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Abstract The use of genetically engineered microorganisms
is a cost-effective, scalable technology for the production
of recombinant human collagen (rhC) and recombinant
gelatin (rG). This review will discuss the use of yeast
(Pichia pastoris, Saccharomyces cerevisiae, Hansenula
polymorpha) and of bacteria (Escherichia coli, Bacillus
brevis) genetically engineered for the production of rhC
and rG. P. pastoris is the preferred production system for
rhC and rG. Recombinant strains of P. pastoris accumulate
properly hydroxylated triple helical rhC intracellularly at
levels up to 1.5 g/l. Coexpression of recombinant collagen
with recombinant prolyl hydroxylase results in the synthe-
sis of hydroxylated collagen with thermal stability similar
to native collagens. The purified hydroxylated rhC forms
fibrils that are structurally similar to fibrils assembled from
native collagen. These qualities make rhC attractive for use
in many medical applications. P. pastoris can also be engi-
neered to secrete high levels (3 to 14 g/l ) of collagen
fragments with defined length, composition, and physio-
chemical properties that serve as substitutes for animal-
derived gelatins. The replacement of animal-derived collagen
and gelatin with rhC and rG will result in products with
improved safety, traceability, reproducibility, and quality.
In addition, the rhC and rG can be engineered to improve
the performance of products containing these biomaterials.

Introduction

The use of recombinant technology to produce animal
component-free collagen and gelatin addresses the vari-
ability, potential immunogenicity, and risk of infection
inherent in the use of collagen and gelatin for medical
applications. Recombinant microbial production offers the

only known technology for the cost-effective manufactur-
ing of collagen and gelatin with consistent quality that is
free of animal components. Recombinant microbial pro-
duction also offers high productivity and traceable pro-
cesses that delivers consistent quality products suitable for
parenterally delivered products or as components for tissue-
engineering applications (Olsen et al. 2003b).

Collagen fibrils and their denatured derivative, gelatin,
are the main structural and functional component in many
medical products such as implants, hemostats, device coat-
ings, resuscitation fluids, formulation excipients, capsules,
and tablets (Olsen et al., unpublished data; Olsen et al.
2003b). The use of animal-derived collagen and gelatin in
these medical products results in safety concerns caused by
difficulty to trace sources and the inherent risk of trans-
mitting pathogenic vectors, including prions (Dormont
2002; Kaneko 2002). In addition, an increasing and sig-
nificant portion of the world’s population has dietary or
religious requirements leading them to avoid the consump-
tion of animal-derived products.

There are many excellent reviews about collagen and
gelatin describing their synthesis, structure, physical prop-
erties, and use (Bateman et al. 1996; Myllyharju and
Kivirikko 2004; Olsen et al. 2003b; Prockop and Kivirikko
1995; Schrieber and Seybold 1993). In humans, there are at
least 27 different types of collagens, defined as proteins
having repetitive Gly-X-Y triplets where X and Y are fre-
quently proline or hydroxyproline, found in a triple helical
structure (Myllyharju and Kivirikko 2004). Most com-
mercial preparations of collagen and gelatin are made from
bovine or porcine bone or skin, tissues enriched in type I
collagen. These preparations also contain small but vari-
able amounts of type III and other collagens that cannot be
cost effectively separated from each other in a commercial
process.

During the synthesis and maturation of collagen, sev-
eral posttranslational modifications take place (Kivirikko
KI et al. 1992). The most important of these modifications
required to generate stable triple helical collagen is the
hydroxylation of specific Y-position proline residues by
the enzyme prolyl 4-hydroxylase (P4H; E.C. 1.14.11.2)
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prior to triple helix assembly (Kivirikko and Pihlajaniemi
1998; Kukkola et al. 2004; Min et al. 2000; Tandon et al.
1998). Other modifications include hydroxylation and
glycosylation of specific lysine residues (Yamauchi and
Shiiba 2002), N- and C-terminal propeptide removal by
specific metalloproteinases after secretion into the extra-
cellular matrix (Kivirikko 1995), and interchain cross-
linking occuring at hydroxylysine and lysine residues
previously deaminated by lysyl oxidase (Eyre 1987;
Yamauchi and Shiiba 2002). The degree of cross-linking
of mature collagen is influenced by the age and the
physiology of the tissue. These modifications affect both
the extractability of collagens from tissues and their
biophysical characteristics.

