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Opinion

Discovering Cell-Adhesion Peptides in
Tissue Engineering: Beyond RGD
Nick Huettner,1,2 Tim R. Dargaville,1 and Aurelien Forget1,*,@
As an alternative to natural extracellular matrix (ECM) macromolecules, celladhesion peptides (CAPs) have had tremendous impact on the design of cell
culture platforms, implants, and wound dressings. However, only a handful of
CAPs have been utilized. The discrepancy in ECM composition strongly affects
cell behavior, so it is paramount to reproduce such differences in synthetic
systems. This [324_TD$IF]Opinion article presents strategies inspired from high-throughput
screening techniques implemented in drug discovery to exploit the potential of
a growing CAP library. These strategies are expected to promote the use of a
broader spectrum of CAPs, which in turn could lead to improved cell culture
models, implants, and wound dressings.

Highlights
Hydrogel materials with mechanical
and biological properties mimicking
the ECM are used to organize different
cell types into functional tissue. As an
alternative to animal-derived ECM proteins, CAPs such as the [325_TD$IF]AA sequence
RGD can control the adhesion of cells
onto synthetic materials.
Synthetic biocompatible hydrogels do
not present speciﬁc CAPs that can
precisely control cell fate and function.
Quick and high-yielding conjugation
reactions can link biological signals
to synthetic hydrogels in robotized
liquid handling systems under physiological conditions.

Cell-Adhesion Peptides in Tissue Engineering
Cell-adhesion peptides (CAPs; see Glossary) are short amino acid (AA) sequences that are
the minimal motif required to speciﬁcally bind to a cell receptor responsible for the cell
adhesion. In the past decades, several CAPs have been utilized in synthetic cell culture
substrates to recapitulate the cell-binding properties of expensive animal-based macromolecules of the extracellular matrix (ECM; Box 1[148_TD$IF]). Several types of artiﬁcial substrates, such as
implants [1], scaffolds [2], ﬁbers [3], and hydrogels [4], have been conjugated with CAPs. These
functionalized synthetic systems presenting CAPs have been shown to improve tissue integration of titanium implants [5], induce cell spreading in 3D cell culture [6], and reduce scar
formation [7]. While CAPs have allowed tremendous advances in biomedical materials, a
search on three databases (PubMed, Scopus, and Web of Science) for articles published
between 1970 and early 2018 on CAPs used to functionalize scaffolds, hydrogels, implants,
and ﬁbers reveals a paucity in the number of investigated peptides (see Figure S1 in the
supplemental information online). The majority (89%) of the published studies used the RGD AA
sequence, which targets the integrin receptor. The second and third most reported, IKVAV and
YIGSR, both isolated from the laminin sequence, represented only 6% and 4% of the
publications, respectively. Other marginal CAPs such as DGEA, PHRSN, and PRARI
represented less than 1% of the literature. The over-representation of RGD in biomaterial
composition is staggering. Several factors can explain the lack of variety in the CAPs used in
tissue engineering: these CAPs work (they induce cell spreading and adhesion), they are
soluble in aqueous media, they are short and easy to manufacture at a high purity in automated
peptide synthesizers, and they are well characterized. By contrast, implementing new CAPs
can be a challenging task where many parameters need to be optimized including peptide
solubility, concentration, stability, and chemical binding to a medical device or a cell culture
substrate.
This [324_TD$IF]Opinion paper presents several CAPs yet to be implemented on cell culture substrates and
proposes different strategies to efﬁciently trial these CAPs for their use in medical devices,
implants, or 3D cell culture applications.
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Automatically fabricated artiﬁcial ECM
can rapidly create and test cell microenvironments. These platforms can
decipher the role of RGD-alternative
CAPs, more quickly identify CAPs to
control cell function, and extend our
control of cell adhesion on synthetic
materials.
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[326_TD$IF]Untapped Knowledge
Engineering tissue models or medical devices requires a comprehensive understanding of
the interactions between cells and their environment. The discovery of ﬁbronectin and its
role in cell adhesion has paved the way for a greater appreciation of the role played by the
ECM macromolecules in cell adhesion [8]. Subsequently, the minimal binding domain of
ﬁbronectin to the integrin receptor, RGD, was isolated. Ever since, this short peptide has
been abundantly utilized to induce cell adhesion in synthetic systems. However, the ECM
includes other proteins and polysaccharides in different ratios that depend on the type of
tissue. Therefore, to accurately replicate the complexity of the ECM, more than one CAP
with nonspeciﬁc integrin binding should be used. Beyond the well-characterized and
utilized RGD, IKVAV, and YIGSR peptides, many CAPs derived from ECM proteins have
been identiﬁed, and their receptor-binding speciﬁcity has been described (Table 1).
These CAPs can mimic the cell adhesion of different ECM macromolecules by explicitly
targeting a cell receptor. Applying these CAPs alone or as a combination would provide
new avenues for designing complex ECM replicates able to target diverse cell
receptors. Nonetheless, CAP sequences have to be chosen carefully as their physicochemical properties might make them challenging to implement in tissue engineering
applications.
One considerable concern for the functionalization of synthetic systems, and particularly
hydrogels, is the solubility of the peptide sequence. For instance, aqueous-insoluble peptides
might be difﬁcult to conjugate to hydrogels. Therefore, estimating the peptides’ properties
could help to select suitable CAPs for any particular application. One way to predict the
aqueous solubility of a peptide is by assessing the chemical properties of the AAs in the peptide
sequence. AAs with aliphatic and aromatic hydrophobic side chains will lower the water
solubility, while acidic and basic groups like histidine and glutamic acid will have the opposite
effect [9]. Likewise, charges on the peptide will affect the solubility and might require utilizing
acidic or basic aqueous media for the peptide solubilization [10]. Furthermore, cysteine
residues in the sequence can enhance its stability against proteases due to spontaneous
formation of disulﬁde bonds between cysteine residues [11]. To assist in the selection and
utilization of these CAPs, the physicochemical properties of the AAs were classiﬁed and coded
for their hydrophobicity, charges, and polarity (Table 1). This classiﬁcation helps to rapidly
identify CAPs that might be difﬁcult to solubilize, such as elastin CAPs mainly composed of
hydrophobic AAs [12,13]. Therefore, taking the peptide’s physicochemical properties into
consideration could help to generate efﬁcient CAPs libraries and identify compatible CAP
combinations.
For biomaterial design, CAPs can be used alone or as a combination of several CAPs, each
uniquely binding to one cell receptor [14]. Such combinations can open new avenues for
precisely controlling cell function and identifying synergistic effects across CAPs as demonstrated with RGD and YIGSR for regenerating the sciatic nerve [15]. In another example, seven
CAPs immobilized on a hydrogel were tested, both alone and as a combination, for the
encapsulation of MIN6 mouse insulin producing cells, which revealed that [327_TD$IF]a speciﬁc single
CAP or combinations of CAPs could increase insulin production [16]. Going beyond integrin
and laminin receptors targeting could lead to new ways of controlling cell fate and function.
CAPs explicitly targeting one integrin receptor, heparin receptor, or CD157 (a leukocyte surface
receptor) [17] could lead to new in vitro tissue models.
Although incorporating new CAPs in tissue engineering or medical device design is an uncertain
and challenging task, low-risk strategies to efﬁciently identify the appropriate CAP or
2
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Glossary
3D bioprinting: additive
manufacturing that deposits cells
suspended in a hydrogel for the
fabrication of 3D biological
structures.
4D cell culture: cell culture in 3D
tissue models in which the time is
considered as a fourth dimension.
For instance, cell behavior can be
tracked over time.
Bioink: a suspension of cell in a
cytocompatible polymeric matrix that
is used for 3D bioprinting.
Cell-adhesion peptides (CAPs):
peptide sequences derived from
ECM macromolecular proteins
involved in the cell-adhesion process
through cell receptor binding.
Drug discovery: the process of
establishing new drugs, which can
start with in silico drug design or
HTS of molecule libraries on cell
cultures. Identiﬁed candidate
molecules are then processed into
drugs for further testing and if
successful moved to clinical trials.
Extracellular matrix (ECM): the
molecules excreted by cells forming
the cell environment and providing
support for cells to build tissues and
organs.
High-throughput screening (HTS):
a robot-assisted method that can
test hundreds of thousands of
molecules on tissue models to
identify future drugs.
Signaling pathway: a cascade of
chemical reactions that occurs in a
cell when a molecule or CAP
attaches to a receptor on the cell
membrane.
Substrate: a biocompatible material
that can be used for cell culture. It
can be planar (2D), have a
hemispherical shape (2.5D), or a
suspension of cells in the material
(3D).
Tissue engineering: design and
fabrication of living replacement
devices for surgical reconstruction
and transplantation.
Tissue replicate: cell organized in a
hydrogel reproducing the in vivo
structure and function of a natural
tissue.
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Box 1. Engineering Synthetic Cell Microenvironments
The natural cell microenvironment is composed of a variety of proteins and polysaccharide macromolecules. In addition to providing mechanical support, these
macromolecules link to the cells through receptors located on the cell membrane (Figure IA). Receptors, such as integrin, participate in connecting the cell’s
cytoskeleton to the ECM macromolecules. These connections allow the cell to migrate, differentiate, and organize. To recreate the natural cell environment in vitro,
synthetic substrates are used to mimic the mechanical properties of the natural ECM (Figure IB). Biocompatible substrates utilized for cell cultures such as alginate,
agarose, or PEG lack the speciﬁc adhesive motifs allowing for the precise control of cell fate and function. As an alternative to natural proteins, short peptides that
speciﬁcally target cell receptors can be used to create a biological link between the synthetic substrate and the cells. These short peptides, so-called CAPs, can
indicate the composition of the environment to the cell. The CAPs are immobilized on the hydrogel-forming polymer by using optimized coupling chemical reactions.
In parallel, careful selection of the polymers and their processing into a cell culture substrate can match the cell microenvironment mechanical properties to the
properties of natural tissues [4].

