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Abstract: Collagen, which is often used in healthcare materials and biomedical research, is largely extracted from animal
sources. Recombinant human collagen has the potential to be a promising alternative to animal collagen which has many
shortcomings, including immunogenicity and lack of biocompatibility. Currently, recombinant human collagen has been
expressed in both eukaryotic and prokaryotic hosts with varying degrees of success. One issue with recombinant
collagen across all hosts is the inability to achieve full length collagen with native amounts of post-translational
modifications, prompting much exciting research in this direction. There has also been much effort in improving yield
and biomimicry of recombinant collagen. This review discusses collagen structure and current methods for extracting
animal collagen, before introducing current research in synthesising recombinant human collagen in various hosts, and
finally highlighting challenges in the field.
1 Introduction

Collagen is an important biomaterial that has many medical
applications, ranging from fillers for cosmetic use, carriers in drug
delivery systems [1], surgical suture [2], to scaffolds in tissue
engineering [3, 4]. In particular, collagen exhibit great flexibility
as a biomaterial which can be modified by scientists into collagen
sponges for various biomedical applications, including neuronal
regeneration [5], bone regeneration [6, 7] and wound healing [8].
Collagen can also form injectable hydrogels [9, 10] or serve as
delivery vehicles [1, 11, 12] due to its innate ability to gel with
temperature change, and is amenable to chemical modifications.
Despite their versatility, collagens that are currently in use by the
medical field are mostly animal derived, which may potentially
cause immunogenic reactions and suffer from unwanted
batch-to-batch variabilities [13]. Therefore, given the high demand
for collagen, there is a need to develop novel methods to
bio-manufacture large quantities of recombinant collagens in a
consistent and efficient manner.

Synthetic biology is a promising strategy to address this need.
There has been rapid development in synthetic biology, the
engineering of biology, over the past decade. By applying
engineering principles, synthetic biology aims to design and build
biological-based parts, novel devices and systems as well as to
redesign natural biological systems for a variety of biotechnological
applications [14]. The emergence and development of synthetic
biology has created an opportunity to engineer biological systems
for large-scale production of useful but difficult to produce
recombinant proteins such as human collagen. The purpose of this
review is to discuss current methods of engineering recombinant
collagen and highlight challenges to achieve large-scale production
of high-quality recombinant collagen using a synthetic biology
approach. The review first covers the understanding of collagen
structure and its biosynthesis in the next section.
1.1 Collagen structure and post-translational
modifications

Collagen forms the largest component of extra-cellular matrix and is
also responsible for various signalling and structural roles in the
human body [15]. All human collagens contain repeating Gly-X-Y
triplets, in which X and Y represent any amino acids but most
commonly proline and hydroxyproline, respectively [16]. Changes
in the type of amino acids present in X and Y positions have
profound effects on the structure and function of collagen.
Furthermore, procollagen undergoes several post-translational
modifications before it matures into tropocollagen that can be
crosslinked into collagen fibrils [16]. These post-translational
modifications are essential in ensuring that the three
single-stranded procollagen molecules associate with each other to
form either heterotrimeric or homotrimeric tropocollagen [16, 17].
Only thermally stable tropocollagen can associate with each other
to form collagen fibrils and finally collagen fibres. In particular,
the hydroxylation of prolines to hydroxyproline is critical in
ensuring the thermal stability of triple helical procollagen [18],
without which many diseases, most prominently scurvy, occurs
[16, 19, 20]. The hydroxylation of lysine to hydroxylysine is
necessary for the condensation of collagen molecules to form a
strong fibril that can withstand tension [19, 21, 22]. Hydroxylysine
also serve as sites for glycosylation, without which, collagen
fibrils would not form. Hydroxylation of lysines and proline is
mediated by lysyl hydroxylase and prolyl 4-hydroxylase,
respectively, and requires ascorbate as a co-factor, without which
collagen peptides are unable to form fibres and will be degraded
inside the cell [23–25]. Human collagens are ∼42–54%
hydroxylated [26]. As collagen structure and post-translational
modifications have been extensively reviewed, the authors
recommend interested readers to refer to [16, 23] for more
comprehensive reviews in this topic.

