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ABSTRACT

A predictive framework for the evolution of stem cell biology in 3-D is currently lacking. In this study
we propose deep image informatics of the nuclear biology of stem cells to elucidate how 3-D biomate-
rials steer stem cell lineage phenotypes. The approach is based on high content imaging informatics to
capture minute variations in the 3-D spatial organization of splicing factor SC-35 in the nucleoplasm as
a marker to classify emergent cell phenotypes of human mesenchymal stem cells (hMSCs). The cells
were cultured in varied 3-D culture systems including hydrogels, electrospun mats and salt leached
scaffolds. The approach encompasses high resolution 3-D imaging of SC-35 domains and high content
image analysis (HCIA) to compute quantitative 3-D nuclear metrics for SC-35 organization in single cells
in concert with machine learning approaches to construct a predictive cell-state classification model.
Our findings indicate that hMSCs cultured in collagen hydrogels and induced to differentiate into osteo-
genic or adipogenic lineages could be classified into the three lineages (stem, adipogenic, osteogenic)
with >80% precision and sensitivity, within 72 h. Using this framework, the augmentation of osteoge-
nesis by scaffold design exerted by porogen leached scaffolds was also profiled within 72 h with ~80%
high sensitivity. Furthermore, by employing 3-D SC-35 organizational metrics, differential osteogenesis
induced by novel electrospun fibrous polymer mats incorporating decellularized matrix could also be
elucidated and predictably modeled at just 3 days with high precision. We demonstrate that 3-D
SC-35 organizational metrics can be applied to model the stem cell state in 3-D scaffolds. We propose
that this methodology can robustly discern minute changes in stem cell states within complex 3-D
architectures and map single cell biological readouts that are critical to assessing population level cell
heterogeneity.

Statement of Significance

The sustained development and validation of bioactive materials relies on technologies that can sensi-
tively discern cell response dynamics to biomaterials, while capturing cell-to-cell heterogeneity and pre-
serving cellular native phenotypes. In this study, we illustrate the application of a novel high content
image informatics platform to classify emergent human mesenchymal stem cell (hMSC) phenotypes in
a diverse range of 3-D biomaterial scaffolds with high sensitivity and precision, and track cell responses
to varied external stimuli. A major in silico innovation is the proposed image profiling technology based
on unique three dimensional textural signatures of a mechanoreporter protein within the nuclei of stem
cells cultured in 3-D scaffolds. This technology will accelerate the pace of high-fidelity biomaterial
screening.
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1. Introduction

Stem cells exist in a three dimensional (3-D) niche wherein the
cell state dynamically reprograms in response to microenviron-
mental cues to undergo proliferation, differentiation or migration.
Many varied types of biomaterial scaffolds are being developed for
in vitro and in vivo three dimensional stem cell culture to guide
tissue regeneration in response to external stimuli [1-3]. Stem cell
processes stimulated by external cues are commonly assessed
using end point biochemical assays and histological analysis
[4,5]. Widely used methodologies for profiling cells cultured in
3-D scaffolds involve harvesting cells to detect gene expression
changes using flow-cytometry, micro-arrays, PCR and immuno-
assays [4,5]. These approaches are time consuming and require
cells to either be experimentally maintained for the entire time
span necessary to fully attain the endpoint state (differentiation,
apoptosis, transformation) or necessitate the removal of the cells
from their 3-D niche for processing ex situ. To facilitate the devel-
opment of tissue engineering approaches and gain understanding
of cellular processes, there exists a need to develop technologies
for robust and accurate profiling of stem cell states within the
3-D niche without disrupting the cells [6].

High content analysis has been recently employed to study cell
behaviors in 2-D related to drug screening and cytotoxicity, and
stem cell differentiation [7-9]. For cells cultured on conventional
tissue culture substrates, high content analysis of the cell
cytoskeleton was previously shown to parse emergent osteogenic
versus adipogenic hMSC phenotypes within 3 days [7]. However,
high content analysis of actin morphology was unable to parse
cells cultured in basal medium from differentiating cells [7].
Furthermore, cells often need to be cultured at high densities to
induce differentiation or co-cultured for tissue engineering
approaches, and in such cases it becomes difficult to segment cells
on the basis of cytoplasmic actin. To overcome these limitations,
we developed more sensitive and robust high content image infor-
matics approaches that seek to classify cell states based on various
nuclear reporters [8,9]. In a recent study, we screened several
nuclear reporters and demonstrated that the two dimensional
sub-nuclear organization of splicing factor SC-35 served as an inte-
grative marker to profile early osteogenic cellular responses across
a series of surface patterns, fibrous scaffolds, and micropillars [8].
SC-35 nuclear speckle domains constitute small nuclear ribonucle-
oprotein particles (snRNPs) [10], spliceosomes, and transcription
factors that mediate co-transcriptional modifications of RNA [11].
We showed that speckle factor SC-35 organization was also sensi-
tively modulated by intracellular signaling and gene-regulatory
mechanisms that mediate osteogenic differentiation in-response
to microenvironmental cues [8].

While these studies demonstrate the application of high con-
tent analysis for screening and studying cell response, they are
either limited to analytics for 2-D cell culture systems or to 2-D
projections as approximations of 3-D images. For tissue engineer-
ing applications, stem cells are cultured in physiologically
relevant 3-D scaffolds, which requires the design of a robust 3-D
imaging and image informatics technology. Development of a high
content image informatics approach to evaluate the in-situ cell
response would offer several key advances as compared to present
methods, as it would allow characterizing cells without disrupting
the in-situ organization, offer early and timely detection, and a
quantitative estimation of cell heterogeneity. In this study we
advance a high content image informatics methodology that
employs high content analysis of the true three dimensional
SC-35 organization in tandem with machine learning approaches
to classify emergent cell states when cells are cultured in 3-D
scaffolds including hydrogels, electrospun mats and porogen
leached scaffolds.

2. Materials and methods
2.1. Cell culture

Human mesenchymal stem cells (hMSCs) were obtained from
Texas A&M University (College Station, TX). Cells were cultured
in a humidity-controlled environment under 5% CO, and 37 °C
and fed every 3-4 days with basal growth media (BA) consisting
of Alpha Minimum Essential medium («MEM) with r-glutamine
(LifeTechnologies) supplemented with fetal bovine serum (FBS,
10% v/v, Atlanta Biologicals) and penicillin-streptomycin (0.1% v/v,
LifeTechnologies). Cells were received at passage 1 and used for
up to 5 passages. Osteogenic differentiation (OS) was induced
by culturing hMSCs in BA media supplemented with 0.5 mM
L-ascorbic acid-2-phosphate, 0.2 uM dexamethasone (dex), and
20 mM B-glycerophosphate. Adipogenic differentiation (AD) was
induced with BA media supplemented with 1 M dexamethasone,
50 uM indomethacin, 10 pg/ml insulin, and 100 uM 3-isobutyl-1-
methyl-xanthine. Cells were allowed to adhere overnight in basal
growth media, followed by a media change with appropriate
induction media. All culture reagents were purchased from
Sigma-Aldrich unless otherwise specified.