(A)

Natural cell microenvironment

(B)

3D synthec cell microenvironment

Cell receptor

Cell

Acn
ﬁlament

-adhesio pepde
pepde
Cell-adhesion
Growth factor

ECM
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Cell substrate (microwell/hydrogel/surface)

Figure I. Comparison between Natural Tissue and Synthetic Cell Microenvironment. (A) In the native extracellular matrix, cells attach through cell receptors
to polysaccharides and proteins. (B) 3D synthetic cell microenvironment made of a substrate with deﬁned mechanical properties functionalized with peptide
sequences able to bind to cell receptors. Addition of soluble biological signals, like growth factors, embedded in the artiﬁcial matrix can further assist reproducing the
original tissue. Abbreviation: ECM, extracellular matrix.

combinations of CAPs for a speciﬁc application can be implemented through screening
methodologies.

Screening Cell-Adhesion Peptides
Manufacturing tissue replicates consists of organizing cells of a speciﬁc tissue in a synthetic
cell microenvironment that reproduces the main characteristics of ECM, namely, mechanical
support, soluble growth factors, and cell–ECM interactions. The optimal combination of these
essential ECM features allows control over the fate, organization, and function of cells to build
up functional tissues. For example, the mechanical properties of the cell culture substrate in
combination with variable CAP concentrations can be used to regulate the fate of
Trends in Biotechnology, Month Year, Vol. xx, No. yy
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Table 1. Physicochemical Properties of Cell-Adhesion Peptide Sequences Isolated from ECM
Macromolecules (Proteins) Binding to Speciﬁc Cell Receptorsa,b
Protein
COL I

LAM

LAMg1

Sequence

Receptor

FC

Refs

GFOGER

a1b1, a2b1

0

6.7

[43]

DGEA

a2b1

–2

3.6

[44]

