal bovine serum (FBS) for 4 days and then changed to neural 231 

differentiation media (Neurobasal media, B27 with vitamin A, 10 ng/mL GDNF, 10 ng/mL BDNF, 232 

2 mM glutamine, 50 µg/mL penicillin-streptomycin) for the duration of differentiation. For 233 

neurosphere culture, NSCs were collected via Accutase and plated at 150,000 cells per well in a 234 

96-well, round-bottom ultra-low attachment plate. Neurospheres were maintained in suspension 235 

in NSC media supplemented with FBS for 4 days and then changed to NSC differentiation media 236 

for the duration of each experiment. For microsphere culture of NSCs, 100 µg of microspheres 237 

were added to each round-bottom well of an ultra-low attachment 96-well plate. Upon 238 



resuspension in NSC media, 150,000 cells were passively seeded onto the microspheres. 239 

Microspheres were cultured in NSC media supplemented with FBS for 4 days and then changed 240 

to neural differentiation media for the duration of each experiment. All culture plates and dishes 241 

were cultured at 37 °C with 5% CO2. 242 

Serum impact on NSC microsphere attachment 243 

Microspheres were immersed in 70% ethanol for 60 min on an orbital shaker set at 100 rpm. 244 

Microspheres (1 mg) were transferred to flat-bottom, low-attachment 24-well plate before NSCs 245 

were seeded onto microspheres (150,000 cells per 1 mg of microspheres per well) in NSC media. 246 

Serum supplemented groups received 10% FBS. The cells/scaffolds were cultured in a 24-well 247 

plate at 37° C with 5% CO2. 248 

Evaluation of substrates for NSC microsphere attachment  249 

Microspheres were divided into fractions and sterilized as previously mentioned. Microspheres 250 

were coated with PLO + laminin as above. Microspheres receiving Matrigel coating were placed 251 

into a sterile glass vial and incubated in either Matrigel for 2 h on an orbital shaker set for 50 rpm 252 

at room temperature. Uncoated or substrate coated microspheres were transferred to wells of a 253 

24-well plate before NSC control line cells were seeded into the scaffold (150,000 cells per 1 mg 254 

of microspheres). Cells/scaffolds were cultured in a 24-well plate at 37 °C with 5% CO2. 255 

Astrocyte generation from iPSC-derived NSCs 256 

70,000 NSCs were plated onto 35 mm PLO+laminin coated tissue culture dishes and maintained 257 

in neural differentiation at 37 °C with 5% CO2 through d14. On d14, cells were collected via 258 

Accutase, transferred to 35 mm tissue culture plates coated with 25 µg/mL poly D-lysine (PDL) 259 

(Sigma Aldrich, St. Louis, MO), and media was changed to astrocyte differentiation media 260 

(DMEM/F12, 2 mM Glutamine, 10% FBS, and 1% penicillin-streptomycin). Media changes 261 

occurred every 48 h through d28. On d28, cells were collected with 0.25% Trypsin-EDTA and 262 

transferred to a PDL-coated T25 tissue culture flask for expansion. Astrocytes were expanded 263 

and passaged with Trypsin-EDTA for an additional 30 – 45 days as needed prior to use. 264 

Human umbilical vein endothelial cell (HUVEC) microsphere culture 265 

HUVECs obtained from Lonza (Walkersville, MD) were plated on T25 flasks and cultured with 266 

Endothelial Basal Medium-2 (cat# 00190860) (Lonza, Walkersville, MD) at 37 °C with 5% CO2.34
  267 

HUVECs were harvested from the flask by rinsing with PBS, adding 2 mL of 0.05% Trypsin-EDTA 268 

to the flask, and incubating at 37° C for 3-5 min. Cells were centrifuged at 1,500 rpm for 5 min, 269 



supernatant was aspirated, and the cell pellet was resuspended in neural differentiation media 270 

before adding to microspheres. 271 

Multilineage co-culture using microsphere scaffolds 272 

Microsphere samples were immersed in 70% ethanol for 60 min on an orbital shaker set at 100 273 

rpm. Microspheres (100 µg) were added to each well of an ultra-low attachment 96-well plate. On 274 

d0, NSCs were collected from 35 mm cell expansion dishes via Accutase as described above. 275 

Upon resuspension, NSCs were passively seeded onto 100 µg of microspheres. On d2, 276 

astrocytes were passively seeded onto the NSC-only microspheres. On d5, HUVECs were added 277 

to each NSC+astrocyte scaffold. All groups were cultured in NSC differentiation media at 37 °C 278 

with 5% CO2. 279 

Immunofluorescent imaging of scaffold cultured cells  280 

The cell lineage of differentiating NSCs was visualized by immunofluorescence using primary and 281 

secondary antibodies. Cell-based spheroids and cell-seeded microspheres were fixed in 4% 282 

paraformaldehyde for 20 min, rinsed with 1x PBS, and permeabilized with 0.1% TritonX-100 for 283 

20 min. Samples were subsequently blocked with 5% bovine serum albumin containing 0.1% 284 

TritonX-100 in PBS for 60 min before the following primary antibodies were added:  chicken anti-285 

GFAP (Novus Biologicals, NBP1-05198, 1:2000), mouse anti-βIII-Tubulin (Millipore, MAB1637, 286 

1:1000), mouse anti-human Nestin (Millipore, MAB5326, 1:2000), mouse anti-MAP2 (Synaptic 287 

Systems, 188 011, 1:2000), rabbit anti-Neurofilament, medium chain (Novus Biologicals, NB300-288 