Gelatin derived from denatured collagen is composed of
a mixture of collagen chains of different length, structure,
and composition. The processing of collagen into gelatin
results in fragments of different sizes and isoelectric points
yielding products with variable gelling and physical prop-
erties (Asghar and Henrickson 1982; Olsen et al. 2005;
Saddler and Horsey 1987). The fragment distribution and
composition of gelatin is variable depending on the types
of collagens available in the tissue to be extracted, ex-
traction method, and the pH and ionic strength of the
solution used for processing. This variability in composi-
tion and structure presents a significant challenge to those
using gelatin in medical applications (Digenis et al. 1994;
Olsen et al. 2003).

For these reasons, there is the need to develop cost
effective, scalable technology to produce recombinant
human collagen (rhC) and recombinant gelatin (rG) for
use in medical products with consistent quality and im-
proved safety (Bulleid et al. 2000; Olsen et al. 2003b; Yang
et al. 2004). In addition, the use of recombinant production
offers the only route to produce engineered rhC and rG for
novel products with enhanced performance.

Several nonmicrobial systems (mammalian/insect cell
culture, transgenics) have been explored to produce rhC
and rG. Currently, the productivity, quality, and costs
associated with these nonmicrobial rhC and rG production
processes are not attractive for commercialization. Mam-
malian cells transfected with human collagen genes were
first used to produce rhC, providing the only known re-
combinant system that can express properly prolyl hydrox-
ylated full-length rhC that gets secreted (Ala-Kokko et al.
1991; Olsen et al. 1991; Schnieke et al. 1987). Recombi-
nant insect cell cultures transfected with collagen genes
accumulated the product intracellularly (Pihlajamaa et al.
1999; Tomita et al. 1995; Tomita et al. 1997; Tomita et al.
1999). However, insect cells did not provide sufficient
collagen-specific P4H activity to fully hydroxylate the rhC.
To address this deficiency, a multigene expression tech-
nology was developed to coexpress rhC with animal or
human P4H, allowing the production of fully hydroxylated
rhC in insect cells (Annunen et al. 1997; Lamberg et al.
1996; Myllyharju et al. 1997; Veijola et al. 1996). Milk from
transgenic animals (John et al. 1999; Toman et al. 1999),
secretions from transgenic silkworms (Tomita et al. 2003),
transgenic tobacco cell culture (Olsen et al. 2003b; Yang

et al. 1999), and transgenic tobacco plants (Merle et al.
2002; Ruggiero et al. 2000) have all been shown to
accumulate nonhydroxylated or partially hydroxylated rhC
homotrimers by coexpression of P4H. Transgenic mice
accumulate underhydroxylated type I human procollagen
homotrimers in milk at very high levels (8 g/l) (Toman et
al. 1999). Transgenic tobacco cell cultures accumulate re-
combinant type III collagen coexpressed with human P4H
as a triple helical product with 75% of the prolyl hy-
droxylation level found in collagen obtained from human
tissue (Olsen et al. 2003b).

Microbial recombinant collagens

Production of recombinant collagens
in Pichia pastoris

P. pastoris had been engineered to coexpress P4H for the
production of properly hydroxylated triple-helical type I,
II, and III rhC at high levels (1–1.5 g/l) (Myllyharju et al.
2000; Nokelainen et al. 2001; Olsen et al. 2003b). These P.
pastoris-derived fibril-forming rhCs have similar structure
and hydroxyproline content as human tissue-derived
collagens (Kivirikko et al. 1992). The P. pastoris-derived
rhCs formed stable triple helices, although P. pastoris
probably does not contain HSP47, a folding chaperone
thought to be involved in collagen assembly in animals
(Nagata and Hosokawa 1996; Vuorela et al. 1997). Cells
coexpressing the pro α1 subunit of type I collagen with
human P4H accumulated stable homotrimeric rhC. P.
pastoris coexpressing both the pro α1 and the pro α2
subunits of type I collagen with P4H accumulated hetero-
trimeric type I collagen with the expected 2:1 chain ratio
(Nokelainen et al. 2001). Over 90% of the helical and
nonhelical procollagens accumulated within the ER and
does not proceed further in the secretory pathway even
when the authentic signal sequence of collagen was re-
placed with the Saccharomyces cerevisiae α-mating factor
prepro-secretion sequence (Keizer-Gunnink et al. 2000).

