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Oxidized alginate hydrogels are appealing alternatives to natural alginate due to their favourable
biodegradability profiles and capacity to self-crosslink with amine containing molecules facilitating func-
tionalization with extracellular matrix cues, which enable modulation of stem cell fate, achieve highly
viable 3-D cultures, and promote cell growth. Stem cell metabolism is at the core of cellular fate (prolif-
eration, differentiation, death) and metabolomics provides global metabolic signatures representative of
cellular status, being able to accurately identify the quality of stem cell differentiation. Herein, umbilical
cord blood mesenchymal stem cells (UCB MSCs) were encapsulated in novel oxidized alginate hydrogels
functionalized with the glycine-histidine-lysine (GHK) peptide and differentiated towards the osteoblas-
tic lineage. The ADA-GHK hydrogels significantly improved osteogenic differentiation compared to
gelatin-containing control hydrogels, as demonstrated by gene expression, alkaline phosphatase activity
and bone extracellular matrix deposition. Metabolomics revealed the high degree of metabolic hetero-
geneity in the gelatin-containing control hydrogels, captured the enhanced osteogenic differentiation
in the ADA-GHK hydrogels, confirmed the similar metabolism between differentiated cells and primary
osteoblasts, and elucidated the metabolic mechanism responsible for the function of GHK. Our results
suggest a novel paradigm for metabolomics-guided biomaterial design and robust stem cell bioprocess-
ing.

Statement of Significance

Producing high quality engineered bone grafts is important for the treatment of critical sized bone
defects. Robust and sensitive techniques are required for quality assessment of tissue-engineered con-
structs, which result to the selection of optimal biomaterials for bone graft development. Herein, we pre-
sent a new use of metabolomics signatures in guiding the development of novel oxidised alginate-based
hydrogels with umbilical cord blood mesenchymal stem cells and the glycine-histidine-lysine peptide,
demonstrating that GHK induces stem cell osteogenic differentiation. Metabolomics signatures captured
the enhanced osteogenesis in GHK hydrogels, confirmed the metabolic similarity between differentiated
cells and primary osteoblasts, and elucidated the metabolic mechanism responsible for the function of
GHK. In conclusion, our results suggest a new paradigm of metabolomics-driven design of biomaterials.
� 2019 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND
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1. Introduction

Alginate hydrogels have been extensively utilized as tissue
engineering materials because of their low cost, abundance in nat-
ure, biocompatibility, malleability and ability to gelate under con-
ditions that cause minimal cell stress [1]. However, the absence of
alginate-degrading enzymes in mammals limits the in vivo degrad-
ability of natural alginate. In addition, the lack of cell-interacting
regions on the structure of alginate reduces cell adhesion and
requires developing strategies to promote attachment and cellular
infiltration within the alginate hydrogels [2]. In order to overcome
these limitations, oxidized alginate (alginate di-aldehyde; ADA)
has been employed as an attractive alternative [3,4]. The free alde-
hyde groups of ADA can form covalent bonds with molecules that
contain amino groups (such as proteins or small peptides) enabling
the crosslinking with bioactive substances that can modulate stem
cell physiology [5–8].

Gelatin is widely used to promote cell adhesion in alginate
hydrogels and can be crosslinked to ADA or natural alginate in
order to increase its stability. ADA-gelatin hydrogels have been
employed in a variety of tissue engineering applications, including
cardiac, bone, cartilage, vessel, corneal, liver and muscle tissue
engineering, as well as in wound healing and tissue fixation [4].
Sarker et al. have developed a cell-friendly method to produce
ADA hydrogels crosslinked with gelatin (ADA-Gel) at pH = 7.4 with
the use of phosphate buffered saline (PBS) [8–10]. The resulting
hydrogels have excellent biocompatibility, enhanced degradation
properties, increased stability of gelatin in culture, and promote
cell adhesion while also being good candidates for 3D printing
applications [11]. Apart from gelatin, other proteins or peptides
have been used to provide extracellular matrix cues in alginate
hydrogels, primarily collagen and the arginyl-glycyl-aspartic acid
(RGD) peptide [12,13]. The glycine-histidine-lysine (GHK) peptide
is a fragment of osteonectin (SPARC), a protein abundant in bone
extracellular matrix. GHK promotes secretion of vascular endothe-
lial growth factor (VEGF) and basic fibroblast growth factor (bFGF)
from mesenchymal stem cells (MSCs) in alginate hydrogels,
increasing stem cell proliferation and promoting secretion of colla-
gen, elastin and other factors related to wound healing [14–16].
The GHK-copper (GHK-Cu) complex has been previously cova-
lently crosslinked with natural alginate in an attempt to increase
the proangiogenic potential of bone marrow MSCs [14]. However,
it has been suggested that it is not GHK-Cu, but copper-free GHK
that exerts positive effects on osteoblasts, as indicated by the fact
that GHK-Cu inhibited osteoblastic alkaline phosphatase (ALP)
activity and osteocalcin secretion [17], whereas collagen gels
loaded with copper-free GHK accelerated healing in guinea-pig
bone defects [15]. Consequently, biomaterial functionalisation
with GHK could prove beneficial in bone tissue engineering appli-
cations; however, the effect of copper-free GHK on the osteogenic
differentiation of human MSCs remains to be determined.

Umbilical cord blood mesenchymal stem cells (UCB MSCs) have
been used in bone tissue engineering for their superior immuno-
suppressive properties and enhanced proliferation capacity com-
pared to their adult equivalents, specifically bone marrow and
adipose MSCs [18–20]. Sourcing MSCs from umbilical cord blood
units stored in blood banks offers the potential for off-the-shelf
bone graft production, meeting clinical demands and avoiding
the limitations associated with the use of autografts and allografts
[20]. UCB MSCs have been shown to be at least equal to bone mar-
row MSCs in generating bone when implanted in mice and have
been characterized as circulating fetal chondro-osteoprogenitors
contributing to skeletal development [21].

