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Supramolecular hydrogel stiffness

directs stem cell differentiation

The gels enable identification of

metabolites uniquely used during

differentiation

These metabolites direct

differentiation when fed to stem

cell cultures

Supramolecular biomaterials can

be used for discovering

metabolites as drug candidates
To facilitate metabolomics analysis of stem cell differentiation, Alakpa et al.

designed supramolecular hydrogels with tunable stiffness but simple chemical

functionality. These gels facilitate stiffness-tuned stem cell differentiation without

having to rely on biochemical functionalization. They could be used for surveying

the usage of biological small molecules during differentiation and have potential

as drug candidates. The identification of candidate bioactives targeting bone and

cartilage formation from perivascular and mesenchymal stem cells opens a

potential new area of using supramolecular biomaterials as a platform for drug

discovery.
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The Bigger Picture

Adult stem cells, such as

mesenchymal and pervascular

stem cells (pericytes), represent

autologous cell types that are

excellent candidates for

regenerative medicine.

Controlling the differentiation of

these stem cells with drugs,

including small molecules, is

highly desirable for eliciting

targeted regeneration. However,

identification of these stem-cell-

inducing molecules is non-trivial,

and rational approaches to

discovering drugs for achieving

reproducible, targeted stem cell

control remain elusive. Here, we

used supramolecular hydrogels

that are designed to allow

targeting of a range of stem cell

phenotypes by relying on a very

simple chemical composition. We

used these gels to study the cell’s

usage of metabolites during

differentiation and identified

select bioactive metabolites that

can specifically target bone and

cartilage formation. This use of

designed supramolecular

biomaterials can be envisaged to

remove serendipity from the

discovery of metabolites

associated with biological

processes as drug candidates.
SUMMARY

Stem cells are known to differentiate in response to the chemical and mechan-

ical properties of the substrates on which they are cultured. Thus, supramolec-

ular biomaterials with tunable properties are well suited for the study of stem

cell differentiation. In this report, we exploited this phenomenon by combining

stem cell differentiation in hydrogels with variable stiffness and metabolomics

analysis to identify specific bioactive lipids that are uniquely used up during dif-

ferentiation. To achieve this, we cultured perivascular stem cells on supramolec-

ular peptide gels of different stiffness, and metabolite depletion followed. On

soft (1 kPa), stiff (13 kPa), and rigid (32 kPa) gels, we observed neuronal, chon-

drogenic, and osteogenic differentiation, respectively, showing that these stem

cells undergo stiffness-directed fate selection. By analyzing concentration vari-

ances of >600 metabolites during differentiation on the stiff and rigid gels (and

focusing on chondrogenesis and osteogenesis as regenerative targets, respec-

tively), we identified that specific lipids (lysophosphatidic acid and cholesterol

sulfate, respectively), were significantly depleted. We propose that these me-

tabolites are therefore involved in the differentiation process. In order to un-

equivocally demonstrate that the lipid metabolites that we identified play key

roles in driving differentiation, we subsequently demonstrated that these indi-

vidual lipids can, when fed to standard stem cell cultures, induce differentiation

toward chondrocyte and osteoblast phenotypes. Our concept exploits the

design of supramolecular biomaterials as a strategy for discovering cell-direct-

ing bioactive metabolites of therapeutic relevance.

INTRODUCTION

As stem cells differentiate in response to their physical and (bio-)chemical environ-

ment, divergent metabolomic activities and alterations in energy demand occur. It

is likely that stem cells control their metabolome to help prevent spontaneous differ-

entiation.1–3 Then, as they differentiate, metabolism alters and diverges as the cells

activate.1–4 Thus, the metabolic activity of the cells may be expected to contain spe-

cific metabolite depletion patterns that are linked to differentiation. If these metab-

olites can be identified, it may be possible to induce differentiation by feeding these

molecules to stem cell cultures.

Metabolites are of increasing interest in the control of cell function and differentia-

tion, and the addition of metabolites to cultures has been shown to, for example,
298 Chem 1, 298–319, August 11, 2016 Published by Elsevier Inc.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.chempr.2016.07.001&domain=pdf


1Centre for Cell Engineering, Institute of
Molecular, Cell & Systems Biology, College of
Medical, Veterinary & Life Sciences,
University of Glasgow, Joseph Black Building,
Glasgow G12 8QQ, UK

2WestCHEM, Department of Pure & Applied
Chemistry, University of Strathclyde, 295
Cathedral Street, Glasgow G1 1XL, UK

3Biogelx Ltd., BioCity Scotland, Bo’ness Road,
Newhouse, Lanarkshire LM1 5UH, UK

4Advanced Science Research Center (ASRC), City
University of New York, New York, NY 10031, USA

5Scottish Polyomics Facility, Wolfson Wohl
Cancer Research Centre, College of Medical,
Veterinary & Life Sciences, University of Glasgow,
Garscube Estate, Glasgow G61 1QH, UK

6Centre for Regenerative Medicine, Centre for
Cardiovascular Science, University of Edinburgh,
Edinburgh EH16 4UU, UK

7Strathclyde Institute of Pharmacy and
Biomedical Sciences (SIPBS), University of
Strathclyde, Glasgow G4 0RE, UK

8Department of Physics, University of Strathclyde,
SUPA, Glasgow G4 0NG, UK

9Orthopaedic Surgery Department, Broad Stem
Cell Research Center, University of California,
Los Angeles, Los Angeles 90095-7357, USA

10Hunter College, Department of Chemistry, City
University of New York, New York, NY 10065, USA

11Program in Chemistry, The Graduate Center,
City University of New York, New York,
NY 10016, USA

12Lead Contact

*Correspondence:
rein.ulijn@asrc.cuny.edu (R.V.U.),
matthew.dalby@glasgow.ac.uk (M.J.D.)

http://dx.doi.org/10.1016/j.chempr.2016.07.001
promote monocyte differentiation into iron-recycling macrophages.5 Less, however,

is known about key regenerative cell types such as stem cells, and the identification

of metabolites that influence specific cell behavior is currently challenging because it

is hard to follow metabolite changes without adding bias from the media used or

from the substrata on which the cells are cultured.

We consider that the development of idealized physical environments, rather than

the more conventional biochemical (use of growth factors or defined media)

approach to trigger differentiation, is ideally suited to metabolomics experiments

because it avoids changingmedia formulations to control growth and differentiation

and thus allows for a direct comparison when targeting different lineages. Indeed,

changing media recipes could add major artifacts to metabolite analysis because

the metabolite profile would be different even at the start of the culture.

Several types of physical and chemical cues have been shown to influence mesen-

chymal stem cell (MSC) growth1,3,6,7 and differentiation8–12 involving especially

alterations in surface chemistry, topography, and stiffness. In particular, tissue

matching of stiffness is of considerable interest for the ability to target a range of

MSC fates.8,13–15 MSCs cultured on soft, neural, tissue-like matrices (�2 kPa) show

a tendency to differentiate toward cells expressing neural markers; when they are

cultured on surfaces with similar elastic properties to muscle (�10 kPa), they form

myocytes, and when cultured on rigid substrates, mimicking pre-calcified bone

(�40 kPa), MSCs become osteoblasts.8,16,17 However, the substrata used tend to

differ in formulation, cross-linking, and surface coating to achieve cell adhesion

and control of stiffness. For metabolomic analysis, metabolites can be of very low

abundance, and changes can be subtle,18 so reducing changes in materials chemis-

try is key to success.

We theorized that we could use a conceptually new approach where materials with

simple composition are designed and therefore suited to control stem cell fate with

no need for biofunctionalization, chemical cross-linking, or change in chemical

composition. We hypothesized that such a system could allow for use of mass

spectrometry to identify bioactive metabolites depleted during different stem cell

differentiations as guided by the materials and that the metabolites themselves

could then be used to drive differentiation by being fed to stem cell cultures. We

thus used supramolecular biomaterials19–22 that meet the above requirements by

optimizing our previous design23 to create environments that differentially induce

stem cell differentiation.

We sought to control stiffness over a physiological range of storage moduli

while keeping molecular structures as simple as possible. We therefore developed

hydrogels composed of fibers with simple cytocompatible surface functionality23

and tunable network densities. The gels are well suited to cell culture because

they are prepared from free-flowing precursor solutions that gelate upon exposure

to calcium ions present in culture media. These materials ideally fit with our

desire to keep the cell-growth conditions as chemically identical as possible so

as not to bias the metabolomics experiments but retain the ability to target a

range of lineages and follow the metabolite profile with time. We then tested

our hypothesis that bioactive metabolites that are uniquely depleted during

these differentiation experiments in turn control stem cell differentiation in stan-

dard cultures. This approach provides the use of designed supramolecular bioma-

terials as a platform for accelerating the discovery of metabolites as drug

candidates.
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RESULTS

Formulation and Characterization of Gels with Varying Stiffness and Minimal

Chemical Differences

The first objective was to produce chemically similar, cytocompatible hydrogels with

varying stiffness in the physiologically relevant range to enable step 1, use tissue-

matched gels to drive stem cell differentiation.

Hydrogels are well suited for the production of cell-matched environments.