The recombinant procollagen accumulation levels in P.
pastoris fermentations were improved from 15 mg/l to 1.5
g/l by genetic manipulations and optimization of fermen-
tation control parameters (Bodo et al. 2004). Intracellular
accumulation of 1.1 g type I collagen/l, 0.7 g type II colla-
gen/l, and 1.5 g type III collagen/l has been reported (Olsen
et al. 2003b). The use of synthetic genes optimized for P.
pastoris expression resulted in a 25% increase in product
accumulation (Bodo et al. 2004). Expression without the N-
propeptide yielded a correctly folded and hydroxylated
collagen molecule, resulting in a 20% increase in type III
rhC accumulation compared to the expression of the same
molecule with the N-propeptide. This result indicates that
the N-propeptide does not play an essential role in collagen
assembly. Substitution of the C-propeptide with a short
bacterial polypeptide, foldon, involved in the assembly of
phage T4 fibritin, resulted in the efficient formation of triple-
helical rhC (Pakkanen et al. 2003). Production of stable
tetrameric P4H is enhanced by the expression of collagen
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polypeptides as the substrate increases the half-life of P4H
(Vuorela et al. 1999). No active P4H is formed in P. pastoris
when the P4H α subunit is expressed alone. Expression of
the animal P4H β subunit is essential for P4H activity in P.
pastoris, suggesting that the endogenous P. pastoris protein
disulfide isomerase does not efficiently form tetramers with
recombinant human P4H α subunits. Cultures containing a
single copy of the P4H gene accumulated more rhC
compared to cultures containing multiple copies of the
P4H genes (Bodo et al. 2004).

The P. pastoris fermentation process was conducted in a
fed-batch mode at pH 6.0. Unlike most Pichia fermentation
processes, the fermentation of strains expressing rhC was
performed at 32°C. Using this temperature, it was found
that rhC yields were slightly lower, but the hydroxylation
of Y-position prolines was more efficient. The fermentation
process achieved high cell densities of >300 g/l wet cell
weight using stirred tanks sparged with oxygen (Bodo et al.
2004). Oxygen enrichment is critical to achieve full rhC
hydroxylation as the human P4H needs high concentrations
of molecular oxygen (Kivirikko and Pihlajaniemi 1998). A
chemically defined minimal media is used to achieve
process consistency and low cost, to avoid the use of
complex components susceptible to contamination, and to
produce an animal component-free product. To achieve
high biomass and product accumulation, a glycerol feed is
used to reach a wet cell weight of 300 g/l. The use of
hexametaphosphate and of 10 g/l ammonium sulfate was
determined to enhance growth (Bodo et al. 2004). The fed-
batch phase is followed by a methanol feed to induce
procollagen and P4H gene expression. The expression of
these products is under the control of the alcohol oxidase 1
promoter. Fig. 1 illustrates the accumulation of recombi-
nant type III procollagen in a P. pastoris fermentation.

The purification process for rhC from P. pastoris was
developed to avoid the use of chromatographic methods
and to deliver rhC with low endotoxin, host DNA, and host
cell impurity levels (Bodo et al. 2004). As P. pastoris
accumulates procollagen intracellularly, the cells are first
washed free of media salts by tangential flow filtration (500

kDa cut-off) and lysed by physical disruption. No signif-
icant procollagen proteolysis was detected during cell
disruption at acidic pH using procedures resulting in cell
breakage efficiency of 85 to 95% (Bodo et al. 2004). The
procollagen is converted to collagen by pepsin treatment at
4–8°C to remove propeptides and to degrade host cell
proteins. P. pastoris-derived recombinant human pepsin
was used for procollagen processing to avoid the use of
animal-derived pepsin, resulting in a rhC production pro-
cess completely free of animal-derived contaminants. The
soluble, processed rhC is separated from cellular debris by
sedimentation or filtration. Three salt precipitations are
then performed using different pHs resulting in highly
purified rhC preparation. The final removal of endotoxin
and trace amounts of host cell-derived impurities was done
by raising the pH of the preparation to 9.2 and adding
calcium salts to precipitate the contaminants. The residual
bioburden is removed by 0.2 μ membrane filtration. The
final bulk product is a solution of highly purified, sterile
filtered rhC in 0.01 M HCl ready for use in the products
discussed in Sect. 4 of this review.