133, 1:2000), rabbit anti-SOX2 (Cell Signaling, 3579S, 1:400), mouse anti-Ki67 (Abcam, 289 

ab15580, 1:2000), mouse anti-CD31 (Abcam, ab9498, 1:1000). Samples were incubated with 290 

primary antibody at 4 °C overnight. Following overnight incubation, samples were incubated for 291 

60 min with the following secondary antibodies diluted in blocking buffer:  AlexaFluor 555 rabbit 292 

anti-mouse IgG (Life Technologies, A21427), AlexaFluor 555 donkey anti-rabbit IgG (Life 293 

Technologies, A31572), AlexaFluor 488 goat anti-mouse IgG (Life Technologies, A11001), 294 

AlexaFluor 488 goat anti-rabbit IgG (Life Technologies, A11008), or AlexaFluor 488 goat anti-295 

chicken IgG (Life Technologies, A11039). All secondaries were diluted 1:500. After rinsing, 296 

Fluoromount-G with DAPI was added. Samples were imaged using a confocal laser scanning 297 

microscope (Olympus Fluoview FV1200, Olympus, Japan). 298 

Hematoxylin and eosin staining of scaffold cultures 299 



Scaffolds were fixed in 10% neutral buffered formalin and processed on a Leica 300 ASP tissue 300 

processor. Tissues were embedded in paraffin and serially sectioned at 5 µm thickness. Slides 301 

were stained with hematoxylin and eosin on a Sakura Tissue-Tek automated H&E staining 302 

instrument.  The program runs as follows: de-paraffinize and rehydrate tissue, stain in Gill’s III 303 

hematoxylin, differentiate with running tap water, blue in ammonia water, counterstain in eosin, 304 

and dehydrate and clear. All images were taken on a Nikon NiE microscope using a Nikon DS-305 

Fi2 camera and 20x/0.75 PlanApo λ objective. 306 

Bovine serum albumin (BSA) loading and release from microspheres 307 

Microspheres were coated with HA as discussed above with minor changes. BSA (2.5 mg) was 308 

added to 25 mL of SBF in each combination (+P1-P2; -P1+P2; +P1+P2) and incorporated into 309 

the HA. When the microspheres were collected after each HA deposition phase, the supernatant 310 

was saved to analyze BSA remaining in the solution. Microspheres were also rinsed with 1 mL of 311 

DI water and the rinse solution was saved to calculate incorporation efficiency.  To measure the 312 

amount of BSA incorporated into the HA microspheres, four groups of BSA-loaded microspheres 313 

were immersed in 0.5M EDTA solution and vortexed for 1 min and centrifuged at 2,000x G for 2 314 

min. Incorporation efficiency was determined by calculating the BSA remaining in the SBF 315 

supernatant, the BSA in the rinse solution, and the BSA released from microspheres. To model 316 

release, 10 mg of BSA-HA microspheres were added to microcentrifuge vials with 1 mL PBS and 317 

placed into an incubating shaker set for 100 rpm and 37 °C. At predetermined time points (30 318 

min, 1 h, 2 h, 5 h, 12 h, d1, d2, d3, d7, d10, and d15), 500 µL of PBS eluent was removed and 319 

500 µL fresh PBS was added to the tube. Analysis of BSA release was performed using a Pierce™ 320 

bicinchoninic acid (BCA) protein assay kit (Thermo Fisher, Waltham, MA) per manufacturer's 321 

instructions.  322 

bFGF loading, release, and impact on cell viability 323 

Microspheres were coated with HA as previously discussed. 20 ng/mL bFGF was added to both 324 

SBF phases (+P1+P2) and incorporated into the crystal matrix. NSCs were passively seeded onto 325 

100 µg of microspheres. Microsphere-based scaffolds were cultured in NSC media for 14 days at 326 

37 °C with 5% CO2. At each time point (d1, d4, d7, and d14), bFGF-HA scaffolds were analyzed 327 

by MTS assay to determine the amount of proliferation compared to other 2D and 3D groups. 328 

Each group was cultured in triplicate and 50% of the cell culture media was replenished every 48 329 

h. Cell viability was quantitatively analyzed using the CellTiter 96 Aqueous One Solution Cell 330 

Proliferation Assay (MTS, Promega, USA) according to the manufacturer's instruction. In brief, 331 



after culturing for 1, 4, 7, or 14 days in round-bottom, ultra-low attachment 96-wells, the culture 332 

medium was removed, fresh medium with 10% MTS solution was then added, and incubated at 333 

37 °C with 5% CO2 in the dark for 1 h. Each biological replicate was analyzed in quadruplicate by 334 

removing 100 µL volumes from each well. The absorbance was measured at 490 nm using a 335 

microplate reader (Infinite M200, Tecan, USA). Cell viability was expressed as cell number 336 

calculated by the slope of a standard curve prepared by culturing NSCs at densities from 50,000 337 

- 500,000 on PLO+laminin coated wells of a 24-well plate (data not shown). 338 

Statistical analyses 339 

To determine the statistical significance of observed differences between the study groups, a two-340 

tailed Student's t-test was applied to the control group and each experimental group. A value of 341 

p<0.05 was considered to be statistically significant. Values are reported as the mean ± one 342 

standard deviation (SD). Microscopic images across treatments were imaged using equivalent 343 

laser power and exposure times. 344 

Ethics, human subjects research statement 345 

All research performed using human cell lines was determined to not constitute human subjects 346 

research by the institutional review board of Sanford Research. 347 

Results 348 

Preparation of a microsphere scaffold for culture of iPSC derivatives is rapid and tunable 349 

To create a scaffold for culture of iPSC derivatives, we utilized a double emulsion and porogen 350 

leaching technique to yield a highly uniform poly(lactic-co-glycolic) (PLGA) microsphere matrix 351 

with interconnected pores and >88% overall porosity. Gelatin was utilized as the sacrificial 352 

porogen to create spherical pores within the PLGA matrix. Through optimization of each step 353 

within the preparation process, we have created a stable, consistent microsphere structure 354 