Together, these subtle changes have led to the presence of 28 types
of collagen, but the majority of collagens belong to types I, II and III
[4, 19]. Type I collagen, the most common heterotrimeric collagen, is
mainly present in our bones, skin, fibrous cartilage and tendon. These
type I collagen fibrils have high tensile strength and are able to
withstand more forces as compared with the same mass of steel,
thus maintaining the integrity of our tissue architecture [4]. Type II
collagen, a homotrimer, is present in large amounts within the
hyaline cartilage and gives cartilage its shock absorbing properties
[27]. Type III collagen, a homotrimer, is also present in human
muscles, vasculature and skin, but in lesser amounts as compared
with type I collagen [19].
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1.2 Current methods for collagen extraction

As collagen denatures to gelatin at high temperatures, extraction
procedures must be carried out at 4°C, either on ice or in the
cold room. General procedures for collagen extraction involve
first obtaining tissue specific to the type of collagen needed. These
tissues are then cleaned by rinsing in water to remove all traces
of dirt. Subsequently, fats and connective tissues are trimmed and
hair removed. Next, the tissues are cut and placed into dilute
sodium acetate solution to remove all soluble non-collagenous
proteins and polysaccharides. Supernatant is discarded and residual
sodium acetate rinsed out from the tissues. The sample is then
freeze-dried and subsequently re-dissolved in acetic acid, which
will solubilise only collagen. As the supernatant now contains a
crude collagen solution, dialysis has to be performed for further
purifications [28, 29]. Depending on the starting material, the
resulting collagen solution obtained would be a mixture of
different types of collagens. Should a specific type of collagen be
desired, sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) or chromatography may be performed to isolate this
preferred collagen type. As the whole extraction process can take
up to a month [30], optimisation is necessary to reduce time spent.
To achieve a shorter extraction procedure, Pacak et al. [29]
shortened the time needed for each step significantly. They also
replaced the lengthy dialysis process with centrifugation in a 100 k
molecular weight cut-off (MWCO) centrifugal filter tube, saving
several days. Since collagen extraction protocols are based on
collagen’s solubility in various solvents, this protocol can be
applied for all types of collagen.

To obtain different types of collagen, different starting materials
must be used. For instance, if type I collagen is needed, then
animal skins and tendons may be used, whereas if type II collagen
is needed, animal hyaline cartilage would be preferred. As the
starting material will determine the final types of collagen
obtained, it is more difficult to obtain less-common collagen (e.g.
type V or type VII collagen) due to the low presence of these
collagens in tissues. Moreover, purified collagen is expensive due
to tedious extraction processes, as well as intensive purification
procedures [13, 29–31]. This makes collagen prohibitively
expensive if clinically relevant amounts are needed. Furthermore,
collagen extraction methods vary among different companies,
resulting in collagen with significant differences in mechanical and
chemical properties, thereby leading to unwanted batch-to-batch
variations [13].
1.3 Shortcomings of extracted collagen

Due to collagen’s relative abundance and importance in biological
function, it has been commonly used to form biomimetic
scaffolds to support cell growth for tissue engineering [32, 33].
Collagens used in tissue engineering or for in vitro toxicity
testing are typically extracted from the tendons, skin and other
connective tissues of unwanted animal by-products. Common
animal sources of collagen include marine, bovine and porcine
[34]. Unfortunately, bovine sources harbour the risk of carrying
bovine spongiform encephalopathy while porcine sources may be
unsuitable due to certain religious beliefs [34]. Furthermore,
animal sources of collagen may have immunoglobulin E (IgE)
mediated immunogenicity issues for a small proportion of people,
leading to granuloma or localised inflammation [35, 36]. Animal
derived collagen matrices may also result in poor predictions
for in vitro toxicity testing. Although the use of human collagen
matrices may be able to mitigate these problems, human collagen
is rare, making it non-economical for common use. Finally,
less-common collagen (e.g. type V or type VII collagen) are
very expensive to obtain due to their low presence in animal
tissues. Due to these limitations in extracted collagen, a promising
alternative strategy would be to use synthetic biology to
manufacture recombinant human collagen in a scalable and
reproducible manner and this is discussed in the following
sections.
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2 Recombinant human collagen production using
synthetic biology