Metabolomics analysis enables the simultaneous identification
and quantification of all measurable small metabolites (<1 kDa)
within a cell, providing a global assessment of the cellular meta-
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bolic state. Alterations in the genomic, transcriptomic and pro-
teomic landscape and environmental perturbations are
dynamically accompanied by changes in metabolic pathway activ-
ities, rendering metabolism the level of cellular function that most
accurately reflects cellular phenotype [22,23]. Metabolomics has
been used as a high-throughput platform for the evaluation of
mammalian cell physiology [24,25] and holds great potential for
cell culture engineering due its high sensitivity and low operating
costs compared to other omics platforms [26]. It can manifest the
degree of osteogenic differentiation in 2D cultures [27], has been
used to detect osteoinductive molecules in hydrogels with variable
stiffness [28] and has been applied to the detection of pathways
activated in skeletal stem cells when exposed to nanotopographical
cues [29,30] and in cancer cells responding to polymers conjugated
with chemotherapeutic agents [31]. Apart from the widespread use
of metabolomics for the evaluation of pathway activities and the
elucidation of complex molecular mechanisms, it can also produce
global cell state-specific metabolic signatures [24,32]. Such
metabolomics-derived signatures have been used for monitoring
and quality control of mammalian cell cultures [33] but have not
yet been used for the assessment of 3D stem cell cultures in bioma-
terials. It has been recently suggested that omics approaches, such
as metabolomics, should be utilized to assess therapeutic MSC
potency given the ambiguity regarding MSC functions and origin,
and the rise of unapproved stem cell treatment marketing [34].
Consequently, metabolomics sensitivity and the dynamic nature
of metabolic changes in response to intracellular and extracellular
cues [33] can be exploited for the high-resolution assessment of tis-
sue engineered products with potential clinical applications.

Herein, we present the development of a novel hydrogel consist-
ing of ADA and copper-free GHK, which was seeded with UCBMSCs
to evaluate its suitability in bone tissue engineering applications.
The hydrogel was produced according to the non-cytotoxic method
of Sarker et al. [8], combining the optimal biodegradability of
oxidized alginate and providing an alternative to the use of
animal-derived gelatin which can transmit pathogens and trigger
undesirable immune responses when implanted in vivo. Our work
is the first to demonstrate the capacity of GHK to promote MSC
osteogenic differentiation. UCB MSCs were selected for encapsula-
tion within the hydrogels due to their higher proliferation capacity
compared to other MSC types, potential for off-the-shelf use, and
their inherent commitment to the osteogenic and chondrogenic
lineages [21]. The ADA-GHK hydrogels were compared to the
gelatin-containing hydrogels controls (ADA-Gel, ADA-Gel-GHK)
demonstrating that GHK enhanced viability, proliferation and
osteogenic differentiation. Metabolomics signatures were utilized
at several steps of the biomaterial development process, revealing
the effects of hydrogel composition on UCB MSC phenotype,
demonstrating the superior osteogenic capacity of GHK-
containing hydrogels, and elucidating the mechanism of GHK
action, which was related to integrin b1 and mediated by integrin
linked kinase (ILK). The importance of our results is: (1) the devel-
opment of a cell-laden biomaterial that enhances osteogenesis and
combines the advantages of UCB MSCs, GHK and oxidized alginate
with potential applications in bone tissue engineering, and (2) the
potential utilisation of metabolomics profiles as quality control sig-
natures of osteogenesis, which can inform the design of
biomaterials.
2. Materials & methods

2.1. Hydrogel fabrication

ADA was produced according to previous methods [8].
Briefly, 50 mL of 20% w/v sodium alginate in ethanol (MW
lginate hydrogels with the GHK peptide enhance cord blood mesenchymal
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100,000–200,000 g/mol, 65–70% guluronic acid, Sigma-Aldrich,
UK) was oxidized with 2.674 g of sodium metaperiodate dissolved
in 50 mL of deionized water for 6 h in the dark and the reaction
was quenched with the addition of ethylene glycol (10 mL)
(VWR, UK). Removal of metaperiodate was achieved by dialysis
in ultrapure water in a 6000–8000 Da MWCO dialysis membrane
(SpectrumLab, USA), with twice-a-day water replacements for
one week, yielding ADA with a degree of oxidation of 33% [8].
Clearance of metaperiodate was confirmed with the addition of
0.5 mL of 1% w/v silver nitrate to 5 mL of the dialysate at the final
day of the experiment. Absence of precipitation confirmed the total
elimination of metaperiodate from the ADA solution, which was
frozen in �20 �C and freeze-dried. ADA allows for the self-
crosslinking of molecules with free amine groups, such as proteins
and peptides, offering a stable alternative to blending [4]. Conse-
quently, ADA was used to construct three types of hydrogels,
ADA with gelatin (ADA-Gel), ADA with GHK (ADA-GHK), and ADA
with both gelatin and GHK (ADA-Gel-GHK). The final concentration
of ADA and gelatin in all hydrogels was 3% and 2% w/v, respec-
tively. GHK was used at a concentration of 0.5% w/v following opti-
misation of viability, cell numbers and alkaline phosphatase
activity (data not shown). GHK used in this study was synthesized
in a copperless form (H-GGGGGHKSP-OH, Mimotopes Ltd., UK). All
solutions were filter-sterilized prior to cell encapsulation.
2.2. UCB MSC encapsulation and culture

Fetal MSCs were isolated from umbilical cord blood according
to previous methods [20,27], with the mothers’ informed consent
and according to the corresponding ethical approval (05/
Q0405/20; NRES Committee, London, Harrow, UK). Cells were
expanded until passage 5 at 37 �C, 5% CO2, 21% O2 in aMEM
Glutamax-I with 10% FBS and 1% penicillin-streptomycin (prolifer-
ation medium). Cells were gently mixed with hydrogel solutions at
a concentration of 2 � 106 cells/mL and incubated for 2 min in
37 �C in order to facilitate ADA conjugation with gelatin and
GHK. The cell-hydrogel suspension was passed through a peri-
staltic pump leading to a 25-gauge needle. Beads were extruded
through the needle to a 100 mM CaCl2 and 10 mM HEPES buffer
(pH = 7.4) where they underwent crosslinking for 10 min. Subse-
quently, beads were washed in PBS and cultured in proliferation
medium for 3 days to permit cell adaptation to the 3D environ-
ment. After 3 days, osteogenesis was induced by supplementing
the proliferation medium with 10�7 M dexamethasone, 50 lg/mL
ascorbic acid 2-phosphate and 10 mM b-glycerophosphate (osteo-
genic medium). Medium was replenished every two days for three
weeks and samples were collected at day 7, 14 and 21.
2.3. Cell viability analysis

Cell viability in hydrogels was assessed with the use of LIVE/
DEAD viability assay (Life Technologies, UK). Samples were col-
lected, washed in PBS and incubated for 1 h in a solution of
2 lM calcein AM (staining live cells) and 4 lM ethidium
homodimer-1 (staining dead cells). Images were captured in a
Leica SP5 (Leica Microsystems, UK) inverted confocal microscope
using a 512 � 512 pixel resolution, 10x magnification and a slice
thickness of 10 lm. Quantification of live and dead cells was per-
formed on the captured images using the 3D Object Counter plu-
gin of Fiji [35,36] utilising the same number of slices across all
groups. Live/dead images were prepared as maximal intensity
Z-stack projections. After quantification and solely for presenta-
tion purposes, brightness and contrast have been adjusted equally
for all groups.
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2.4. GHK stability in ADA hydrogels