Stiffness control of polymeric hydrogels is typically achieved via differential

chemical cross-linking.8,9 Supramolecular hydrogels,20,21,24–26 however, provide

an alternative approach where stiffness and chemical composition can be system-

atically varied. Most gels studied to date include bioactive groups, typically intro-

duced through coating of the substrate with extracellular matrix components or

by chemical functionalization with bioactive groups (e.g., proteins or peptide

motifs).27–29

In order to tailor suitable materials, we made use of a two-component co-assembly

approach comprising a peptide-based gelator (the structural element) and a surfac-

tant-like molecule that presents carboxylate functionality to the surface of fibers,30

enabling subsequent cross-linking upon exposure to divalent cations (Ca2+) present

in tissue-culture media. Specifically, in line with our previous demonstration of core-

shell co-assembly of Fmoc-peptide-based gelators and surfactants,28 when fluo-

renyl-9-methoxycarbonyl-diphenylalanine (Fmoc-F2)
23,31,32 was co-assembled with

surfactant-like Fmoc-serine (Fmoc-S), the polar serine side chains were presented

at the surface of the fibers (Figure 1A). The differential organization of the gelator

and surfactant components in isolation is evident from atomic force microscopy

(AFM) images (Figure 1B) and static light scattering (SLS) (Figure S1A), which showed

nanofibers and spherical aggregates, which upon mixing co-assemble as fibers. The

mode of Fmoc-F2/S co-assembly is further supported by the disappearance of the

380 nm fluorescence emission peak (Figure 1C) and reduction of the Fourier trans-

form infrared (FTIR) spectroscopy peak at 1,590 cm�1 associated with carboxylate

groups in micelle state (Figure 1D). In addition, the similar FTIR peaks observed

for Fmoc-F2 and Fmoc-F2/S (Figure 1D) indicate that the Fmoc-F2 arrangement is

not significantly disrupted by the incorporation of Fmoc-S, confirming that the sur-

factant-like peptide assembles on the surface of Fmoc-F2 fibers in a core-shell

configuration.

Formation of hydrogels with tunable stiffness was achieved by varying co-assembly

concentrations, giving rise to viscous liquids in the concentration range of 5–40 mM.

The presence of carboxylate ions at the fiber surface allows for these structures to be

stabilized and subsequently physically cross-linked by exposure to tissue-culture

media. Gradual exposure to the media is achieved by diffusion through the semiper-

meable membrane of cell-culture inserts, resulting in gelation within approximately

90 min.

Oscillatory rheology of the resulting gels revealed elastic moduli of 0.1 kPa up to

32 kPa with increasing concentration (Figure 1E). In each case, the elastic modulus

G0 exceeded the viscous modulus G00, indicating that these gels are predominantly

elastic in nature (Figure S1C). The results show that the mechanical properties of

the Fmoc-F2/S gels can be easily controlled by tuning their concentration, resulting

in gels with moduli close to values reported for neural, muscle, and bone-like tis-

sues.33 Note that stiffness values in the literature are obtained via various testing

methods, and either Young’s or storage moduli are reported.24 Visual examination
300 Chem 1, 298–319, August 11, 2016



Figure 1. Self-Assembly of Two-Component Gelators and Analysis of Primary Pericyte

Differentiations

(A) Schematic presentation of proposed core-shell nanostructures.

(B) AFM images of Fmoc-F2, Fmoc-S, and the 50:50 mixture. Structures of Fmoc-F2 and Fmoc-S

are shown in Figure S2A. Scale bars represent 2 mm.

(C) Fluorescence emission spectra show a sharp peak at 320 nm corresponding to monomeric

emission of the fluorenyl moiety; the broad peak at 460–480 nm is due to the formation of
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Figure 1. Continued

aggregated excimers. The peak at 380 nm for Fmoc-S indicates the differential fluorenyl

organization upon formation of spherical aggregates (Figure S1B).

(D) FTIR spectra of Fmoc-F2 show a band (1,625–1,640 cm�1) due to the peptide amide I modes

that are consistent with a well-ordered b-sheet-like arrangement and a second band at

1,687 cm�1 that relates to the ordered carbamate moiety. For Fmoc-S, a carboxylate peak is

evident at 1,590 cm�1, which loses intensity and broadens in the mixture of the two components,

consistent with co-assembly.

(E) Oscillatory rheology of the gels show elastic moduli of different concentration gels. Results

show that the stiffness increases when the concentration increases.

(F) Macroscopic images for 10, 30, 40 mM gels in culture media.

(G) Young’s modulus and AFM stiffness maps (90 mm square fields) of the soft, stiff, and rigid gels.

(H) SEM image of a single MSC attached to Fmoc-F2/S gel fibers. Scale bar represents 10 mm.

(I) Pericytes were assessed for the expression of b3-tubulin (neural cells), SOX-9 (chondrocytes),

and RUNX2 (osteoblasts) on each hydrogel type. Primary expression of b3-tubulin was observed

on the 1 kPa (soft) surface, SOX-9 was observed on the 13 kPa (stiff) surface, and RUNX2 was

observed on the 32 kPa (rigid) surface after 1 week of culture. Cells were only cultured in basal

media with no differentiation-enhancing factors, and so differentiation is purely substrate driven.

Statistics were obtained by ANOVA and Bonferroni post hoc tests; the control was pericytes on

glass coverslips with standard media, *p < 0.05, **p < 0.01, and ***p < 0.001. Error bars represent

the SEM; n = 4 material replicates for PCR. Note that other marker transcripts were tested for and

are shown in Figure S4 to confirm this analysis.
(Figure 1F) of the gel samples revealed a clear correlation in appearance with the

network properties (Figure S1D).

FTIR spectroscopy of the gels in D2O solution with a salt composition identical to

that present in the culture media (for composition, see Experimental Procedures)34

revealed significant differences in the hydrogen bonding arrangements in pre-gela-

tion mixtures and gels whereby peak broadening was observed with increasing

concentrations (Figures S1E and S1F). The broadening peak around 1,590 cm�1

(COO� stretch) indicates that at least a proportion of the C termini were deproto-

nated. As expected, the intensities of amide I bands increased with concentration

as fiber density increased and was more pronounced in the gels than in the starting

mixtures. Fluorescence emission spectra of the pre-gelation mixtures at increasing

concentrations showed quenching of the monomeric emission (Figures S1G and

S1H), where the excimeric emission became more pronounced. These results are

in agreement with increased fiber densities (fiber size, density, and roughness;

shown in Figures S1I and S1J).

The interactions between serum proteins and gel fibers were analyzed in order to

assess whether serum proteins could be involved in mediating cell attachment to

fibers. Figure S2B shows quenching of Fmoc fluorescence in the presence of fibro-

nectin, vitronectin, and total serum, suggesting that the proteins interact with the

fibers. In addition, AFM imaging confirmed the interaction between serum proteins

and the fibers, given that a layer of proteins was observed only on the surface of

fibers incubated with serum (Figures S2E and S2F). Thus, we provide evidence of

serum proteins interacting with the fibers and propose that cell attachment to the

fibers likely involves interactions with serum proteins from cell-culture media. In

the remainder of this report, we use gels at 10, 30, and 40 mmol L�1, denoted as

soft (1 kPa), stiff (13 kPa), and rigid (32 kPa), respectively.

We further analyzed the stiffness of the gels at the micrometer scale by using AFM

indentation measurements, because stiffness on this scale can be different from

the bulk stiffness. Young’s modulus of the soft gel was 2.19 kPa, similar to its storage

modulus. Yet, Young’s modulus of the stiff and rigid gels was 5.7 and 22.0 kPa,
302 Chem 1, 298–319, August 11, 2016



respectively (Figure 1G). Young’s moduli obtained for the stiff and rigid gels are

unexpected because of the known relationship between Young’s modulus and the

storage/loss modulus.35 As can be observed in Figure 1G, Young’s moduli of the stiff

and rigid gels are more variable than that of the soft gel (Figure S1C). The exact rea-

sons for this differential behavior require further investigation.

We note that although hydrogels tend to be described by bulk mechanical proper-

ties, the gels are composed of a network of nanoscale fibers, and therefore we hy-

pothesized that cells would interact with the fibers (Figure 1H) via adsorbed protein

(Figures S2C–S2F). We used scanning electron microscopy (SEM) imaging to

examine the interaction between the cells and the fibers. As observed in Figure 1H,

MSCs cells were in direct contact with the gel fibers. This implies that the nanoscale

architecture of the fibers may influence cell mechanics as well as bulk properties.13 It

also suggests changes in protein density as a potential factor in influencing cell

behavior, given that we simultaneously varied stiffness and protein adsorption at

higher fiber densities.13

Analysis of Primary Pericyte Differentiation

In this study, we used both MSCs and perivascular stem cells (pericytes) to demon-

strate the generality of our approach. Although MSCs hold great regenerative

potential, autologous cells are available from, for example, iliac crest aspiration in

vanishingly small numbers. Pericytes are the multipotent progenitors of MSCs and

are readily available in large numbers from adipose tissue harvested by liposuc-

tion.36 This availability, plus the ability to precisely characterize them, makes them

an excellent autologous multipotent cell source able to differentiate into cells of

the reticular, adipose, cartilaginous, and bony lineages.36

Multipotent pericytes (Figure S3) cultured on hydrogel surfaces and glass controls

were assessed for primary differentiation lineages via qPCR (Table 1) after 1 week

of culture. These were ascertained as neurogenesis, chondrogenesis, or osteogen-

esis through the increased production of the markers b3-tubulin (neural protein),

SOX9 (sex-determining region Y-box 9, chondrogenic directing transcription factor),

or RUNX2 (runt-related transcription factor 2, osteogenic directing transcription fac-

tor), respectively (Figure 1I; confirmatory data for additional neurogenic, myogenic,

adiopogenic chondrogenic, and osteogenic markers are shown in Figure S4). These

data fit well within the established paradigm of stiffness-directed MSC differentia-

tion, whereby soft gels induce neural marker expression and rigid gels induce osteo-

genesis.8,33 At 13 kPa, we noted expression of chondrogenic markers rather than

myogenic markers (myoD [myogenic differentiation factor 1] was undetectable by

PCR), previously reported in the 10 kPa range. This might be a result of differences

between the gel systems used; most literature examples used chemically cross-

linked gels, whereas our systems were nanofibrous networks, which interact differ-

ently with cells, as detailed above (see SEM and AFM characterization of gels

and cells; Figures 1H and S2C–S2F). In addition, we used different stem cell isolation

protocols and the propensity for populations selected by different markers37,38;

in this report, we used in-house isolated pericytes rather than catalog-bought

MSCs.8

Identification of Candidate Differentiation-Inducing Metabolites

To identify candidate metabolites, we decided to focus on chondrogenesis and

osteogenesis as key phenotypes classically targeted in regenerative medicine and

tissue engineering (cartilage and bone repair). The intracellular complement of

metabolites for cells cultured on each hydrogel surface were analyzed after 1 and
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Table 1. Real-Time PCR Primers Used for Quantifying mRNA Expression from Human Genes