YIGSR

a4b1, 67 kDa, 38 kDa, 36 kDa

1

9.3

[45,46]

YIGSR (cyclic)

67 kDa

1

9.3

[47]

SIKVAV

a3b1, a6b1

1

9.7

[48]

IKVAV

a3b1, 110 kDa, 67 kDa, 45 kDa, 32 kDa

1

9.7

[49–51]

IKLLI

a3b1

1

9.7

[52]

LRGDN

avb1

0

6.2

[53]

SINNNR

a6b1

1

10.6

[54]

LRE

–

0

6.3

[55]

PDGSR

–

0

6.2

[47]

GTFALRGDNGQ

VLA-6

0

6.1

[52]

0

6.2

[52]

CFALRGDNP
NPWHSIYITRFG

a6b1

TWYKIAFQRNRK

FN

IEP

1.1

9.3

[56]

4

11.6

[56]

KAFDITYVRLKF

a5b1, avb3

2

10.2

[57]

LGTIPG

67 kDa

0

6.0

[58]

GRGDS

avb3, avb5

0

6.2

[59]

PKRGDL

avb5, avb1

1

9.7

[59]

NGRAHA

a5b1, avb3, avb5, avb1

1

10.5

[59]

0

6.0

[59]

GACRGDCLGA (cyclic)
IDAPS

a4b1

–1

3.7

[60]

REDV

a4b1

–1

4.2

[61]

PHSRN

a5b1, aIIbb3

1

10.5

[62]

KQAGDV

aIIbb3, a5b1

0

6.2

[63]

LDV

a4b1, a4b7, a4bP

–1

3.7

[64,65]

WQPPRARI

a4b1

2

12.5

[66]

SPPRRARV

Heparin

3

12.8

[67]

LIGRKK

Heparin

3

11.8

[68]

IWKHKGRDVILKKDVRFYC

CD157

4

10.4

[69]

KLDAPT (FN5)

a4b7, a4b1

0

6.2

[70]

PRARI (FN12–14)

a4b1

2

12.5

[71]

VTN

CKKQRFRHRNRKG

CD157, Heparin, avb5

7

12.5

[72]

OPN

KRSR

Heparin

3

12.5

[73]

FHRRIKA

Heparin

3

12.5

[74]

CGGNGEPRGDTYRAY

a5b3, a2b1

0

6.2

[75]

SVVYGLR

a4b1

1

9.3

[76]

ELVTDFPTDLPAT

a4b1

–3

3.4

[76]

VPGIG

–

0

6.0

[77]

ELN

4
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Table 1. (continued)
Protein

COL IV

Sequence

Receptor

FC

IEP

Refs

VGVAPG

67 kDa

0

6.0

[78]

MNYYSNS

avb3

0

6.0

[79]

0

6.0

[79]

CNYYSNS
THBS1

CSVTCG

Heparin

0

6.0

[80]

GRGDAC

avb3, aIIbb3

0

6.2

[81]

FQGVLQNVRFVF

a3b1

1

10.6

[82]

AELDVP

a4b1

–2

3.6

[83]

–2

3.6

[83]

GFRGDGQ

–

0

6.2

[84]

SIGFRGDGQTC

Leukocyte response integrin (LRI)

0

6.2

[85]

VALDEP
NID 1

a

Italicized letters indicate hydrophobic, underlined indicate polar uncharged, bold indicate polar charged, and normal font
indicate cysteine.
Abbreviations: COL I, collagen I; COL IV, collagen IV; ELN, elastin; FC, formal charge at pH 7; FN1, ﬁbronectin; IEP,
isoelectric point; LAM, laminin; LAMg1, laminin g1; NID1, nidogen-1, closed at the * interface; OPN, osteopontin; THBS1,
thrombospondin; VTN, vitronectin.

b

mesenchymal stem cells [18]. To study cell–CAP interactions, CAPs are covalently bound to the
cell culture substrate. Functionalizing 2D or 3D synthetic substrates with CAPs requires the use
of coupling chemistries, such as carboxylic acid activation for its reaction with the N terminal of
the peptides. As an example, the ﬁbronectin RGD peptide motif was immobilized on agarose
polysaccharides chemically modiﬁed to bear carboxylic acid functional groups available for
peptide coupling. This system was used to induce the 3D luminal organization of endothelial
cells [4]. Similarly, alginate, which has native carboxylic acid groups, can be directly functionalized with different CAPs [19]. Alternatively, functional groups can be directly introduced into
synthetic polymers such as poly(ethylene glycol) (PEG), allowing for the direct conjugation of
CAPs to engineer cell microenvironments that direct epithelial tubulogenesis [20]. Because of
the broad parameters to be tested, identifying the optimal combination of mechanical properties, growth factors, CAPs, and cells is a complex task. Therefore, methods for rapidly
manufacturing a large number of varied cell microenvironments could help to accelerate
the identiﬁcation of CAPs, or combinations of CAPs, relevant for a speciﬁc cell type.
Inspired by drug discovery methods, a high-throughput screening (HTS) approach can be
applied to the fabrication and identiﬁcation of intricate cell microenvironments. At the beginning
of the drug development process, a library of molecules is screened for their activity on models
of healthy or diseased tissue. This optimized screening process can be scaled up to test
hundreds of thousands of molecules per day in automated systems. The uptake of this
research paradigm has had a tremendous impact on drug development with between 20%
and 30% of drugs in clinical development being identiﬁed through HTS [21].
Recent developments in chemistry and materials science have afforded materials that can be
processed and functionalized in automated systems. As such, liquid handling robots that can
fabricate a variety of cell culture substrates are particularly well suited for the HTS of the cell
environment (Figure 1). One of the best examples of the application of these systems is the
utilization of surface-activated glass slides and tissue culture plastic that can be covalently
linked with ECM macromolecules to create microarrays of the functionalized surfaces [22].
Such an approach translated to peptides could help to identify CAPs for the functionalization of
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Figure 1. Proposed Platforms for the Screening of Cell-Adhesion Peptides, Allowing for the Assembly of
Cells, Substrate, Peptides, and Growth Factors by Automated Liquid Handling Robots.