A custom FITC-labelled GHK peptide (Mimotopes Ltd., UK) was
used to confirm whether GHK was retained within the hydrogels
for the duration of the culture. FITC was attached to a lysine resi-
due away from the –NH2 end of the peptide, allowing the possible
self-conjugation of GHK to ADA. Specifically, cell-free hydrogels
(N = 3) were fabricated using the FITC-labelled peptide and cul-
tured in proliferation medium for 24 days. Images were captured
using a Leica Inverted Fluorescent Microscope (Leica Microsys-
tems, UK) at day 0, 3, 10, 17 and 24 and hydrogels with unlabelled
GHK were used as negative controls. Release of GHK in culture
medium was quantified by culturing cell-free ADA-GHK hydrogels
in a-MEM without the addition of FBS (3 beads in 1 mL of culture
medium). Supernatants (N = 3) were collected at days 0, 3, 10, 17
and 24 and peptide concentration was measured with the use of
Micro BCA protein assay kit according to manufacturer’s instruc-
tions (ThermoFisher, UK). Micro BCA can detect peptide concentra-
tions as low as 0.5 mg/mL, which is sensitive enough for the
detection of minimal GHK release by ADA-GHK hydrogels. Conse-
quently, concentrations less than 0.5 mg/mL were considered unde-
tected and assigned a value of 0. Briefly, 150 lL of supernatant
were incubated with 150 lL of Micro BCA working solution for
2 h at 37 �C in the dark and absorbance was measured at 562 nm
using a Promega Reader (Promega GloMax, Promega, UK). Blank
supernatant fluorescence was subsequently subtracted and GHK
concentrations were calculated using a standard curve constructed
using albumin standards.

2.5. DNA quantification

The quantity of DNA in alginate beads was used as a measure of
cell number for metabolomics and ALP activity normalisation, as
reported in previous work [27,37]. Alginate beads of each group
(N = 3) were collected, washed with PBS, and incubated overnight
at 50 �C in dissolution/digestion buffer containing 10 mM Tris –
1 mM EDTA buffer with 0.1% v/v Triton-X (Sigma, UK) and
0.1 mg/mL Proteinase K (Life Technologies, UK). The resulting solu-
tion was dissolved 1:10 in PBS and DNA was quantified using the
Quant-it PicoGreen assay (ThermoFisher, UK) by incubating
100 lL of DNA solution with 100 lL of PicoGreen working solution
for 5 min in the dark and measuring fluorescence at
485 nm/530 nm of excitation/emission wavelengths. Finally, cell
numbers were calculated with a standard curve constructed with
UCB MSCs. DNA quantification cannot discriminate against the
presence of dead cells in the hydrogels but represents a suitable
technique available for the normalisation of metabolomics data
from adherent cultures [48].

2.6. Alkaline phosphatase activity

ALP activity was quantified as an indirect measure of osteogenic
differentiation. Beads of each experimental group (N = 3) were col-
lected, washed with PBS and incubated with 50:50 alkaline buffer
solution (Sigma, UK):pNPP substrate (Sigma, UK) at 37 �C in the
dark for 30 min. The reaction was terminated with equal volume
0.5 N NaOH and absorbance was measured at 405 nm. Results were
normalized using the cell numbers derived from DNA quantifica-
tion (described above) and ALP activity was expressed as pNPP/
min/106 cells using a pNPP standard curve.

2.7. Fourier-Transform Infrared Spectroscopy (FTIR)

The quality of the mineralized matrix produced in different
hydrogels was assessed by means of Fourier-transform infrared
spectroscopy. Beads were collected, washed three times with
lginate hydrogels with the GHK peptide enhance cord blood mesenchymal
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ultrapure water, frozen at �80 �C and freeze-dried in an ethylene
glycol bath (�15 �C). FTIR data collection was performed with a
Spectrum 100 FTIR instrument (Perkin Elmer, UK). For every sam-
ple, 16 scans were recorded with a resolution of 2 cm�1 between
900 and 4000 cm�1. The mineral-to-matrix ratio (MMr) was calcu-
lated on the baseline corrected spectra as previously described
[38–40], by dividing the area under the curve of phosphate bands
(900–1200 cm�1) by the area under the curve of amide I bands
(1585–1725 cm�1). Experiments were run in triplicates and repre-
sentative samples were selected to demonstrate the quality of
matrix mineralisation in different groups.
2.8. Real time quantitative RT-PCR

Hydrogel beads were collected at day 0 and day 21 of osteo-
genic differentiation and RNA was extracted with the use of
RNeasy Mini Kit (Qiagen, UK) according to the protocol provided
by the manufacturer. qRT-PCR was performed with the KAPA SYBR
FAST One-Step ABI PRISM Kit (Sigma-Aldrich, UK), in an ABI StepO-
nePlus PCR instrument (ThermoFisher, UK) with the cycling proto-
col described elsewhere [27]. Gene expression of Runt-related
transcription factor 2 (Runx2), osteocalcin (OCN), collagen type IA1
(Col 1A1), integrin b1 and integrin linked kinase (ILK) was assessed
with the primers presented in Table 1 [41–46]. RPL13a was used
as the housekeeping gene and results were analysed with the
2�DDCt method [47] relative to the expression of ADA-Gel at each
time point.
2.9. Immunofluorescence

Protein levels before and after UCB MSC osteogenic differentia-
tion were assessed by means of double immunofluorescence with
confocal microscopy. Briefly, alginate beads were washed in PBS
and fixed overnight in 4% w/v paraformaldehyde. Samples were
permeabilized in 0.1% v/v Triton-X 100, blocked with 10% v/v don-
key serum in PBS and incubated overnight with primary antibodies
against Col IA1 and OCN or integrin b1 and ILK. Alexa Fluor 488 and
Alexa Fluor 647 secondary antibodies were used to label Col IA1
and OCN or integrin b1 and ILK respectively and samples were
counterstained with 4,6-diamidino-phenylindole (DAPI, 1:1000 in
PBS). Secondary antibody controls were used to assess non-
specific staining of the secondary antibody. Details about the anti-
bodies and the setup of immunofluorescence experiments can be
found in Table 2.

Images of immunofluorescence experiments were captured in a
Leica SP5 inverted confocal microscope using a 512 � 512 pixel
Table 1
Primers used in real-time qRT-PCR.