Gene Primer

SLC2A4 forward 50-ATGTTGCGGAGGCTATGGG-30

reverse 50-AAAGAGAGGGTGTCCGGTGG-30

PPARG forward 50-TGTGAAGCCCATTGAAGACA-30

reverse 50-CTGCAGTAGCTGCACGTGTT-30

SOX9 forward 50-AGACAGCCCCCTATCGACTT-30

reverse 50-CGGCAGGTACTGGTCAAACT-30

COL2A1 forward 50-CACCTGGGACTGTCCTCTGCGA-30

reverse 50-CCTTTGGTCCTGGTTGCCCACT-30

ACAN forward 50-TACACTGGCGAGCACTGTAAC-30

reverse 50-CAGTGGCCCTGGTACTTGTT-30

RUNX2 forward 50-GGTCAGATGCAGGCGGCC-30

reverse 50-TACGTGTGGTAGCGCGTC-30

SPP1 forward 50-AGCTGGATGACCAGAGTGCT-30

reverse 50-TGAAATTCATGGCTGTGGAA-30

MDFI forward 50-CACTACAGCGGCGACTCC-30

reverse 50-TAGGCGCCTTCGTAGCAG-30

MYOG forward 50-GCTCAGCTCCCTCAACCA-30

reverse 50-GCTGTGAGAGCTGCATTCG-30

NES forward 50-GTGGGAAGATACGGTGGAGA-30

reverse 50-ACCTGTTGTGATTGCCCTTC-30

TUBB3 forward 50-CAGATGTTCGATGCCAAGAA-30

reverse 50-GGGATCCACTCCACGAAGTA-30

GFAP forward 50-GCTTCCTGGAACAGCAAAAC-30

reverse 50-AGGTCCTGTGCCAGATTGTC-30

GAPDH forward 50-ACCCAGAAGACTGTGGATGG-30

reverse 50-TTCTAGACGGCAGGTCAGGT-30
4 weeks in culture. Liquid chromatography-mass spectrometry (LC-MS) analysis of

the cell extracts permitted identification of individual metabolites of a total of

630–831 putatively identified metabolites.

Observed changes largely fitted into four classes: amino acid, lipid, carbohydrate,

and nucleotide metabolism (Figure S4). We chose to focus on lipids because this

classification tended to show a depletion-based profile on the substrates, whereas

amino acids, carbohydrates, and nucleotides tended to become more abundant

(Figure S5). Lipid metabolite heatmap profiles showed a number of temporal

(2–4 week) depletions occurred (Figures 2A and 2B). We selected metabolites ac-

cording to the following criteria: (1) we considered metabolites that were uniquely

depleted upon culturing in one of the two stiffness hydrogels and (2) further chose

from those candidates that were unique to KEGG (Kyoto Encyclopedia of

Genes and Genomes) pathways (Figure 2D), i.e., we did not select chondro- and os-

teogenesis candidates from the same KEGG pathway in order to target distinct

biosynthetic pathways. Using this methodology, we selected a lysophosphatidic

acid (LPA) (1-octadecanoyl-sn-glycero-3-phosphate, GP18:0) belonging to the

glycerolipid pathway and cholesterol sulfate belonging to the steroid biosynthesis

pathway (Figure 2C). We note that there are likely to be other interesting candidates
304 Chem 1, 298–319, August 11, 2016



Figure 2. Identification of Candidate Metabolites with Roles in Lineage-Specific Differentiation

After 1 and 4 weeks of pericyte culture on the hydrogels, whole-metabolome analysis (LC-MS) was

performed, and from the whole metabolome, lipids were selected as a group with distinct

changes where depletions were abundant; from the lipids, selected depletions for each level of

stiffness.

Stiff (13 kPa, A) and rigid (32 kPa, B) were identified (arrows from heatmaps to bar charts). Analyses

of the average peak intensities of the metabolites (GP18:0 and CS, C), measured after 1 and

4 weeks in culture are illustrated as bar charts with significant depletions noted in pericytes on stiff

and rigid gels, respectively. Each metabolite was observed as having depletive characteristics

particular to substrate stiffness, suggesting lineage-specific demand (i.e., GP18:0 in

chondrogenesis and CS in osteogenesis). When these metabolites were placed within their KEGG
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Figure 2. Continued

pathways of glycerolipid and steroid biosynthesis on stacked bar charts (D), the hit metabolites

were seen to be major depletions (each metabolite is shown at 1 week [1W] and 4 weeks [4W] of

culture). Statistics were obtained by ANOVA and Bonferroni post hoc tests. For individual lipid

plots, *p < 0.05 and ***p < 0.001. For KEGG plots, x denotes significant depletion on the stiff gel,

and # denotes significant depletion on the rigid gel. Error bars represent the SEM; n = 3 material

replicates. Log-scale graphs are used.
in the pool of metabolites assessed. All lipid changes are shown in Figures S6 and S7,

and the full dataset of depletion patterns is available (see Experimental Procedures

for the DOI).

Having identified these two metabolites, we considered their likely relevance in

known cell-type-specific processes. LPAs such as GP18:0 can act via membrane-

bound G-protein-coupled receptors and have been shown to regulate the

mitogen-activated protein kinases, more specifically extracellular-signal-regulated

kinase (ERK) pathways, which are central to cell growth and differentiation.39 Further,

there is emerging evidence that murine cartilaginous bone mesenchymal cells ex-

press LPA receptors and that LPAs can have effects on chondroprogenitor activa-

tion, as seen in the ATDC5 cell line40 and in primary murine chondrocytes.41

Cholesterol sulfate (CS) is a sterol lipid that resides primarily within the cell mem-

brane to provide structural support. However, CS in its own right can act as a regu-

latory molecule.42,43 Of the selected metabolites, CS was our only candidate that

fitted into networks generated in Ingenuity Pathway Analysis (IPA). On the rigid hy-

drogel, the analysis of metabolite pathways to layer metabolic information with

known connections to biochemical pathways from pericytes revealed that CS may

be used in transforming growth factor b (TGF-b) signaling given that it became

depleted in pericytes (Figure S8). The pathway analysis further implicated bone

morphogenic protein (BMP) signaling (BMPs are part of the TGF-b superfamily),

key to RUNX2 activation and hence osteogenesis,44 and implied ERK, ROCK, integ-

rin (adhesion), and actin (cytoskeleton) signaling, tying in well with the literature on

osteogenesis.3,8,11,12
Testing the Efficacy of Differentiation Driven by Biological Molecules

Having identified small molecules that potentially have roles in stem cell differenti-

ation, we moved on to test their ability to direct differentiation. Given the expected

central role in metabolic pathways, we studied effects on both MSCs and pericytes.

Testing differentiation potential with serial dilutions (Figure S9) revealed concentra-

tions where effects on transcript expression were maximal.

To test osteogenesis and chondrogenesis, both pericytes and MSCs were cultured

with 1 mM CS and 0.1 mM GP18:0 in basic media (10% fetal calf serum [FCS] and

DMEM) on glass coverslips. To test osteogenic potential, cells were seeded as stan-

dard suspension cultures within the full volume of media and allowed to settle and

adhere across the coverslip surface. For chondrogenic testing, cells were seeded

in micromass cultures by being placed on the surface in a small droplet (20 mL) of

media and being allowed to attach before the wells were flooded with media. Micro-

mass culture allowed us to establish conditions that enable rather than drive chon-

drogenesis and so suitably test our candidate metabolite.

Considering osteogenesis first, for cells seeded onto coverslips with CS added,

expression levels of the mature bone-specific proteins osteocalcin and osteopontin
306 Chem 1, 298–319, August 11, 2016



Figure 3. Testing of Osteogenesis and Chondrogenesis Driven by Biological Molecules

(A–D) For osteogenic assays, cells were cultured for 3 weeks with standard media, media

containing CS, or osteo-inductive media (OIM) before testing. Pericytes (A) and MSCs (C) were

cultured in either OIM or 1 mM CS and demonstrated increased expression of the osteogenic

markers osteopontin and osteocalcin, which appeared in nodule-like formations (arrows) with the

addition of CS, similar to bone-marker expression when using OIM. (B) For pericytes, image

analysis of osteocalcin and osteopontin staining showed a significant increase in expression for

both osteoblast-related proteins with OIM or CS-enhanced media over standard media alone,

and analysis of the bone nodule area from alizarin red histology showed nodules to be larger with

CS than with OIM. (D) For MSCs, image analysis of osteopontin staining showed a significant

increase in expression for the osteoblast-related protein with OIM or CS-enhanced media over
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Figure 3. Continued

standard media alone, and alizarin red staining for calcium illustrated the appearance of bone

nodules in MSCs cultures treated with CS (circles).

(E–H) For chondrogenic assays, cells were maintained via micromass culture for 10 days with or

without the addition of 0.1 mmGP18:0 or chondro-inductive media (CIM) before testing. Collagen

II (Col II: pericyte) or SOX9 (MSC) and aggrecan (ACAN) expression was noted in pericyte (E) and

MSC (G) cultures with either CIM or GP18:0 but not on control coverslips with basal media

(arrows). Image analysis showed significantly increased expression of both aggrecan and

collagen II with the addition of CIM and GP18:0 with pericytes (F) and increased expression of

SOX9 and aggrecan with MSCs (H).