Characterization of P. pastoris-derived rhC indicates that
the prolyl hydroxylation, measured as the ratio of hy-
droxyproline to proline plus hydroxyproline, is similar to
the levels obtained in tissue-derived collagen. The com-
pleteness of the prolyl hydroxylation is also reflected in the
similarity between the melting temperature (Tm) as mea-
sured by circular dichroism of tissue-derived collagens
with the P. pastoris-derived rhC (Olsen et al. 2003b). The
Tm of P. pastoris-derived types I and III rhC and bovine
type I collagen was 40.5, 40.3, and 42.6°C, respectively.
Comparison of purified type I, II, and III rhC with bovine
type I collagen by sodium dodecyl sulfate–polyacrylamide
gel electrophoresis (SDS-PAGE) indicated that over half of
the bovine collagen is covalently cross-linked as dimers,
trimers, and higher order molecular aggregates. The rhC
consists predominately of monomers with only 5–10% of
the material appearing as covalently cross-linked dimers
(Olsen et al. 2003b). The rhC is a more homogeneous
preparation than collagen obtained from tissues. Transmis-

Fig. 1 SDS-PAGE analysis
of PC-type III collagen (type
III procollagen with the N-
propeptide sequence deleted)
expression. P. pastoris strain
ΔNsCIIIz1-10 was fermented
at the 20-l scale. Aliquots were
harvested at the indicated times,
and lysates were prepared in
0.1 M Tris–HCl pH 8.0, 0.2 M
NaCl by glass bead lysis. The
lysates were reduced with
β mercaptoethanol and frac-
tionated on a 4–12% Tris–
glycine gel and stained
with Gelcode Blue
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sion electron microscopy analysis of rhC fibrils formed at
neutral pH in phosphate buffer indicates that the fibrils
have the characteristic banded pattern typical of native
collagen. Fig. 2 illustrates the structure of fibrils formed
from rhC III.

The rhC products derived from Pichia were shown to
have excellent biocompatibility as determined in animal
studies (Yang et al. 2004). The rhC was also tested for a
wide array of potential contaminants including host cell
protein, residual pepsin, host cell DNA, residual carbohy-
drate, bioburden, endotoxin, and heavy metals. Based on
the low levels of these impurities, the collagen was suitable
for intradermal injection in humans.

Production of recombinant collagens in S. cerevisiae

Stable heterotrimeric type I rhC has been produced by co-
expressing the α1(I) and α2(I) procollagen genes in S.
cerevisiae with chicken P4H (Toman et al. 2000). The S.
cerevisiae-derived rhC heterotrimer was resistant to pro-
teases at temperatures as high as 40°C. The hydroxyproline
levels were 82% of values for tissue-derived collagen.
Supplementation with glutamate was required to obtain
high expression levels of type I procollagen. Another study
involving type I rhC coexpression with chicken P4H
indicated that triple helical conformation could be obtained
even if both N- and C- propeptides are removed (Olsen et
al. 2001). This result indicated that propeptides are not
required for triple-helical folding and that their presence
may limit rhC expression in S. cerevisiae. However, the
ratio of pepsin-resistant α1(I) and α2(I) chains was 5:1, not
2:1 as in native type I collagen. The interpretation of this
result is that both homotrimeric and heterotrimeric type I
collagen species are produced in the same amount. Col-
lagen fibrils with the characteristic-banding pattern seen
in native collagen were prepared using the S. cerevisiae-
derived rhC expressed without either propeptide.

A fragment of the human type III collagen helical
domain was expressed in S. cerevisiae in a triple helical
form (Vaughn et al. 1998). Expression was achieved by
coexpressing the 255 amino acid collagen fragment of

the helical domain with the complete C-telopeptide and
C-propeptide domains with human P4H. The hydroxyl-
ated proline/nonhydroxylated ratio was 0.37 compared
with the expected 0.81 in the corresponding human col-
lagen fragment.

Microbial recombinant gelatins

The current process for manufacturing gelatin involves the
extraction of collagen from tissue and its conversion to
gelatin. This process yields a heterogeneous mixture of
polypeptides that differ in both size and charge. The use of
microbial systems to make rG has led to an alternative
strategy. This strategy, illustrated in the examples below,
consists of directly generating rG by expressing collagen
gene fragments of specified length and composition.
Studies using these collagen fragments indicated that
they can be used as replacement for animal-derived gelatin
for many of the current medical applications of gelatin
(Olsen et al., unpublished data; Olsen et al. 2005).