Gene Forward Primer

Runt-related transcription factor 2 (Runx2) 50-GAGGTACCAGATGGGACTGTG
Osteocalcin (OCN) 50-GGCAGCGAGGTAGTGAAGAG
Collagen type IA1 (Col 1A1) 50-TGACCTCAAGATGTGCCACT-3
Integrin linked kinase (ILK) 50-ACCAGACATGCCTCTTGTCC-3
Integrin b1 50-GTGAGTGCAACCCCAACTACA
Ribosomal Protein L13a (RPL13a) 50-CTATGACCAATAGGAAGAGCA

Table 2
Antibodies used for immunofluorescence.

Antigen Blocking Primary antibody

Collagen I A1 Donkey serum Mouse monoclonal (3 lg/m
Osteocalcin Rabbit polyclonal (5 lg/mL)
Integrin b1 Mouse monoclonal (10 lg/m
Integrin Linked Kinase (ILK) Rabbit monoclonal (1:100 d
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resolution, 10� magnification and a section thickness of 10 lm.
For each image comparison, the same number of slices of a repre-
sentative stack from each group (surface to core) has been used for
image reconstruction. Brightness and contrast were equally
adjusted in all images for presentation purposes maintaining all
the features of the originals. Maximal projection Z-stacks were pre-
pared with Fiji image analysis software [36].

2.10. GC–MS metabolomics & bioinformatics analysis

Metabolomics analysis of encapsulated UCB MSCs was per-
formed as previously described [24,27] with a protocol adapted
to 3D hydrogel cultures. Specifically, hydrogels (N = 10) from each
group were collected, washed with PBS and metabolism was
quenched by liquid nitrogen snap-freezing. Hydrogels were
grinded with a mortar and pestle and the resulting powder was
dissolved in ice cold methanol. Extraction of metabolites was per-
formed according to Kanani et al. [26]. Ribitol (1 mg/106 cells) was
added to the metabolite mixture as an internal standard and 13C-
glucose (2 mg/106 cells) was used to validate the robust operation
conditions of mass spectrometry [26]. DNA quantification results
were used for normalisation purposes [27,48]. Dried polar metabo-
lite mixtures were derivatized for 1.5 h in 50 lL Methoxyamine
hydrochloride (MeOx, Sigma, UK) followed by 6 h derivatisation
in 100 lL N-methyl-trimethylsylyl – trifluoroacetamide (MSTFA,
Alfa Aesar, UK) and samples were run in quadruplicates in a Shi-
madzu QP2010 Ultra Gas Chromatography – Mass Spectrometry
(GC–MS) instrument (Shimadzu, UK).

Data preparation was accomplished based on Kanani & Klapa
[49] and relative peak areas of consistently quantified metabolites
(CV < 25% between technical quadruplicates) were calculated with
regards to the peak area of the marker ion 103 of ribitol. Bioinfor-
matics analysis of the resulting dataset was performed in R
(v. 3.4.2, https://www.R-project.org/) on z-scores of the relative
peak areas in an unsupervised manner, employing Principal
Component Analysis (PCA) and Hierarchical clustering with
Manhattan distance metric. Hierarchical clustering of heatmap
profiles is a fundamental machine learning strategy, widely uti-
lized to provide unbiased information regarding similarity of
multidimensional metabolic signatures, rather than an objective
evaluation of heatmap colours [50]. Statistical analysis of multidi-
mensional metabolomics data was performed with Significance
Analysis for Microarrays (SAM) in TM4 MeV (v. 4.9.0) [51] with a
median- false discovery rate (FDR) set to 0%. Significantly increased
or decreased metabolites were presented on a reconstruction of
the core metabolic network of UCB MSCs as previously published
[27]. Metabolomics profiles of primary osteoblasts were sourced
Reverse Primer References

-30 50-TCGTTGAACCTTGCTACTTGG-30 [42]
-30 50-CTCACACACCTCCCTCCT-30 [43]
0 50-ACCAGACATGCCTCTTGTCC-30 [44]
0 50-ACCTCTGGAGTTCAGGCAAGG-30 [45]
C-30 50- TGTCCGTTGCTGGCTTCA-30 [45]
ACC-30 50-GCAGAGTATATGACCAGGTGGAA-30 [46,47]

Secondary Antibody Company

L) Donkey Anti-Mouse IgG AF 488 (1:200 dilution) Abcam
Donkey Anti-Rabbit IgG AF 647 (1:200 dilution)

L) Donkey Anti-Mouse IgG AF 488 (1:200 dilution)
ilution) Donkey Anti-Rabbit IgG AF 647 (1:200 dilution)

lginate hydrogels with the GHK peptide enhance cord blood mesenchymal
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from previous work in our group [27] and compared to the profiles
of undifferentiated and terminally differentiated MSCs in all hydro-
gel groups.

2.11. Integrin linked kinase inhibition

ILK activity was inhibited with the use of CPD22 (Calbiochem,
USA) at 1 lM as previously described [52,53]. CPD22 is specific
Fig. 1. Structural characteristics of alginate beads. Maximum dimension (A) and aspect
beads). The dashed line represents the aspect ratio of round beads. FITC-labelled GHK be
unlabeled GHK have been used to set the fluorescence threshold. Release of GHK as
encapsulation; d24: day 24 after encapsulation; Scale bar = 1 mm; * P < 0.05; ** P < 0.01.

Fig. 2. Cell viability and proliferation during osteogenic differentiation. Cell viability has
start and over the course of differentiation (N = 3) (A). Representative images of live (g
relative to day 7 ADA-Gel has been assessed by means of DNA quantification (C). Bars rep
interpretation of the references to color in this figure legend, the reader is referred to th
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for ILK and 1 lM has been found to completely inhibit ILK activity
without impairing the function of mononuclear [52] and epithelial
cells [53]. Mediation of GHK actions by ILK was assessed by cultur-
ing UCB MSCs in the presence, absence or combination of GHK and
CPD22 (Supplementary Table 1). Cells were rested for 12 h after
encapsulation and then CPD22-suplemented proliferation medium
was applied for 48 h. At 60 h post encapsulation (following recov-
ery from the stress of encapsulation and prior to the initiation of
ratio (B) comparison over 24 days in culture. Bars represent mean ± SD (N = 10–15
ads (C) demonstrating the presence of GHK in hydrogels over 24 days. Controls with
quantified in supernatants collected from 3 beads (N = 3) (D). d0: day 0 after

been assessed by quantifying calcein AM (live) and EthD-1(dead) staining before the
reen) and dead (red) cells are shown at the end of differentiation (B). Proliferation
resent mean ± SD (N = 3); Scale bar = 100 lm; * P < 0.05; ** P < 0.01; *** P < 0.001. (For
e web version of this article.)
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differentiation) Live/Dead quantification, DNA quantification, and
metabolomics analysis were performed to evaluate the involve-
ment of ILK in GHK induced proliferation and metabolism.