(Figure 1A). FTIR analysis of the various materials utilized for microsphere generation and 355 

coating was performed to verify production material chemistries in comparison to spectra within 356 

the final microsphere product (Supplemental Figure 1). Through variations in the speed of mixing 357 

the gelatin/PLGA during the emulsion process, we were able to control microsphere diameter 358 

(Figure 1B,C). Using a 400 rpm mixing step, microsphere diameter exhibited reduced variability 359 

and the majority remained within the 100 – 250 µm range (Figure 1D,E). Based upon a mean 360 

microsphere diameter achieved, we utilized a 400 rpm mixing speed for all subsequent  361 



 362 

Figure 1. Preparation and characterization of the microsphere scaffold. (A) Illustration of the double 363 

emulsion and porogen leaching process used to prepare porous PLGA microspheres; (B) SEM image of 364 

a single porous microsphere (scale bar = 100 µm); (C) Defined stirring speed during secondary emulsion 365 

dramatically impacted mean microsphere diameter. (n=3 per treatment, each group contained 250 366 

microspheres); (D) SEM Image of a representative batch of microspheres (scale bar = 500 µm); (E) 367 

Distribution of microsphere size across multiple batch preparations using a stirring speed of 400 rpm (n = 368 

3 biological replicates, each replicate contained 250 microspheres); (F) Micro CT image of internal 369 

microsphere structure (scale bar = 1 mm). (G) Local pore diameter as calculated by micro CT. Error bars 370 

represent ± standard deviation. 371 



microsphere assays.  Microspheres were packed into a micro CT chamber with a volume of 3.14 372 

mm3 (Figure 1F). Analysis revealed a local pore diameter of 50 ± 35 µm, >88% porosity, and an 373 

open, interconnected pore structure (Figure 1G). The process described in this study optimizes 374 

the microsphere porosity, size distribution, and reproducibility for use as a scalable platform for 375 

3D cell culture applications. 376 

The mechanical properties of microsphere scaffolds are impacted by hydration 377 

Nanoindentation assays were performed to determine the mechanical properties of PLGA 378 

samples. The nanomechanical properties of PLGA thin-film (dry state) and microspheres (both 379 

dry and hydrated states) were determined as a function of hydration (Th). The load-displacement 380 

response for the PLGA thin-film and microspheres were measured in displacement-controlled 381 

loading and unloading mode. We determined the average elastic modulus (E) for non-hydrated 382 

PLGA thin-films of 3.3% (w/v), 5% (w/v), or 6.6% (w/v) was E = 1.48, 0.619, and 0.129 GPa, 383 

respectively. The indentation hardness (HIT) obtained for these films equated to 34.6 ± 2.4 MPa, 384 

15 ± 1.1 MPa, and 6.2 ± 0.4 MPa for 3.3% (w/v), 5% (w/v), and 6.6% (w/v) non-hydrated PLGA 385 

films, respectively. By comparison, the elastic modulus and indentation hardness values for non-386 

hydrated PLGA microspheres (3.3% (w/v)) were significantly lower (E = 76.6 ± 10 MPa and HIT = 387 

5.4 ± 0.5 MPa, respectively) than non-hydrated thin-film (3.3% (w/v)), demonstrating the 388 

mechanical impact of porous architecture (Figure 2A).  The force-displacement response from 389 

PLGA microsphere indentation captures both the microstructural response of the PLGA polymer 390 

structure as well as the pore spaces. The highly porous microspheres produced significantly lower 391 

mechanical properties compared to the film. The elastic modulus and indentation hardness of the 392 

PLGA microspheres (3.3% (w/v)) decreased as hydration increased (Figure 2B, C). For hydrated 393 

microspheres, a nearly 40% decrease in modulus (Figure 2B) was observed after 24 h hydration 394 

relative to the dry state (E = 76.6 ± 10 MPa). The modulus dropped to E = 29.3 ± 2.8 MPa, 24.9 395 

± 1.3 MPa and 14.9 ± 1.5 MPa on d1, d2, and d7, respectively. The hardness values also 396 

decreased similarly with increased hydration (Figure 2C). While HIT = 5.4 ± 0.5 MPa in the dry 397 

state, HIT decreased over time with prolonged hydration (HIT = 2.4 ± 0.3 MPa, 1.7 ± 0.1 MPa and 398 

1.44 ± 0.2 MPa on d1, d2 and d7, respectively). These data demonstrate our PLGA-based scaffold 399 

exhibits mechanical properties that become more tissue-like with incubation in aqueous solutions 400 

such as culture media. 401 

Optimization of iPSC-derived NSC scaffold attachment 402 



 403 

Figure 2. Hydration of the microsphere scaffold (3.3% (w/v)) shifts load-displacement curves, the 404 

elastic modulus, and indentation hardness as a function of time. (A) Load-displacement response for 405 

the PLGA thin-film and microspheres in a dry state demonstrates the softening effect of the porous 406 

microstructure of microspheres. (B), (C), (D) Deformation response and mechanical properties of the 407 

hydrated PLGA microspheres compared to the dry state with degradation. All error bars for elastic modulus 408 

measurements (panel B) and indentation hardness (panel C) are represented as ± standard deviation. 409 
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Figure 3. Assay schema for validating the use of a PLGA-based microsphere system for neural cell 416 

models. iPSC-derived NSCs were either cultured in traditional 2D systems, grown as self-aggregating 3D 417 

neurospheres, or seeded onto 3D microsphere based structures. Cultures were then analyzed for various 418 

cellular parameters including attachment, proliferation, differentiation, and co-culture. 419 