Scale bars represent 200 mm (A and E) and 100 mm (C, D, and G). Error bars represent SDs. For

PCR, n = 4 replicates; for image analysis, data were obtained from >120 cells from four replicates.

Statistics were obtained by ANOVA and Bonferroni post hoc tests; *p < 0.05 and **p < 0.01.

Controls were pericytes or MSCs on glass coverslips with standard media. Fluorescence images

show actin cytoskeleton (red), cell nuclei (blue), and SOX9, collagen II, aggrecan, osteocalcin, or

osteopontin (green). PCR analysis of the marker transcripts is shown in Figure S10 to validate the

protein data in this figure.
were similar to those observed in osteoinductivemedia for both pericytes (Figure 3A)

and MSCs (Figure 3C), whereas expression was negligible in controls. For pericytes

and MSCs, measured expression of osteopontin was greater than that of

unstimulated controls and similar to that in osteoinductive media (Figures 3B and

3D). Measurement of aggregated osteocalcin-rich nodules revealed that the

mean nodule area was larger for pericytes treated with CS than with osteoinductive

media (Figure 3B), and it is noteworthy that no nodules were detected on untreated

(no metabolite added) controls. On image analysis, the percentages of pericytes

associated with osteocalcin-rich nodules were 15.0% G 7.4% and 8.9% G 7.9%

for CS and osteoinductive media, respectively (no difference, p = 0.1), and 0%

for controls (p < 0.05). This illustrates comparable osteogenic differentiation

between CS and osteoinductive media. Use of alizarin red staining for calcium in

bone mineral (apatite, a calcium phosphate) also showed formation of nascent

nodules when MSCs were treated with CS (Figure 3D). This was confirmed at the

transcript level with pericytes using primers for osteopontin and osteocalcin

(Figure S10A).

For pericytes and MSCs seeded (as micromass cultures) onto glass coverslips with

GP18:0 added, expression of the cartilaginous proteins collagen II and aggrecan

was similar to that of induction with chondrogenic media (Figures 3E and 3G), and

for MSCs, SOX9 expression was also shown to be enhanced (Figure 3H). This was

confirmed at the transcript level with pericytes using primers for collagen II and

aggrecan (Figure S10B).
Illustration of the Regenerative Potential of Bioactive Metabolites

Bioactivemetabolites, such as those identified herein, could be drug candidates that

influencemetabolic pathways. We focused on CS as the candidate that fitted to well-

known canonical pathways in IPA (likely because information on metabolite interac-

tions is only emerging). As described, pathway analysis implicated CS with BMP

signaling (Figures 4A and S8). We hypothesized that CS could potentially be used

as a much simpler alternative to BMP2 (the clinical standard) to provide enhanced

osteogenesis. BMP2 signaling occurs through activation of the SMAD (SMA small

body size and MAD mothers against decapentaplegic) pathway. Comparison of

active (phosphorylated) SMAD 1 and 5 normalized to total SMAD 1 and 5 showed

activation of the pathway with the addition of CS (Figure 4B). Further, when BMP

signaling was antagonized with noggin, then CS failed to stimulate osteogenesis

(Figure 4B).
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Figure 4. Testing of CS Mechanism

(A) Layering metabolomics data with canonical biochemical pathways using IPA showed CS

interacting with TGF-b linked to BMP signaling.

(B) Testing SMAD 1 and 5 activation (phosphorylation) by in-cell western analysis after 5 days of

culture on glass coverslips showed significant upregulation of SMAD phosphorylation with the

addition of CS, whereas the use of standard media and the addition of noggin (CSn) prevented

CS inducement of osteocalcin and osteopontin transcripts after 21 days in culture, as shown

by qPCR.

(C) Use of the 32 kPa hydrogel loaded with pericytes injected into a collagen tissue mimic

produced a degree of mineralization within the gels after 28 days of culture, as shown by von

Kossa histology. However, the addition of CS produced consistently high levels of mineralization

within the gels, indicating the potential of bioactive metabolite strategies (note that the small

images are similarly contrast enhanced so that the difference between non-mineralized and

mineralized areas is clear). Scale bar represents 5 mm.

For metabolomics and quantitative analysis, n = 3 material replicates. Statistics were obtained by

ANOVA and Bonferroni post hoc tests; *p < 0.05.
To test the effect of CS in a 3D tissue mimic in order to more closely resemble the

in vivo situation, we formed a collagen gel and injected into it pericytes within the

32 kPa hydrogel with and without CS and cultured for 28 days (illustrated in Fig-

ure 4C). After culture without CS, a von Kossa stain for phosphate showed that three

of five tissue mimics were positive for extensive mineralization. However, with CS, all

five gels supported mineralization, typically to a greater extent than with gel guid-

ance alone (Figure 4C); this illustrates the potential ability of CS to mediate robust

osseointegration in 3D. Such strategies could be important where ossification of

soft tissues would be desirable, e.g., ossification of the masseter muscle in maxillo-

facial reconstruction of the jaw.
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DISCUSSION

In these experiments, we have shown that coupling metabolomics analysis with sim-

ple tissue-stiffness-matched supramolecular hydrogels can be used to exploit stem

cells’ environmental adaptation processes for the identification of novel bioactive

metabolites that can define stem cell fate. Furthermore, individual bioactive metab-

olites were demonstrated to have similar efficiency to the complex cocktails of

soluble factors currently used (e.g., dexamethasone with glycerophosphate and

ascorbate for osteogenesis, or dexamethasone, insulin, and TGF-b1 for chondro-

genesis) at a fraction of the cost.

We have discussed the potential for CS as an osteoinductive drug given its better-

known pathway. However, we note that GP18:0 may also have potential clinical

use, such as in matrix-assisted autologous chondrocyte implantation, and has

been developed for the repair of osteoarthritic defects.45

In conclusion, this study demonstrates a methodology that uses designed supramo-

lecular gels to allow for the facile identification of biological molecules that could be

used to unlock the regenerative potential of stem cells. Here, we used the natural

adaptation of stem cells to their physical environment to guide us to bioactive

metabolite drug candidates. Peptide gels with simple composition and tunable

physical properties were developed specifically for stem cells to facilitate targeted

differentiation, and pericytes and MSCs were used as potential autologous stem

cell sources. In the future, this approach could find further use in personalized med-

icine. In this scenario, a patient’s stem cells would be analyzed with the use of bio-

materials for bioactive metabolites during differentiation of the clinically desired

fate. Thus, highly effective bioactives could be identified for optimal regeneration

in that patient.
EXPERIMENTAL PROCEDURES

Materials

Fmoc-Serine (Fmoc-S) was purchased from Bachem with purity >99.5%. Fmoc-

diphenylalanine (Fmoc-FF) was produced in house by the method described below

or purchased from Biogelx at 98% purity. Cell-culture inserts for 12-well and 24 well

multiwell plates with 1.0 mm pore size were purchased from Greiner Bio-One.
Synthesis of Fmoc-F2

To a stirred solution of Fmoc-protected L-phenylalanine (1 equiv) in dimethylfor-

mamide (DMF), coupling agent N,N,N0,N0-tetramethyl-O-(1H-benzotriazol-1-yl)

uronium hexafluorophosphate (1.2 equiv) was added and stirred for 15 min. Then,

the hydrochloride salt of the C-terminal-protected tert-butyl ester of L-phenylalanine

(1.2 equiv) was added to the reaction mixture, followed by the addition of an organic

base, diisopropylethyl amine (2.5 equiv). Then the coupling reaction was stirred

overnight. The solvent was evaporated out, and the reaction mixture was dissolved

in ethyl acetate. The ethyl acetate layer was washed with 1 N sodium bicarbonate

solution and 1 N hydrochloric acid solution to remove any excess acid or base, fol-

lowed by saturated brine solution. The organic layer was dried over magnesium sul-

fate, and the solvent was evaporated. The final products were purified by column

chromatography with 230–400 mesh silica gel as the stationary phase and a chloro-

form-methanol mixture as the eluent.

Then, deprotection of the tert-butyl group was carried out in 50:50 mixtures of

dichloromethane (DCM) and trifluoroacetic acid (TFA) overnight. Then, excess TFA
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was removed, followed by crystallization of the product from ether. Final traces of

TFA were removed by continuous washing with ether. The powder was analyzed

with high-performance liquid chromatography and found to bemore than 98% pure.

Formation of the Fmoc Hydrogels

Samples were prepared by mixing Fmoc-F2 and Fmoc-S (Fmoc-F2/S) (1:1 ratio)

in 10 mL glass vials and suspending the powders to a specific peptide con-

centration in sterile and distilled H2O. NaOH (0.5 M) was added dropwise until

the powders were fully dissolved. The vial was mixed with alternating vortexing

and sonication, and then 0.5 M HCl was added until the desired pH was reached

(7.5–7.8). Before use, Fmoc-F2/S pre-gelation mixtures were sterilized under UV

light for 45 min.

To produce hydrogels from each of these pre-gelation mixtures, 300 mL was trans-

ferred to cell-culture inserts in 12-well plates. A volume of 1,400 mL of culture me-

dium was added to each well (outside the insert) and incubated for 1.5 hr at 37�C
in a humidified atmosphere with 5% CO2. After gelation, the medium surrounding

the inserts was replaced, and 300 mL of new medium was gently added to the

surface of the gels. After overnight incubation, the pH of the gel stabilized at around

pH 7.8 (G0.5).