2.12. Statistical analysis

Data were expressed as mean ± standard deviation and univari-
ate data analysis was performed with the use of GraphPad Prism
7.0c for Mac OS X (GraphPad Software Inc., La Jolla, California,
USA). Group means were compared with one-way (in cases with
one independent variable) or two-way ANOVA (in cases with two
independent variables) and Tukey’s post-hoc test with significance
set at a = 0.05 (N = 3 independent biological replicates, n = 3 tech-
nical replicates, unless stated otherwise).

3. Results

3.1. Hydrogel shape, size and peptide stability in culture

ADA-GHK hydrogels were smaller than ADA-Gel (P = 0.006 and
P = 0.02 for day 0 and day 24, respectively) and ADA-Gel-GHK
(P = 0.04 and P = 0.001 for day 0 and day 24, respectively), as
shown in Fig. 1A. Immediately following encapsulation, the aspect
ratio of ADA-GHK beads was lower than that of ADA-Gel beads
(P = 0.002). However, at the end of the 24 day period no statisti-
cally significant difference was observed in the aspect ratio
between the three groups (Fig. 1B). Analysis of GHK-FITC-labelled
hydrogels confirmed that GHK remained within the hydrogel
matrix throughout the culture period (Fig. 1C). This result was also
supported by minimal release of GHK in the culture medium,
Fig. 3. Osteogenic differentiation of UCBMSCs in hydrogels Real time qRT-PCR analysis of
well as osteocalcin (OCN)/collagen 1A1 expression at day 21 of differentiation (C). ALP a
microscopy evaluated the accumulation of Col 1A1 (green) and OCN at day 21 of differen
expressed as fold change relative to ADA-Gel; Bars represent mean ± SD (N = 3); Scale
secondary antibody; * P < 0.05; ** P < 0.01; *** P < 0.001. (For interpretation of the reference
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which was detectable in concentrations of approximately 2 lg/
mL only until about day 10 (Fig. 1D). From day 17 onwards the
peptide was not detected.

3.2. GHK increases cell viability and proliferation

Viability was assessed by means of Live/Dead staining and
quantification. Prior to the initiation of differentiation, viability
was similar in all experimental groups (approximately 80%). Via-
bility declined in the first 7 days of differentiation in the ADA-
GHK group compared to ADA-Gel and ADA-Gel-GHK groups
(P < 0.001). However, viability recovered in the ADA-GHK group
reaching 96.4% at day 21, which was significantly higher than both
in ADA-Gel and ADA-Gel-GHK groups (P < 0.001 & P = 0.002
respectively), as shown in Fig. 2A, C. Proliferation was higher in
ADA-Gel-GHK compared to ADA-Gel and ADA-GHK groups at day
7 (P < 0.001) and 14 (P < 0.01). Nevertheless, at the final time point,
both GHK-containing groups harbored significantly higher cell
numbers than ADA-Gel (P < 0.001 & P = 0.01 for ADA-GHK &
ADA-Gel-GHK, respectively), as shown in Fig. 2B. Even though no
statistically significant difference in cell numbers was identified
at day 21 between ADA-Gel-GHK and ADA-GHK hydrogels, it
should be mentioned that viability was significantly lower in
ADA-Gel-GHK compared to ADA-GHK.

3.3. GHK stimulates osteogenic differentiation

Osteogenic differentiation was assessed by analyzing ALP
activity, FTIR spectra, bone extracellular matrix protein deposition
and osteogenic gene expression. As shown in Fig. 3A, ADA-GHK
Runx2 prior to the chemical induction of osteogenesis (day 0 of differentiation) (A) as
ctivity over 21 days of osteogenic differentiation (B). Immunofluorescence confocal
tiation (D). qRT-PCR results have been normalized to RPL13a as a reference gene and
bar = 100 lm; Inserts represent negative controls for non-specific staining of the
s to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Principal component analysis (A) and hierarchical clustering (B) of UCB MSC m
principal component 1 and 2 respectively. Undifferentiated cells in ADA-Gel, ADA-Gel-GH
of differentiated cells in ADA-Gel, ADA-Gel-GHK and ADA-GHK (day 21 – d21) are colored
black (N = 3 for each group). The red highlighted area demonstrates the cluster with osteo
to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Mineral:matrix ratios were calculated by dividing the area under the curve
of phosphate bands (900–1200 cm�1) by the area under the curve of amide I bands
(1585–1725 cm�1). FTIR absorbance measurements are provided on the left part,
whereas corresponding mineral:matrix ratios are presented on the right part of the
figure. The spectrum of ADA has been obtained as a background measurement in
the absence of cells.
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hydrogels achieved approximately 10-fold increase in Runx2mRNA
levels, prior to the chemical induction of osteogenesis (P = 0.041),
solely under the effect of the peptide, assuming that no other fac-
tors affecting the composition of our hydrogels are contributing to
the phenomenon. During the early stages of differentiation, ALP
activity was significantly higher in ADA-GHK hydrogels than in
ADA-Gel (2.9-fold at day 7 and 2.22-fold at day 14 – P < 0.001)
and ADA-Gel-GHK groups (2.12-fold at day 7 and 1.5-fold at day
14 – P < 0.001 & P = 0.03 for day 7 and day 14 respectively) as
demonstrated in Fig. 3B. Only in ADA-GHK hydrogels, ALP activity
significantly declined at day 21 compared to day 14 (P = 0.004).

At the final day of differentiation (day 21), OCN gene expression
was significantly increased in the ADA-GHK group compared to the
ADA-Gel group (2.4-fold; P < 0.05), whereas Col IA1 gene expres-
sion was higher in ADA-Gel-GHK compared to both other groups
(1.5-fold; P = 0.02 for both comparisons), as shown in Fig. 3C. These
results were further corroborated by immunofluorescence micro-
scopy, where deposition of OCN appeared higher in GHK-
containing groups and Col IA1 deposition appeared higher in the
ADA-GHK group (Fig. 3D). At the end of differentiation, the MMr

of ADA-Gel and ADA-GHK groups was approximately 3.3:1, com-
pared to 2.87:1 of ADA-Gel-GHK and 2.57:1 of plain ADA (Fig. 4).

