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Improving cartilage phenotype 
�ˆ�”�‘�•���†�‹�¡�‡�”�‡�•�–�‹�ƒ�–�‡�†���’�‡�”�‹�…�›�–�‡�•���‹�•��
�–�—�•�ƒ�„�Ž�‡���’�‡�’�–�‹�†�‡���Š�›�†�”�‘�‰�‡�Ž�•
Enateri V. Alakpa�w, Vineetha Jayawarna�x, Karl E. V. ���—�”�‰�‡�•�•�y�á�����Š�”�‹�•�–�‘�’�Š�‡�”�����ä�����‡�•�–�z, Bruno 
Péault�z�á�{, Rein V. Ulijn�| & Matthew J. Dalby�x

���‹�¡�‡�”�‡�•�–�‹�ƒ�–�‹�‘�•���‘�ˆ���•�–�‡�•���…�‡�Ž�Ž�•���–�‘���…�Š�‘�•�†�”�‘�…�›�–�‡�•��in vitro���—�•�—�ƒ�Ž�Ž�›���”�‡�•�—�Ž�–�•���‹�•���ƒ���Š�‡�–�‡�”�‘�‰�‡�•�‡�‘�—�•���’�Š�‡�•�‘�–�›�’�‡�ä��
���Š�‹�•���‹�•���‡�˜�‹�†�‡�•�–���‹�•���–�Š�‡���‘�ˆ�–�‡�•���†�‡�–�‡�…�–�‡�†���‘�˜�‡�”���‡�š�’�”�‡�•�•�‹�‘�•���‘�ˆ���–�›�’�‡�������…�‘�Ž�Ž�ƒ�‰�‡�•���™�Š�‹�…�Š�á���‹�•���Š�›�ƒ�Ž�‹�•�‡���…�ƒ�”�–�‹�Ž�ƒ�‰�‡��
�•�–�”�—�…�–�—�”�‡���‹�•���•�‘�–���…�Š�ƒ�”�ƒ�…�–�‡�”�‹�•�–�‹�…���‘�ˆ���–�Š�‡���•�‹�†�æ�œ�‘�•�‡���„�—�–���‘�ˆ���–�Š�‡���†�‡�‡�’�æ�œ�‘�•�‡���‘�•�•�‹�ˆ�›�‹�•�‰���–�‹�•�•�—�‡�ä�����‡�–�Š�‘�†�•���–�‘���„�‡�–�–�‡�”��
match cartilage developed in vitro���–�‘���…�Š�ƒ�”�ƒ�…�–�‡�”�‹�•�–�‹�…��in vivo���ˆ�‡�ƒ�–�—�”�‡�•���ƒ�”�‡���–�Š�‡�”�‡�ˆ�‘�”�‡���Š�‹�‰�Š�Ž�›���†�‡�•�‹�”�ƒ�„�Ž�‡���‹�•��
�”�‡�‰�‡�•�‡�”�ƒ�–�‹�˜�‡���•�‡�†�‹�…�‹�•�‡�ä�����Š�‹�•���•�–�—�†�›���…�‘�•�’�ƒ�”�‡�•���’�Š�‡�•�‘�–�›�’�‡���…�Š�ƒ�”�ƒ�…�–�‡�”�‹�•�–�‹�…�•���„�‡�–�™�‡�‡�•���’�‡�”�‹�…�›�–�‡�•�á���‘�„�–�ƒ�‹�•�‡�†��
�ˆ�”�‘�•���Š�—�•�ƒ�•���ƒ�†�‹�’�‘�•�‡���–�‹�•�•�—�‡�á���†�‹�¡�‡�”�‡�•�–�‹�ƒ�–�‡�†���—�•�‹�•�‰���†�‹�’�Š�‡�•�›�Ž�ƒ�Ž�ƒ�•�‹�•�‡���•�‡�”�‹�•�‡�����	�x���������’�‡�’�–�‹�†�‡���Š�›�†�”�‘�‰�‡�Ž�•��
�™�‹�–�Š���–�Š�‡���•�‘�”�‡���™�‹�†�‡�Ž�›���—�•�‡�†���…�Š�‡�•�‹�…�ƒ�Ž���‹�•�†�—�…�‡�†���•�‡�–�Š�‘�†���ˆ�‘�”���…�Š�‘�•�†�”�‘�‰�‡�•�‡�•�‹�•�ä�����‹�‰�•�‹�¤�…�ƒ�•�–�Ž�›���Š�‹�‰�Š�‡�”��
�Ž�‡�˜�‡�Ž�•���‘�ˆ���–�›�’�‡���������…�‘�Ž�Ž�ƒ�‰�‡�•���™�‡�”�‡���•�‘�–�‡�†���™�Š�‡�•���’�‡�”�‹�…�›�–�‡�•���—�•�†�‡�”�‰�‘���…�Š�‘�•�†�”�‘�‰�‡�•�‡�•�‹�•���‹�•���–�Š�‡���Š�›�†�”�‘�‰�‡�Ž���‹�•���–�Š�‡��
�ƒ�„�•�‡�•�…�‡���‘�ˆ���‹�•�†�—�…�–�‹�‘�•���•�‡�†�‹�ƒ�ä�����Š�‡�”�‡���‹�•���ƒ�Ž�•�‘���ƒ���„�ƒ�Ž�ƒ�•�…�‡�†���‡�š�’�”�‡�•�•�‹�‘�•���‘�ˆ���…�‘�Ž�Ž�ƒ�‰�‡�•���”�‡�Ž�ƒ�–�‹�˜�‡���–�‘���ƒ�‰�‰�”�‡�…�ƒ�•��
�’�”�‘�†�—�…�–�‹�‘�•�á���ƒ���ˆ�‡�ƒ�–�—�”�‡���™�Š�‹�…�Š���™�ƒ�•���„�‹�ƒ�•�‡�†���–�‘�™�ƒ�”�†���…�‘�Ž�Ž�ƒ�‰�‡�•���’�”�‘�†�—�…�–�‹�‘�•���™�Š�‡�•���…�‡�Ž�Ž�•���™�‡�”�‡���…�—�Ž�–�—�”�‡�†���™�‹�–�Š��
�‹�•�†�—�…�–�‹�‘�•���•�‡�†�‹�ƒ�ä�����ƒ�•�–�Ž�›�á���•�‡�–�ƒ�„�‘�Ž�‹�…���’�”�‘�¤�Ž�‡�•���‘�ˆ���‡�ƒ�…�Š���•�›�•�–�‡�•���•�Š�‘�™���…�‘�•�•�‹�†�‡�”�ƒ�„�Ž�‡���‘�˜�‡�”�Ž�ƒ�’���„�‡�–�™�‡�‡�•���„�‘�–�Š��
�†�‹�¡�‡�”�‡�•�–�‹�ƒ�–�‹�‘�•���•�‡�–�Š�‘�†�•���„�—�–���•�—�„�–�Ž�‡���†�‹�¡�‡�”�‡�•�…�‡�•���™�Š�‹�…�Š���’�‘�–�‡�•�–�‹�ƒ�Ž�Ž�›���‰�‹�˜�‡���”�‹�•�‡���–�‘���–�Š�‡�‹�”���”�‡�•�—�Ž�–�ƒ�•�–���’�Š�‡�•�‘�–�›�’�‡��
�…�ƒ�•���„�‡���ƒ�•�…�‡�”�–�ƒ�‹�•�‡�†�ä�����Š�‡���•�–�—�†�›���Š�‹�‰�Š�Ž�‹�‰�Š�–�•���Š�‘�™���•�ƒ�–�‡�”�‹�ƒ�Ž���ƒ�•�†���…�Š�‡�•�‹�…�ƒ�Ž���ƒ�Ž�–�‡�”�ƒ�–�‹�‘�•�•���‹�•���–�Š�‡���…�‡�Ž�Ž�—�Ž�ƒ�”��
�•�‹�…�”�‘�‡�•�˜�‹�”�‘�•�•�‡�•�–���Š�ƒ�˜�‡���™�‹�†�‡���”�ƒ�•�‰�‹�•�‰���‡�¡�‡�…�–�•���‘�•���”�‡�•�—�Ž�–�ƒ�•�–���–�‹�•�•�—�‡���–�›�’�‡�ä

Induction of mesenchymal stem cells (MSCs) to undergo chondrogenesis requires the cells to have strong cell-cell 
interactions and that they maintain a spherical morphology. �e added use of growth factors in culture media 
such as transforming growth factors (TGFs) and bone morphogenetic proteins (BMPs) have also been shown to 
induce chondrogenesis1, 2. However, a common observation when inducing MSCs to form chondrocytes in vitro 
is the expression of type X collagen by the cells3–6. Typically, type X collagen is not expressed in the mid-zone of 
hyaline cartilage and is characteristic of chondrocytes undergoing hypertrophy and endochondral ossi�cation in 
the deep-zone region of the tissue7, 8 suggesting that in vitro, the cells di�erentiate along a mixed phenotypic line-
age. Over exposure to compounds such as TGF-�1 is thought to be responsible for increased type X expression3, 6  
and, as such, biomaterial systems which are able to in�uence phenotypic expression are highly desirable as a 
replacement for chemically induced di�erentiation.