2.1 Prokaryotic organisms

2.1.1 Escherichia coli: Escherichia coli (E. coli) is commonly
used as a host in synthetic biology as it has been fully sequenced
[37], and well-studied, allowing for convenient and predictable
genetic manipulation. Moreover, E. coli exhibits fast growth
kinetics, and can be grown in high-density cultures and has also
demonstrated scalability in which it has been used to produce
insulin on an industrial scale; E. coli is currently an industrial
workhorse. While prokaryotic organisms produce their own native
collagen like motifs containing the Gly-X-Y repeat sequence [38],
this bacterial collagen differs from native human collagen in terms
of amino acid type and distribution, and in turn structure.
Strikingly, due to the absence of post-translational modification
mechanisms, hydroxyproline is absent from prokaryotic collagen.
Therefore, as a host for recombinant human collagen production,
E. coli is limited by its lack of endogenous post-translational
modifications such as hydroxylation. There has been a nascent
effort to overcome this by Rutschmann et al. [39], using
hydroxylases from mimivirus, but the collagen produced is still far
from being similar to native human collagen in a multitude of
parameters, including hydroxylation, thermal stability and
structure. Expressing a fully functional prolyl hydroxylase in
E. coli has also been very challenging [40]. Therefore, most work
on E. coli produced collagen involves only small functional
sections of human collagen, or is on human-like collagen [41–44].
Relatively little work on recombinant human collagen production
has been performed in E. coli as compared with eukaryotic
organisms, suggesting challenges, and hence opportunities for
research in this area.
2.2 Eukaryotic organisms

2.2.1 Yeast: Yeast is often used in synthetic biology due to its
ease of genetic manipulation and relatively low cost of
maintenance. To this end, many have used yeast, most commonly
Saccharomyces cerevisiae (S. cerevisiae) or Pichia pastoris
(P. pastoris) as chassis for the production of recombinant human
collagen. Since yeast lacks native prolyl and lysyl hydroxylases
and does not perform post-translational hydroxylation, collagen
produced by yeast will not be hydroxylated and will be thermally
unstable at 37°C. To overcome this issue, human prolyl
hydroxylases are commonly co-expressed with human collagen
such that hydroxylase enzyme will be present to hydroxylate
proline. Vuorela et al. further discovered that collagen expression
increased the number of stable and active prolyl hydroxylases,
resulting in the production of stable triple helical type III collagen
with near native hydroxylation percentages in P. pastoris [45, 46].
However, hydroxylation of lysine was absent and yield (∼15 mg/l)
was low. Further studies by Myllyharju et al. [47] was able to
show improvements in yield of triple helical collagen of up to
0.6 g/l by culturing P. pastoris in a bioreactor with a constant
supply of oxygen.

Heterotrimeric collagens are inherently more difficult to express as
compared with homotrimeric collagens because additional genes are
needed. However, heterotrimers such as type I collagen have wider
applications as compared with homotrimers such as type III
collagen, making it important to develop means to synthesise
heterotrimers. Nokelainen et al. [45] optimised their cloning
strategies to express both subunits of prolyl hydroxylases as well
as the polypeptides that make up type I collagen, procol1agen1α1
and procollagen1α2, in P. pastoris. They successfully obtained
type I collagen’s characteristic 2:1 chain ratio of procollagen1α1
and procollagen1α2. Similar results have been observed by this
group in S. cerevisiae [48].

Indeed, S. cerevisiae has also been used by many to produce
recombinant collagen [48–50]. Chan et al. [50] engineered
S. cerevisiae containing prolyl hydroxylases to produce type III
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collagen, but were only able to obtain 0.5% proline hydroxylation,
which is low compared with native hydroxylation levels in
humans. Vaughan et al., however, were able to achieve higher
hydroxylation in human type III collagen by S. cerevisiae by using
a different cloning strategy, though hydroxylation levels are still
below that of native human collagen [51]. While most papers
focused on achieving native levels of proline hydroxylation, Olsen
et al. [49] reported that N- and C-propeptide regions are not
needed for collagen to fold into a triple helical conformation, and
their removal increased collagen yield, suggesting that yield can
be improved through deliberate designs of the genetic construct.