3.4. Metabolomics captures differentiation efficiency of ADA-GHK
hydrogels

Metabolomics analysis was performed at days 0 and 21 of
osteogenic differentiation and samples were compared to primary
osteoblasts to assess the transition from undifferentiated to
osteoblastic phenotype. As revealed by PCA (Fig. 5A and Supple-
mentary Fig. 1), cells in gelatin-containing hydrogels (ADA-Gel &
ADA-Gel-GHK) had greater variability in their metabolic profiles
in comparison to ADA-GHK hydrogels, the profiles of which
grouped closer to each other on principal component 1. In contrast,
GHK-differentiated cells at the end of osteogenic differentiation
etabolomics profiles in hydrogels. PC1, PC2: percentage of variation described by
K and ADA-GHK hydrogels are colored light blue, red and green respectively. Profiles
dark blue, red and green respectively whereas primary osteoblasts (OB) are colored
blasts and differentiated cells in GHK hydrogels. (For interpretation of the references
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(day 21) displayed metabolic profiles grouped closer to osteoblasts
than all other differentiated groups. These results were further
supported by the HCl (Fig. 5B) whereby at day 21 all of the ADA-
GHK and the majority of ADA-Gel-GHK profiles formed a common
cluster with osteoblasts. This was not the case for day 21 ADA-Gel
profiles, which clustered separately showing higher similarity to
undifferentiated cells than osteoblasts. Importantly, metabolic
activity in the osteoblast-containing cluster was globally less
active than the activity of undifferentiated UCB MSCs.

On-network significance analysis revealed distinct metabolic
transitions when comparing undifferentiated to terminally differ-
entiated cells in various hydrogels (Fig. 6). Transitioning from
day 0 to day 21 of differentiation, the activity of glycolysis, TCA
cycle, glutaminolysis and urea cycle was reduced in all groups, as
shown by the significant reduction in the levels of glucose, pyru-
vate, TCA cycle intermediates (citrate, isocitrate, succinate, fuma-
rate), glutamine, urea, and N-acetylglutamic acid. The activity of
glutaminolysis was increased in ADA-Gel and decreased in the
ADA-GHK group. In ADA-Gel hydrogels, cholesterol levels were
increased whereas glycine catabolism and oxalate synthesis were
Fig. 6. On-network significance analysis of metabolic changes in UCB MSCs differentiated
respectively, compared to the previous time point/condition. White circles were used wh
U: undifferentiated UCB MSCs in the respective hydrogel; 21: day 21 of differentiati
interpretation of the references to color in this figure legend, the reader is referred to th
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reduced compared to undifferentiated cells, changes that were
absent in both GHK-containing hydrogels.

Cells in ADA-GHK hydrogels had minimal metabolic differences
compared to osteoblasts, as shown by the limited number of signif-
icantly different metabolites between terminally-differentiated
(day 21) cells and osteoblasts (Fig. 6). Specifically, osteoblasts
had higher levels of lipids and lipid precursors, such as cholesterol
and myo-inositol, as well as amino acids, such as glutamine, thre-
onine, aspartate and tyrosine). In contrast, both ADA-Gel and ADA-
Gel-GHK groups had higher lipids (hexadecanoic and octadecanoic
acid) and lower lipid precursors (glycerol, myo-inositol) than
osteoblasts, and higher amino acid pools, as well as higher gly-
colytic activity and lactate production. However, TCA cycle activity
of gelatin-containing hydrogels was similar to osteoblasts.

Given the fact that UCBMSCmetabolismmay have been affected
by the differences in hydrogel composition prior to differentiation,
comparisons were also performed between hydrogel groups prior
to the initiation of osteogenesis. As seen in Fig. 7 cells in
ADA-GHK hydrogels had significantly higher levels of lipids
(octadecanoic and cholesterol), fumarate and aminoacids (b-
in hydrogels. Red circles and green circles denote a significant increase or decrease
en no significant change was seen with respect to the previous time point/condition.
on; Gel: ADA-Gel; Gel-GHK: ADA-Gel-GHK; GHK: ADA-GHK; O: osteoblasts. (For
e web version of this article.)
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alanine, aspartate, tryptophan and leucine), lower glycolytic
activity and lactate production than cells in ADA-Gel hydrogels. In
addition, the activity of serine-threonine-glycine pathway,
glutaminolysis and amino acid pool levels were lower in the
ADA-GHK compared to ADA-Gel groups. Interestingly, when com-
paring ADA-GHK to ADA-Gel-GHK hydrogels the differences were
similar apart from the increase in lipids/lipid precursors and amino
acids (Fig. 8). Finally, the activity of glycolysis, glutaminolysis and
the levels of lipid precursors (glycerol, myo-inositol and citrate)
were lower in ADA-Gel-GHK than in ADA-Gel hydrogels (Fig. 9).
Similar comparisons between groups were performed at day 21.
Cells in ADA-GHK hydrogels had lower glycolytic and glu-
taminolytic activity, decreased amino acid pools and lower levels
of one-carbon cycle intermediates compared to cells in ADA-Gel
hydrogels (Fig. 10). Comparable differenceswere observed between
ADA-GHK and ADA-Gel-GHK hydrogels (Fig. 11). Comparison of
ADA-Gel-GHK and ADA-Gel groups showed lower glycolysis, glu-
taminolysis, lipids/lipid precursors (glycerol, myo-inositol, citrate,
cholesterol) and decreased amino acid pools in ADA-Gel-GHK
hydrogels (Fig. 12).
Fig. 7. On-network significance comparison between undifferentiated cells in ADA-GHK
metabolite level respectively, in the first of the two groups compared. (For interpretatio
version of this article.)
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3.5. ILK mediates the actions of GHK

The hypothesis that ILK mediates the effects of GHK in ADA-
based hydrogels was evaluated by assessing ILK and integrin b1
mRNA and protein levels and by inhibiting the action of ILK with
the use of CPD22, a specific and potent ILK inhibitor. Immunofluo-
rescence confirming the presence of integrin b1 and ILK in undiffer-
entiated cells at the start of the differentiation period (day 0),
appeared to shower higher protein levels of ILK and integrin b1 in
the ADA-GHK group compared to both ADA-Gel and ADA-Gel-
GHK (Fig. 13A). Additionally, both integrin b1 and ILK gene expres-
sion was significantly upregulated compared to ADA-Gel group at
the start of differentiation (day 0; P = 0.041 & P = 0.0398 for integrin
b1 & ILK, respectively), as shown in Fig. 13B, C. Inhibition of ILKwith
CPD22 did not affect cell viability (Fig. 14A). However, at day 3,
ADA-GHK hydrogels had significantly higher cell numbers than
plain ADA gels (approximately 1.4-fold higher, P = 0.004), an effect
which was reversed when ILK was inhibited by CPD22 (P = 0.01), as
shown in Fig. 14A Similarly, PCA and HCl demonstrated that UCB
MSC metabolism changed due to GHK but the effect was reversed
and ADA-Gel hydrogels. Green and red color denote significantly lower and higher
n of the references to color in this figure legend, the reader is referred to the web
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with the application of CPD22 (Fig. 14B, C and Supplementary
Fig. 2), confirming that activation of ILK by GHK did not only affect
proliferation but also metabolism of UCB MSCs (Fig. 14D).