orthopedic implants made of polymers or metal alloys. Nevertheless, screening platforms are
not only limited to 2D geometries. Microwell platforms (‘2.5D’ geometry) can also be manufactured and functionalized in a single automated step. As an example, poly(dimethylsiloxane)
microwells with localized reactive anchors [23] and growth factor-functionalized collagen
microwells were both made with a liquid handling robot [24]. Further iterations of these systems
can lead to multi-CAP-functionalized microwell platforms for screening cell–CAP interactions.
Extending on the microwell concept is 3D cell culture. The use of rapid aqueous-compatible
addition reactions based on thiol-ene [25], Diels–Alder [26], or Huisgen cycloaddition [27]
opens the possibility to automatize the functionalization of polymer with CAPs under physiological conditions [28]. These chemical reactions can also be used to crosslink natural [29] and
synthetic polymers in situ [30] to afford hydrogels of different mechanical properties. CAPs
terminated with orthogonal chemical moieties, such as amines and methyl sulfone can be
immobilized onto polymers bearing thiol and carboxylic acid groups [31]. Alternatively, thiolterminated CAPs can be immobilized onto maleimide-functionalized hydrogel-forming polymers such as PEG [32]. Since these reactions occur under physiological conditions and do not
produce any by-products, no puriﬁcation steps are required, and liquid handling robots can mix
different CAPs, crosslinkers, and hydrogel precursors to form CAP-functionalized hydrogels.
The automation of these fabrication steps allows for rapid and precise investigation of the
concentration response of speciﬁc cell type to a given library of CAPs. Furthermore, an
automation platform can rapidly investigate the synergistic effects of CAPs for a given cell
type by mixing CAPs in different concentrations and combinations. From these cell culture
platforms, more complex systems can be developed by integrating growth factors or substrates of various mechanical properties [33]. As such, materials that can be blended to afford
substrates with different mechanical properties can be combined with coupling chemistries to
automatize the screening of both mechanical environments and CAPs. As an example,
molecular alloying of carboxylated agarose with native agarose in different ratios afforded
hydrogels with different mechanical properties and could be implemented in an automated
platform where a liquid handling robot blends the different hydrogel precursors [4]. Systems
with tunable mechanical properties would promote the rapid manufacturing of a variety of cell

6
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microenvironments and identify the role played by growth factors as a function of CAPs and
mechanical properties. In turn, HTS of the main features of the ECM is expected to lead to
accurate models of the natural ECM.
Implementing an automated platform to fabricate the cellular microenvironments and screening
of the CAP impact is only one part of the challenge. Once manufactured, methods to determine
the role of the CAPs need to be applied. While the cell viability on 2D substrate can provide a
simple readout [34], more advanced characterization techniques are often required and could
be translated from drug discovery platforms to the characterization of CAP-functionalized
substrates. CAPs are involved in cell migration, spreading, and differentiation, thus readout
techniques for these functions need to be applied to assess the CAPs (Box 1). Cell spreading
requires microscopic techniques capable of rapidly and automatically measuring the cell
elongation upon binding to CAPs. On 2D substrates, cell spreading can be determined by
conventional microscopic techniques. However, on opaque or 3D substrates different instruments are required. Because opaque samples do not allow the use of conventional microscopy, upright ﬂuorescent microscopes or scanning electron microscopes are required. By
contrast, on 3D systems, hydrogels can be imaged using confocal laser microscopy, which can
acquire successive focal layers through the samples. Comparatively, to acquire dynamic
characteristics, such as cell migration, advanced living cell culture imaging capabilities are
required. Such cell migration tracking techniques are now available on laboratory microscopes
and even on smartphone-based systems. As an example, the movement of living spermatozoa
on 2D substrate can be monitored and analyzed on a smartphone [35]. However, fully
characterizing cell movement in 3D environments requires imaging systems able to track cell
motility in space and over time, so-called 4D cell culture [36]. These cutting-edge experiments
result in a considerable amount of data that require automatized analysis of cell movements
when comparing the behavior of a particular type of cells in different cell microenvironments.
Yet, alternatives to the microscopic imaging can be implemented to characterize cells in their
3D cell microenvironment. Because the binding of CAPs to a cell receptor induces downstream
signaling pathway activation, mRNA and protein analysis can be utilized to characterize the
CAPs. One convenient way to rapidly monitor protein synthesis is to utilize transfected cells with
a reporter gene that adds a ﬂuorescent marker on the protein of interest [37]. While this
technique is suitable when working with one speciﬁc cell type, it can be challenging to expand
to the screening of large cell-type libraries in different cell microenvironments. Alternatively, the
change in gene expression can be gathered by RT-PCR. This technique requires isolating and
purifying the mRNA of the cells, and is widely used and established across laboratories. RTPCR provides information on the gene proﬁle and thus the cell fate in a process that can be fully
automatized. Primarily developed for 2D cell cultures, this technique has been successfully
translated into 3D cell culture platforms such as cell-embedded hydrogels [38]. Similar to the
imaging of ﬁxed samples, RT-PCR can only be applied for one time point per sample and
thereby it considerably enlarges the number of samples needed when conducting experiments
over several time points.
Despite the challenges to implement a completely automated platform for cell culture and
its subsequent analysis, HTS of cell microenvironments has been reported in several
examples. For instance, PEG hydrogels were used to identify 3D cell microenvironments
to reproduce the stem cell niche as a function of material mechanical properties, cell
concentration, soluble molecules, and macromolecules of the ECM [39]. Recently, photocured hydrogels were used to screen different CAPs as a function of cell density for ten cell
types on a 3D microarray platform, demonstrating the feasibility of the HTS cell microenvironment approach [40].
Trends in Biotechnology, Month Year, Vol. xx, No. yy
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The techniques applied in drug discovery HTS for experimental setup and characterization can
be translated into the screening of CAPs and the cell microenvironment. Inspired by HTS
platforms, the ﬁndings resulting from the screening of the cell microenvironment could feed
back into the drug discovery process. This could offer tissue models for drug screening that
reproduce healthy and diseased ECM environments of the same tissue by changing the
composition of the synthetic ECM (Box 2).