2.2.2 Plants: Plant biotechnology was developed to deal with the
sustainability of food supply due to the increasing world population,
and also to tackle the effects of environmental changes on
agricultural yield. The development of better genetic engineering
tools coupled with a growing demand for medical materials have
driven research in the direction of transgenic plants that produce
biomaterials. Much research on plant-based recombinant human
collagen has been performed by the Shoseyov Laboratory, with a
focus on type I collagen being produced by tobacco plant [52, 53].
Although tobacco plants possess prolyl hydroxylase for
hydroxylating proline residues, plant propyl hydroxylase is
insufficient for hydroxylating human collagen to that of native
human levels [54, 55], making it necessary to engineer plants to
produce human propyl hydroxylases instead [56]. In addition,
Shoseyov Laboratory also expressed lysyl hydroxylase in tobacco
plants for lysine hydroxylation. While E. coli transformation
efficiency decreases with increasing plasmid sizes, agrobacterium
mediated plant transformation allows much larger genetic
sequences to be transfected into plant cells [57], making it
possible to express full length procollagen1α1, procollagen1α2
along with both subunits of prolyl hydroxylase and lysyl
hydroxylase within the same cell [52]. Signal peptides were added
to direct the accumulation of collagen into subcellular
compartments of the tobacco cell, such as plant vacuole [58]. Stein
et al. from the Shoseyov Laboratory were able to demonstrate
hydroxylation of both proline and lysine to levels similar to that of
human type I collagen. Furthermore, they were able to
demonstrate that type I collagen produced by tobacco was able to
produce fibrils [52, 59]. In addition, the alignment of collagen
fibrils is necessary to improve collagen’s mechanical properties.
To achieve aligned collagen fibrils akin to that of the native
tendon, shear forces had to be imparted through extrusion during
the liquid crystalline phase of collagen formation. This marked the
first demonstration of fibril formation in full length recombinant
human collagen [53]. Research findings from the Shoseyov
Laboratory cumulated into a company – Collplant Ltd. Currently,
Collplant is administering two human trials with plant derived
recombinant human collagen for wound healing and tissue repair
[60, 61].

Besides tobacco, researchers have also engineered maize to
produce hydroxylated recombinant human procollagen1α1 peptide,
with comparable hydroxyproline content as native human
collagen1α1 [62]. While more work needs to be done before
recombinant collagen produced in maize can reach the same level
of technological maturity as that produced in tobacco, this study
has nevertheless demonstrated the potential of maize as an
alternative host for producing recombinant collagen.

As compared with other prokaryotic and eukaryotic cells, in which
scaling up involves complex bioreactor set up and expensive food
source, a great advantage of plant derived collagen is the
scalability plant provides; scaling up is as simple as growing large
amounts of plants. Alternatively, it is also possible to grow plants
in the form of single cells in a bioreactor or as callus if desired.

2.2.3 Mammalian cells: Human collagen is naturally produced
in mammals, thus mammalian cells have the advantage of having
the necessary post-translational modifications for producing
hydroxylated collagen, an important parameter which is not
present in bacterial or yeast cells. Various types of mammalian cell
lines have been used for the production of recombinant human
20 This is an open
collagen, including human sarcoma cell line HT 1080 [63–65],
Chinese hamster ovary cells [66], HeLa cells [67] and human
embryonic kidney cells 293-EBNA [68, 69]. Papers reporting
successful recombinant collagen expression using non-mammalian
host systems largely focus on reporting methods to achieve native
amounts of hydroxylation in collagen. This is usually done by
creatively cloning hydroxylases into non-mammalian hosts and
then performing tedious optimisation steps to ensure high
biological activities of these enzymes [39, 45, 70]. Conversely,
cloning strategies for the production of human collagen in
mammalian cells do not involve prolyl or lysyl hydroxylases, as
these enzymes are inherently present in mammalian cells as part of
the post-translational modification pathway. In one of the earlier
demonstrations of collagen synthesis, only full length α1 chain of
collagen V was expressed in 293-EBNA cells but yet the authors
were able to obtain some amounts hydroxylation on both proline
and lysine, yielding a thermally stable peptide, by adding
ascorbate, a potent co-factor of hydroxylation [68], demonstrating
that it is unnecessary to engineer in additional hydroxylases.
Similarly, hydroxylation was observed in partial sequence of type
XII collagen [67] and full length type VII collagen [71] only when
ascorbate was present. In these instances, cloning of hydroxylases
was also unnecessary. Furthermore, glycosylation of hydroxylated
lysine, which is important in the formation of triple helical
collagen, and largely unreported in non-mammalian hosts, also
occurs natively in mammalian expression systems [64, 68]. Thus,
the use of mammalian cells can simplify the extent of genetic
manipulation needed. This means that smaller constructs are
required, putting less stress on the cell thereby increasing cloning
efficiency. Furthermore, glycosylation, which has been largely
undetermined and unreported in non-mammalian expression
systems, is being observed in collagens synthesised by mammalian
cells.

Although mammalian cells have the requisite post-translational
modification machinery as compared with other hosts, the yield of
recombinant human collagen was significantly lower compared
with that of yeast, with a maximum expression of 80 mg/l [43].
A common way to improve yield is to replace native promoters by
stronger promoters. However, rapid production of large amounts of
collagen meant that prolyl hydroxylases were unable to fully
hydroxylate collagen [65], demonstrating that improving yield is a
complex process requiring more than just a simple over-expression
of proteins. Other roadblocks of large-scale production of
recombinant human collagens in mammalian cells include costly
culture, and the complexity of mammalian cell metabolism means
a long bench-to-market time. Scaling up can also be challenging
for adherent mammalian cell cultures [72].