4. Discussion

Herein, global metabolomics signatures were utilized in the
process of developing a novel ADA-based hydrogel containing the
GHK peptide, which enhanced the proliferation, viability and
osteogenic differentiation of UCB MSCs. Importantly, metabolo-
mics verified the enhanced osteogenic efficiency of the ADA-GHK
hydrogels, guiding the selection of biomaterials able to produce
cells with high phenotypic reproducibility and similarity to osteo-
blasts, whilst providing valuable insight into the mechanism of
GHK function. ADA-GHK hydrogels stimulated UCB MSC differenti-
ation early (demonstrated by the early expression of Runx2 in the
absence of osteoinductive factors) and increased expression of late
osteogenic markers compared to control gelatin-containing hydro-
gels, an effect that was successfully captured by metabolomics.
Previous reports have shown that GHK can enhance fracture heal-
Fig. 8. On-network significance comparisons between undifferentiated cells in ADA-GH
higher metabolite level respectively, in the first of the two groups compared. (For interp
web version of this article.)
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ing in animal models treated with gels composed of collagen, GHK
and glucosaminoglycans [15], without providing a direct evalua-
tion of the effect of GHK on MSC differentiation. Importantly, these
in vivo results have been achieved with copper-free GHK, since
copper inhibits MSC osteogenesis [54]. Previously, Jose et al.
reported that alginate-copper-GHK hydrogels enhanced VEGF
secretion from bone marrow MSCs [14], which could potentially
serve the vasculogenic needs of bone regeneration and fracture
repair [55]. Our study is the first to demonstrate that GHK can
induce the osteogenic differentiation of MSCs.

Metabolomics captured the reduction in glycolytic and TCA
cycle activity during osteogenic differentiation (in all groups), con-
sistent with the well-reported transition from the glycolytic phe-
notype of undifferentiated MSCs to the production of energy by
means of oxidative phosphorylation in differentiated cells
[27,56,57]. However, comparison of the metabolism between the
various hydrogel groups prior to the chemically-induced onset of
osteogenic differentiation revealed lower glycolytic activity in the
ADA-GHK compared to the ADA-Gel hydrogels, which given the
significantly higher Runx2 expression and early increase of ALP
K and ADA-Gel-GHK hydrogels. Green and red color denote significantly lower and
retation of the references to color in this figure legend, the reader is referred to the
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activity in cells exposed to GHK, signifies an earlier commitment
towards the osteoblastic lineage. This early progression to osteo-
genic differentiation can be also related to the reduction in thre-
onine and one-carbon metabolism precursors detected in the
ADA-GHK group, which are required to maintain stemness [58].
The combination of more pronounced bone ECM production with
higher OCN (late marker) and lower Col IA1 gene expression (inter-
mediate marker) in ADA-GHK hydrogels compared to gelatin-
containing groups, indicate that GHK enhanced the progression
from intermediate to late differentiation, which in our results
was accompanied by lower glycolytic activity, in line with previous
reports showing that glycolysis is reduced as osteogenesis pro-
gresses [27,56,57]. This is also indicated by the reduction of ALP
activity in ADA-GHK hydrogels (day 21), which denotes progres-
sion to later differentiation stages [59,60]. In addition, increased
levels of lipids and biosynthetic building blocks in the ADA-GHK
group, can be attributed to increased activity of lipid-related sig-
nalling as well as active biosynthesis of molecules required for dif-
ferentiation. Even though metabolomics has been previously used
to identify molecules inducing osteogenesis in hydrogels of varying
Fig. 9. On-network significance comparisons between undifferentiated cells in ADA-Ge
higher metabolite level respectively, in the first of the two groups compared. (For interp
web version of this article.)
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stiffness [28], to determine MSC responses to nanofeatured titania
[30] and to evaluate the efficiency of osteoinductive substances in
2D cultures [27], our work is the first to demonstrate its applica-
tion to the selection of biomaterials with desirable osteoinductive
properties. Future in vivo experiments could further corroborate
our results. Since metabolomics utilization herein proved to be a
sensitive and robust assay for quality control of in vitro tissue engi-
neering, metabolomics-guided in vitro validation of differentiation
in biomaterials would facilitate the successful selection of optimal
constructs for in vivo implantation. Prior to clinical use, animal
studies are required to establish the absence of undifferentiated
cells that may affect fracture healing.

ILK mediated the effect of GHK on UCB MSC proliferation and
metabolism. Previous reports have shown that GHK binding to
either integrin a6, or b1, or both can increase VEGF secretion [14]
but our study was the first to demonstrate the involvement of
ILK in GHK function. We observed increased expression of integrin
b1, in agreement with previously published data [14,61], but also
identified the key intracellular mediator of GHK action. Integrin
functions are predominantly mediated by focal adhesion kinase
l-GHK and ADA-Gel hydrogels. Green and red color denote significantly lower and
retation of the references to color in this figure legend, the reader is referred to the
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(FAK) and ILK [62]. These kinases control functions, including pro-
liferation and migration, through the action of several pathways,
such as the phosphatidylinositol 3-kinase (PI3K)-Akt-mTOR path-
way, which also regulates lipid biosynthesis [63,64]. Acting
upstream of FAK, ILK regulates its actions since ILK inhibition
results to FAK dephosphorylation [65,66]. Despite the fact that
FAK can independently activate downstream pathways related to
metabolism, this is achieved in a delayed fashion compared to
ILK [67]. We demonstrated that lipid biosynthesis was more pro-
nounced in ADA-GHK compared to gelatin-containing hydrogels,
and given the relationship between gelatin attachment and FAK
activation [68], we hypothesized that GHK exerts its positive
effects upstream of FAK via ILK. ILK involvement in GHK signalling
is also supported by the fact that GHK is a fragment of SPARC, a
well-established modulator of ILK activity [69]. Indeed, ILK mRNA
and protein levels were higher in ADA-GHK hydrogels, whilst ILK
inhibition eliminated the effect of GHK on proliferation and meta-
bolism. Integrin binding can also explain the fact that ADA-Gel-
GHK achieved higher differentiation than ADA-Gel alone but worse
than ADA-GHK hydrogels, suggesting potential competition
between gelatin and GHK. Gelatin binding to b1 receptors [70,71]
Fig. 10. On-network significance comparisons between terminally differentiated cells in
lower and higher metabolite level respectively, in the first of the two groups compared. (F
to the web version of this article.)
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could limit receptor availability for GHK, explaining the attenuated
cellular response in ADA-Gel-GHK hydrogels. Our results indicate
that various peptides/proteins induce differential metabolic
results. Therefore, metabolomics could be further utilized to eval-
uate the effects of other peptides (e.g. RGD) on stem cell
metabolism.