2.2. Preparation of porogen leached scaffolds

Cylindrical scaffolds (8 mm diameter by 2 mm in height) were
fabricated from a tyrosine-derived polycarbonate designated as
E1001(1 k) using a combination of lyophilization and particulate
leaching and characterized as described previously [12-14]. This
particular polymer composition was selected from a large library
of tyrosine-derived polycarbonates and was used to create bone
regeneration scaffolds with both macro- and micropores having a
size 212-450 mm and <20 mm, respectively, and a compressive
modulus of 2 MPa [14]. The scaffolds were sterilized by ethylene
oxide gas sterilization using Anprolene AN74i (Andersen Products).
To seed cells within scaffolds, the sterilized scaffolds were pre-wet
in «MEM over night, and submerged in 1 ml of hMSC suspension
(passages 3-4, approximately 16 x 104 cells/ml) in 1.5 ml Eppen-
dorf tubes. After incubation in a 37 °C and 5% CO, incubator with
gentle shaking, the cell-seeded scaffolds were transferred into
48-well tissue culture polystyrene (TCPS) plates, and fixed in place
with O-rings. The remaining cell suspension from each individual
scaffold was then added to the appropriate well within the same
48-well plate. The cells were allowed to attach on the scaffolds
for 1 day, and this was followed with medium change into hMSC
basal medium and hMSC osteogenic differentiation medium,
respectively.

2.3. Collagen hydrogels

2.3.1. Preparation of collagen gels

1 mg/ml collagen gels having a modulus in the range of
400-800 Pa were prepared by mixing appropriate amounts of
collagen (collagen I, Advanced Biomatrix), media («MEM with
supplemented 16% FBS and 25 pg/ml gentamycin), FBS and cells
as per manufacturer’s protocol. FBS was first added to media
followed by addition of required amount of collagen. Addition of
collagen shifts the pH; therefore 0.1 N sodium hydroxide (NaOH)
was added drop wise till the color of the gel precursor solution
turned from yellow to pink. The pH was monitored and confirmed
using a pH paper strip to ensure that the pH was around 7. Next,
cell solution was added. The precursor gel solution prepared had
a final concentration of 1 mg/ml for collagen and approximately
5 x 10% cells/ml. Example calculations are as follows: for 9 gels,
4.6 ml media, 4.6 ml FBS, 2.2 ml collagen (~6 mg/ml), 0.1 NaOH
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(drop wise as needed) and 1.2 ml cell solution are combined. Fol-
lowing this, 1.4 ml of precursor solution was cast into each well
of a 24-well plate. The plate was transferred to the incubator and
gels were allowed to polymerize at 37 °C. Next day fresh medium
was added.

2.3.2. Harvesting cells from collagen gels

cells were cultured either in basal medium or adipogenic or
osteogenic differentiation media as needed. For assessing differen-
tiation, cells were cultured for 14 days and harvested using
collagenase solution (Collagenase NB 4G proved Grade, SERVA
Electrophoresis). Briefly, hydrogels were washed thrice with phos-
phate buffer saline (PBS, Lonza), transferred into microcentrifuge
tubes or 15 ml centrifuge tubes and 0.5 ml or 3 ml of 2 mg/ml
collagenase solution was added for each sample, respectively.
The tubes were incubated in the 37 °C incubator and immediately
after dissociation of collagen gel specimens, cells were centrifuged
at 1000 rpm to collect the cell lysates.

2.4. Preparation of electrospun (ES) fibrous scaffolds

3-D poly(desaminotyrosyl tyrosine ethyl ester carbonate)
(pDTEC) fibrous scaffolds (fiber mats) were fabricated by electro-
spinning and characterized as described previously [15]. The fiber
mats had average fiber diameter 2.5 um and 200-300 pm in
thickness. The fiber mats were cut into 10 mm (diameter) discs
and sterilized by UV treatment for 2 h on each side and placed into
wells of 48-well plates. Primary bovine fibroblasts and articular
chondrocytes were isolated from bovine skin tissues and knee
joints (FarmtoPharm LLC, NJ) following standard protocols [16].
1 x 10%/well of passage 1 of fibroblasts or chondrocytes were
seeded onto each fiber mats in 48-well tissue culture plates. After
10-14 days, the viabilities of cells in fiber mats were evaluated
using Alamar Blue assay (AbD Serotec®) following the manufac-
turer’s instruction. When the viabilities of fibroblasts and
chondrocytes reached comparable levels, the fiber mats were
decellularized as described [17] with the following modifications.
Briefly, the fiber mats were washed twice with 1 ml PBS and fro-
zen/thawed at —80°C/37°C for 3 times. The fiber mats were
washed twice with 1 ml of wash buffer I (100 mM Na,HPO,4, pH
9.6, 2 mM MgCl,, 2 mM EGTA) and incubated at 37 °C for 15 min.
1 ml of lysis buffer (8 mM Na,HPO,, pH 9.6, 1% NP-40) was added
to each well and incubated at 37 °C for 2 h; the lysis buffer was
then removed and replaced with 1 ml fresh lysis buffer and incuba-
tion for another hour. Fiber mats were washed twice with 1 ml
wash buffer II (300 mM KCl, 10 mM Na,HPO,4, pH 7.5) and four
times with 1 ml dH,0. The fiber mats were kept in PBS at 4 °C till
used. Immunostaining demonstrated that ECM derived from chon-
drocytes contains type Il collagen and ECM derived from fibrob-
lasts were enriched with fibronectin (see Supplementary Fig. 8).

2.5. Immuno-fluorescence staining

For Immuno-fluorescence staining for SC-35, mouse mono-
clonal antibody specific to SC35 (Abcam, catalog number
ab11826) was used as the primary antibody and Goat anti-Mouse
IgG1 conjugated to Alexa Fluor 488 (LifeTechnologies, catalog
number A-21121) or Alexa Fluor 594 (LifeTechnologies, catalog
number A-21125) was used as the secondary antibody. Appropri-
ate isotype controls were used as negative controls to ensure
specificity of the antibody.