Production of recombinant gelatins in P. pastoris

P. pastoris strains were engineered to secrete rG as collagen
fragments with defined molecular weights and pI. These
rGs exhibit lot-to-lot reproducibility, and the expression
systems allow tailoring of the rG by genetic engineering to
match specific applications. In addition, the use of high
productivity P. pastoris-based rG processes results in low
cost and the possibility to deliver the large amounts of
material required for several gelatin applications. Approxi-
mately 50,000 metric tons of gelatins are used annually for
medical use. Over 80% of this material is used in capsule
production, with the rest used for injectable formulations
and medical devices.

A series of rGs produced as fragments of the human pro
α1(I) chain ranging in size from 56 to 1,014 amino acids
are secreted by P. pastoris in high density fermentations
(Olsen et al. 2000; Olsen et al. 2003b). The S. cerevisiae α-
mating factor was used as the signal peptide to direct these
fragments to the yeast secretory pathway. N-terminal se-
quencing demonstrated that accurate yeast secretion signal
peptide processing takes place. The purification process to
produce rG suitable for use as a human injectable product
consists of cell separation, precipitation, solvent extraction,
filtration, and ion exchange chromatography. Characteriza-
tion of the resulting product indicated greater than 95%
purity by SDS-PAGE densitometry analysis with no single
impurity over 0.5%. As described above for rhC from
P. pastoris, very low levels of potential contaminants were
detected using a battery of analytical assays (Olsen et al.
2003).

A low molecular weight P. pastoris-derived 8.5 kDa rG
with a pI of 9.4 was developed for use as a stabilizer for
various injectable biologics (Olsen et al. 2003a; Olsen et al.
2005). Characterization of the secreted 8.5 kDa rG by
cation exchange chromatography indicated the presence

Fig. 2 Transmission electron micrograph of glutaraldehyde cross-
linked rhCIII. rhCIII expressed in P. pastoris was purified, and fibrils
were formed in 20 mM phosphate buffer pH 7.4, 0.15 M NaCl and
cross-linked with 0.0035% glutaraldehyde. The fibrils were collected
by centrifugation, embedded in EPON resin, sectioned, and nega-
tively stained with uranyl acetate. Fibrils were analyzed using a
Phillips 12 CM transmission electron microscope. The magnification
of the photograph is 10,000x
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of eight charge isoforms; 75% of the expressed gelatin was
either phosphorylated or truncated at the C-terminus. Al-
anine-scanning mutagenesis was used to identify the
modified amino acids responsible for the charged variants,
and an engineered 8.5 kDa rG product free of these
modifications was produced (Olsen et al. 2005). This
product has been successfully evaluated by human safety
studies.

The high level expression and secretion of rat type III and
mouse type I collagen fragments ranging in size from 21 to
53 kDa has been reported in P. pastoris. One of these
fragments, a 21 kDa rG derived from the helical domain of
rat type III collagen, was secreted at one of the highest
accumulation levels for a secreted heterologous protein ever
obtained from recombinant yeast: 14.8 g/l (Werten et al.
1999). Proteolytic degradation was minimized by con-
ducting the fermentation at pH 3, the addition of extracts
containing amino acids, and protein engineering to alter the
amino acid sequence. The accumulation of 14.8 g/l was
obtained using a strain containing 15 copies of the coding
sequence per cell. Single-copy transformants accumulated
rG in the range of 3 to 6 g/l (Werten et al. 2001). These
secreted rGs could be purified to near homogeneity by
differential ammonium sulfate precipitation.

Production of recombinant gelatins in S. cerevisiae
and Hansenula polymorpha

Secretion of rG has been reported in H. polymorpha but at
lower accumulation levels compared to P. pastoris (de
Bruin et al. 2000). Secretion of an endogenous collagen-
like protein and a heterologously expressed collagen frag-
ment hydroxylated in the Y position of Gly-X-Y triplets
was reported using H. polymorpha without coexpression
of P4H (de Bruin et al. 2002). Hydroxylated rG accu-
mulation occurred in both constitutive, glucose-fed fer-
mentations, and methanol-induced fermentations, but only
when a complex nutrient source (peptone) was added to the
media. No hydroxylation was obtained when the fermen-
tation was conducted with a medium containing only salts
and methanol. In contrast, when the same fragment was
expressed in P. pastoris in the presence of peptone, no
hydroxylation occured, indicating the presence of an endog-
enous P4H activity specific to H. polymorpha. This ac-
cumulation of hydroxylated rG represents the first report of
an endogenous yeast prolyl hydroxylase activity and of an
endogenous yeast-derived collagen-like protein. The smut
fungus Microbotryum violaceum also produces an endog-
enous collagen-like protein (Celerin et al. 1996). Cell
fracionation data suggest that in both systems, these fungal
collagen-like proteins are cell-surface attached.