 420 

 421 

 422 

 423 

 424 

 425 

 426 

 427 

 428 

 429 

 430 

 431 

 432 

 433 



We next sought to determine whether our newly developed PLGA-based material could function 434 

as a cellular scaffold and model for neurodevelopment. Beginning with the addition of iPSC-435 

derived NSCs to the scaffold, we outlined a series of assays to qualify the ability of our PLGA-436 

based material to promote NSC attachment, proliferation, differentiation, and support co-culture 437 

studies (Figure 3). To first determine the efficiency of iPSC-derived NSC attachment onto our 438 

PLGA microsphere surface, NSCs were cultured with unmodified PLGA microspheres in the 439 

presence or absence of FBS for 1, 3, 5, or 7 days (Figure 4A). The addition of serum has 440 

previously been shown to aid in the attachment of neural cell types to culture matrices.43-47 441 

Through balancing the positive impact on NSC attachment while minimizing the influence of FBS 442 

on neural differentiation, neural differentiation and tissue modeling could be optimized. NSCs 443 

were passively seeded onto unmodified PLGA microspheres in the presence or absence of FBS 444 

and cultured for 7 days before being fixed for immunocytochemistry (ICC) (Figure 4A). Analysis 445 

of two distinct NSC lines revealed that serum supplementation for any length of time increased 446 

the number of nuclei per microsphere compared to non-FBS supplemented (Figure 4B,C). 447 

Additionally, F-actin expression, as a measure of cytoskeleton formation, was increased by NSC 448 

serum supplementation (Figure 4D). While these data suggest short-term exposure to serum 449 

increases NSC microsphere attachment, substrates which avoid the inhibitory effects of serum 450 

on neural differentiation may benefit NSC properties.48 451 

Through serum-free culture of embryoid body-like aggregates with quick reaggregation (SFEBq), 452 

in vitro neuronal differentiation can be achieved in the absence of extrinsic neural induction 453 

factors.3, 18, 49, 50 It is also established that growth factor and protein-rich hydrogels such as Matrigel 454 

support the development of 3D neural cultures.51 Since our biomaterial-based methodology 455 

supports 3D self-organization and the minimization of undefined factors, we compared the 456 

responses of NSCs cultured on uncoated microspheres to microspheres coated with two different 457 

neural supportive substrates: PLO+laminin and Matrigel. Confocal microscopy images 458 

demonstrated NSCs attached to either uncoated, PLO+laminin-coated, or Matrigel-coated 459 

microspheres (Figure 5A). NSCs demonstrated an increase in cell number over the measured 460 

time course across all conditions (Figure 5B). Calculations of F-Actin produced per cell showed 461 

a relatively consistent trend over the time course (Figure 5C).52 While NSCs exhibited 60-70% 462 

positivity for the proliferation marker Ki67 across all culture conditions early on (Figure 5D), a 463 

universal reduction in Ki67+ cells was subsequently observed across all conditions, suggesting 464 

terminal differentiation has likely begun (Figure 5D). These results are consistent with previous 465 

in vitro 3D culture models demonstrating a reduction in Ki67 expression in the early stages of 466 

differentiation.53 Our data demonstrate that cells cultured on uncoated or PLO+laminin coated  467 



 468 

Figure 4. Serum improves attachment and cytoskeleton production by microsphere-cultured 469 

NSCs. (A) Diagram depicting the experimental design for serum supplemented media exposure. (B) 470 

Confocal images of NSCs on uncoated microspheres after 7 days of serum supplementation; nuclei 471 

identified with DAPI and F-actin filaments labeled with Phalloidin Texas-red (scale bar = 300 µm). (C) 472 

Nuclei counts of NSCs after varying duration of serum supplementation; n = 3 biological replicates per 473 

group. (D) Quantified F-actin per cell by Phalloidin Texas-red after varying durations of serum 474 

supplementation; n = 3 biological replicates per group. Error bars represent ± standard deviation. * 475 

indicates significant increase (p < 0.05) in Scui NSCs compared to serum-free control; # indicates 476 

significant increase (p < 0.05) in NL5 NSCs compared to serum-free control. 477 



 478 

 479 

Figure 5. Neural supportive substrates promote proliferation and cytoskeletal production from 480 

microsphere-cultured NSCs.  (A) Confocal images of Scui NSCs at d7 on uncoated microspheres (top 481 

panel), PLO+laminin coated microspheres (middle panel), and Matrigel coated microspheres (bottom 482 

panel) (scale bar = 200 µm). Arrowheads indicate selected Ki67 positive cells. (B) Increasing cell counts 483 

on uncoated, PLO+laminin-coated, and Matrigel-coated microspheres over 7 days. (C) The volume of F-484 

actin per cell on d7 remained constant despite increasing cell number. (D) No significant difference in the 485 

percentage of Ki67 positive cells was observed between uncoated and coated microspheres. n = 15 (3 486 

biological replicates and 5 image fields per group). Error bars represent ± standard deviation. 487 

 488 



microsphere scaffolds display comparable characteristics to those exposed to the poorly defined 489 

supportive effects of Matrigel. 490 

A scaffold-based model supports neural differentiation of both control and patient-derived iPSC 491 

models 492 

Recent studies have questioned the quality of 2D monolayer neural culture due to the inability of 493 

cells to become polarized on rigid, flat surfaces.19, 54 To evaluate the differentiation of iPSC-derived 494 