Fluorescence Spectroscopy

Fluorescence emission spectra were measured on a Jasco FP-6500 spectrofluorom-

eter, and light was measured orthogonally to the excitation light; excitation at

280 nm and emission ranged between 300 and 600 nm. The spectra were measured

with a bandwidth of 3 nm, resulting in a medium response and a 1 nm data pitch.

Experimental data were acquired in triplicate.

FTIR Spectroscopy

FTIR spectra were acquired in a Bruker Vertex spectrometer with a spectral resolu-

tion of 2 cm�1 and averaging 56 interferograms for each measurement. Gels were

made in salt solution (DMEM containing salts, e.g., 200 mg/L calcium chloride,

400 mg/L potassium chloride, 6,800 mg/L sodium chloride, 97.7 mg/L magnesium

sulfate, 140 mg/L di-sodium hydrogen phosphate, and 850 mg/L sodium bicarbon-

ate) made in D2O. The samples were transferred into a standard IR cell holder (Har-

rick Scientific) and were contained between two CaF2 windows (thickness 2 mm)

separated by a 25 mm polytetrafluoroethylene spacer. D2O (99.9 atom % D; Aldrich)

was used as the solvent for all IR measurements.

Rheology

To assess the mechanical properties of the hydrogels, dynamic frequency sweep ex-

periments were carried out on a strain-controlled rheometer (Kinexus rotational

rheometer from Malvern) using a parallel-plate geometry (20 mm) with a 0.50 mm

gap. An integrated temperature controller was used to maintain the temperature

of the sample stage at 25�C. Precautions were taken tominimize solvent evaporation

and to keep the sample hydrated; a solvent trap was used, and the atmosphere

within was kept saturated. To ensure the measurements were made in the linear

viscoelastic regime, an amplitude sweep was performed, and the results showed

no variation in elastic modulus (G0) or viscous modulus (G00) up to a strain of 1%.

The dynamic modulus of the hydrogel was measured as a frequency function,

whereby the frequency sweeps were carried out between 1 and 100 Hz. The mea-

surements were repeated at least three times to ensure reproducibility. Elastic

moduli were obtained from data presented in Figure 1E.
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AFM Stiffness Measurements

For stiffness measurements, pre-mixed Fmoc-F2/S was purchased from Biogelx.

Force-volume information was obtained for the gels as described in detail previ-

ously.46 In brief, an Asylum Research MFP-3D-BIO was used to collect force-inden-

tation curves across the gel and fit with the Hertz model. The probe spring constant

was calibrated by the thermal tune method (as previously described47,48) facilitated

by the Asylum Research software and was found to be 250 pN/nm. The inverse

optical lever sensitivity was calibrated on a clean glass surface in fluid. Soft, stiff,

and rigid gels were prepared as described above in ‘‘Formation of the Fmoc Hydro-

gels.’’ The gels were adhered to a glass Petri dish and sampled between 64 and 100

times across a 90 3 90 mm area for each gel. The trigger point was 100 nN, and the

indentation velocity was 10 mm/s; a 6.1 mm spherical probe was used. The Hertz

model49 was fit to the force-indentation curves as facilitated by the software and

used an assumed Poisson ratio of 0.45. All indentations were less than 2 mm into

the gel.

AFM Imaging

For analysis of pre-gelation mixtures, 100 mL of mixture, prepared via the standard

procedure described above, was placed on a trimmed, freshly cleaved mica sheet

attached to an AFM support stub for 1 min. Upon removal of any excess mixture

by capillary action, the surface was rinsed twice with 200 mL of distilled H2O and

left to air dry overnight in a dust-free environment prior to imaging. To image the

hydrogel structure, media were removed and gels were placed on a mica sheet

for 1 min and rinsed twice with 200 mL of distilled H2O. The images were obtained

by scanning the mica surface in air under ambient conditions using a Veeco

MultiMode with NanoScope IIID Controller Scanning Probe Microscope (Digital

Instruments; Veeco software version 6.14r1) operated in tapping mode. The AFM

measurements were obtained with a sharp silicon probe (TESP; nominal length

[lnom] = 125 mm, width [wnom] = 40 mm, tip radius [Rnom] = 8 nm, resonant frequency

[ynom] = 320 kHz, spring constant [knom] = 42 N m�1; Veeco Instruments), and AFM

scans were taken at a resolution of 512 3 512 pixels. Typical scanning parameters

were as follows: tapping frequency, 308 kHz; integral and proportional gains, 0.3

and 0.5, respectively; set point, 0.5–0.8 V; and scanning speed, 1.0 Hz. The images

were analyzed by Veeco Image Analysis software version 6.14r1.

Transmission Electron Microscopy

Carbon-coated copper grids (no. 400) were glow discharged for 5 s and placed

shiny side down on the surface of the pre-gelation mixtures and hydrogels for

less than 5 s. Excess sample was removed by blotting with filter paper, and then

10 mL of negative stain (Nanovan: 1% aqueous methylamine vanadate, obtained

from Nanoprobes) was placed on the top of the sample on the grid and allowed

to dry for 10 min. The dried specimens were then imaged with a LEO 912 energy

filtering transmission electron microscope operating at 120 kV and fitted with a

14 bit/2 K Proscan CCD camera. Fiber diameters were measured by ImageJ soft-

ware version v1.43u (NIH).

SLS

SLS measurements for pre-gelation mixtures were performed on a 3DDLS instru-

ment (LS Instruments) using vertically polarized He-Ne laser light (25 mW with wave-

length of 632.8 nm) with an avalanche photodiode detector at angles between 15�

and 135� at 25�C. The scattering intensity patterns from SLS experiments were

analyzed by applying Guinier’s law to calculate the shape-independent size param-

eter, the radius of gyration (Rg).
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In the range ofQ values higher than Guinier’s region, the scattering intensity can be

described by the power law:

IðQÞ f Q�df ;

where Q is the scattering vector amplitude (Q = (4pn/l)sin(q/2), n is the refractive

index of the solvent, and l is the wavelength of the laser). At intermediate Q, the

exponent df reflects the dimensionality of the scattering object, which is, for

example, 1 for thin rod-like particles.

Interaction between Fmoc-F2/S and Fibronectin, Vitronectin, and Serum

Proteins

The interactions between Fmoc-F2/S fibers and different proteins (fibronectin, vitro-

nectin, and serum protein) in the concentration range relevant to cell-culture condi-

tions were characterized by a previously described fluorescence-based method.50

The different concentrations of proteins were mixed with pre-gelation mixtures of

Fmoc-F2/S, and quenching in emission fluorescence intensity was measured; the

results are shown in the figures. The binding constants were calculated by applying

the model described previously.50,51

For AFM imaging of Fmoc-F2/S fibers (20 mM) with or without 10% (v/v) serum pro-

teins, samples were diluted 23 and placed on a trimmed, freshly cleaved mica sheet

attached to an AFM support stub as described above. The surface was subsequently

rinsed with distilled H2O and left to air dry before imaging. The images were ob-

tained by scanning the mica surface in air under ambient conditions with a Bruker

Multimode 8 microscope operated in tapping mode. The AFM scans were taken

at a resolutions of 512 3 512 pixels. The images were analyzed with NanoScope

Analysis software version 1.40.

Pericyte Isolation

Pericytes were isolated from the adipose tissue of healthy adult donors undergo-

ing cosmetic lipectomy procedures with prior written consent. Ethical approval

for the collection of tissue and subsequent research was granted by the South

East Scotland Research Ethics Committee 3 (SESREC03, reference no. 10/S1103/

45). Cells were purified to homogeneity by fluorescence-activated cell sorting

(FACS) using a FACS Aria II (BD Biosciences) on the basis of our established

protocols.52 In brief, adipose tissue was enzymatically digested with type II colla-

genase (1 mg/mL; Sigma-Aldrich) for 30 min in a shaking water bath at 37�C to

obtain the stromal vascular fraction (SVF). The SVF was then stained with the

following antibodies: CD146-Alexa647 (1:100; AbD Serotec), CD45 APC-cy7,

CD31-FITC, and CD34-PE (1:100; all from BD Biosciences). Pericytes were sorted

to homogeneity on the basis of the following phenotypes: CD146+, CD45�,
CD34�, and CD31�. Immediately after FACS, pericytes were seeded onto 0.1%

gelatin-coated wells at a density of 20,000 cells/cm2 in EGM-2 media (Lonza) in

a humidified incubator with 5% CO2 at 37�C. When confluent, cells were detached

from the culture ware using 0.25% trypsin and split at a ratio of 1:6 into uncoated

wells and cultured in DMEM and 20% FCS for all subsequent passages. Media

were changed three times per week. Purity of pericyte cultures was confirmed

by flow cytometry.

Cell Culture and Reagents

For cell culture, after overnight incubation of the hydrogel at 37�C, the basic or

standard culture media (DMEM [PAA Laboratories] supplemented with 10% v/v

fetal bovine serum [FBS] and 2% v/v antibiotic mix [60% v/v L-glutamine, 35% v/v
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penicillin streptomycin, and 5% v/v amphotericin B]) on the surface and around

the 12-well insert was removed. The medium in the well was replaced with

fresh medium. The medium on the surface of the gel was refilled with 100 mL of

pericyte cell suspension with a cell density of 1 3 104 cells, along with 200 mL of

new medium. Culture plates were incubated under a humidified atmosphere

of 5% CO2 at 37�C. Basic medium was replaced every 24 hr in the first 2 days of

preparation and every other day after that. For seeding onto coverslips, cells (peri-

cytes or MSCs purchased from Promocell [human, from bone marrow]) were seeded

onto 13 mm glass coverslips at a density of 1 3 104 cells in 1 mL of complete

medium.

Cells were cultured for the times indicated in the figures. In brief, 1 week was used for

on-gel PCR, 1 and 4 weeks were used for metabolomics, and 3 weeks was used for

directed differentiation with induction media and bioactive metabolites (4 weeks

for alizarin red).