2.5.1. Staining cells cultured on 2-D substrate

For culturing cells on 2-D surface, hMSCs were seeded on eight-
chamber glass slides (Nunc, Rochester, NY) at a density of
10,000 cells/cm? and cultured in differentiation media. 72 h post

exposure to differentiation media, cells were fixed in 4%
paraformaldehyde in PBS for 15 min, permeabilized with 0.1%
Triton-X in PBS for 5 min, and blocked by incubating in blocking
buffer constituting 5% normal goat serum (NGS, Sigma) and 1%
bovine serum albumin (BSA, Sigma) in PBS for 1 h at room temper-
ature. For performing immunostaining for SC-35, samples were
first incubated overnight with primary antibody (Abcam) in block-
ing buffer at a 1:500 ratio, followed by three 15 min washes in
blocking buffer. Next, samples were incubated with secondary
antibody solution (Alexa Fluor; LifeTechnologies) in blocking buf-
fer at a 1:250 ratio for 2 h at room temperature, followed by three
15 min washes with blocking buffer. To label the actin cytoskele-
ton, cells were fixed and stained with Alexa Fluor 488 phalloidin
(LifeTechnologies) per the manufacturer’s instructions, using a
dilution of 1:40. All samples were counterstained with 5 pig/ml
Hoechst (Sigma) in PBS and stored at 4 °C until imaging.

2.5.2. Staining cells cultured in 3-D environments

For immuno-staining cells cultured in 3-D scaffolds (collagen
gels, porogen leached scaffolds and fibrous scaffolds), the method-
ology described above was used. The blocking buffer was com-
prised of 0.1% triton, 5% NGS, and 1% BSA in PBS. All incubations
and washes were performed on a rocker.

2.6. Performing single molecule FISH for RNA

A set of 48 probes and 35 probes, each 20 nucleotide long, speci-
fic for Peroxisome proliferator-activated receptor gamma (PPARY,
accession number L40904) and Runt-related transcription factor
2 (RUNX2, accession number BC108919), respectively, was
designed and ordered from Biosearch Technologies Inc. with CAL
Fluor® Red 610 label at 3’ terminal. List of sequences for all the
probes in the set of 48 probes for PPARY and in the set of 35 probes
for RUNX2 has been provided in Supplemental Fig. 10. 14 days post
culturing cells in differentiation media, cells were fixed using 4%
paraformaldehyde, permeabilized using 0.1% triton x100 for
30 min and immunostained for SC-35 (as indicated in the section
‘Immuno-fluorescence staining’ above). The cells were then hybri-
dized with specific probes in a hybridization buffer containing 20%
formamide at 37 °C overnight. The next day, unbound probes were
washed and the coverslips were mounted in deoxygenated mount-
ing medium described in Batish et al. [18]. A Zeiss Axiovert
inverted fluorescence microscope was used to image under a
100x oil immersion objective. The obtained images were then ana-
lyzed using custom written programs in MATLAB (MathWorks Inc)
[19,20].

2.7. High content image informatics

The workflow for our methodology has been shown in Supple-
mental Fig. 2.

2.7.1. High resolution image acquisition

High resolution 1024 x 1024 images were acquired for cells
stained for speckle factor SC-35 using antibody staining and for
DNA using Hoechst (as described in Section 2.5.). 2-D high resolu-
tion images were acquired by imaging the samples using 63x and
1.3 NA objective with a Leica TCS SP8 system (Leica Microsystems).
To acquire 3-D high resolution images, samples were imaged using
63x, 1.3 NA objective with a Leica TCS SP2 system (Leica
Microsystems).

2.7.2. Defining nuclear region of interest (ROI)

First, nuclear region of interest was outlined based on Hoechst
DNA staining and intensity-based thresholding was used to gener-
ate nuclear ROI masks for each nucleus in a given image. 3-D image
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stacks acquired for Hoechst DNA staining were reduced to 2-D
maximum intensity projections and nuclear ROI were segmented
using manual intensity-based thresholding to generate 2-D masks.
For analyzing 3-D sub-nuclear SC-35 organization, these 2-D masks
were subsequently superimposed on the 3-D image stacks
acquired for SC-35 staining to generate ‘“cylindrical” images for
each cell. These “cyclindrical” images constituted the three-
dimensional sub-nuclear region of interest for each cell and were
used as input for computing high content organization descriptors
for SC-35 in subsequent analysis.

2.7.3. Computing high-content textural descriptors

Next, high content textural descriptors for 3-D SC-35 organiza-
tion were computed. Haralick descriptors are a set of features of an
image which describe the textural characteristics of an object, orig-
inally proposed by Haralick at al. in 1973 [21]. In the context of the
fluoro-labeled images, gray-level intensities are used to describe
local variations in texture, the key feature that describes the
organization of a labeled surface. Traditionally, Haralick descrip-
tors have been computed for 2-D planar images using 2-D
co-occurrence matrices (a record of how frequently each pair of
pixel intensities occur spatially in an image). In this study, we
adapted a method proposed by Kurani et al. for calculating 3-D
co-occurrence matrices for volumetric data [22] and use these to
calculate Haralick descriptors for cells grown in various 3-D
biomaterials. To assess SC-35 organization, 22 texture-based 3-D
Haralick texture features were computed for each cell, by
calculating mean and standard deviation measurements for the
11 texture features. These descriptors are quantifiable measure-
ments of texture features that represent the spatial organization
of the nuclear protein in 3-D space. A list of these calculated 11
Haralick features appears in Supplemental Fig. 9. The Haralick
descriptors were computed within MATLAB. For computational
efficiency, the number of gray levels in our images was reduced
to 16 via binning. The source code for computing Haralick descrip-
tors within MATLAB is available on request by contacting the
corresponding author.

2.7.4. Prospective modeling using multivariate data analysis and
machine learning approaches

The 22 descriptors were linearly reduced to a minimum number
of eigenvectors that account for 95% variance of the data by per-
forming principal component analysis (PCA) using the open source
software, Weka (Waikato Environment for Knowledge Analysis).
PCA transformed data was exported and plotted in MATLAB to
obtain PCA plots wherein each point represents the textural
organizational coordinates of a stem cell in 3-D space, and where
each axis represents a computed principal component. Therefore,
each point is represented by a unique set (X, y, z) of principal com-
ponents (eigenvectors). To estimate the differences between the
various subpopulations, a predictive classification model was made
using J48 decision tree analysis in the Weka software. J48 gener-
ated a C4.5 pruned decision tree, where tree pruning is used as a
tool to correct for potential over fitting. The best performing
classification tree was generated using the experimental data as
the training set. The quality of the tree is reported in terms of
the percent of correctly classified instances, precision (positive pre-
dictive value), and recall (sensitivity).

