
ARTICLE

Recombinant collagen polypeptide as a versatile
bone graft biomaterial
Hideo Fushimi 1,3✉, Takahiro Hiratsuka1,3, Ai Okamura1, Yoshitaka Ono1, Izumi Ogura1 & Ichiro Nishimura2

Autografts and allografts are currently considered the gold standard for grafting surgery;

however, to meet the growing demand in fast-aging societies, synthetic biomaterials will play

an increasingly important role. Here we report a biodegradable scaffold material composed of

recombinant polypeptide based on the human type I collagen alpha 1 chain (RCPhC1) as a

source of hydrogel-based graft materials. The flexibility to engineer ideal characteristics for

bone grafts was demonstrated. The critical internal isotropic pore structure was generated

through a designed thin-layer freeze casting process. The optimized biodegradation rate was

controlled by dehydrothermal crosslinking by adjusting the amino acid composition of

RCPhC1. As a result, RCPhC1 bone grafts manufactured by a highly scalable streamlined

production protocol induced robust regeneration of mature bone tissue while being com-

pletely resorbed in pre-clinical animal models.
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The loss of tissue volume and its specific function is a
hallmark of the pathological challenges of injury, chronic
inflammation, and tumor ablation surgery, as well as of

metabolic and genetic diseases. Severe bone loss is one of the
most frequently experienced disease complications. Bone tissue
actively regenerates its voids through proliferation and osteogenic
differentiation of resident mesenchymal stromal/stem cells
through available regulatory signals1. However, larger bone
defects or pathological fracture often require surgical intervention
to repair and rebuild diseased or damaged bone with appropriate
bone graft materials2. Approximately 2.2 million bone graft
procedures are performed annually in the world3. The global
market for bone grafts and substitutes now exceeds US$2.5 bil-
lion, including over US$500 million for dental and craniofacial
applications4.

Human bone tissue is composed of organic extracellular matrix
(ECM) and crystallized calcium and phosphorus minerals form-
ing hydroxyapatite. Bone graft materials are designed to mimic
the structure or biochemical components of bone tissue. Auto-
logous bone graft has been used for bone defects due to its
combined osteogenic property and minimal immunological/
infectious concerns5. However, limited availability and compli-
cations at the donor site have deterred the widespread use of
autologous bone graft. Allografts are considered the primary
alternative bone graft material6. Decellularized bone allografts
exhibit the physical property of cancellous bone that maintains
interconnecting porosity reaching 50–90%. The interconnecting
porosity increases the surface area of these grafting materials and
is considered beneficial for bone ingrowth7. Demineralized bone
allograft is a biodegradable natural polymer primarily composed
of bone collagen ECM, which provides a scaffold for cellular
migration and tissue regeneration8.

Bone graft procedures are expected to increase in line with
bone-related injuries and diseases in fast-aging societies. In the
last decade, decellularized and demineralized bone allografts have
rapidly increased to become the primary choice of bone graft
materials, accounting for one-third of all bone grafts performed
in the US9. However, the supply of bone allografts may not keep
pace with the projected demand for bone grafts and substitutes in
the future. While the risk is small, concerns regarding individual
inconsistency of allografts and possible disease transmission have
not been completely eliminated10. Therefore, there is an urgent
need to develop new bone graft materials without using human or
animal tissue for the healthcare industry.

Synthetic bone graft materials are available; however, their
efficacy has not been fully established in various applica-
tions6,11,12. The major challenge includes inflexibility of engi-
neering control in bone mineral substitutes such as
hydroxyapatite and calcium phosphate materials as well as syn-
thetic polymer materials. Here we report a recombinant poly-
peptide based on the human type I collagen alpha 1 chain with
sequence modifications (RCPhC1), which was developed to be a
versatile source material highly suitable for flexible engineering
controls to manufacture synthetic bone graft. RCPhC1-based
bone graft was produced as highly porous granules with opti-
mized biodegradation rate. Preclinical studies using rodent and
canine bone defects demonstrated the high efficacy of RCPhC1
bone graft, which rapidly regenerated sizable bone tissue with
structural maturity.

Results
Recombinant polypeptide based on human type I collagen
alpha 1 chain (RCPhC1). Type I collagen is one of the most
abundant proteins widely expressed in connective tissues and
interstitial membranes, and is also the major organic component

of bone tissue13. The proper protein sequence of type I collagen
plays an integral role in the mechanical strength of bone14,15.
Natural hydrogel products for a wide range of medical and cos-
metic applications contain type I collagen of animal origin such as
bovine, porcine or marine (fish)16. We set out to design medically
relevant recombinant type I collagen polypeptide.