�e use of stem cells for engineering cartilage is of particular interest as they facilitate continual develop-
ment from chondroblasts to terminal di�erentiation (hypertrophic chondrocytes), a characteristic which is not 
observed with the use of chondrocytes9. Also, induced di�erentiation of stem cells is able to provide an abundant 
source of chondrocytes to compensate for the naturally low cell numbers found in cartilage tissue. Cartilage is 
an avascular tissue type and naturally occuring cell populations are low. To collect and culture mature chondro-
cytes up to required population numbers is time consuming and costly. For this reason, prefered approaches for 
engineering cartilage have been to di�erentiate stem cells in vitro which can then be used in vivo. Pericytes, or 
perivascular stem cells, are sourced from the vasculature, inclusive of adipose tissue10–12. �us, they are able to 
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meet the much needed demand of a highly abundant multipotent cell type and are well placed for use in cartilage 
tissue engineering.

Tuning of material mechanical properties (sti�ness) is an e�ective means of targeting a range of MSC fates, 
inclusive of chondrogenesis13–15. Supramolecular gels have shown enormous potential as model biomaterials to 
meet this particular challenge16–19. �ere have been major successes in the application of self-assembled peptide 
based materials as instructive matrices for stem cell growth, where the emphasis has been on the inclusion of 
biochemical signals, usually comprising matrix protein speci�c peptidic motifs18. �ere has also been focus on 
chemical approaches to control gel sti�ness, either via redesign of building blocks or chemical crosslinking20. A 
number of breakthroughs have shown that stem cells’ growth and di�erentiation, in addition to biochemical sig-
nals, are highly sensitive to physical stimuli presented by their immediate environment21, 22. Speci�cally, mechan-
ical21 (i.e. gel sti�ness) and structural/topographical factors23 of the cell-contacting matrix play crucial roles that 
have, in some cases, been shown to be more powerful than soluble biochemical signals24.

Previously, we had shown that pericytes cultured in supramolecular peptide hydrogels were able to undergo 
di�erentiation into a number of cell lineages when the hydrogels were tuned to various sti�nesses25. In this study, 
an interesting �nd was the di�erentiation of pericytes along the chondrogenic lineage when cells were cultured in 
13 kPa hydrogel, contrary to the previously observed myogenic development in other biomaterials with similar 
sti�nesses24, 26. �e distinction of which can be explained by the use of a nano�ber structured hydrogel which the 
cells interact di�erently with compared to crosslinked materials25.

As this was an unusual observation for cellular di�erentiation in mechanically tuned substrates, where cell 
behaviour is contradictory to the norm, this study aimed to ascertain the properties of chondrocytes that develop 
in the Fmoc-F2/S hydrogels. We do this by further investigating the chondrogenic induction of pericytes, if 
Fmoc-F2/S hydrogels are able to sustain development in the longer term and whether the e�ective cellular devel-
opment can be enhanced with the aid of chondrogenic induction media.

���‡�•�—�Ž�–�•
�	�•�‘�…�æ�	�x�������Š�›�†�”�‘�‰�‡�Ž�•���ƒ�…�–���ƒ�•���„�‹�‘�•�ƒ�–�‡�”�‹�ƒ�Ž���•�—�„�•�–�”�ƒ�–�‡���–�‘���’�”�‘�•�‘�–�‡���…�Š�‘�•�†�”�‘�‰�‡�•�‡�•�‹�•���‘�ˆ���’�‡�”�‹�…�›�–�‡�•�ä�� 
We recently reported on the use of co-assembled hydrogels of the well-known gelator �uorenylmethoxycar-
bonyl (Fmoc)-diphenylalanine (F2)27, 28 and surfactant-like Fmoc-serine (Fmoc-S) to produce cyto-compat-
ible core/shell nano�bers that may be crosslinked upon exposure to cell culture media, resulting in gelation 
(Fig.�1A and B)29. �e mechanical properties of the Fmoc-F2/S hydrogels were tuned by careful control of the 
peptide concentration in the pre-gel liquid before initiating cross linking with introduction to culture media, 
allowing gelation to occur as published previously25. �e supramolecular hydrogels were therefore created using 