Briefly, Precision = TP/(TP + FP) and Recall = TP/(TP + FN). True
positives (TP) are the number of instances correctly classified as
belonging to the positive class. False positives (FP) are the number
of instances incorrectly classified to the class. False negatives (FN)
are the number of instances not classified to the class but belong to
class. Precision is also defined as the number of instances that truly
have class x among all those which are classified as class x.

2.8. Differentiation assays

hMSCs were cultured for 14 days in different substrates in
induction medium prior to assessing differentiation. To analyze
adipogenic differentiation, Adipo Red staining assay for staining
intracellular triglycerides was performed on fixed cells as per
manufacturer’s protocol (Lonza). For analyzing osteogenic differen-
tiation, cells were either fixed or lysed at day 14. Alkaline
phosphatase (ALP) was assessed by staining fixed cells using Fast
Blue RR (Sigma) or by performing calorimetric assay ALP assay
(Biovision Inc) on cell lysate as per manufacturer’s protocol. DNA
content in cell lysate was determined by performing the Pico green
assay (Life Technologies) as per manufacturer’s protocol. Analysis
of ALP activity using calorimetric ALP assay was performed and
represented after normalization by DNA content.

2.9. Analysis of cell surface markers using flow cytometry

Cells were cultured either in 24 well plates in 2-D or in 3-D in
collagen hydrogels or fibrous scaffolds, in presence of BA, AD or
0S media for 14 days before performing flow-cytometry analysis
to assess the surface marker profile. Antibodies used for flow-
cytometry included anti-CD90/Thy1 antibody conjugated to
PerCP/Cy5.5 (Abcam), anti-CD105 antibody conjugated to allophy-
cocyanin (Abcam), anti-CD92 conjugated to FITC (GeneTex) and
anti-CD10 conjugated to PE (Santa Cruz Biotechnology). Cells cul-
tured in 2-D were harvested by 0.25% trypsin-EDTA. Cells cultured
in 3-D were harvested by first degrading the collagen scaffold and
the ECM surrounding cells in the fibrous scaffolds using collage-
nase, and subsequently detaching cells by vortexing and centrifu-
gation. Harvested cells were resuspended and washed in 3% BSA
solution. Blocking was then performed by incubating cells in 3%
BSA buffer for 45 min. Next, cells were incubated in antibodies
diluted in flow-cytometry buffer containing PBS + 0.5% BSA + 0.1%
sodium azide (NaN3)+ 1% NGS, for 1 h, followed by three washes
in the flow-cytometry buffer. Cells were then fixed using 1%
Paraformaldehyde solution and stored at 4 °C in till analysis. Flow
cytometry acquisition was performed using Gallios flow cytometer
by Beckman Coulter and analysis was performed using Kaluza
analysis software. To calculate the percentage of cells positive for
each of the selected markers, a maximum of 0.1% false positive gate
was set using the isotype controls. Experiments were performed in
triplicates analyzing 5000 total events per sample.

2.10. Statistics

All statistical analysis was performed using the computer
program Instat (GraphPad, San Diego, CA). Experiments were sta-
tistically analyzed using the Tukey-Kramer Multiple Comparisons
test, which compares all pairs of columns, using a 95% confidence
interval or using the Dunnett Multiple Comparisons test which
compares all columns versus a control column.

3. Results

3.1. SC-35 speckle domains associate with active genes in cultured
stem cells

The relationship between SC-35 speckle domains and genes
involved in differentiation was investigated using RNA-FISH to
visualize RNA transcripts with respect to SC-35 domains (Fig. 1A).
Human mesenchymal stem cells (hMSCs) were cultured for
14 days in presence of basogenic (BA), adipogenic (AD) or osteo-
genic (OS) media. As shown in Fig. 1B, increased association of
PPARy mRNA, a key adipogenic marker with SC-35 speckle
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Fig. 1. Association of SC-35 speckle domains with active genes during differentiation. (A) Schematic depicting the positioning of active genes with respect to SC-35
domains during differentiation. (B) and (E) 14 days post culturing cells in basogenic (BA), adipogenic (AD) or osteogenic differentiation media, cells were immunostained for
SC-35 domains using Alexa Fluor 488 secondary antibody (green), and RNA-FISH was performed for PPARy or RUNX2 RNA transcripts using CAL Fluor® Red 610 labeled
probes (red). Images were subsequently acquired at 100x magnification and assessed. Arrows indicate the positioning of PPARy or RUNX2 RNA transcripts in the nucleus in all
conditions. Strong association of PPARY transcripts with SC-35 domains was observed in adipogenically differentiated cells (AD), while strong association of RUNX transcripts
with SC-35 domains was observed in osteogenic differentiated cells (OS). (C), (D), (F) and (G) The obtained images were then analyzed using custom written programs in
MATLAB (MathWorks Inc), to compute total number of RNA transcripts per cell, and relative percentage of nuclear and cytoskeletal RNA transcripts. The levels of RNA
transcripts per cell in different conditions were compared using Tukey-Kramer Multiple Comparisons test, which compares all columns. The symbol ~~ represents as
significant change to the level of p < 0.001. The error bars represent 95% confidence interval in all plots. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

domains was observed in cells cultured in adipogenic media as
compared to cells cultured in basal (BA) and osteogenic (OS)
media. The association of PPARy with SC-35 domains correlated
with significantly increased expression of PPARY in cells cultured
in AD condition as compared to BA and OS conditions (Fig. 1C).
The ratio of nuclear to cytoplasmic PPARy was similar in OS and
AD conditions, while least cytoskeletal PPARy was observed in
BA condition (Fig. 1D).

Similar results were observed for RUNX2 mRNA, an osteogenic
marker. Increased association of RUNX2 with SC-35 speckle
domains was observed in cells undergoing osteogenesis as com-
pared to cells culture in BA or AD media, which corresponded with
increased RUNX2 expression per cell (Fig. 1E, F and G). These
results indicate that the SC-35 domain organization and localiza-
tion plays a pivotal role in guiding gene association and directing
gene expression (Fig. 1A). The results shown in Fig. 1 were also
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corroborated by computationally quantifying the percent associa-
tion of SC-35 speckle domains with relevant RNA transcripts of
interest for cells cultured in BA, OS and AD (Supplemental Fig. 1).
Significantly increased percent association (>85% association,
p <0.001) was observed between PPARY transcripts and SC-35 in
cells cultured in AD condition, and between RUNX2 transcripts
and SC-35 in cells cultured in OS condition.