Production of recombinant gelatin in bacterial systems

The production of gelatin using Escherichia coli has seen
limited success. Bovine collagen α2 (I) chain fragments
ranging in size from 93 to 245 amino acids were expressed

in E. coli using the T7 promoter as a fusion protein con-
taining a 6-histidine tag and a portion of the phage T7 gene
10 leader (Hori et al. 2002). No information was provided
about the accumulation levels or purification yields, but
enough material was produced to test the reactivity of rGs
with antigelatin antibodies. A totally synthetic gelatin made
of 32 repeats of the sequence Gly-Pro-Pro fused to bac-
teriophage protein CII was expressed in E. coli as a 22 kDa
fusion protein under the control of the thermoinducible
lambda pL promoter (Goldberg et al. 1989). This fusion
protein containing the synthetic gelatin was shown to
accumulate in inclusion bodies. Genetic inhibition of the
heat shock response of E. coli significantly stabilized the
expressed synthetic gelatin product. The expression of
other synthetic gelatin-like proteins in E. coli had been
reported in low yield because of the apparent instability of
these highly repetitive genes in E. coli (Cappello et al.
1990; Cappello 1990).

An E. coli strain was engineered for the cotranslational
incorporation of hydroxyproline to accumulate fragments
as well as full-length type I rhC (Buechter et al. 2003). This
was achieved by growing an E. coli culture engineered for
increased prolyl aminoacyl-tRNA synthase accumulation
in a hyperosmotic media supplemented with hydroxypro-
line. The resulting α1(I) collagen fragment was different
from tissue-derived collagen in that hydroxyproline was
present at both X and Y positions of the Gly-X-Y triplets.
The expressed collagen fragment was assembled into a
triple helix as determined by circular dichroism analysis.
By supplementing the cultures with a mixture of hydroxy-
proline and proline and using genetic approaches, the
authors speculate that it may be possible to control the level
and specificity of hydroxyproline incorporation. Accumu-
lation of the collagen chain fragment polypeptide did not
occur using a hyperosmotic media containing only proline
or rich media.

Recently, an active human P4H tetramer was expressed
in E. coli (Neubauer et al. 2005). Production of active enzyme
required a strain of E. coli with a relatively oxidizing
cytosol (Kersteen et al. 2004). This result indicates that it
may be possible to generate prolyl hydroxylated collagen
chain fragments in E. coli by P4H coexpression.

Artificial gelatins comprising tandemly repeated 30-
amino acid peptide units derived from type I collagen
sequences were successfully expressed using B. brevis
(Kajino et al. 2000). The artificial gelatins containing the
eight-unit and six-unit repeats were secreted at levels as
high as 0.5 g/l. Product was recovered by ammonium
sulfate fractionation and anion-exchange chromatography.
The purified artificial gelatins had the predicted N-terminal
sequences and amino acid compositions.

Commercial use of yeast-derived recombinant collagens
and gelatins

rhC and rG are being evaluated for use in many medical
devices and pharmaceutical products. P. pastoris-derived
rhC can self-assemble into fibrils that can be used directly
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or can be fabricated into other structural forms (e.g.,
porous matrices, films, gels, or sponges) (Yang et al.
2004). In a 3-D sponge matrix, P. pastoris-derived rhC was
shown to have superior mechanical integrity, greater
surface area, and increased hemostatic activity in animal
models compared with the same structure made from
bovine type I collagen. In addition, subcutaneous implan-
tation studies in rats indicated that the animal-derived
collagen sponges induced an inflammatory response, while
the rhC sponges were more biocompatible (Yang et al.
2001; Yang et al. 2004). Sponges made from P. pastoris-
derived type I rhC are less porous and more resistant to
bacterial collagenase compared to animal-derived collagen
sponges (Yang et al. 2004). These properties allow P.
pastoris-derived rhC to provide a suitable matrix for tissue-
engineering application such as repair or replacement of
failing or aging body parts and treatment of periodontal
disease. Sponges containing recombinant P. pastoris-
derived type II collagen may be a natural choice as a
carrier for chondrogenic growth factors for cartilage repair
(Yang et al. 2004). P. pastoris-derived rhC was also used to
prepare collagen membranes that could be used for dural
closures, wound dressings, reinforcement and support of
weak tissues, and guided tissue regeneration. A P. pastoris-
derived rhC I matrix was shown to be effective as a dermal
layer (Yang et al. 2004).