Figure 1. Self-assembly of two-component gelators. (A) Schematic presentations of the building blocks, gelator 
Fmoc-F2, surfactant Fmoc-S and surfactant coated nano �ber Fmoc-F2/S. (B) Macroscopic image for gel in 
culture media. (C) TEM image of hydrogel showing �brous morphology. (D) Oscillatory rheology of the gels 
showing elastic moduli of 15.5 kPa.
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peptide concentrations that allow the formation of gels with moduli similar to that reported for chondrons30, 31. 
Oscillatory rheology of the hydrogel shows that the gels possess elastic moduli of 15.5 kPa (Fig.�1D). �e G�, elas-
tic modulus, exceeds the viscous modulus G�, signifying that the hydrogel is an elastic material. �e nanoscale 
features and hydrophilic chemistry presented by Fmoc-S on the surface allows nanoscale hydrogel �bres to adsorb 
proteins which enable indirect contact with cell surface receptors facilitating the cell-material interaction needed 
to interpret biomaterial qualities (Fig.�1C).

Promotion of chondrogenic development in vitro generally requires that cells are cultured within a three 
dimensional construct in order to maintain a typical rounded morphology and eliminating the dedi�erentiation 
e�ects of monolayer culture32–34. �e formation of aggregates in culture is of particular advantage as it has been 
shown to promote chondrogenic development in stem cells35, 36. Pericytes cultured within the 15.5 kPa Fmoc-F2/S 
hydrogels were observed to have good viability with cells forming small clusters (aggregates) over time (Fig.�2A). 
Pericyte di�erentiation was assessed by monitoring gene expression levels of RUNX-2, SOX-9 and type II collagen 
a�er 1 week which showed increased expression levels of all three genes compared to the negative control with 
SOX-9 and type II collagen in particular showing a statistically signi�cant increase (Fig.�2B).

Cells were then cultured over a longer term (5 weeks) within the Fmoc-F2/S substrate and were subsequently 
immunofluorescently stained for type II collagen and aggrecan production. Confocal microscopy imaging 
demonstrated the presence of both proteins indicating successful di�erentiation of the pericytes into chondro-
cytes (Fig.�2C and D).

�	�•�‘�…�æ�	�x�������Š�›�†�”�‘�‰�‡�Ž���’�”�‘�•�‘�–�‡�•���Ž�‡�•�•�‡�•�•���ˆ�‘�”�•�ƒ�–�‹�‘�•���‘�ˆ���–�›�’�‡�������…�‘�Ž�Ž�ƒ�‰�‡�•���™�Š�‹�Ž�‡���„�ƒ�Ž�ƒ�•�…�‹�•�‰���ƒ�‰�‰�”�‡�…�ƒ�•��
�ƒ�•�†���–�›�’�‡���������…�‘�Ž�Ž�ƒ�‰�‡�•���”�ƒ�–�‹�‘�•�ä�� Phenotypic characteristics of di�erentiated pericytes were monitored by focus-
ing on the relative expression levels of type II collagen, aggrecan and type X collagen a�er long-term culture (35 
days). Comparisons were carried out using pericytes cultured in the 15.5 kPa Fmoc-F2/S gels in the presence (�) 
and absence (�) of chondrogenic induction medium. In addition, pericytes were also cultured in alginate hydro-
gels with chondrogenic induction medium in order to make a comparison with a conventionally used hydrogel 
system for chondrogenesis that is also used in MACI37–41. It is noteworthy to mention that many studies which 
use alginate for chondrogenesis of MSCs, culture the cells using low serum (1% FBS) concentrations. As chon-
drogenesis was originally observed in Fmoc-F2/S substrates using standard basal media composition (10% FBS), 
this study retains the conditions in which the original observation was made for both alginate and Fmoc-F2/S.