Unlike the uniform metabolism observed in the cells differenti-
ated within the GHK-containing hydrogels, the metabolomics pro-
files of the cells from the gelatin-containing hydrogels were found
to be variable at all stages of differentiation. Such heterogeneity
could potentially be related to variations in size, shape and stiff-
ness of the ADA-Gel and ADA-Gel-GHK hydrogels affecting mass
transport of nutrients and metabolites as well as stem cell fate
andmetabolism [28,72–74]. However, within-group diameter vari-
ability in the generated hydrogels was low and comparable to the
results in the seminal papers, which established the PBS-based
ADA-Gel fabrication protocol [8] and showed that ADA-Gel hydro-
gels possess relatively consistent mechanical properties [10]. Con-
sequently, metabolic variability in gelatin-containing hydrogels is
more likely attributable to discrepancies in the availability of
active gelatin binding sites. Indeed, Davidenko et al. showed that
ADA-GHK and ADA-Gel hydrogels (day 21). Green and red color denote significantly
or interpretation of the references to color in this figure legend, the reader is referred
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crosslinking reduces integrin-dependent cell functions in 3D gela-
tin scaffolds, hampering experimental reproducibility [71]. As sta-
ted, metabolism was uniform in ADA-GHK hydrogels in contrast to
the heterogeneous metabolism observed in the control gelatin
hydrogels, highlighting the fact that metabolomics can assist in
the selection of optimal biomaterials, ensuring the phenotypic
reproducibility required for the clinical translation of cellular
therapies.

Cells cultured in ADA-GHK hydrogels achieved the highest via-
bility, amongst all groups, at the end of the differentiation process.
This late recovery of viability in ADA-GHK may be responsible for
the increase in proliferation noted at the end of the differentiation
period. No significant degradation of the various hydrogel beads
was observed during the culture period of 28 days, in contrast to
pure ADA hydrogels, which could be attributed to the crosslinking
between ADA and gelatine or GHK and is consistent with previous
studies on the development of ADA-Gel hydrogels [8–11]. This
reduced degradation rate could contribute to the rounded cell mor-
phology observed in our results, which is in agreement with previ-
ous publications [75,76]. Other factors may also influence
Fig. 11. On-network significance comparisons between terminally differentiated cells
significantly lower and higher metabolite level respectively, in the first of the two group
reader is referred to the web version of this article.)
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spreading of hydrogel encapsulated MSCs, such as gel relaxation,
stiffness, the concentration of bioactive molecules and the avail-
ability and type of adhesive ligands [77,78]. Nonetheless, despite
the rounded morphology cells still sufficiently differentiated to
osteoblasts [76]. The smaller size of ADA-GHK beads (diameter
around 2.3 mm) was comparable to previously published
alginate-gelatin hydrogels where viability was reported to be high
[79,80] allows for enhanced mass transport, including oxygen
availability at the core, which would affect cell death [81]. In con-
trast, the larger ADA-Gel and ADA-Gel-GHK hydrogels (diameter
around to 3 mm) experienced accumulation of cells at the periph-
ery due to oxygen and nutrient transport limitations, which can
result in dense ECM deposition on the outer surface of the beads,
further hindering oxygen mass transport. Such differences in size,
degradation rates and mechanical properties between pure ADA
and ADA crosslinked with bioactive molecules [8,9], also render
pure ADA unsuitable as a control for experiments where ADA has
been functionalised with peptides and proteins. The presence of
minuscule amounts of soluble GHK could be responsible for the
initial reduction in cell viability in ADA-GHK, as evidenced by the
in ADA-GHK and ADA-Gel-GHK hydrogels (day 21). Green and red color denote
s compared. (For interpretation of the references to color in this figure legend, the
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Fig. 13. ILK and integrin b1 protein and mRNA levels. Immunofluorescence confocal microscopy evaluated the presence of ILK (green) and integrin b1 prior to the initiation of
osteogenesis (day 0) (Α). Real time qRT-PCR analysis of integrin b1 & ILK prior to the initiation of osteogenesis (day 0) (B & C). qRT-PCR results have been normalized to RPL13a
as a reference gene and expressed as fold change relative to ADA-Gel; Bars represent mean ± SD (N = 3); Scale bar = 100 lm; Inserts represent negative controls for non-
specific staining of the secondary antibody.* P < 0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 12. On-network significance comparisons between terminally differentiated cells in ADA-Gel-GHK and ADA-Gel hydrogels (day 21). Green and red color denote
significantly lower and higher metabolite level respectively, in the first of the two groups compared. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 14. Mechanism of GHK effect on UCB MSCs. Viability and proliferation (Α) 48 h following the application of CPD22 (1 lΜ) (N = 3). Principal component analysis (B) and
hierarchical clustering (C) of metabolomics profiles at 48 h after the application of CPD22 (N = 2–3). The highlighted red areas demonstrate the difference between ADA-GHK
and plain ADA profiles which is eliminated with the application of CPD22. Proposed mechanism of GHK action in ADA hydrogels (D). Bars represent mean ± SD. ** P < 0.01;
GHK: ADA-GHK. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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GHK release analysis. Indeed, it has been established that soluble
integrin ligands can induce apoptosis whilst the same signal can
maintain cell viability if bound to the ECM [82,83]. A limitation
of our approach is the absence of scrambled GHK as experimental
control. Prior to the use of such a control, its lack of bioactivity
needs to be determined, since it could present a confounding factor
affecting cellular metabolism.

In conclusion, novel ADA-GHK hydrogels have been produced
that enhanced viability, proliferation and osteogenic differentia-
tion of UCB MSCs, making them suitable for bone tissue engineer-
ing applications. In addition, metabolomics was used as a sensitive
and robust validation and quality control tool in cell-based bioma-
terial development providing a mechanistic insight into the func-
tion of the biomaterial.
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