NSCs cultured on a microsphere scaffold to traditional differentiation models, we compared the 495 

differentiation of control and patient-derived iPSCs within a two-dimensional system, as self-496 

aggregating neurospheres, and cultured on microsphere scaffolds. The CWI 4F2 patient iPSC 497 

line is a model for the cholesterol synthesis disorder Smith-Lemli-Opitz syndrome, a rare disease 498 

where subjects exhibit significant neurological malformations.41, 55 We previously demonstrated 499 

this cell line exhibits stem cell defects and accelerated neuronal differentiation.41 After 7 days of 500 

differentiation, we verified the multilineage differentiation of both control and patient-derived NSCs 501 

using immunocytochemistry. Cultured cell lines exhibited extensive expression of the human 502 

neural progenitor marker hNestin, pan-neuronal marker βIII-tubulin, the neuronal dendritic marker 503 

microtubule associated protein-2 (MAP2), and the astrocyte marker glial fibrillary acidic protein 504 

(GFAP) (Figure 6A-C). Compared to traditional two-dimensional culture, spheroid culture allowed 505 

for abundant hNestin+ neural progenitors but very little NF-M expression (Figure 6D,E). In 506 

scaffold-based culture, control (NL5) NSCs showed abundant hNestin expression, F-Actin and 507 

high expression of NF-M (Figure 6F,G). Patient (CWI 4F2) neurospheres exhibited both high 508 

levels of Sox2 and NF-M compared to NL5, in agreement with the previously published 509 

accelerated neuronal differentiation phenotype in this model (Figure 6H,I).41 In comparison, CWI 510 

4F2 cultured scaffolds demonstrated a mixed neural lineage, including Sox2+ and hNestin+ NSCs, 511 

as well as extensive NF-M expression (Figure 6J,K). Analysis of F-actin also demonstrated 512 

increased cytoskeleton formation within both control and patient-derived cells on scaffold vs. 513 

neurospheres (Figure 6D,F,H,J). 514 

After 28 days of differentiation, NSCs cultured on two-dimensional PLO+laminin coated coverslips 515 

underwent considerable morphological change. While extensive GFAP+ astrocytes were 516 

observed by d28, differentiated neurons formed cell clumps and demonstrated loss of cell 517 

adhesion associated with diminished cell health (Figure 7A,B). While spheroid cultures 518 

maintained a uniform cell distribution and overall structure, spheroid size was unchanged 519 

compared to d7. Further, spheroids exhibited increased NF-M+ neurons compared to d7 while 520 

maintaining high F-Actin and hNestin levels (Figure 7C,D). However, GFAP expression was not  521 



 522 

Figure 6. Microsphere-cultured control and patient-derived iPSC derivatives exhibit early neuronal 523 

lineage commitment. Comparison of control (NL5) and patient (CWI 4F2) models in 2D, 3D neurospheres, 524 

and 3D microspheres after 7 days differentiation. (A,B) NSCs exhibit low amounts of NF-M and F-Actin, but 525 

abundant hNestin expression. (C) 2D differentiation produces extensive MAP2 expression. (D,E) Control 526 

NSCs cultured as scaffold-free neurospheres labeled by ICC for hNestin, F-Actin, and DAPI (D) or hNestin, 527 

NF-M, and DAPI (E). (F,G) Control NSCs cultured as cellular scaffolds labeled by ICC for hNestin, F-Actin, 528 

and DAPI (F) or hNestin, NF-M, and DAPI (G). (H,I) CWI 4F2 NSCs cultured as a scaffold-free neurosphere 529 

labeled by ICC for Sox2, F-Actin, and DAPI (H) or hNestin, NF-M, and DAPI (I). (J,K) CWI 4F2 NSC 530 

scaffolds labeled by ICC for Sox2, F-Actin, and DAPI (J) or hNestin, NF-M, and DAPI (K) (scale bar = 300 531 

µm). 532 
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Figure 7. Microsphere culture allows NSC differentiation to neuronal and glial lineages. (A,B) 28 day 536 

differentiation in 2D conditions generates extensive neuronal (NF-M, βIII-tubulin) and astrocyte (GFAP) 537 

formation with loss of NSCs (hNestin) (DAPI nuclear counterstain). (C,D) Spheroid culture maintains NSCs 538 

(hNestin) over 28 days with neuronal (NF-M) and cytoskeletal (F-actin) formation. (DAPI nuclear 539 

counterstain). (E,F) Microsphere culture allows for expansion and cytoskeletal production of NSCs (hNestin, 540 

F-actin), as well as robust differentiation to neuronal (MAP2) and astrocytic (GFAP) lineages. (scale bar = 541 

300 µm). 542 



observed in spheroids. In comparison to spheroid cultures, the diameter of microsphere scaffold 543 

cultures was significantly increased on d28 of differentiation (Figure 7E,F). Scaffold-based 544 

cultures also demonstrated extensive glial differentiation, as exhibited by GFAP+ cell types. 545 

Expansive glial differentiation within scaffold-based cultures was not at the expense of neuronal 546 

differentiation, as evidenced by extensive MAP2 expression. Using immunohistochemistry, we 547 

further determined that scaffold-based cultures exhibited integration of NSC-derived cells 548 

throughout the microsphere (Supplemental Figure 2). H&E staining demonstrated broad 549 

distribution of cells throughout the scaffold, validating the ability of cells to migrate from the 550 

scaffold’s exterior surface. Overall, these assays demonstrate that our microsphere matrix 551 

provided a chemically defined, neural-supportive microenvironment which allows expansion, 552 

migration and multilineage differentiation of both control and patient-derived NSCs. 553 