Figure 2. (A) Human adipose derived pericyte cultured within Fmoc-F2/S hydrogels. Cells were encapsulated 
in F2/S hydrogels and maintained in unsupplemented basal media for up to 1 week. Cells were checked for 
viability by �uorescence detection of Syto 10 (green) for live cells and ethidium homodimer-1 (red) for 
dead cells a�er 1, 3 and 7 days. (B) QRT-PCR analysis for gene expression of pericyte cells cultured within 
15.5 kPa Fmoc-F2/S hydrogels. Cells were assessed for the production of chondrogenic biomarkers RUNX-
2, SOX-9 & type II collagen (COL2A1) a�er one week in culture. (C & D) Confocal microscopy images of 
immuno�uorescently stained F2/S hydrogels cultured with pericytes for 28 days. Pericytes were checked for 
chondrogenic development by staining for aggrecan production (C) and type II collagen (D) both ascertained 
through green �uorescence. Cell populations are indicated by staining the cell nucleus with DAPI (blue). �e 
images are mosaics of a 3 � 3 tile scan, each acquired from random positions of the hydrogel. Scale bar in A 
is 100 µm, in C & D is 50 µm. In B, Error bars denote the standard error where p � 0.05 as calculated using 
unpaired student t-test.
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Gene expression pro�les of pericytes showed an increase in all cartilage biomarkers over 1 week a�er which 
trends held steady up to 35 days indicating di�erentiation of pericytes. Marker expression levels from pericytes 
in both Fmoc-F2/S�  and Fmoc-F2/S�  hydrogels were distinctly higher than those in alginate. �e Fmoc-F2/S� 
showed the highest production of SOX-9, type II collagen and type X collagen respectively (Fig.�3). Assessment of 
collagen and glycosaminoglycan production relative to each other showed that the outcome of this was dependent 
on which culture system was used. Type II collagen production was highest in Fmoc-F2/S� , having on average 2.6 
fold higher concentrations compared to aggrecan (Fig.�4A). Aggrecan content was largest when alginate was used 
(Fig.�4A). Pericytes cultured in Fmoc-F2/S� hydrogels exhibited an overall balance between type II collagen and 
aggrecan expression (0.89x, Fig.�4A).

Over expression of type X collagen compared to type II is known to be prevalent in most in vitro systems that 
di�erentiate stem cells into chondrocytes. �is phenomenon is thought to be due to the culture system having an 
over exposure to transforming growth factor �1 (TGF-�1)3, 6 and also because of the use of ascorbic acid42–44, both 
of which are typically used in formulating chondrogenic induction medium. While Fmoc-F2/S�  and alginate 
produced the collagen II/collagen X ratio with greater collagen X weighting; it was seen, however, that F2/S� , 
which is absent of the tailored medium, produced the desired ratio with greater collagen II weighting (Fig.�4B), 
highlighting the in�uence of the supplemented medium on resultant cellular di�erentiation.
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Metabolomics data were generated using high-resolution LC-MS analysis of denatured cell extracts of pericytes 
cultured in the Fmoc-F2/S� /�  hydrogel systems. Comparisons between these two systems allowed identi�cation 
of cell processes that are a�ected by the presence of induction medium and which subsequently lead to di�erences 
in phenotypic expression. A generalised overview of the metabolome using hierarchical cluster analysis showed 
that, on the whole, the metabolite pro�les of Fmoc-F2/S� /�  systems, although distinct from the undi�erentiated 
control set, were similar to each other with slightly higher metabolite abundances detected on the Fmoc-F2/S� 
substrate (Fig.�5A). Detected metabolite masses were mapped to known pathways to ascertain which areas of 

Figure 3. Quantitative PCR analysis assessing chondrocyte development of pericytes encapsulated in Fmoc-
F2/S hydrogels with (�), without (�) chondrogenic induction and in alginate hydrogels (ALG) also cultured 
with chondrogenic induction media. Cells were assessed for gene expression of the cartilage biomarkers SOX-9 
(A), type II collagen (B), aggrecan (C) and type X collagen (D) up to 35 days in culture. Expression levels of 
all four biomarker were observed as elevated for all culture systems with the highest expression levels noted 
for pericytes cultured in Fmoc-F2/S hydrogels. Gene expression was compared against pericytes cultured on 
glass cover slips (undi�erentiated on planar substrate) as a negative control. Error bars are standard error of 
the mean; * indicate signi�cant di�erence between groups as determined by one-way ANOVA followed by 
Bonferroni post hoc test where p � 0.05; n � 4.
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