The protein sequence of human type I collagen alpha 1 chain
from 716 to 779 (GenBank P02452) was used to design RCPhC1.
Four overlapping collagenous fragments of 716–757, 722–772,
731–778, and 722–769 were fused to construct a core peptide,
which was then tandemly repeated. This molecular design
resulted in the increase of Lys, an amino acid residue that is
critical for dehydrothermal crosslinking in downstream engineer-
ing flexibility (Table 1). To prevent undesired post-translational
modification by the host yeast strain Pichia pastoris, amino acid
residues Thr and Ser were substituted by Leu or Ala.
Furthermore, selected Asp residues were substituted by Glu to
prevent protein degradation. As a result, RCPhC1 is composed of
571 amino acid residues with repeated Gly-X-Y (Fig. 1a). Due to
amino acid substitutions, the RCPhC1 sequence is not identical to
the original fragment of human type I collagen alpha 1
chain (716–779). The pentapeptide unit is a common minimal
amino acid sequence critically involved in peptide-protein
interaction and immune recognition17. Accordingly, the core
fragment of RCPhC1 was screened for sequence homology and
it was found that pentapeptides including all amino acid
substitutions matched the human collagen amino acid sequences
(Fig. 1a). Thus, RCPhC1 is considered not to possess
immunogenicity.

The cDNA encoding RCPhC1 was cloned into pPICZ
expression vector (Supplementary Table 1) and transfected to
Pichia pastoris to generate master and working cell banks.
RCPhC1 was synthesized in a good manufacturing practice
(GMP) facility. The amino acid composition of the synthesized
RCPhC1 was confirmed to be as designed. RCPhC1 lacked Thr
and Ser residues and increased Lys residues as compared to
commercially available porcine, bovine and marine (fish)
collagen/gelatin materials (Table 1).

The genetic stability of the working cells was determined in
genomic DNA, which maintained its fidelity after each of four
repeated fermentations (Fig. 1b). Three batches of RCPhC1 were
analyzed by liquid chromatography. There were three distinct
reverse-phase peaks that were found to carry oxidized
Met residues. The separate batches of RCPhC1 produced identical
reverse-phase peaks (Fig. 1c), confirming the reproducibility of
recombinant peptide synthesis. The reproducibility of
RCPhC1 synthesis was also determined using these separate
batches by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE), which showed a consistent single band of
63 kDa (Fig. 1d). The calculated molecular weight of RCPhC1 was
51 kDa. We further determined the molecular weight of RCPhC1
by electrospray ionization-mass spectrometry. The result indi-
cated the molecular weight to be 51,189 ± 30 Da. Therefore, the
molecular weight discrepancy in SDS-PAGE was not caused by
post-translational modification but was thought to be due to the
basic nature of RCPhC1 protein.

Pichia pastoris is a commonly used organism for the high-level
production of recombinant proteins18,19. However, Asn-Xaa-Ser/
Thr sequences are often subjected to post-translational glycosyla-
tion20, which has been shown to increase immunogenicity of
recombinant products21–24. RCPhC1 is not a glycoprotein by
design and its sequence does not include Thr and Ser. We carried
out carbohydrate content analysis to ensure the absence of
glycosylation (Fig. 1e). The manufactured RCPhC1 was con-
firmed by gel permeation chromatography to be highly purified
(Fig. 1f).
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The RCPhC1 production process and its protein structure were
extensively characterized elsewhere25–27 (Supplementary
Tables 2–5 and Supplementary Figs. 1 and 2). It must be noted
that RCPhC1 lacked N- and C-terminal telopeptides. During the
natural collagen fiber formation, the C-terminal telopeptide
provides the helix nucleation, alignment and propagation of
collagen triple helix super structure28. As anticipated, RCPhC1
did not form triple helix structure at 37 °C as Circular Dichroism
at 230 nm showed negative rotation (Supplementary Fig. 2).