Recent work has demonstrated co-culture of endothelial cells with iPSC-derived models supports 554 

neural health and maturation.56, 57 To demonstrate the capacity of our scaffold-based system for 555 

multi-lineage co-culture, NSCs, astrocytes, and endothelial cells were sequentially seeded onto 556 

a PLO+laminin coated microsphere scaffold. NSCs were first seeded onto microspheres in ultra-557 

low attachment 96 well plates, followed by  astrocytes and finally HUVECs (Figure 8A). As 558 

demonstrated by expression of βIII-tubulin, GFAP, and CD31 on d7 of co-culture, the scaffold 559 

allows for attachment, survival, and integration of each cell type (Figure 8). F-actin expression, 560 

identified by Phalloidin Texas-red, and nuclear counterstaining demonstrate broad cell distribution 561 

and cytoskeletal formation throughout the microsphere-based scaffold (Figure 8L,O). ICC 562 

demonstrated that astrocytes, neurons, and HUVECs were still identifiable within the cellular 563 

scaffold on d28 of co-culture (Figure 8F,K,P). Increased expression of NF-M, GFAP and CD31 564 

on d28 suggests increased neuronal maturation and proliferation of astrocytes and HUVECs 565 

(Figure 8F,K,P). Further, maintenance of hNestin+ cells at d28 suggests continued NSC 566 

maintenance within this co-culture scaffold. These data further demonstrate the ability of the 567 

microsphere scaffold for robust co-culture of neural, glial, and endothelial cells, representing a 568 

critical initial step towards the formation of mature, nutrient-rich, and vascularized 3D structures 569 

using this material58.  570 

Microspheres can function as a platform for sustained growth factor release 571 

Neural differentiation of iPSCs requires frequent exogenous supplementation of defined cocktails 572 

of growth factors and cytokines to promote cell proliferation, differentiation, and tissue 573 

organization. To determine if microspheres could function in both cellular support and growth  574 



 575 

Figure 8. Microsphere-based scaffolds support the co-culture of NSCs, astrocytes, and HUVECs. 576 

(A) Cell seeding and ICC analysis timeline. Confocal images displayed as maximum projections of iPSC-577 

derived NSCs, astrocytes, and HUVECs within scaffold. (B-E) d7 ICC for neurons (βIII-tubulin) and 578 

astrocytes (GFAP). (F) d28 ICC for neurons (βIII-tubulin) and astrocytes (GFAP). (G-J) d7 ICC for HUVECs 579 

(CD31) and astrocytes (GFAP). (K) d28 ICC for HUVECs (CD31) and cytoskeletal formation (F-actin).  (L-580 

O) d7 ICC for cytoskeletal formation (F-actin) and mature neurons (NF-M). (P) d28 ICC for neural 581 

progenitors (hNestin) and mature neurons (NF-M). DAPI nuclear counterstain is also shown. (Scale bar = 582 

300 µm). 583 

 584 

 585 



Figure 9. Hydroxyapatite coated microspheres allow for protein loading and release. (A) An SEM 586 

image of a PLGA microsphere covered in hydroxyapatite nucleation crystals after immersion in SBF 587 

phase I (P1) solution (scale bar = 50 µm). (B) An SEM image of a PLGA microsphere covered in mature 588 

hydroxyapatite crystals after immersion in SBF phase II (P2) solution (scale bar = 50 µm). (C) Greater 589 

amounts of BSA were released from P1+P2 compared to P1 only or P2 only after 360 h in solution (n = 590 

4). 591 

 592 

 593 

 594 
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factor release, microspheres were layered with hydroxyapatite crystals via SBF. While 596 

hydroxyapatite has traditionally been utilized for osteogenic differentiations59-61 , recent work has 597 

demonstrated hydroxyapatite also promotes neural differentiation and functional neuronal 598 

development through enhanced Ca2+ signaling.62, 63 HA was deposited onto the entire exposed 599 

exterior and interior surfaces of the microsphere, allowing crystal deposition without pore 600 

occlusion (Figure 9A,B). The first SBF phase deposited on the microsphere surface (HA1) acts 601 

as a nucleation site, while second phase deposition creates an additional layer (HA2) (Figure 602 

9A,B). To model the capacity of the two HA layers to entrap and release proteins, BSA was added 603 

to SBF phase 1 and phase 2 solutions. BSA entrapment was evaluated in three different 604 

combinations: BSA added to SBF phase I only (P1 only), BSA added to SBF phase 2 (P2 only), 605 

or BSA added to both SBF phases (P1+P2). While P1 only incorporation of BSA was relatively 606 

inefficient (7.2%), P2 only (34.5%) and P1+P2 (56.3%) demonstrated robust protein incorporation 607 

into HA layers.  BSA release following P1+P2 entrapment was also highly efficient (96.9 ± 3.56%) 608 

(Figure 9C). The release rates among the three groups varied in relation to their incorporation 609 

efficiency. The P1 only group (7.2% incorporation efficiency) had an overall release rate of 0.008 610 

µg/min during the 360-hour release timeframe. The P2 only group (34.5% incorporation efficiency) 611 

had an overall release rate of 0.04 µg/min over 360 hours and the P1+P2 group (56.3% 612 

incorporation efficiency) had an overall release rate of 0.14 µg/min. 613 

After verifying that an entrapped protein could be loaded and released in a controlled and 614 

sustained manner, we sought to determine if the scaffold could support loading and release of 615 

multiple molecules. Two biomolecules were loaded into hydroxyapatite-coated microspheres: a 616 

FITC-conjugated peptide was loaded into phase 1 HA and AlexaFluor647-conjugated BSA was 617 

incorporated into phase 2 HA. NSCs were seeded onto the scaffold following protein entrapment, 618 

followed by imaging for FITC, AlexaFluor647, and DAPI counterstained NSC nuclei (Figure 10A). 619 