2.2.4 Insect cells: The use of insect cells, such as Sf 9 or High
Five cell lines for recombinant protein production has been
increasing over the years. Transfection of insect cells is very well
established and commonly performed via baculovirus. Insect cells
can be cultured in high-density suspension cultures and therefore
have the advantage of volumetric scalability in a bioreactor.
Furthermore, expression of large amounts of recombinant proteins
can be obtained at a lower cost in insect cells as compared with
mammalian cells. In one of the earlier studies on collagen
production in insect tells, Tomita et al. [73] made use of Sf 9’s
native prolyl hydroxylases in the production of recombinant
human procollagen1α1 chains as well as heterotrimeric type I
collagen [74]. However, results showed that while insect cells
contain prolyl hydroxylases that can hydroxylate proline residues,
this hydroxylation was insufficient. An interesting point to note is
that despite the insufficient hydroxylation on proline residues,
procollagen peptides were still able to associate to form
heterotrimers, suggesting that the formation of trimeric collagen
may still be possible with lower levels of prolyl hydroxylation
[74]. In contrast, Li et al. [75] reported that inter-chain disulphate
bond formation between collagen peptides was only present when
type XXI minicollagen was co-expressed with prolyl hydroxylase
in Drosophila S2 cells. These differences could be due to the
different amounts of native prolyl hydroxylases in Sf 9 and
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Drosophila S2 cells, and types of collagen expressed. Later studies
on recombinant human production in insect cells recognised the
need to clone prolyl hydroxylases into insect cells to ensure
sufficient proline hydroxylation, and cloning of prolyl
hydroxylases became more common [75–79].

Lysine hydroxylation, which is often left out in recombinant
collagen papers, is present inherently in High Five cells. To
demonstrate this point, Lamberg et al. found that hydroxylysine
content in procollagen3α1 in the presence of human prolyl
hydroxylase but absence of lysyl hydroxylase was 60% that of
native mammalian type III collagen, suggesting that insect cells
must have a considerable level of lysyl hydroxylase activity.
Similarly, Nokelainen et al. reported increased hydroxylysine
levels when recombinant collagen was co-expressed with lysyl
hydroxylase [79]. As glycolysis occurs primarily on
hydroxylysine, Nokelainen et al. also observed increased
glycosylation along with increased lysine hydroxylation. However,
it remains unknown if insect glycosylation post-translational
modifications are sufficient for glycosylation to the levels similar
to that in native mammalian collagen.
3 Challenges

While many groups have tried synthesising recombinant human
collagens using different hosts, insufficient post-translational
modifications and low yield remain as unresolved issues.
Post-translational modifications, especially hydroxylation remains
challenging in prokaryotic systems, which lack native
post-translational modification mechanisms. Even in eukaryotic
systems, native hydroxylation modules are unable to adequately
hydroxylate collagen molecules, making it necessary to
incorporate non-native hydroxylases when engineering hosts for
collagen production. As the introduction of non-native sequences
into the genome of the host takes a metabolic toll on the host,
yield will be compromised. Thus, another important parameter in
engineering collagen producing organisms is to ensure that yield is
high, so as to facilitate future scaled up production.
3.1 Challenges in collagen hydroxylation