Concluding Remarks and Future Outlook
Despite the many advances in material processing, coupling chemistries, and CAP discoveries,
the screening of cell microenvironments remains on the periphery when engineering artiﬁcial
tissue or medical devices (see Outstanding Questions). In addition, development in automated
systems for liquid handling, microscopic imaging, and sample processing for mRNA extraction
now provide many solutions to aid in the implementation of CAP screening. While automated
systems can drastically reduce the time and manpower required for such experiments, the high
costs of such systems might hinder widespread adoption of this approach. Nevertheless, the
screening can be done manually on a smaller scale with promising results as demonstrated for
MIN6 cells [16]. The prospect of developing a platform for the identiﬁcation of CAPs beyond
RGD has the potential to impact several ﬁelds in biomedical research (Figure 2, Key Figure). In
the short term, results obtained from screening platforms can help to develop medical devices
such as surfaces or scaffolds used in wound dressings or to develop implants with improved
tissue integration [5]. Combining the results of CAP screening with recent advances in hydrogel
design would have the potential to help answering fundamental questions. As an example,
dynamic activation of peptides in a hydrogel matrix could further the understanding of these

Box 2. Disease-Driven ECM Changes
From the smoothness of the brain tissues to the toughness of bones, the mechanical properties of organs are
considerably different. Such diverse environments are fabricated by cells by secreting the various ECM macromolecules
in different proportions. These environments are tightly regulated between macromolecule deposition and degradation
in a process called homeostasis. However, certain diseases or injuries can dysregulate this balance, and macromolecules in the diseased ECM can be over-represented (upregulation) or drastically reduced (downregulation).
Therefore, engineering of tissue models that recapitulate the unbalanced ECM macromolecule composition would
enable further investigation of the underlying mechanism of disease development such as cancer metastasis. Reproduction of the unbalanced cell-adhesion signals could allow for diverse diseases model to be developed. Therefore, to
go beyond the integrin-binding RGD amino acid sequence, identiﬁcation of CAPs that reproduce disease-speciﬁc ECM
is required to develop such synthetic models (Table I). These models will have the potential to further improve the drug
discovery process by allowing a more precise testing of drug candidate libraries.

Table I. Example of Composition Changes in the ECM during Injury or Diseases

a

Disease/injury

Tissue

Trend

Microenvironment

Refs

Cancer

Breast

"a[32_TD$IF]

Collagen I, II, III, IV, IX

[86]

Glial scar

Brain

"

a1-Laminin-1
Collagen IV

[87]

Hepatic ﬁbrosis

Liver

"

Collagen I, III, and IV
Laminin

[88]

#b

Elastin

Ehlers–Danlos syndrome

Skin

"

Collagen III

[89]

Chronic obstructive pulmonary disease

Lung

"

Collagen

[90,91]

#

Elastin

" indicates upregulation.
# indicates downregulation.

b
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Figure 2. Some applications are in medical device design (short term), drug discovery (mid term), and bioprinting of tissues (long term) by biofabricating more complex
and accurate cell microenvironments.

new CAPs [41], design of hydrogel matrices with speciﬁc CAPs could help to recapitulate
different stages of organ formation [20], and speciﬁcally targeting a family of integrin receptors
could allow for the precise direction of organ formation such as blood vessels [14]. Because 3D
experiments are complex to design and characterize, the screening of 3D cell environments
that could afford disease-speciﬁc models would require more time to feed back into the drug
discovery process. Once established, these HTS platforms would have the potential to allow
screening of drug candidate libraries on substrates mimicking different diseases or the comparison of diseases and healthy tissue on the same platform. Underlying these developments is
the aim of reducing high costs and long development times associated with the drug discovery
process and eventually reduce the use of animal models for preclinical testing. On a longer
perspective, the ﬁeld of 3D bioprinting aiming at manufacturing complex functional tissue as
an alternative to an allograft organ transplant could beneﬁt from the proposed cell microenvironment screening for the development of bioinks [42].

Trends in Biotechnology, Month Year, Vol. xx, No. yy

9

TIBTEC 1605 No. of Pages 12

Acknowledgments

Outstanding Questions

[320_TD$IF]A.F. is supported by the Bill & Melinda Gates Foundation (GCE Round 18), and N.H. is supported by the International

To what extent can cell fate and function be controlled by using CAPs other
than the commonly used RGD, IKVAV,
or YIGSR sequences?

Masters Degree in Biofabrication between the University of Würzburg and QUT.

Supplemental Information
Supplemental information associated with this article can be found, in the online version, at https://doi.org/10.1016/j.
tibtech.2018.01.008.

References
1. Wang, K. et al. (2015) Development of biodegradable polymeric
implants of RGD-modiﬁed PEG-PAMAM-DOX conjugates for
long-term intratumoral release. Drug Deliv. 22, 389–399
2. Li, J. et al. (2016) RGD peptide-grafted graphene oxide as a new
biomimetic nanointerface for impedance-monitoring cell behaviors. J. Nanomater. 2016, 1–12

microcapsules for treatment of diabetes. J. Biomed. Mater.
Res. A 104, 1788–1796
20. Gjorevski, N. et al. (2016) Designer matrices for intestinal stem cell
and organoid culture. Nature 539, 560–564
21. Macarron, R. et al. (2011) Impact of high-throughput screening in
biomedical research. Nat. Rev. Drug Discov. 10, 188–195

3. Yu, J. et al. (2014) Electrospun PLGA ﬁbers incorporated with
functionalized biomolecules for cardiac tissue engineering. Tissue
Eng. Part A 20, 1896–1907