Thin-layer freeze casting (TLFC) for isotropic ice-templated
structures. The internal structure of graft materials is an
important engineering factor to attain the specific requirement of
the target tissue29. Collagen, gelatin and other hydrogel materials
have been processed through a combination of freeze casting and
dehydrothermal crosslinking30. Freeze casting can produce var-
ious internal pore structures templated by ice crystals. The set
cooling rate, final set freezing temperature and freezing time are
the primary controlling factors of ice nucleation and crystal-
lization31. The conventional freeze casting protocol uses a freezer
block (Fig. 2a), which generates different cooling profiles at the
bottom of the cooling cup and the solute surface (Fig. 2b). This
discrepancy in freezing profile results in unidirectional solidifi-
cation in the direction of depth of the cooler cup and anisotropic
internal structure32–34 (Fig. 2c). Target tissues such as tendon and
peripheral nerve possess an extracellular matrix with an inherent
anisotropic structure, which has been regenerated by hydrogel
scaffolds with anisotropic internal structure35–37. In our study,
the anisotropic ice-templated pore structure was found to
be associated with a zone of submicron pores at the bottom of the
cooler cup (Fig. 2c). RCPhC1 sponge with submicron pore
structure prohibited cell migration and bone formation in a rat
calvarial bone defect model38,39 (Supplementary Fig. 3).

Nucleation is stochastic by nature; however, ice crystal growth
is sensitive to the heat flow within the system. The heterogeneity
in pore structures by the conventional ice-template process is
thought to be due to the different freezing characteristics between
the solute surface and the bottom of the cooler cup. To generate a
uniform and isotropic pore structure, we designed a thin-layer

freeze casting (TLFC) protocol. TLFC generated a similar freezing
profile at the solute surface and the bottom of the container
(Fig. 2d). As a result, isotropic pores were formed while
preventing the submicron pore structure at the bottom. Due to
the minimized heat flow within the system, TLFC was able to
simplify the engineering control factor as described below.

First, the effect of cooling duration and minimum temperature
was evaluated for the development of uniform pores (Fig. 2e). It
was suggested that a minimum temperature of −10 °C or less
contributed to pore uniformity, which was not affected by cooling
duration (Fig. 2e). Next, the pore size distributions were evaluated
for the cooling block temperature. When the cooling block
temperature was set below −60 °C, small pores of less than
100 µm tended to form (Fig. 2f). Scaffold materials with small
pores of average diameter between 10 µm and 100 µm were
reported to prevent skin wound contraction29. By contrast, the
optimal pore size of scaffold materials supporting skeletal
tissue regeneration was reported to be 210 ± 40 µm40 and
250–420 µm41. Therefore, a tissue-specific RCPhC1 scaffold
may be fabricated by controlling the cooling block temperature.
Finally, the effect of engineering protocols on the porosity and
thickness of the RCPhC1 scaffold was evaluated by water
absorption rate and acid decomposition rate. The TLFC appeared
to generate a larger number of pores with thin walls as indicated
by the larger water absorption rate and acid composition rate
(Fig. 2g). The conventional anisotropic structure appeared to be
less porous with thick walls as indicated by the smaller water
absorption rate and acid composition rate. RCPhC1 scaffold
subjected to mechanical stirring generated forms, which showed
different characteristics that resisted acid decomposition (Fig. 2g).
Taken together, we developed a versatile freeze casting protocol to
generate RCPhC1 scaffold having various internal structures.

Dehydrothermal crosslinking profile. Collagen-based scaffolds
are crosslinked to varying degrees, and the degree of crosslinking
controls the mechanical strength42,43 and biodegradation rate44.
Various crosslinking methods have been reported including
hydrothermal, chemical, and photochemical treatments45,46. In
this project, after the TLFC process, the ice crystals were removed

Table 1 Amino acid composition of RCPhC1 and commercially available porcine, bovine, and marine (fish) collagen/gelatin
products.

Amino acid RCPhC1 (%) Porcine skin (%) Bovine skin (%) Bovine bone (%) Marine (Fish) (%)

Gly 33.5 33.0 33.2 33.5 34.2
Ala 15.4 11.2 11.2 11.7 12
Val 1.6 2.6 2.0 2.2 1.9
Leu 5.8 2.4 2.3 2.4 2.1
Ile 1.1 1.0 1.2 1.1 0.9
Ser 0.0 3.5 3.6 3.3 3.5
Thr 0.0 1.8 1.7 1.8 3
Asp 5.8 4.5 4.6 4.7 4.3
Gln 2.1 0.0 0.0 0.0 0.0
Glu 4.2 7.2 7.1 7.3 5.7
Cys 0.0 0.0 0.0 0.0 0.0
Met 1.6 0.4 0.6 0.4 1.0
Lys 5.8 2.7 2.8 2.8 2.7
Hyl 0.0 0.6 0.6 0.4 0.6
Arg 5.8 4.9 4.6 4.8 5.4
His 0.0 0.4 0.5 0.4 0.4
Phe 0.0 1.3 1.2 1.4 1.4
Tyr 0.0 0.3 0.2 0.1 0.2
Pro 17.5 13.1 12.9 12.4 13.3
Hyp 0.0 9.1 9.7 9.3 7.4