NSCs attached onto the surfaces of all HA-coated microspheres and formed robust cytoskeletal 620 

projections across the scaffold (Figure 10B). To determine the bioactivity of entrapped 621 

biomolecules, bFGF was entrapped in both phases of the HA crystal matrix (P1+P2). The loading 622 

of bFGF into both HA layers did not interfere with the porous structure of the microsphere, as the 623 

microsphere matrix was covered in HA crystals (Figure 10C). While bFGF-loaded crystals 624 

appeared somewhat flattened compared to HA crystals without loading (Figure 10D), the bFGF-625 

entrapped scaffold demonstrated increased NSC proliferation in scaffold cultures compared to 626 

standard 2D culture (Figure 10E). These data demonstrate the microsphere scaffold can be 627 

utilized for entrapment and release proteins of interest in a sustained manner, providing direct 628 

trophic factor support to seeded cells. 629 



Figure 10. Protein-loaded and hydroxyapatite-coated microspheres supply growth factors directly 630 

to scaffold-cultured NSCs. (A) Confocal images of NSCs on an HA-microsphere-based scaffold with 631 

merged ICC channels showing FITC-peptide in phase I HA, BSA-AlexaFluor 647 in phase II HA, and cell 632 

nuclei counterstained with DAPI; scale bar = 250 µm. (B) Confocal images of NSCs on an HA-633 

microsphere-based scaffold with merged ICC channels showing F-actin filaments identified with 634 

Phalloidin Texas-red and nuclei counterstained with DAPI; scale bar = 250 µm. C) SEM image of a 635 

microsphere with bFGF incorporated into HA matrix (+P1+P2) (scale bar = 25 μm); (D) SEM image of 636 

NSC cultured microsphere scaffold after 5 days. Scaffold contains bFGF incorporated into HA. (scale bar 637 

= 200 μm). (E) bFGF released directly from HA promoted NSC proliferation over 14 days comparably to 638 

bFGF-supplemented media. Error bars represent ± standard deviation. 639 



Discussion 640 

PLGA has been widely used as a biomaterial to support and direct cell fate through various 3D 641 

tissue engineering scaffold fabrication techniques such as electrospinning, soft lithography, gas 642 

foaming, particle leaching, supercritical CO2, phase separation, 3D printing, and freeze-drying.64-643 

70 Polymeric and composite materials utilizing PLGA have been used to align tenocytes to support 644 

tendon repair, induce chondrogenesis of rabbit mesenchymal stem cells, promote hepatogenesis 645 

of human adipogenic stem cells, and differentiation of canine smooth muscles cells.64, 66 PLGA 646 

scaffolds were used with and without the addition of transforming growth factor-3 to support the 647 

delivery and differentiation of mesenchymal stem cells towards articular cartilage in vivo.71 Our 648 

work has demonstrated PLGA microspheres provide a multifunctional, 3D cell culture platform 649 

also capable of loading and releasing proteins, peptides, and other growth factors. By 650 

incorporating biocompatible materials, using defined starting numbers of stem cells, and providing 651 

a chemically defined environment, our scaffold platform addresses some of the current challenges 652 

limiting the utility of 3D cell culture.15 The microsphere scaffold developed here can be readily 653 

produced in high numbers, the product is shelf-stable for future use, and the final microsphere 654 

diameter is tunable during preparation. We have further demonstrated this system can be used 655 

to allow effective neural differentiation in three dimensions. Though Young’s modulus of PLGA is 656 

higher than the presumptive ECM of the brain, substrate stiffness differs between areas of the 657 

brain and within glial subtypes. Studies have reported a stiffness range from 0.1 to 16 kPa across 658 

brain regions.1, 11, 72 Substrate stiffness also influences neural subtype differentiation. Neuronal 659 

differentiation favors softer substrates (100-500 Pa) while stiffer substrates (1-10 kPa) favor glial 660 

differentiation.1, 72 Rat NPCs cultured on surfaces with stiffness up to 35 kPa were not affected by 661 

the discrepancy to native tissue stiffness.1  Despite having a higher elastic modulus in its dry state, 662 

PLGA undergoes bulk degradation through hydrolytic cleavage of ester bonds along the polymer 663 

backbone as water penetrates the matrix.73, 74 As our work confirms, PLGA was previously shown 664 

to soften over the first 48 h due to a 221- 350% increase in water content. 74, 75 Previous work with 665 

PLGA has demonstrated a significant reduction of the elastic modulus due to matrix swelling and 666 

rapid loss of molecular weight through the bulk degradation process.73, 75 In our study, hydration 667 

of PLGA microspheres reduced the elastic modulus by approximately four-fold. The microspheres 668 

used here were designed to be a malleable substrate that softens and degrades, allowing for cell 669 

remodeling and migration.16  670 

 671 



The undefined ECM and growth factor milieu of naturally-derived hydrogels exposes self-672 

aggregating and self-organizing cells to a poorly controlled mix of excitatory, proliferative, 673 

instructive, mechanotransducive, and inhibitory signals.16, 51, 76  Matrigel-based methods can result 674 

in low reproducibility and poor control of differentiation due to the inherent variability within 675 