Studies indicated that knitted DACRON vascular grafts
coated with rhC III provide a suitable substrate for cell
attachment and spreading (Olsen et al. 2003b). The use of
collagen-coated stents may provide supplementary func-
tions such as local drug delivery, gene transfer, reduction
of operative blood loss, and facilitation of endothelial cell
in-growth. Drugs may be incorporated into or added to
the collagen matrix for drug delivery applications. The
use of rhC offers the opportunity to develop products en-
abling process standardization and consistent drug delivery
output.

Studies had shown that rhC and rG can be used as sub-
strates for attachment of various cell types (Yang et al.
2004). Vero cells are routinely grown on gelatin-coated
microcarriers to prepare high-titer viral stocks for vaccines.
The growth of Vero cells on rG-coated and animal gelatin-
coated macrocarriers was shown to be similar. Microscopic
evaluation showed cells on the surface of both the original
beads and smaller diameter beads added to the culture after
the cultures were confluent, demonstrating the effective
expansion of the culture in a bioreactor without using an
animal-derived protease, such as trypsin to passage cells
(Olsen et al. 2003b).

A low molecular weight 8.5 kDa P. pastoris-derived rG
was shown to be equivalent to animal-derived gelatin as a
stabilizer of an influenza virus (Olsen 2004). The im-
munogenicity profile of this rG was tested using serum
from children with confirmed gelatin allergies. Antibodies
recognizing bovine and human collagens did not recognize
P. pastoris-derived 8.5 kDa rG, indicating its low allergenic

potential. Animal studies indicated the potential use of P.
pastoris-derived rG as a safer resuscitation fluid, providing
an alternative to animal-derived gelatin and human serum
albumin (Olsen et al, unpublished data). P. pastoris-derived
rhG could also be used to replace the gel-forming gelatins,
such as those used in foods, capsules, and other applications
(Olsen et al, unpublished data). Replacement of animal-
derived gelatin with a safer, higher quality product has been
a difficult challenge for the capsule industry. Gelatin has
certain attributes, such as viscosity and gel strength, making
it a unique material for producing capsules that dissolve at
physiologically relevant temperatures and pH.

Conclusion

This review discussed the use of recombinant microbial
expression systems as a cost-effective, scalable production
technology suitable for manufacturing two novel bioma-
terials with consistent quality and improved safety: rhC and
rG. Recombinant microbial technology has been proposed
for the production of other important protein-based bio-
polymers such as elastin and dragline spider silk. Some of
these biopolymers can only be commercialized using re-
combinant technology (silk, gelatin as defined collagen
fragments); in other cases, the use of recombinant tech-
nology provides attractive substitutes for animal and
human tissue-derived biomaterials, especially for use in
pharmaceutical applications. The technology also enables
the engineering of biopolymers to improve the perfor-
mance of products containing these biomaterials.

P. pastoris was demonstrated to be an effective pro-
duction system for the manufacture of rhC and rG. Four
important aspects of this production system that are critical
for the commercialization of recombinant protein-based
biopolymers were discussed: first, the accumulation of high
levels of recombinant protein, 1 to 1.5 g/l for rhC and 3 to
14 g/l for rG; second, the proper intracellular assembly of
triple helical rhC and the secretion of intact rG fragments;
third, the posttranslational modification of collagen by co-
expression of P4H to obtain the required structure and
stability; and finally, the recovery of material suitable for
diverse medical applications such as tissue engineering,
resuscitation fluids, capsule manufacturing, stabilization of
pharmaceutical formulation, and hemostats could be achieved
with these systems. In addition to P. pastoris, rG can be
produced as collagen fragments with defined molecular
weight, composition, and physiochemical properties using
S. cerevisiae, H. polymorpha, E. coli, and B. brevis.
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