Chondrogenic differentiation was induced using micromass culture53,54 and DMEM

containing 10% FBS, insulin (6.25 mg/mL), dexamethasone (100 nM), ascorbate-2-

phosphate (50 nM), transforming growth factor (TGF-b1, 10 ng/mL), and sodium py-

ruvate (110 mg/mL). Micromass cultures were performed by spotting 20 mL droplets

of cell suspensions into 24-well culture plates. These were then incubated for

approximately 1.5 hr to allow cell attachment. After this, chondrogenic medium

was gently added to each well plate without disturbing the cells. Osteogenic differ-

entiation was induced with complete DMEM containing 10% FBS, dexamethasone

(100 nM), and ascorbate-2-phosphate (350 mM) on cells seeded as a suspension in

1 mL of medium.

CS (Sigma-Aldrich) and GP18:0 (Avanti Polar Lipids) stock solutions were made up in

DMSO and subsequently serially diluted in complete medium to final concentrations

of 1 mM for cholesterol sulfate and 0.1 mM for GP18:0. Care was taken to ensure that

the final DMSO concentration in any of the working solutions was less than 0.2%.

Cells were maintained in culture with each of the compounds, at each concentration,

for the experiment duration.

For all differentiation and metabolite test item cultures, the medium was changed

twice weekly for the duration of the experiment.

Immunofluorescence Cell Staining

After 3 weeks in culture (unless otherwise stated), the cells were washed once in PBS

and fixed with 10% formaldehyde at 37�C for 15 min. When fixed, the samples were

permeabilized with a buffer solution (10.3 g sucrose, 0.292 g NaCl, 0.06 g MgCl2,

0.476 g HEPES buffer, and 0.5 mL Triton X in 100 mL of water [pH 7.2]) at 4�C for

5 min. The samples were then incubated at 37�C for 5 min in 1% BSA and PBS, fol-

lowed by the addition of the primary antibody (1:50 in 1% BSA and PBS, monoclonal

anti-human osteopontin, osteocalcin, SOX-9, nestin, myoD, b3-tubulin, and aggre-

can raised in mouse (IgG1); Santa Cruz Biotechnology) for 1 hr (37�C). Simulta-

neously, rhodamine-conjugated phalloidin was added for the duration of this

incubation (1:100 in 1% BSA and PBS; Invitrogen). The samples were then washed

in 0.5% Tween 20 and PBS (5 min, 33). A secondary, biotin-conjugated antibody

(1:50 in 1% BSA and PBS, monoclonal anti-mouse [IgG]; Vector Laboratories) was

added for 1 hr (37�C), followed by washing. An FITC-conjugated streptavidin third

layer was added (1:50 in 1% BSA and PBS; Vector Laboratories) at 4�C for 30 min

and given a final wash.
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Samples were mounted onto a drop of DAPI (Vector Laboratories) on a microscope

slide and then viewed with a fluorescence microscope (Zeiss Axiovert 200 M).

Fluorescence microscopy images of the cell components were overlayed using

RGB stack in ImageJ (version 1.48). Comparative analysis to quantify cell popula-

tions positively expressing gene markers and the relative areas with increased

fluorescence intensities was also performed using threshold-contrast isolation

in ImageJ to measure differences in expression level or to detect and count a cell

component.

Alizarin Red Staining

Cells maintained in culture for 3 weeks were washed with PBS and fixed with 10%

formaldehyde for 20 min. After this, cells were washed with sterile water and incu-

bated with alizarin red solution (8.3 mM, pH 4.2) for 1 hr at room temperature. Cells

were then washed until clear with sterile water and stored in sterile water for

microscopy.

qRT-PCR Analysis

For Figure 1, RNA extractions from cells cultured on hydrogel biomaterials and tis-

sue culture controls for 1, 2, or 4 weeks were done with Trizol extraction reagent

(Invitrogen). For Figures 3 and 4, cells cultured for 3 weeks on culture well plastic

had RNA retrieved with an RNeasy Micro Kit (QIAGEN); both protocols were carried

out as per the manufacturer’s instructions. Reverse transcription to obtain cDNA was

done with a QuantiTech Reverse Transcription Kit (QIAGEN) for all samples, also

according to the manufacturer’s protocol.

Amplification by qRT-PCR was done with human-specific primers for Glut-4,

collagen type II, osteopontin, nestin, b3-tubulin, and GFAP (Eurofins MWGOperon),

detailed in Table 1. PCR was carried out on a 7500 real-time PCR system and soft-

ware (Applied Biosystems). Samples had a total reaction volume of 20 mL containing

2 mL of diluted cDNA, each reverse and forward primer at a final concentration of

100 mM, and were analyzed with SYBR Green chemistry (QIAGEN). For PCR amplifi-

cation, samples were held at 50�C for 2 min and then 95�C for 10 min and then

amplified at 95�C for 15 s and 60�C for 1 min for 40 cycles. The specificity of the

PCR amplification was checked with a heat-dissociation curve (measured between

60�C and 95�C) subsequently to the final PCR cycle. Gene expression levels were

standardized with GAPDH as an internal control. Quantification analysis was per-

formed by the comparative DDCt method,55 and gene expression was expressed

as a fold change relative to that of the control sample.

Samples were assayed in quadruplicate, and gene expression was expressed as the

mean G SEM.

Metabolomic Analysis

Metabolite extraction from cells cultured on hydrogels and control samples at 1 and

4 weeks was carried out on ice with ice-cold chloroform:methanol:water (1:3:1 v/v/v).

Samples were agitated on a shaker for 1 hr and maintained at 4�C for this duration.

Samples were centrifuged to sediment the debris, and the supernatant was trans-

ferred to clean Eppendorf tubes; 10 mL of the supernatant was subsequently injected

onto the LC-MS system.

LC separation was carried out with hydrophilic interaction chromatography with a

ZIC-HILIC 150 mm 3 4.6 mm, 5 mm column (Merck Sequant), operated by an
Chem 1, 298–319, August 11, 2016 315



UltiMate liquid chromatography system (Dionex). The LC mobile phase was run with

0.1% formic acid in water (A) and 0.08% formic acid in acetonitrile (B). The mobile

phase was run at a linear gradient for 30 min from 20% to 80% A, maintained at

5% A for 10 min, and then re-equilibrated to 20% A. Mass spectrometric detection

was performed with an Orbitrap Exactive (Thermo Fisher Scientific) within the

mass range m/z 70–1,400 in polarity-switching mode.

Chromatographic-peak selection and metabolite identification were done with the

Ideom/MzMatch Excel interface,56,57 and measured peak intensities by LC-MS

were normalized against protein content measured with the Bradford assay, as

detailed previously.58 Metabolite identification was done with a set of known stan-

dards to define mass and chromatographic retention times. Putative metabolites

were also identified on this basis according to predicted retention times as

described by Creek et al.59

SMAD Analysis

Promocell MSCs were cultured in complete media with a cell density of 13 104 cells

per 13 mm diameter coverslip for 3 days. Cells were then treated with CS with a final

concentration of 1 mM for CS and 0.1% for DMSO for 2 days. Control samples were

treated with DMSO only with a final concentration of 0.1% for the last 2 days of cell

culture. In-cell western analysis was carried out for the detection of pSMAD 1/5. Cells

were fixed on coverslips with 4% formaldehyde fixative buffer at 37�C for 15 min and

then permeabilized in cold methanol at 4�C for 5 min. Cells were then blocked in a

1% buffer (non-fat dry milk powder in 0.1% PBST [PBS with 1% Tween 20] buffer) at

room temperature for 2 hr, followed by 3 3 10 min washing in PBST. Cells were then

incubated with p-SMAD 1/5 (catalog no. S463/465; Cell Signaling Technology)

and SMAD 1/5 (catalog no. D5907/D462; Cell Signaling Technology) separately at

4�C overnight. The primary antibodies were diluted 1:100 in blocking buffer. After

3 3 10 min washes with PBST buffer, cells were incubated with 1:5,000 diluted

infrared labeled secondary antibody IRDye 800CW (catalog no. 926-32211; LI-

COR) and 1:500 diluted CellTag 700 Stain (catalog no. 926-41090; LI-COR) at

room temperature for 1 hr, followed by 33 10 min washes with PBST. The coverslips

were then dried before infrared scanning on the LI-COR Odyssey infrared imaging

system.

BMP2 Antagonist Treatment

Human noggin protein (Sigma) was dissolved in double-processed tissue culture

H2O to a final concentration of 5 ng/mL. Cells were seeded onto glass coverslips in

basal medium, and after the cells were allowed to settle down on the substrates,

10 mL of noggin solution was added to half the wells to produce a final concentration

of 50 ng/mL. Cells were cultured in the presence of noggin for 5 days, and then the

medium was replaced with fresh medium without noggin for the rest of the culture

period. After 21 days, cells were fixed and stained for osteocalcin and osteopontin

as described previously.