3.2. Quantification of three-dimensional SC-35 organization

We advanced our descriptor toolbox to develop a set of 22
Haralick descriptors that captured the textural variances in 3-D
SC-35 organization. The workflow of the algorithm developed
and employed in this study has been illustrated in Supplemental
Fig. 2. To validate our descriptor set, we first tested our algorithm
to classify hMSCs cultured on conventional tissue culture sub-
strate. 72 h post exposure to soluble cues, cells were immunos-
tained for SC-35 and DNA (Supplemental Fig. 3A) and 3-D high
resolution images were captured (Fig. 2A). High content analysis
was performed for these images to compute 3-D organizational
descriptors for SC-35. Principal component analysis (PCA) was then
performed to dimensionally reduce the descriptors to vectors that
account for >95% variance in data, followed by decision tree classi-
fication of the principal components. As shown in Fig. 2B, our
classification analysis shows that the different hMSC emergent
phenotypes could be classified on the basis of differences in three
dimensional SC-35 organization with a precision of 77% and a
sensitivity of 73%. The complete principal component vectors and
the decision tree classifier generated are illustrated in Supplemen-
tary Fig. 3B and C.

The 72-h classification showed that the cells cultured in BA, AD
and OS were distinct populations. Further this early classification
correlated robustly with the endpoint differentiation assays,
which confirmed that the cells are differentiating and distinct
(Supplementary Fig. 3D and E).

A

The results were also corroborated with endpoint flow-
cytometric analysis of cell surface markers performed on day 14,
which indicate that each of the three cell populations have a dis-
tinct cell-surface marker profile and phenotype (Fig. 2C). hMSCs
maintained in basal medium had a high expression of mesenchy-
mal stem cell markers CD105 and CD90. A significant decrease
(p<0.05) in the expression of CD105 and a significant increase
(p<0.05) in the expression of CD92 and CD10 was observed in
cells cultured in adipogenic media, while a significant decrease
(p<0.05) in the expression of both stem markers CD90 and
CD105, and a significant increase (p <0.01) in CD10 expression
was observed for cells cultured in osteogenic medium (Fig. 2C).

3.3. Parsing hMSC phenotypes in collagen hydrogels using 3-D SC-35
organizational metrics

We first applied our methodology to profile hMSC cell state in
collagen scaffolds. 3 days post culturing cells in differentiation
media, no differences were observed in the gross morphology of
the cells (Fig. 3A) and 3-D nuclear morphometric features (Fig. 3B),
even though cells are differentiating, as indicated by endpoint dif-
ferentiation assays performed at 14 days. As shown in Fig. 3D, fast
blue positive staining was observed only in cells cultured in OS
media which indicates osteogenic differentiation of cells, while
Adipo Red positive staining was observed only in cells cultured
in AD media indicating adipogenic differentiation of cells. Differen-
tiation of cells seeded in collagen gels to osteogenic lineage was
also confirmed by performing an ALP activity assay (Fig. 3E).

We then tested if SC-35 could be employed as a surrogate mar-
ker to detect the varied cell differentiation response on these scaf-
folds. 3-D Haralick texture descriptors defining SC-35 organization
were computed for cells seeded in collagen gels using high content
image analysis. Subsequently, the descriptor set was dimensionally
reduced using principal component analysis (PCA) and J48 decision
tree classification was performed. Our results show that hMSCs
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Fig. 2. Profiling three-dimensional SC-35 organization in differentiating hMSCs. hMSCs were cultured on tissue culture surface in presence of basal (BA), adipogenic (AD)
or osteogenic induction media (OS) for up to 14 days. (A) 3 days post culturing cells, changes in SC-35 organization were visualized through staining using an anti-SC-35
primary and Alexa 488 secondary antibody, and high resolution 3-D images were acquired. Representative 3-D projection images for SC-35 staining for each condition have
been shown. (B) High content image analysis was performed for SC-35 organization and 22 3-D Haralick texture descriptors were evaluated. For descriptor analysis, at least
20 cells were analyzed for each condition. The descriptors were then dimensionally reduced by PCA to principal components and classification was performed using J48
decision tree analysis. The output of the classifier has been presented as a confusion matrix. (C) On day 14, phenotypic characterization of cells was validated by analyzing the
surface marker expression for CD90, CD105, CD92 and CD10 using flow cytometry. The error bars represent the standard deviation. Statistical analysis was performed using
the Dunnett Multiple Comparisons test, which compares all columns versus a control column (BA). The symbols ~ and " represent a significant change in relative mean
fluorescence intensity with respect to BA condition to the level of p < 0.01 and p < 0.05, respectively.
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Fig. 3. Profiling emergent cell phenotypes in collagen gels. hMSCs were induced to differentiate by culturing in differentiation media for 14 days. (A) At 3 days, cell
morphology and SC-35 organization was assessed staining for actin using Alexa 488 conjugated phalloidin, for DNA using Hoechst dye and for SC-35 organization using an
anti-SC-35 primary and Alexa 594 secondary antibody. (B) 3-D nuclear morphometric descriptors were computed using Image Pro software. (C) Subsequently, high content
analysis was performed for SC-35 organization and 22 3-D Haralick texture descriptors were evaluated. For descriptor analysis, at least 25-30 cells were analyzed for each
condition. The Haralick descriptors were dimensionally reduced using PCA and cell state classified was performed using 48 decision tree analysis. The output of the classifier
has been presented as a confusion matrix. (D) On day 14, osteogenic differentiation was evaluated by performing fast blue staining assay and adipogenic differentiation using
AdipoRed staining assay. Images for fast blue staining were taken at 10x magnification and results have been shown as images of fast blue staining with insets depicting the
Hoechst staining for DNA. Images for AdipoRed staining assay were taken at 20x magnification and results have been shown as merged images of AdipoRed staining and
Hoechst staining. (E) ALP activity assay was performed to analyze osteogenic differentiation at 14 days. The ALP activity normalized to DNA content per well has been plotted.
(F) On day 14, phenotypic characterization of the cells was performed by analyzing the surface marker expression for CD90, CD105 and CD92 and CD10, using flow cytometry.
Statistical analysis was performed using the Dunnett Multiple Comparisons test. The symbols ~ and " represent a significant change in ALP activity or relative mean

fluorescence intensity with respect to BA condition to the level of p < 0.01 and p < 0.05, respectively. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

N

o

Relative Mean Fluorescence Intensity

o
o

o

CD90 CD105 CD92 CD10
Surface markers



A. Dhaliwal et al. /Acta Biomaterialia 45 (2016) 98-109 105

cultured in varied conditions (BA, AD or OS) could be parsed with a
sensitivity of 83% and precision of 88% (Fig. 3C). This correlated
well with endpoint differentiation assays (Fig. 3D and E) and phe-
notypic characterization indicating the formation of 3 distinct
hMSC lineages (Fig. 3F). The decision tree classifier and complete
principal component vectors are shown in Supplemental Fig. 4.