Asp and Glu residues are dehydrothermal crosslinked with Lys/Hyl residues.
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and RCPhC1 sponge was subjected to dehydrothermal cross-
linking treatment. Dehydrothermal crosslinked RCPhC1 sponge
was first tested by acid decomposition to evaluate the effect of
crosslinking temperature and crosslinking duration (Fig. 3a).
The result suggested that the crosslinking degree was not
significantly affected by crosslinking temperature when it was
above 120 °C (Fig. 3b). Considering the sterilization of down-
stream RCPhC1 product, the crosslinking temperature was set
at 130 °C. The downstream product was tested for microbial
contamination and this temperature was shown to be effective for
dry heat sterilization in the manufacturing process (data not
shown).

By contrast, the crosslinking duration was linearly associated
with the crosslinking degree of RCPhC1 up to 10 h (Fig. 3c). We

compared the dehydrothermal crosslinking profiles of RCPhC1
and commercially available porcine gelatin material. While the
crosslinking rate of RCPhC1 rapidly increased as demonstrated
by increasing survival rate of acid decomposition treatment,
porcine gelatin material exhibited a significantly slow crosslinking
profile (Fig. 3c). Porcine gelatin material required 72 h of heat
treatment in order to achieve similar physical characteristics as
RCPhC1 after 7 h of dehydrothermal crosslinking (Fig. 3d).
However, the dehydrothermal crosslinked porcine gelatin mate-
rial was mechanically weaker than similarly dehydrothermal
crosslinked RCPhC1 (Fig. 3e).

We postulated that the unique amino acid composition of
RCPhC1 including the increased number of crosslink sites
(Table 1) contributed to its robust dehydrothermal crosslinking

10                 30                  50                 70                 90                 110               130                150                                                                         
sec

Peak 1

Peak 2

Peak 3

Fig. 1 Molecular design and synthesis of recombinant polypeptide RCPhC1. a The peptide sequence of RCPhC1 shows Gly-Xaa-Yaa repeats with amino
acid substitutions (red). All peptide fragments (minimum penta sequences) containing the amino acid substitutions (double head arrows) were matched
with human collagen sequences. b Genomic DNA stability in the working cell bank. After each of four consecutive fragmentations, genomic DNA was
isolated (lanes 1–4) and compared with the original genomic DNA (lane 5). The right panel, Southern blot hybridized with the AOX1 promoter probe.
c Reproducibility was analyzed by liquid chromatography. The reverse-phase profile showed three peaks, which were consistently identified in three different
batches (H2, K3, and L). d Reproducibility was also evaluated by SDA-PAGE. The single band of three different batches also suggested the absence of post-
translational modification. e The absence of post-translational glycosylation. f Gel permeation chromatography confirmed the high purity of RCPhC1.
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efficiency. The crosslinked RCPhC1 (130 °C for 7 h) was treated
with trypsin and subjected to liquid chromatography-mass
spectrometry (LC-MS). The peptide sequences of trypsin-
digested dehydrothermal crosslinked RCPhC1 (Fig. 3f) were
consistent with those of untreated RCPhC1 (Supplementary
Table 2) suggesting that the amino acid content of RCPhC1
was not altered during dehydrothermal crosslinking process.
Peptide fragments of RCPhC1 containing Asp and Glu were

co-recognized with peptide fragments containing Lys (Fig. 3f),
supporting our hypothesis and further suggesting that the
crosslinking took place at multiple sites in a single molecule.
The significantly less effective dehydrothermal crosslinking
profile of porcine gelatin material was not explained only by
the amino acid composition. We speculate that the uniformity of
RCPhC1 may also play an important role in its effective
dehydrothermal crosslinking profile.
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Optimization of engineering controls for rapid bone regen-
eration: RCPhC1 concentration, freezing temperature and
crosslinking temperature. Next, we optimized the RCPhC1
material for bone grafting. Hydrogel concentrations can modulate
the viscosity of the solute affecting the ice-template structure32,47.
The optimal ranges of RCPhC1 concentration and TLFC freeze
temperature were determined by the volume of graft-induced

bone in the rat calvarial bone defect (Fig. 4a). The dehy-
drothermal crosslinking condition was tentatively set at 130 °C
for 7 h. Micro computed tomography (microCT)-based bone
volume over total volume (BV/TV) measured at 4 weeks after
grafting indicated that the range of RCPhC1 concentration of
7.5–9%, and range of freezing temperature of −40 to −60 °C
appeared to be the optimal conditions (Fig. 4b). Further