One challenge in synthesising recombinant human collagen is
ensuring that the extensive post-translational modifications
collagens undergo during biosynthesis happen in a non-native host.
These post-translational modifications, including glycosylation and
hydroxylation affect the integrity of collagen fibrils and improperly
modified procollagen represents diseased states. As bacteria and
yeast, which can produce recombinant proteins in a more cost
efficient manner, do not have the necessary post-translational
modification mechanisms, the production of affordable recombinant
human collagen remains challenging. To produce hydroxyproline
containing collagen using E. coli, Buechter et al. [80] cultured
E. coli in media containing both proline and hydroxyproline and
demonstrated that the control of hydroxyproline incorporation can
be tuned by varying the ratio of proline to hydroxyproline in
media. Although this is a relatively simple way to achieve collagen
hydroxylation, hydroxyproline can occur on either the X or Y
position in the Gly-X-Y sequence of collagen with equal
probability. Since the positioning of hydroxyproline has effects on
collagen stability, with hydroxyproline on the Y position conferring
greater stability to collagen, this method is not without its
shortcomings [81, 82]. Recently, Pinkas et al. [70] have
demonstrated the possibility of post-translational hydroxylation of
the proline residue in E. coli. A critical barrier preventing
hydroxylation in E. coli is the lack of ascorbate production, an
essential co-factor in the catalysis of hydroxylation. To overcome
this, Pinkas et al. engineered a synthetic strain of E. coli by
overexpressing the D-arabinono-1,4-lactone oxidase gene borrowed
from S. cerevisiae. This engineered E. coli strain contained a
biosynthetic shunt that can produce ascorbate-like molecules in
which human prolyl hydroxylase was able to utilise to hydroxylate
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However, the controllability of hydroxylation levels, and the
distribution of hydroxylated residues in native human collagen
polypeptides, which has a much longer sequence, remains
unknown. Furthermore, the method described by Pinkas et al. has
yet been proven to be applicable for lysine hydroxylation. Another
method of overcoming the lack of hydroxylation in prokaryotes
like E. coli is to utilise both prolyl and lysyl hydroxylases
borrowed from other organisms, such as that from mimivirus
isolated from giant aquatic viruses [83, 84]. Rutschmann et al. have
demonstrated that mimivirus hydroxylases enabled higher
hydroxylation levels as compared with other animal hydroxylases
in E. coli and the use of it also led to native percentages and
distribution of hydroxylation in recombinant type III collagen [84].
However, only partial type III collagen sequence was used in this
paper, thus the effectiveness of using mimivirus hydroxylases to
hydroxylate full sequence collagen remains unexplored.
Hydroxylating proline has been the focus of many papers, rather
than hydroxylating lysine. This may be because thermal stability,
controlled by proline hydroxylation, is a major measurable
parameter in determining collagen quality. To the best of our
knowledge, no group has been able to produce full length
recombinant human collagen with native amounts of
post-translational modifications in any host organism and this
remains an essential research question.
3.2 Challenges in optimising yield

An important criterion in the production of recombinant human
collagen for medical use is yield; increasing yield in a
cost-effective manner is necessary to make end products
affordable. Currently, yield of recombinant collagen using both
prokaryotic and eukaryotic organisms are low, ranging from
micrograms to milligrams per litre of culture depending on the
length and type of collagen produced, and also the host organism
[85]. For instance, type III collagen production by P. pastoris in a
fermenter was up to 0.5 g/l [45] whereas collagen production
using transgenic mammals was much lower at 50–200 μg/ml [86].
One way to improve yield is to perform metabolic flux analysis
using metabolic models. Metabolic flux analysis has shown great
promise in pinpointing the rate limiting steps in a batch culture
such that the step can be optimised for improved yield. In some
instances, optimising carbon/nitrogen molar ratios in the media can
improve collagen yield secreted by engineered E. coli [87], in
other instances, the addition of another energy source such as
NADPH improved yield [88]. Another way to improve yield is by
optimising cloning strategies. There have been various literature
describing ways on how to improve yield in bacterial [88–90],
yeast [91] and mammalian expression systems [92, 93], and these
methods are applicable for the production of recombinant collagen.
Another approach is to apply metabolic engineering of the host to
boost production of protein which has highly repetitive structures
and rich in glycine, e.g. silk protein [94]. Advances in
bioinformatics, such as more advanced algorithms for codon
optimisation, will also aid in obtaining a higher yield.
4 Conclusions and future perspectives

Currently, bio-production of recombinant collagens still suffer from
low yield, high cost and the products are unable to achieve the same
post-translational modifications seen in native collagens, making
current recombinant collagens both expensive and non-biological.
Despite their potential, these unresolved issues make recombinant
collagen less attractive as compared with animal derived collagens,
thus animal derived collagens are still the gold standard.
Alternatively, cell-free expression systems might be an option for
deriving large-scale expression and purification of human collagen.
Recently, cell-free systems derived from cultured mammalian cells
are gaining momentum due to the successful demonstration of
glycosylation and key post-translational modifications [95, 96].
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This platform of cell-free protein synthesis system has also been
rapidly transforming from a cost-effective micro-scale synthesis to
macro-scale up production system [97, 98]. Nevertheless, recent
advances in DNA manipulation technologies such as CRISPR, in
addition to cheaper DNA synthesis, will reduce the timeline and
cost of research and development, translating to lowered prices
and better biomimicry for recombinant collagen. More
importantly, scalability should be engineered into the design of
synthetic collagen constructs so that bio-manufacturing techniques
can be applied to make economical large-scale manufacturing of
recombinant collagen a possibility.
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