22. Rasi Ghaemi, S. et al. (2013) Surface engineering for long-term
culturing of mesenchymal stem cell microarrays. Biomacromolecules 14, 2675–2683

4. Forget, A. et al. (2013) Polysaccharide hydrogels with tunable
stiffness and provasculogenic properties via a-helix to b-sheet
switch in secondary structure. Proc. Natl. Acad. Sci. U. S. A. 110,
12887–12892

23. Forget, A. et al. (2017) Rapid fabrication of functionalised poly
(dimethylsiloxane) microwells for cell aggregate formation. Biomater. Sci. 5, 828–836

5. Fraioli, R. et al. (2016) Surface guidance of stem cell behavior:
chemically tailored co-presentation of integrin-binding peptides
stimulates osteogenic differentiation in vitro and bone formation in
vivo. Acta Biomater. 43, 269–281
6. Attwood, S.J. et al. (2016) Adhesive ligand tether length affects
the size and length of focal adhesions and inﬂuences cell spreading and attachment. Sci. Rep. 6, 34334–34345
7. Sridar, S. et al. (2017) Peptide modiﬁcation of polyimide-insulated
microwires: towards improved biocompatibility through reduced
glial scarring. Acta Biomater. 60, 154–166
8. Mobasseri, R. et al. (2017) Bio-active molecules modiﬁed surfaces enhanced mesenchymal stem cell adhesion and proliferation.
Biochem. Biophys. Res. Commun. 483, 312–317
9. Pacheco, S. et al. (2016) Formulation of hydrophobic therapeutics with self-assembling peptide and amino acid: a new platform
for intravenous drug delivery. J. Control. Release 239, 211–222
10. Hoofnagle, A.N. et al. (2016) Recommendations for the generation, quantiﬁcation, storage, and handling of peptides used for
mass spectrometry-based assays. Clin. Chem. 62, 48–69
11. Gallego, M. et al. (2018) Stability of the potent antioxidant peptide
SNAAC identiﬁed from Spanish dry-cured ham. Food Res. Int.
105, 873–879
12. Pawar, N. et al. (2017) Hydrophobic hydration and anomalous
diffusion of elastin in an ethanolic solution. Phys. Chem. Chem.
Phys. 19, 13994–14000
13. Mora, A.C. et al. (2018) Degradation of tropoelastin and skin
elastin by neprilysin. Biochimie 146, 73–78
14. Li, S. et al. (2017) Hydrogels with precisely controlled integrin
activation dictate vascular patterning and permeability. Nat.
Mater. 16, 953–961
15. Zhu, L. et al. (2017) Noncovalent bonding of RGD and YIGSR to
an electrospun poly(e-caprolactone) conduit through peptide selfassembly to synergistically promote sciatic nerve regeneration in
rats. Adv. Healthcare Mater. 6, 1600860–1600874
16. Weber, L.M. et al. (2007) The effects of cell-matrix interactions on
encapsulated b-cell function within hydrogels functionalized with
matrix-derived adhesive peptides. Biomaterials 28, 3004–3011
17. Higashida, H. et al. (2017) An immunohistochemical, enzymatic,
and behavioral study of CD157/BST-1 as a neuroregulator. BMC
Neurosci. 18, 35–47

24. Forget, A. et al. (2017) IGF-2 coated porous collagen microwells
for the culture of pancreatic islets. J. Mater. Chem. B 5, 220–225
25. Grim, J.C. et al. (2015) Thiol-ene and photo-cleavage chemistry
for controlled presentation of biomolecules in hydrogels. J. Control. Release 219, 95–106
26. Pagel, M. et al. (2016) On-resin Diels–Alder reaction with inverse
electron demand: an efﬁcient ligation method for complex peptides with a varying spacer to optimize cell adhesion. Org. Biomol.
Chem. 14, 4809–4816
27. Lin, F. et al. (2013) Peptide-functionalized oxime hydrogels with
tunable mechanical properties and gelation behavior. Biomacromolecules 14, 3749–3758
28. Tang, W. and Becker, M.L. (2014) “Click” reactions: a versatile
toolbox for the synthesis of peptide-conjugates. Chem. Soc. Rev.
43, 7013–7039
29. Yu, F. et al. (2014) An injectable hyaluronic acid/PEG hydrogel for
cartilage tissue engineering formed by integrating enzymatic
crosslinking and Diels–Alder “click chemistry”. Polym. Chem. 5,
1082–1090
30. Toepke, M.W. et al. (2013) Characterization of thiol-ene crosslinked PEG hydrogels. Macromol. Mater. Eng. 298, 699–703
31. Farrukh, A. et al. (2017) Bifunctional poly(acrylamide) hydrogels
through orthogonal coupling chemistries. Biomacromolecules
18, 906–913
32. Phelps, E.A. et al. (2015) Engineered VEGF-releasing PEG–MAL
hydrogel for pancreatic islet vascularization. Drug Deliv. Transl.
Res. 5, 125–136
33. Forget, A. et al. (2017) Mechanically tunable bioink for 3D bioprinting of human cells. Adv. Healthcare Mater. 6, 1700255–
1700262
34. Sirenko, O. et al. (2014) High-content high-throughput assays for
characterizing the viability and morphology of human iPSCderived neuronal cultures. Assay Drug Dev. Technol. 12, 536–
547
35. Kanakasabapathy, M.K. et al. (2017) An automated smartphonebased diagnostic assay for point-of-care semen analysis. Sci.
Transl. Med. 9, eaai7863
36. Homem, C.C.F. et al. (2013) Long-term live cell imaging and
automated 4D analysis of Drosophila neuroblast lineages. PLoS
One 8, 1–10

18. Wen, J.H. et al. (2014) Interplay of matrix stiffness and protein
tethering in stem cell differentiation. Nat. Mater. 13, 979–987

37. Tanenbaum, M.E. et al. (2014) A protein-tagging system for signal
ampliﬁcation in gene expression and ﬂuorescence imaging. Cell
159, 635–646

19. Llacua, A. et al. (2016) Extracellular matrix components supporting human islet function in alginate-based immunoprotective

38. Ogura, T. et al. (2015) Methods of high integrity RNA extraction
from cell/agarose construct. BMC Res. Notes 8, 644–652

10

Trends in Biotechnology, Month Year, Vol. xx, No. yy

Is high-throughput screening a viable
approach to identify the optimal celladhesion peptides for a speciﬁc cell
type?
Can cell-adhesion peptides help to
reduce the use of growth factors to
control
cell
differentiation
and
organization?