3.4. Characterization of osteogenic cell state in porogen leached
osteoconductive scaffolds

Several publications describe the development of a scaffold
composition and architecture that promotes bone regeneration
[12-14]. These scaffolds are composed of a specific polymer com-
position (E1001(1k)), selected from a large library of tyrosine-
derived polycarbonates. This particular polymer composition has
an ideal balance between resorption time and osteoconductivity
and has been used to create bone regeneration scaffolds with both
macro- and micropores.

We used these scaffolds to test our approach of profiling osteo-
genic differentiation at early time-points. 3 days post culturing
cells in basal (BA) or osteogenic differentiation (OS) media, high
resolution images were acquired for cytoskeletal actin and speckle
factor SC-35 (Fig. 4A). High content analysis was then performed to
evaluate organizational descriptors for three dimensional SC-35
organization, followed by PCA and classification. As shown in
Fig. 4B, our classification output predicted 48% cells cultured in
basal medium to be committed to osteogenic lineage and 100%
cells cultured in osteogenic media to be committed to osteogenic
lineage pathway.

The decision tree classifier and complete principal component
vectors are included in Supplemental Fig. 5. The output of the clas-
sifier highly correlated with the differentiation assays. As shown in

A

Fig. 4C cells cultured in BA media in these scaffolds showed detect-
able fast blue staining, while fast blue positive staining was
observed in cells cultured in OS media. These results were con-
firmed by ALP activity assay (Fig. 4D), which showed significant
more ALP activity in cells cultured in OS media in scaffold as com-
pared to cells cultured on tissue culture surface (TCS). An increase
was also observed in cells cultured in BA media in the scaffolds as
compared to on TCS (Fig. 4D).

3.5. Classification of osteogenic differentiation in electrospun fibrous
scaffolds

Next, we conducted studies involving differentiation assays and
high content analysis to assess and profile osteogenic differentia-
tion of hMSCs in three varied and novel electrospun fibrous scaf-
folds, specifically: 1) scaffold without any matrix components
(ES), 2) scaffold containing decellularized matrix from bovine
fibroblasts (ESF) and 3) scaffold containing decellularized matrix
from bovine chondrocytes (ESC). Cells were cultured in presence
of basal or osteogenic differentiation media for 14 days to induce
differentiation. As shown in Fig. 5A, fast blue staining was observed
in hMSCs cultured in OS media in all three scaffolds indicating
osteogenic differentiation. Interestingly, ALP activity assay (Fig. 5B)
indicated differential levels of osteogenic differentiation in the 3
scaffolds. Enhanced osteogenic differentiation of hMSCs that were
cultured in scaffolds containing decellularized matrix (ESF and
ESC) as compared to cells cultured in scaffolds without matrix
components. Furthermore, maximal ALP activity was observed in
ESC scaffolds which was significantly more than ALP activity in
cells in ES scaffolds cultured in OS media. On the other hand, it
was observed that scaffolds containing decellularized matrix from
fibroblast (ESF) mediated significant osteogenic differentiation
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Fig. 4. Profiling osteogenic differentiation in porogen leached scaffolds using three-dimensional SC-35 metrics. hMSCs were cultured in porogen leached scaffold in
presence of basal (BA) or osteogenic induction media (OS) up to 14 days. (A) 3 days post culturing cells in BA and OS media, changes in sub-cellular organization were
visualized through staining for actin using Alexa 488 conjugated phalloidin, for DNA using Hoechst dye and for SC-35 organization using an anti-SC-35 primary and Alexa 594
secondary antibody. (B) High content analysis was performed for SC-35 organization and 22 3-D Haralick texture descriptors were evaluated. For descriptor analysis, at least
25 cells were analyzed for each condition. The descriptors were dimensionally reduced by PCA to principal components and classification was performed using J48 decision
tree analysis. The output of the classifier has been presented as a confusion matrix. (C) and (D) On day 14, osteogenic differentiation was assessed by performing fast blue
staining assay and ALP activity assay. Images for fast blue staining assay were taken at 4x magnification. Statistical analysis was performed using the Dunnett Multiple
Comparisons test. The symbol ~ represents a significant change in ALP activity with respect to cells cultured on TCPS to the level of p < 0.05. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Osteogenic differentiation within fibrous mats. hMSCs were cultured in electrospun scaffolds containing decellularized matrix from fibroblasts (ESF) or
chondrocytes (ESC), and in scaffolds without any matrix components (ES), in presence of basogenic (BA) or osteogenic (OS) media for 14 days. Osteogenic differentiation was
assessed by performing fast blue staining assay (A), and ALP activity assay (B). Statistical analysis for ALP activity assay was performed using Tukey-Kramer Multiple
comparisons test. In B) the symbols ~and "~ represent a significant change in ALP activity with respect to ES-BA condition to the level of p < 0.05 and 0.01, respectively. The
symbol ++ represents a significant change in ALP activity between ES-OS and ESC-OS conditions to the level of p <0.01. (C) Phenotypic characterization of the cells was
performed by analyzing the surface marker expression for CD90, CD105, CD92 and CD10 using flow cytometry. In (C), statistical analysis was performed using the Dunnett
Multiple Comparisons test, which compares all columns versus a control column. The symbols " and " represent a significant change in relative mean fluorescence intensity
with respect to cells cultured in BA media in ES scaffolds to the level of p < 0.01 and p < 0.05, respectively. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

even when cells are cultured in BA media (Fig. 5A and B). Pheno-
typic characterization indicated that cells cultured in presence of
0S media had a different surface marker profile as compared to
cells cultured in BA media. As shown in Fig. 5C, cells cultured in
osteogenic media in all the three scaffolds had significantly lower
expression of CD90 and CD105 (p < 0.01), and significantly higher
expression of CD10 (at least p < 0.05). However, phenotypic char-
acterization performed using flow-cytometry did not elucidate
any differences between the extent of osteogenic differentiation
influenced by the varied scaffolds.