Matrigel.4, 77 The use of a chemically undefined environments may also obscure or limit the utility 676 

of observations.4, 16, 18, 72, 78, 79  The use of serum-free formulations has created more defined and 677 

consistent neural differentiation methods.10, 80, 81 Therefore, a more defined 3D structure which 678 

incorporates neural ECM components would be a beneficial differentiation platform. Through 679 

incorporation of substrate-specific matrices such as PLO+laminin, this study offers improved 680 

control over the in vitro microenvironment by providing physiologically relevant cues found in the 681 

brain.1, 10, 66, 76, 82, 83 We have demonstrated microspheres promote iPSC-derived NSC growth and 682 

differentiation. Compared to cell-only 3D neurospheres, which rely on cell aggregation, cell-683 

secreted ECM proteins, and self-organization to generate the 3D structure, the microspheres can 684 

be coated with ECM proteins and ligands to mechanically and chemically direct stem cell 685 

differentiation. Scaffolds with high porosity and nearly 100% interconnected pore structure, such 686 

as the microsphere platform presented here, allow for nutrients, oxygen, and waste products to 687 

be transported throughout the biomaterial-based organoid structure.1, 84 We have modeled the 688 

flow of solution through the microsphere by the deposition of HA crystals throughout the internal 689 

architecture of the microsphere. The larger surface area, porosity, and biocompatibility of PLGA 690 

microspheres support cell attachment, growth and differentiation.4, 32, 85 The acidic by-products 691 

that form upon matrix degradation can lower the pH and lead to inflammation within PLGA-based 692 

scaffolds.74, 86, 87 However, less than 12% of our microsphere volume is composed of PLGA. 693 

Further, the interconnected pore structure allows lactic acid and glycolic acid monomers to be 694 

diluted within the surrounding media, limiting toxicity on scaffold-based cells.64, 66, 87 Lastly, the 695 

porous matrix and the high surface area of the scaffolds create a supportive environment that 696 

promote cellular health and complexity compared to cell-based neurospheres. 697 

 698 

Due to the frequent inability of animal models to recapitulate disease manifestation,1, 14, 88 the 699 

ability to model human disease using iPSCs in a 3D environment is critical for both basic and 700 

translational research. The ability to model human disease in vitro with iPSCs allows access to 701 

both unaffected and disease-impacted cell types of interest, providing opportunities for analysis 702 

of disease pathogenesis or drug discovery studies.2 However, the cellular complexity of iPSC-703 

based neurological models has been limited due to the stochastic nature of the differentiation 704 

process. We have demonstrated that our 3D microsphere-based scaffold system can function as 705 



an in vitro neurodevelopment platform using iPSC-derived cells. Our system can support both 706 

unaffected and disease-affected iPSC models, as well as combinatorial culture of progenitors, 707 

differentiated neuronal and glial cell types, and endothelium.1, 6, 27, 50, 88 41  708 

 709 

While we have demonstrated our microsphere platform can successfully host cell types of interest, 710 

future studies utilizing  this platform will determine the functional activity of cultured cells, the 711 

impact of cell-to-cell interactions, optimization of cell populations, and utilization of ECM coatings 712 

favorable to specific cell types. Such studies will involve prolonged, multi-month culture to allow 713 

maturation and functional development of cellular networks as has previously been performed in 714 

self-organizing cerebral organoid models.17, 89 Through directed differentiation towards specific 715 

cell types of interest on separate scaffolds, the microspheres could be combined, similar to 716 

assembloids, to create composite scaffolds with greater heterogeneity and functionality.90, 91 The 717 

microsphere-based scaffold architecture offers a unique platform to assemble distinct clusters of 718 

differentiating cells to maximize recapitulation of CNS regions of interest. Future studies will 719 

therefore be needed to determine the precise impact of our microsphere scaffold on the formation 720 

and function of defined neuronal and glial populations. 721 

 722 

Our data demonstrates the microsphere platform described can function as both a cellular scaffold 723 

and growth factor elution system consisting of biocompatible materials. This work provides 724 

important proof-of-concept data regarding the multifunctionality of this system. The HA coated 725 

microspheres described here can be loaded with multiple growth factors, as demonstrated by 726 

incorporation of two fluorescently bound molecules. Future work will evaluate other bioactive 727 

molecules, such as silk nanofibers, which limit substrate stiffness compared to HA for the 728 

incorporation and release of soluble factors.92 The incorporation of physiologically critical growth 729 

factors, such as bFGF, into a 3D platform has the capacity to promote progenitor proliferation or 730 

drive cellular differentiation without additional environmental manipulation. Proteins, peptides and 731 

other small molecules can thus be released directly to cells to modify a signaling pathway or 732 

cellular function without disturbing the growing organoid. The porous structure allows for a much 733 

greater loading capacity due to the surface area, as well as the rapid clearance of any acidic by-734 

products that may interfere with the bioactivity of sensitive molecules.74 We demonstrated that 735 

bFGF, released from microspheres over 14 days, increased proliferation above the level of the 736 

2D monolayer which was receiving bFGF supplemented media every other day. In a similar 737 

manner to coating microspheres with various proteins to model different ECM substrates, the 738 

microspheres can be dual loaded with factors to influence attached cells. For example, the 739 



addition of a bioceramic component to PLGA microspheres is applicable for use in other, non-740 

neural tissue engineering models.  741 

In summary, we have developed a chemically-defined, microsphere-based cell culture platform 742 

to model neurodevelopment and disease pathogenesis using iPSC derivatives. The microspheres 743 

developed in this study represent a biodegradable, highly porous, customizable substrate capable 744 

of hosting NSCs and differentiated cells types for weeks in vitro. We show that the platform can 745 

be customized with various extracellular matrices such as PLO and laminin to support proliferation 746 

or directed differentiation, as desired. We further demonstrate these microspheres can support 747 

multiple neural and non-neural cell types simultaneously, through co-culture of NSCs, NSC-748 

differentiated neurons, mature astrocytes, and HUVEC cells. Lastly, modified microspheres can 749 

simultaneously function as both a cellular scaffold and small molecule delivery platform. Future 750 

work will utilize the biophysical and nanoarchitectonic cues utilized here to generate complex 751 

culture systems for the study of development, disease pathogenesis, or 3D-based drug discovery 752 

assays. 753 
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