Collagen Tissue Mimic Culture

Type I collagen (1 mL from rat tail; First Link) was cast in ThinCert tissue-culture in-

serts within 12-well plates. For each 3 mL of collagen, 0.5 mL 103 DMEM, 0.5 mL

FCS, 2.5 mL collagen, and 1 mL 0.1 M NaOH were mixed; 0.1 M NaOH was

added dropwise until the color changed to red. The wells flooded with complete

media as the gels set. A 70 mM Fmoc hydrogel solution was prepared as already

described, and 1 3 105 pericytes per mL of hydrogel solution were added; 1 mL

of the pre-gelation/cell mix was injected into the collagen gels and cultured for
316 Chem 1, 298–319, August 11, 2016



28 days. Cells were fed twice weekly with complete media or media supplemented

with CS (0.1 mM concentration). At the end of the culture, von Kossa staining for

mineralization was used. Gels were immersed in a 5% silver nitrate solution, and

each side of the hydrogel was exposed to UV light for 30 min. The solution was

removed, and gels were washed with deionized water before the addition of 5%

sodium thiosulfate for 30 min. Samples were next washed under running water for

10 min. Hydrogels were counterstained with nuclear fast red for 10 min, and again

solution was aspirated to waste and the gels were rinsed with deionized water. Sam-

ples were rinsed in 70% ethanol for 10 min and then maintained in 13 PBS solution

until they were ready to be imaged.
Statistical Analysis

ANOVA and Bonferroni post hoc tests were performed with GraphPad prism soft-

ware to compare more than two study groups. Otherwise, an unpaired, two-tailed

Student’s t test was carried out. Statistical significance is noted where the calculated

p value was less than 0.05.

Images and data are available from http://dx.doi.org/10.5525/gla.researchdata.224.
SUPPLEMENTAL INFORMATION

Supplemental Information includes ten figures and can be found with this article

online at http://dx.doi.org/10.1016/j.chempr.2016.07.001.
AUTHOR CONTRIBUTIONS

Conceptualization, M.J.D., R.V.U., B.P., K.V.B., and E.V.A. Methodology, V.J.,

R.V.U., S.C.J.B., S.R., N.J., S.F., A.L., D.A.L., A.J.U., P.W.J.M.F., N.T.H., E.V.A.,

M.J.D., K.V.B., B.P., and C.C.W. Investigation, V.J., S.C.J.B., S.R., A.L., N.J., S.F.,

D.A.L., A.J.U., P.W.J.M.F., N.T.H., E.V.A., K.V.B., C.C.W., and A.M. Writing – Orig-

inal Draft, M.J.D., R.V.U., B.P., V.J., E.V.A. Writing – Review and Editing, M.J.D.,

R.V.U., B.P., V.J., A.L., S.C.J.B., S.R., N.J., S.F., D.A.L., A.J.U., P.W.J.M.F., N.T.H.,

E.V.A., K.V.B., and C.C.W. Funding Acquisition, M.J.D., R.V.U., and B.P. Supervi-

sion, M.J.D., R.V.U., and B.P. Research reported in this article was equally performed

in the laboratories of R.V.U. andM.J.D.; the R.V.U. lab was responsible for the design

and characterization of the supramolecular gels, and the M.J.D. lab was responsible

for the cell-culture experiments.
CONFLICTS OF INTEREST

R.V.U. is CSO of Biogelx, a spinout company that markets the gels developed in this

paper.
ACKNOWLEDGMENTS

This work was funded by BBSRC grants BB/K006908/1 and BB/J018902/1. We also

acknowledge funding for E.V.A. from the EPSRC DTC in cell and proteomic technol-

ogies. V.J. was supported by grants from the Korea Institute for Advancement of

Technology (KIAT) under the Global Industry-Academic Cooperation Programme

Operation Agreement (N01090009) and EPSRC (EP/G005877/1). B.P. is funded by

grants from CIRM and BHF, and A.L. is funded by the PBC, the Israeli Council for

Higher Education. We acknowledge the technical assistance of Mrs. Carol-Anne

Smith and the assistance of Navid Paknejad and Matthew Brendel (Memorial

Sloan-Kettering Cancer Center, Core Grant P30 CA008748) for the AFM mechanical

measurements.
Chem 1, 298–319, August 11, 2016 317

http://dx.doi.org/10.5525/gla.researchdata.224
http://dx.doi.org/10.1016/j.chempr.2016.07.001


Received: January 19, 2016

Revised: March 19, 2016

Accepted: July 1, 2016

Published: July 27, 2016; corrected: August 11, 2016
REFERENCES AND NOTES
1. McMurray, R.J., Gadegaard, N., Tsimbouri,
P.M., Burgess, K.V., McNamara, L.E., Tare, R.,
Murawski, K., Kingham, E., Oreffo, R.O.C., and
Dalby, M.J. (2011). Nanoscale surfaces for the
long-term maintenance of mesenchymal stem
cell phenotype and multipotency. Nat. Mater.
10, 637–644.

2. Yanes, O., Clark, J., Wong, D.M., Patti, G.J.,
Sanchez-Ruiz, A., Benton, H.P., Trauger, S.A.,
Desponts, C., Ding, S., and Siuzdak, G. (2010).
Metabolic oxidation regulates embryonic stem
cell differentiation. Nat. Chem. Biol. 6,
411–417.

3. Tsimbouri, P.M., McMurray, R.J., Burgess, K.V.,
Alakpa, E.V., Reynolds, P.M., Murawski, K.,
Kingham, E., Oreffo, R.O., Gadegaard, N., and
Dalby, M.J. (2012). Using nanotopography and
metabolomics to identify biochemical effectors
of multipotency. ACS Nano 6, 10239–10249.

4. Reyes, J.M., Fermanian, S., Yang, F., Zhou, S.Y.,
Herretes, S., Murphy, D.B., Elisseeff, J.H., and
Chuck, R.S. (2006). Metabolic changes in
mesenchymal stem cells in osteogenicmedium
measured by autofluorescence spectroscopy.
Stem Cells 24, 1213–1217.

5. Haldar, M., Kohyama, M., So, A.Y., Kc, W., Wu,
X., Briseno, C.G., Satpathy, A.T., Kretzer, N.M.,
Arase, H., Rajasekaran, N.S., et al. (2014).
Heme-mediated SPI-C induction promotes
monocyte differentiation into iron-recycling
macrophages. Cell 156, 1223–1234.

6. Curran, J.M., Stokes, R., Irvine, E., Graham, D.,
Amro, N.A., Sanedrin, R.G., Jamil, H., and
Hunt, J.A. (2010). Introducing dip pen
nanolithography as a tool for controlling stem
cell behaviour: unlocking the potential of the
next generation of smart materials in
regenerative medicine. Lab. Chip 10, 1662–
1670.

7. Gilbert, P.M., Havenstrite, K.L., Magnusson,
K.E., Sacco, A., Leonardi, N.A., Kraft, P.,
Nguyen, N.K., Thrun, S., Lutolf, M.P., and Blau,
H.M. (2010). Substrate elasticity regulates
skeletal muscle stem cell self-renewal in
culture. Science 329, 1078–1081.

8. Engler, A.J., Sen, S., Sweeney, H.L., and
Discher, D.E. (2006). Matrix elasticity directs
stem cell lineage specification. Cell 126,
677–689.

9. Benoit, D.S., Schwartz, M.P., Durney, A.R., and
Anseth, K.S. (2008). Small functional groups for
controlled differentiation of hydrogel-
encapsulated human mesenchymal stem cells.
Nat. Mater. 7, 816–823.

10. Curran, J.M., Chen, R., and Hunt, J.A. (2006).
The guidance of humanmesenchymal stem cell
differentiation in vitro by controlled
modifications to the cell substrate.
Biomaterials 27, 4783–4793.

11. McBeath, R., Pirone, D.M., Nelson, C.M.,
Bhadriraju, K., and Chen, C.S. (2004). Cell
318 Chem 1, 298–319, August 11, 2016
shape, cytoskeletal tension, and RhoA regulate
stem cell lineage commitment. Dev. Cell 6,
483–495.

12. Kilian, K.A., Bugarija, B., Lahn, B.T., and
Mrksich, M. (2010). Geometric cues for
directing the differentiation of mesenchymal
stem cells. Proc. Natl. Acad. Sci. USA 107,
4872–4877.

13. Trappmann, B., Gautrot, J.E., Connelly, J.T.,
Strange, D.G., Li, Y., Oyen, M.L., Cohen Stuart,
M.A., Boehm, H., Li, B., Vogel, V., et al. (2012).
Extracellular-matrix tethering regulates stem-
cell fate. Nat. Mater. 11, 642–649.

14. Swift, J., Ivanovska, I.L., Buxboim, A., Harada,
T., Dingal, P.C., Pinter, J., Pajerowski, J.D.,
Spinler, K.R., Shin, J.W., Tewari, M., et al. (2013).
Nuclear lamin-A scales with tissue stiffness and
enhances matrix-directed differentiation.
Science 341, 1240104.

15. Lutolf, M.P., and Blau, H.M. (2009). Artificial
stem cell niches. Adv. Mater. 21, 3255–3268.

16. Wen, J.H., Vincent, L.G., Fuhrmann, A., Choi,
Y.S., Hribar, K.C., Taylor-Weiner, H., Chen, S.,
and Engler, A.J. (2014). Interplay of matrix
stiffness and protein tethering in stem cell
differentiation. Nat. Mater. 13, 979–987.

17. Murphy, W.L., McDevitt, T.C., and Engler, A.J.
(2014). Materials as stem cell regulators. Nat.
Mater. 13, 547–557.

18. Anderson, D.G., Levenberg, S., and Langer, R.
(2004). Nanoliter-scale synthesis of arrayed
biomaterials and application to human
embryonic stem cells. Nat. Biotechnol. 22,
863–866.

19. Zhang, S. (2003). Fabrication of novel
biomaterials through molecular self-assembly.
Nat. Biotechnol. 21, 1171–1178.

20. Aida, T., Meijer, E.W., and Stupp, S.I. (2012).
Functional supramolecular polymers. Science
335, 813–817.

21. Banwell, E.F., Abelardo, E.S., Adams, D.J.,
Birchall, M.A., Corrigan, A., Donald, A.M.,
Kirkland, M., Serpell, L.C., Butler, M.F., and
Woolfson, D.N. (2009). Rational design and
application of responsive alpha-helical peptide
hydrogels. Nat. Mater. 8, 596–600.