TIBTEC 1605 No. of Pages 12

39. Ranga, A. et al. (2014) 3D niche microarrays for systems-level
analyses of cell fate. Nat. Commun. 5, 1–10
40. Sharma, S. et al. (2017) A photoclickable peptide microarray
platform for facile and rapid screening of 3-D tissue microenvironments. Biomaterials 143, 17–28
41. Lee, T.T. et al. (2015) Light-triggered in vivo activation of adhesive
peptides regulates cell adhesion, inﬂammation and vascularization of biomaterials. Nat. Mater. 14, 352–360
42. Laronda, M.M. et al. (2017) A bioprosthetic ovary created using
3D printed microporous scaffolds restores ovarian function in
sterilized mice. Nat. Commun. 8, 15261
43. Knight, C.G. et al. (2000) The collagen-binding A-domains of
integrins alpha(1)beta(1) and alpha(2)beta(1) recognize the same
speciﬁc amino acid sequence, GFOGER, in native (triple-helical)
collagens. J. Biol. Chem. 275, 35–40
44. Staatz, W.D. et al. (1991) Identiﬁcation of a tetrapeptide recognition sequence for the a2b1 integrin in collagen. J. Biol. Chem.
266, 7363–7367
45. Maeda, T. et al. (1994) Cell-adhesive activity and receptor-binding
speciﬁcity of the laminin-derived YIGSR sequence grafted onto
staphylococcal protein A. J. Biochem. 115, 182–189
46. Clement, B. et al. (1990) Hepatocyte attachment to laminin is
mediated through multiple receptors. J. Cell Biol. 110, 185–192
47. Kleinman, H.K. et al. (1989) Identiﬁcation of a second active site in
laminin for promotion of cell adhesion and migration and inhibition
of in vivo melanoma lung colonization. Arch. Biochem. Biophys.
272, 39–45
48. Freitas, V.M. et al. (2007) SIKVAV, a laminin a1-derived peptide,
interacts with integrins and increases protease activity of a human
salivary gland adenoid cystic carcinoma cell line through the ERK
1/2 signaling pathway. Am. J. Pathol. 171, 124–138
49. Tomaselli, K.J. et al. (1990) A neuronal cell line (PC12) expresses
two b1-class integrins – a1b1, and a3b1 – that recognize different neurite outgrowth-promoting domains in laminin. Neuron 5,
651–662
50. Kleinman, H.K. et al. (1991) Identiﬁcation of a 110-kDa nonintegrin cell surface laminin-binding protein which recognizes an A
chain neurite-promoting peptide. Arch. Biochem. Biophys. 290,
320–325

61. Humphries, M.J. et al. (1987) Identiﬁcation of two distinct regions
of the type III connecting segment of human plasma ﬁbronectin
that promote cell type-speciﬁc adhesion. J. Biol. Chem. 262,
6886–6892
62. Aota, S. et al. (1994) The short amino acid sequence Pro-His-SerArg-Asn in human ﬁbronectin enhances cell-adhesive function. J.
Biol. Chem. 269, 24756–24761
63. Kloczewiak, M. et al. (1984) Platelet receptor recognition site on
human ﬁbrinogen. Synthesis and structure-function relationship
of peptides corresponding to the carboxy-terminal segment of
the gamma chain. Biochemistry 23, 1767–1774
64. Komoriya, A. et al. (1991) The minimal essential sequence for
a major cell type-speciﬁc adhesion site (CS1) within the
alternatively spliced type III connecting segment domain of
ﬁbronectin is leucine-aspartic acid-valine. J. Biol. Chem. 266,
15075–15079
65. Rüegg, C. et al. (1992) Role of integrin a4b7/a4bP in lymphocyte
adherence to ﬁbronectin and VCAM-1 and in homotypic cell
clustering. J. Cell Biol. 117, 179–189
66. Ouchani, F. et al. (2012) Targeting focal adhesion assembly by
ethoxyfagaronine prevents lymphoblastic cell adhesion to ﬁbronectin. Anal. Cell. Pathol. (Amst.) 35, 267–284
67. Woods, A. et al. (1993) A synthetic peptide from the COOHterminal heparin-binding domain of ﬁbronectin promotes focal
adhesion formation. Mol. Biol. Cell 4, 605–613
68. Drake, S.L. et al. (1993) Structural features of ﬁbronectin synthetic
peptide FN-C/H II, responsible for cell adhesion, neurite extension, and heparan sulfate binding. J. Biol. Chem. 268, 15859–
15867
69. Morone, S. et al. (2014) Binding of CD157 protein to ﬁbronectin
regulates cell adhesion and spreading. J. Biol. Chem. 289,
15588–15601
70. Moyano, J.V. et al. (1997) Fibronectin type III5 repeat contains a
novel cell adhesion sequence, KLDAPT, which binds activated
a4b1 and a4b7 integrins. J. Biol. Chem. 272, 24832–24836
71. Sharma, A. et al. (1999) Crystal structure of a heparin- and
integrin-binding segment of human ﬁbronectin. EMBO J. 18,
1468–1479

51. Romagnano, L. and Babiarz, B. (1993) Mechanisms of murine
trophoblast interaction with laminin. Biol. Reprod. 49, 374–380