The effect of exposure to osteogenic factors on hMSC cell state
was also assessed at 72 h, by acquiring 3-D high resolution images
of actin and SC-35 (Fig. 6A, B and C). Overall, at 72 h post culturing
cells in basal or osteogenic medium in each scaffold type (ES, ESF
and ESC), no apparent differences indicative of differentiable phe-
notypes were observed in gross cell morphology or organizational
patterns of SC-35 domains. Cells were confluent and well spread on
all scaffolds, with no visibly distinguishable differences in cell
spreading, shape and size. High content image analysis was subse-
quently performed to compute 3-D textural descriptors for SC-35
organization. The 3-D organizational features were dimensionally
reduced using PCA and a classification was conducted using ]J48
decision tree classification. As illustrated in Fig. 6D, E and F, by
plotting the principal components of the individual cell descrip-
tors, the cell populations cultured in BA versus OS media in the
three scaffolds could be distinguished. The output of the classifier
profiled 58% of cells cultured in OS media in ES scaffolds as under-
going osteogenesis, while >80% cells were profiled as undergoing
osteogenic differentiation in ESF and ESC scaffolds (Fig. 6G, H and
). This correlated strongly with our endpoint differentiation
analysis, which indicated that ESF and ESC scaffolds elicited higher
levels of osteogenic differentiation. Additionally, the classifier

output profiled 30% of the cells cultured in BA media in ESF scaf-
folds with descriptors equivalent to those undergoing osteogenic
differentiation, which also corroborated with the differentiation
endpoints. These findings indicate that by employing high content
image informatics, cell heterogeneity and population behavior
could be discerned with high fidelity at early time points. A com-
plete list of principal component vectors computed in this analysis
and the decision tree classifier for each classification have been
included in Supplemental Figs. 6 and 7.

4. Discussion

To meet the challenge of recapitulating stem cell niches in vitro,
more robust culture systems and analytics are needed to support
and monitor organotypic, biologically derived, and 3-D synthetic
cultures [23-25]. The emergence of 3-D cell culture platforms for
tissue engineering applications [2,26] will necessitate more sensi-
tive analytical approaches to rapidly and accurately study, assess
and profile biological processes within scaffolds [6]. In this study
we have advanced the application of a high content image infor-
matics approach to classify human mesenchymal stem cell (hMSC)
differentiation on varied 3-D substrates. By using the nuclear
speckle factor protein SC35 as a sentinel organizational reporter,
we demonstrate the ability of image informatics to discern minute
variations in SC-35 organizational metrics in 3-D and its applicabil-
ity to profile hMSC differentiation in 3-D.

The choice of SC-35 as a stem cell state marker is motivated by
the role of SC-35 domains as functional centers for a multitude of
active genes, regions that are organizationally dynamic but con-
centrated in mRNA metabolic and splicing factors [27]. In this
study, by employing RNA-FISH studies in conjunction with
immunostaining, we elucidated the association of SC-35 with the
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Fig. 6. Characterizing osteogenic differentiation in fibrous scaffolds using high content analysis of 3-D SC-35 organization. hMSCs were cultured in electrospun
scaffolds containing decellularized matrix from fibroblasts (ESF) or chondrocytes (ESC), and in scaffolds without any matrix components (ES), in presence of basogenic (BA) or
osteogenic (0S) media. (A), (B) and (C) At 3 days, cell morphology and SC-35 organization was assessed by staining for actin using Alexa 488 conjugated phalloidin, for DNA
using Hoechst dye and for SC-35 organization using an anti-SC-35 primary and Alexa 594 secondary antibodies. (D), (E) and (F) Subsequently, high content image analysis
was performed for SC-35 organization and 22 3-D Haralick texture descriptors were evaluated. The Haralick descriptors were dimensionally reduced using PCA analysis and
the principal components were plotted to visualize the cell distribution. For descriptor analysis, at least 20 cells were analyzed for each condition. (G), (H) and (I) The cells
cultured in basogenic versus osteogenic media were classified using J48 decision tree analysis and the output of the classifier has been presented as a confusion matrix.

transcription products of two key active genes, specifically PPARy
and RUNX2, involved in adipogenic and osteogenic differentiation,
respectively. Our findings indicate that during differentiation,
RUNX2 and PPARY have increased association with SC-35 domains,
which implies more active transcription, significantly increased
gene expression and cytoskeletal presence. These results agree
with previous literature accounts showing that an up-regulation
of PPARyY and RUNX2 gene expression during adipogenic and
osteogenic differentiation [28,29] corresponds to nuclear reorgani-
zation and co-association with SC-35 domains. SC-35 organization
has also been shown to be sensitively regulated by signaling mole-
cules such as RhoGTPases, FAK and B-catenin, which regulate
microenvironment mediated osteogenesis [8]. Together, these
integrated mechanisms suggest that SC-35 domain pattern and
organization within the nucleus can serve as an indirect marker
of local gene-regulatory events and cell state changes accompany-
ing lineage differentiation.

A major in silico innovation of our study is the development of a
new image informatics algorithm that generates 3-D textural maps
of the SC-35 organization in cultured stem cells. The algorithm
involves computing 3-D Haralick textural features from high

resolution SC-35 images and employs machine learning
approaches to classify cell state based on 3-D organizational
patterns. Using this approach, minute variations in 3-D SC-35 orga-
nization in hMSCs cultured on traditional tissue culture surfaces
and exposed soluble cues for inducing adipogenesis or osteogene-
sis could be detected and profiled with >75% sensitivity. We then
assembled a diverse platform of biomaterials to demonstrate the
applicability of our approach to profile cell-response in 3-D culture
systems. These include natural scaffolds such as collagen hydrogel,
synthetic scaffolds such as porogen leached scaffolds and electro-
spun fibrous mats with or without decellularized matrix
constituents. Across these scaffolds, cells were seeded in 3-D envi-
ronments having varied stiffness, porosities and architectures. Our
results indicate that SC-35 can be used as a robust surrogate
marker to detect and prospectively profile the varied cell differen-
tiation response on these scaffolds.

There has been an increasing interest in hydrogels as 3-D
scaffolds for tissue engineering [30,31]. Hydrogels are natural or
synthetic polymer networks that simulate native tissue microenvi-
ronment, as they possess viscoelastic properties, interstitial flow
and diffusive characteristics similar to tissue. 3-D culture of stem
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cells within hydrogels has been shown to improve the stemness
while maintaining differentiation potential as compared to 2-D
cultures in vitro [32,33]. Specifically, 3-D culture in collagen gels
has been shown to support osteogenic differentiation of mes-
enchymal stem cells to osteoblasts with a phenotype similar to
that in vivo, even for aged cells and cells that have undergone
freeze-thaw cycles in lab [34]. Thus, we first sought to illustrate
the application of SC-35 as a surrogate marker to profile cell state
in collagen hydrogels. Osteogenic and adipogenic differentiation of
hMSCs seeded in collagen gels was demonstrated by positive fast
blue staining assay and adipo-red staining assay, respectively. Cells
cultured in presence of AD, BA and OS media resulted in three dis-
tinct cell populations, as was confirmed by distinct surface marker
profiles of four markers, namely CD10, CD90, CD92 and CD105.
CD90 and CD105 are mesenchymal stem cell markers while
CD10 and CD92 expression levels have been shown to be modu-
lated by osteogenic and adipogenic differentiation [35]. Our results
indicate high content SC-35 image informatics revealed a diver-
gence of emergent hMSC phenotypes, which could be classified
with a precision and sensitivity of >80% at just 3-days post expos-
ing cells to differentiation cues.