22. Webber, M.J., Appel, E.A., Meijer, E.W., and
Langer, R. (2016). Supramolecular biomaterials.
Nat. Mater. 15, 13–26.

23. Jayawarna, V., Richardson, S.M., Hirst, A.R.,
Hodson, N.W., Saiani, A., Gough, J.E., and
Ulijn, R.V. (2009). Introducing chemical
functionality in Fmoc-peptide gels for cell
culture. Acta Biomater. 5, 934–943.

24. Collier, J.H., Rudra, J.S., Gasiorowski, J.Z., and
Jung, J.P. (2010). Multi-component
extracellular matrices based on peptide self-
assembly. Chem. Soc. Rev. 39, 3413–3424.
25. Shi, J., Gao, Y., Zhang, Y., Pan, Y., and Xu, B.
(2011). Calcium ions to cross-link
supramolecular nanofibers to tune the
elasticity of hydrogels over orders of
magnitude. Langmuir 27, 14425–14431.

26. Pashuck, E.T., Cui, H., and Stupp, S.I. (2010).
Tuning supramolecular rigidity of peptide
fibers through molecular structure. J. Am.
Chem. Soc. 132, 6041–6046.

27. Silva, G.A., Czeisler, C., Niece, K.L., Beniash, E.,
Harrington, D.A., Kessler, J.A., and Stupp, S.I.
(2004). Selective differentiation of neural
progenitor cells by high-epitope density
nanofibers. Science 303, 1352–1355.

28. Dankers, P.Y.W., Harmsen, M.C., Brouwer, L.A.,
Van Luyn, M.J.A., and Meijer, E.W. (2005). A
modular and supramolecular approach to
bioactive scaffolds for tissue engineering. Nat.
Mater. 4, 568–574.

29. Zhou, M., Smith, A.M., Das, A.K., Hodson,
N.W., Collins, R.F., Ulijn, R.V., and Gough, J.E.
(2009). Self-assembled peptide-based
hydrogels as scaffolds for anchorage-
dependent cells. Biomaterials 30, 2523–2530.

30. Fleming, S., Debnath, S., Frederix, P.W., Hunt,
N.T., and Ulijn, R.V. (2014). Insights into the
coassembly of hydrogelators and surfactants
based on aromatic peptide amphiphiles.
Biomacromolecules 15, 1171–1184.

31. Jayawarna, V., Ali, M., Jowitt, T.A., Miller, A.E.,
Saiani, A., Gough, J.E., and Ulijn, R.V. (2006).
Nanostructured hydrogels for three-
dimensional cell culture through self-assembly
of fluorenylmethoxycarbonyl-dipeptides. Adv.
Mater. 18, 611.

32. Mahler, A., Reches, M., Rechter, M., Cohen, S.,
and Gazit, E. (2006). Rigid, self-assembled
hydrogel composed of a modified aromatic
dipeptide. Adv. Mater. 18, 1365.

33. Discher, D.E., Mooney, D.J., and Zandstra, P.W.
(2009). Growth factors, matrices, and forces
combine and control stem cells. Science 324,
1673–1677.

34. Hahn, S., Kim, S.S., Lee, C., and Cho, M. (2005).
Characteristic two-dimensional IR
spectroscopic features of antiparallel and
parallel beta-sheet polypeptides: simulation
studies. J. Chem. Phys. 123, 084905.

35. Flores-Merino, M.V., Chirasatitsin, S., Lopresti,
C., Reilly, G.C., Battaglia, G., and Engler, A.J.
(2010). Nanoscopic mechanical anisotropy in
hydrogel surfaces. Soft Matter 6, 4466–4470.

36. Crisan, M., Yap, S., Casteilla, L., Chen, C.W.,
Corselli, M., Park, T.S., Andriolo, G., Sun, B.,
Zheng, B., Zhang, L., et al. (2008). A perivascular
origin for mesenchymal stem cells in multiple
human organs. Cell Stem Cell 3, 301–313.

37. Bianco, P., Riminucci, M., Gronthos, S., and
Robey, P.G. (2001). Bone marrow stromal stem

http://refhub.elsevier.com/S2451-9294(16)30053-5/sref1
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref1
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref1
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref1
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref1
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref1
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref1
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref2
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref2
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref2
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref2
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref2
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref2
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref3
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref3
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref3
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref3
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref3
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref3
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref4
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref4
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref4
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref4
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref4
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref4
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref5
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref5
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref5
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref5
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref5
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref5
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref6
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref6
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref6
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref6
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref6
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref6
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref6
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref6
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref7
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref7
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref7
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref7
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref7
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref7
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref8
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref8
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref8
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref8
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref9
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref9
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref9
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref9
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref9
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref10
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref10
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref10
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref10
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref10
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref11
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref11
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref11
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref11
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref11
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref12
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref12
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref12
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref12
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref12
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref13
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref13
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref13
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref13
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref13
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref14
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref14
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref14
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref14
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref14
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref14
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref15
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref15
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref16
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref16
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref16
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref16
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref16
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref17
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref17
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref17
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref18
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref18
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref18
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref18
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref18
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref19
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref19
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref19
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref20
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref20
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref20
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref21
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref21
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref21
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref21
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref21
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref21
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref22
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref22
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref22
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref23
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref23
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref23
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref23
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref23
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref24
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref24
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref24
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref24
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref25
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref25
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref25
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref25
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref25
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref26
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref26
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref26
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref26
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref27
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref27
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref27
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref27
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref27
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref28
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref28
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref28
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref28
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref28
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref29
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref29
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref29
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref29
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref29
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref30
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref30
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref30
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref30
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref30
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref31
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref31
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref31
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref31
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref31
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref31
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref32
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref32
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref32
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref32
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref33
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref33
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref33
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref33
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref34
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref34
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref34
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref34
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref34
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref35
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref35
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref35
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref35
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref36
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref36
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref36
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref36
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref36
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref37
http://refhub.elsevier.com/S2451-9294(16)30053-5/sref37


cells: nature, biology, and potential
applications. Stem Cells 19, 180–192.

38. Tare, R.S., Babister, J.C., Kanczler, J., and
Oreffo, R.O. (2008). Skeletal stem cells:
phenotype, biology and environmental niches
informing tissue regeneration. Mol. Cell
Endocrinol. 288, 11–21.

39. Kim, M.K., Lee, H.Y., Park, K.S., Shin, E.H., Jo,
S.H., Yun, J., Lee, S.W., Yoo, Y.H., Lee, Y.S.,
Baek, S.H., et al. (2005). Lysophosphatidic acid
stimulates cell proliferation in rat
chondrocytes. Biochem. Pharmacol. 70, 1764–
1771.

40. Itoh, R., Miura, S., Takimoto, A., Kondo, S.,
Sano, H., and Hiraki, Y. (2010). Stimulatory
actions of lysophosphatidic acid on mouse
ATDC5 chondroprogenitor cells. J. BoneMiner
Metab. 28, 659–671.

41. Hurst-Kennedy, J., Boyan, B.D., and Schwartz,
Z. (2009). Lysophosphatidic acid signaling
promotes proliferation, differentiation, and cell
survival in rat growth plate chondrocytes.
Biochim. Biophys. Acta 1793, 836–846.

42. Strott, C.A., and Higashi, Y. (2003). Cholesterol
sulfate in human physiology: what’s it all about?
J. Lipid Res. 44, 1268–1278.

43. Woscholski, R., Kodaki, T., Palmer, R.H.,
Waterfield, M.D., and Parker, P.J. (1995).
Modulation of the substrate-specificity of the
mammalian phosphatidylinositol 3-kinase by
cholesterol sulfate and sulfatide. Biochemistry
34, 11489–11493.

44. Iwata, J.-i., Hosokawa, R., Sanchez-Lara, P.A.,
Urata, M., Slavkin, H., and Chai, Y. (2010).
Transforming growth factor-beta regulates
basal transcriptional regulatory machinery to
control cell proliferation and differentiation in
cranial neural crest-derived osteoprogenitor
cells. J. Biol. Chem. 285, 4975–4982.
45. Nawaz, S.Z., Bentley, G., Briggs, T.W.,
Carrington, R.W., Skinner, J.A., Gallagher, K.R.,
and Dhinsa, B.S. (2014). Autologous
chondrocyte implantation in the knee: mid-
term to long-term results. J. Bone Joint Surg.
Am. 96, 824–830.

46. Zoellner, H., Paknejad, N., Manova, K., and
Moore, M.A. (2015). A novel cell-stiffness-
fingerprinting analysis by scanning atomic
force microscopy: comparison of fibroblasts
and diverse cancer cell lines. Histochem. Cell
Biol. 144, 533–542.

47. Walters, D.A., Cleveland, J.P., Thomson, N.H.,
Hansma, P.K., Wendman, M.A., Gurley, G., and
Elings, V. (1996). Short cantilevers for atomic
force microscopy. Rev. Sci. Instrum. 67, 3583–
3590.

48. Hutter, J.L., and Bechhoefer, J. (1993).
Calibration of atomic-force microscope tips.
Rev. Sci. Instrum. 64, 1868.

49. Hertz, H. (1882). Über die berührung fester
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In the original version of this article published online July 27, 2016, ‘‘40 kPa gel’’
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Figure 4C. Testing of CSMechanism (corrected) Figure 4C. Testing of CS Mechanism (original)
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