72. Vogel, B.E. et al. (1993) A novel integrin speciﬁcity exempliﬁed by
binding of the avb5 integrin to the basic domain of the HIV Tat
protein and vitronectin. J. Cell Biol. 121, 461–468

52. Tashiro, K.-I. et al. (1991) The RGD containing site of the mouse
laminin A chain is active for cell attachment, spreading, migration
and neurite outgrowth. J. Cell. Physiol. 146, 451–459

73. Dee, K.C. et al. (1998) Design and function of novel osteoblastadhesive peptides for chemical modiﬁcation of biomaterials. J.
Biomed. Mater. Res. 40, 371–377

53. Ohga, Y. et al. (2009) Design and activity of multifunctional ﬁbrils
using receptor-speciﬁc small peptides. Biomaterials 30, 6731–
6738

74. Rezania, A. and Healy, K.E. (1999) Biomimetic peptide surfaces
that regulate adhesion, spreading, cytoskeletal organization, and
mineralization of the matrix deposited by osteoblast-like cells.
Biotechnol. Prog. 15, 19–32

54. Matter, M.L. and Laurie, G.W. (1994) A novel laminin E8 cell
adhesion site required for lung alveolar formation in vitro. J. Cell
Biol. 124, 1083–1090
55. Hunter, D.D. et al. (1991) An LRE (leucine-arginine-glutamate)dependent adhesion of neurons to S-laminin mechanism. J.
Neurosci. 11, 3960–3971
56. Nakahara, H. et al. (1996) A mechanism for regulation of melanoma invasion ligation of a6b1 integrin by laminin G peptides. J.
Biol. Chem. 271, 27221–27224
57. Ponce, M.L. et al. (2001) An angiogenic laminin site and its
antagonist bind through the avb3 and a5b1 integrins. FASEB
J. 15, 1389–1397
58. Mecham, R.P. et al. (1989) The elastin receptor shows structural
and functional similarities to the 67-kDa tumor cell laminin receptor. J. Biol. Chem. 264, 16652–16657
59. Koivunen, E. et al. (1993) Selection of peptides binding to the
alpha 5 beta 1 integrin from phage display library. J. Biol. Chem.
268, 20205–20210
60. Mould, A.P. and Humphries, M.J. (1991) Identiﬁcation of a novel
recognition sequence for the integrin alpha 4 beta 1 in the COOHterminal heparin-binding domain of ﬁbronectin. EMBO J. 10,
4089–4095

75. Harbers, G.M. and Healy, K.E. (2005) The effect of ligand type and
density on osteoblast adhesion, proliferation, and matrix mineralization. J. Biomed. Mater. Res. A 75, 855–869
76. Bayless, K.J. and Davis, G.E. (2001) Identiﬁcation of dual a4b1
integrin binding sites within a 38 amino acid domain in the Nterminal thrombin fragment of human osteopontin. J. Biol. Chem.
276, 13483–13489
77. García-Arévalo, C. et al. (2012) A comparative study of cell
behavior on different energetic and bioactive polymeric surfaces
made from elastin-like recombinamers. Soft Matter 8, 3239
78. Mecham, R.P. et al. (1989) Elastin binds to a multifunctional 67kilodalton peripheral membrane protein. Biochemistry 28,
3716–3722
79. Floquet, N. et al. (2004) The antitumor properties of the a3 (IV)(185–203) peptide from the NC1 domain of type IV collagen
(tumstatin) are conformation-dependent. J. Biol. Chem. 279,
2091–2100
80. Guo, N.-H. et al. (1992) Heparin- and sulfatide-binding peptides
from the type I repeats of human thrombospondin promote
melanoma cell adhesion. Proc. Natl. Acad. Sci. U. S. A. 89,
3040–3044

Trends in Biotechnology, Month Year, Vol. xx, No. yy

11

TIBTEC 1605 No. of Pages 12

81. Lawler, J. et al. (1988) Cell attachment to thrombospondin: the
role of ARG-GLY-ASP, calcium, and integrin receptors. J. Cell
Biol. 107, 2351–2361
82. Krutzsch, H.C. et al. (1999) Identiﬁcation of an a3b1 integrin
recognition sequence in thrombospondin-1. J. Biol. Chem.
274, 24080–24086
83. Li, Z. et al. (2002) Interactions of thrombospondins with a4b1
integrin and CD47 differentially modulate T cell behavior. J. Cell
Biol. 157, 509–519
84. Yelian, F.D. et al. (1993) Recombinant entactin promotes mouse
primary trophoblast cell adhesion and migration through the
Arg-Gly-Asp (RGD) recognition sequence. J. Cell Biol. 121,
923–929
85. Senior, R.M. et al. (1992) Entactin stimulates neutrophil adhesion
and chemotaxis through interactions between its Arg-Gly-Asp
(RGD) domain and the leukocyte response integrin. J. Clin. Invest.
90, 2251–2257

12

Trends in Biotechnology, Month Year, Vol. xx, No. yy

86. Lu, P. et al. (2012) The extracellular matrix: a dynamic niche in
cancer progression. J. Cell Biol. 196, 395–406
87. Liesi, P. and Kauppila, T. (2002) Induction of type IV collagen and
other basement-membrane-associated proteins after spinal cord
injury of the adult rat may participate in formation of the glial scar.
Exp. Neurol. 173, 31–45
88. Bataller, R. and Brenner, D. (2005) Liver ﬁbrosis. J. Clin. Invest.
115, 209–218
89. Byers, P.H. and Murray, M.L. (2014) Ehlers–Danlos syndrome: a
showcase of conditions that lead to understanding matrix biology. Matrix Biol. 33, 10–15
90. Merrilees, M.J. et al. (2008) Changes in elastin, elastin binding
protein and versican in alveoli in chronic obstructive pulmonary
disease. Respir. Res. 9, 41–50
91. Annoni, R. et al. (2012) Extracellular matrix composition in COPD.
Eur. Respir. J. 40, 1362–1373