Next, we applied our methodology to profile osteogenesis in
porogen leached scaffolds synthesized from a specific polymer
(E1001(1k)) and having a unique structural composition with both
macro- and micropores. Our results indicated that these scaffolds
possessed both osteoinductive and osteoconductive potential
which could be profiled by using high content image informatics
to capture variances in SC-35 organization. By employing our
methodology, 48% cells cultured without osteogenic cues in these
scaffolds were classified as undergoing osteogenesis, while in pres-
ence of osteogenic cues, 100% cells were classified as undergoing
osteogenesis, at just 72 h in culture. These results correlated fast
blue staining assay at 14 days, as well as with previous studies elu-
cidating the development and applicability of these scaffolds for
enhancing osteogenesis [12-14]. These results also corroborate
with other recent studies elucidating that the intrinsic ability of
hMSCs to differentiate into osteogenic lineage, even in the absence
of osteogenic growth factors and supplements, can be enhanced by
engineering the scaffold architecture (structure and topography)
[36-38].

A third biomaterials platform that we used to challenge the
imaging-based phenotypic profiling was bioactive scaffolds that
are remodeled via a rich cell-derived extracellular matrix (ECM).
In-vivo, the ECM produced by fibroblasts, osteoblasts and chon-
droblasts [39] provides pivotal biochemical and physical cues that
guide stem cell development and lineage commitment [40-42].
We therefore explored osteo-inductive and osteo-conductive abil-
ities of a new generation of fibrous scaffolds impregnated with
decellularized matrix produced by fibroblasts or chondrocytes.
Our endpoint differentiation analysis indicated that electrospun
fibrous scaffolds with decellularized matrix (dECM) from bovine
fibroblasts (ESF) or chondrocytes (ESC) are osteo-conductive and
significantly increase differentiation of hMSCs to osteogenic
lineage. By employing computed 3-D organizational metrics for
SC-35, the cell-response to scaffolds with matrix components
was captured with >80% accuracy at just 3 days post exposure to
soluble cues, and cells were profiled as undergoing increased
osteogenesis (>80%), which correlated highly with endpoint differ-
entiation assays.

Further, our methodology also profiled a subset of hMSCs cul-
tured in basal media in scaffolds containing matrix components
produced by fibroblasts to be undergoing osteogenic lineage com-
mitment in basal conditions, which also correlated well with end-
point assays. Endpoint differentiation assays showed that the ESF
scaffolds were osteo-inductive and induced significant osteogene-
sis in absence of external osteogenic soluble cues. The major

components of the matrix produced by fibroblasts and chondro-
cytes are fibronectin and type I collagen [43-46]. The increased
osteogenesis observed in scaffolds containing matrix components
from these cells can be possible attributed to the presence of
fibronectin and collagens. However, the extracellular matrix com-
position produced by these cells also varies based on the nature
of cells used. Specifically, the matrix produced by chondrocytes
has a lower fibronectin content and consists of type II collagen,
which is not found in fibroblast matrix (Supplemental Fig. 8)
[46]. The osteo-inductive potential observed in ESF scaffolds could
be attributed to the fibronectin enriched decellularized matrix
from fibroblasts, given the established role of fibronectin in
osteogenesis within hMSCs [47,48]. Recent studies show that rat
bone marrow mesenchymal stromal cells were more osteogenic
when cultured on fibroblast derived decellularized matrices as
compared to chondrocyte derived decellularized matrices [43].
Taken together, these results indicate that 3-D organizational met-
rics of speckle factor SC-35 can be employed as a surrogate marker
to characterize the cell-state in novel and complex scaffolds within
just 3 days of differentiation induction, and can sensitively discern
the cell response to individual bioactive matrix components among
a rich milieu of cell-derived proteins.

In recent studies, 3-D Haralick textural features have been
used along with morphological and edge features to classify
location patterns of major subcellular proteins including ER, mito-
chondria, nucleolin and tubulin [49]. However, 2-D analysis of 3-D
structures depends highly on the selection of vertical plane. In
such cases, Velliste et al., illustrated that recognition of location
patterns for major proteins is more accurate through 3-D images
analysis as compared to 2-D analysis [50]. In this study, we
explored the application of 3-D Haralick features to characterize
organization patterns of smaller sub-nuclear proteins. Our results
demonstrate that 3-D Haralick texture features can also be
employed to deduce organizational variations for nuclear repor-
ters in stem cells in-response to external stimuli, and for profiling
long-term cell-fate determinations in 3-D microenvironments.
This approach opens new avenues to facilitate the screening of
dynamic and combinatorial 3-D platforms being developed [51-53]
to guide optimal stem cell fate decisions. It allows characteriza-
tion and modeling of the early cell response as well as high
throughput screening, and thereby has the potential to signifi-
cantly reduce the time and developmental cost for next genera-
tion biomaterials. Future directions involve advancing this
approach to work with live reporters that would facilitate tracking
and understanding of dynamics of cellular processes within 3-D
platforms.

5. Conclusions

As three-dimensional scaffolds continue to be developed at high
pace for tissue engineering applications, it is important to assess
and characterize the early cell response in these biomaterials,
while maintaining the in-situ organization. In this study, we report
the development of a methodology based on three dimensional
high content imaging of SC-35 organization in the nucleoplasm,
in concert with machine learning approaches, for predictive mod-
eling of hMSC differentiation in complex 3-D scaffolds. This
approach shows the application of a novel paradigm to character-
ize the state of the cell mediated by external cues, in a three
dimensional niche. To our knowledge, this study is the first report
demonstrating that unique three dimensional textural signatures
of key nuclear reporters can be quantified and the metrics can be
used as a fingerprint to characterize and classify the emergent cell
phenotype in 3-D environments. This method offers the unique
advantage to understand and annotate complex cell-states in 3-D
scaffolds.
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