Fig. 2 Engineering control factors to develop isotropic ice-templated structures by thin-layer freeze casting (TLFC). a Diagram of freeze casting
apparatus. b Typical temperature measurement of the bottom of the cooling cup (blue) and the solute surface (red) during the freeze casting process.
There was a significant discrepancy between the cooling cup and the solute surface during the freezing period. c Diagram of anisotropic ice-templated
structure and the actual RCPhC1 microstructure containing the small pore zone. Scale bar equals 500 μm. d TLFC reduced the temperature discrepancy
between the cooling cup (blue) and the solute surface (red) during the freezing period. e The effect of minimum temperature and cooling duration on the
isotropic internal pore structure. The uniform pore structure (blue) developed when the minimum temperature was below −10 °C, but was not affected by
the duration of cooling. The irregular internal pore structure (red) more frequently developed when the minimum temperature was above −10 °C. Scale bar
equals 500 μm. Green area shows the counts of uniformly freeze-dried cakes. Red area shows the counts of irregularly freeze-dried cakes. f The effect of
the block temperature on the internal pore size. Diamonds show median values. The lower block temperatures increased the number of small pores. Scale
bar equals 500 μm. g The internal structure developed by the stirring (red circles), anisotropic (green circles) and isotropic (blue circles) freeze casting
methods was evaluated by water absorption and acid decomposition analyses. RCPhC1 sponges were tentatively dehydrothermal crosslinked at 130 °C for
7 h. Blue lines in panels b and d indicate the temperature record from the thermocouple at the bottom of the solutions. Red lines indicate that at the surface
of the solution.

Fig. 3 Engineering factors affecting dehydrothermal crosslinking of RCPhC1 to control biodegradation rate and mechanical strength. a The effect of
crosslinking temperature and crosslinking duration on biodegradation rate evaluated by in vitro acid decomposition analysis. b Crosslinking temperature did
not linearly influence the acid decomposition survival rate. Considering the downstream sterilization, the crosslinking temperature was set at 130 °C.
c Crosslinking duration was found to be the predominant control factor, which linearly increased the acid decomposition survival rate of RCPhC1 up to 10 h.
Porcine gelatin material responded similarly to the crosslinking duration, albeit requiring a much longer duration. d Physical property of dehydrothermal
crosslinked RCPhC1. The equivalent physical property of dehydrothermal crosslinked porcine gelatin required 10 times longer crosslinking duration. e The
mechanical strength of dehydrothermal crosslinked RCPhC1 (130 °C, 7 h) was significantly higher than that of dehydrothermal crosslinked porcine gelatin
(130 °C, 72 h). Error bar represents s.d. f Dehydrothermal crosslinked RCPhC1 (130 °C, 7 h) was treated with trypsin and subjected to high-performance
LC. Co-migration of peptide fragments indicated multiple crosslinking sites.

ARTICLE COMMUNICATIONS MATERIALS | https://doi.org/10.1038/s43246-020-00089-9

6 COMMUNICATIONS MATERIALS |            (2020) 1:87 | https://doi.org/10.1038/s43246-020-00089-9 | www.nature.com/commsmat

www.nature.com/commsmat


characterization revealed that RCPhC1 concentration of 7.5%
(Fig. 4c) and cooling temperature of −40 °C (Fig. 4d) yielded the
best BV/TV value.

In addition, the dehydrothermal crosslinking duration was
optimized. The BV/TV value was significantly decreased when
RCPhC1 (7.5%; −40 °C) was treated at 130 °C for 18 h as
compared to 3.5 h and 7 h treatments (Fig. 4e). The RCPhC1

product of the 18 h protocol largely remained unresorbed in the
calvarial bone defect, which seemed to prevent the regeneration of
new bone. Furthermore, histological evaluation indicated that
RCPhC1 graft with heat duration of 3.5 h did not resist wound
compression (Fig. 4f), suggesting that this condition did not
produce the necessary mechanical property of the RCPhC1 graft.
Taken together, the optimum conditions for manufacturing
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RCPhC1 bone graft were solute concentration of 7.5%, TLFC at
−40 °C, and dehydrothermal crosslinking at 130 °C for 7 h.

RCPhC1 bone graft induced robust regeneration of vital bone
tissue in preclinical rodent and canine models. RCPhC1 was
synthesized in a GMP facility, then freeze-dried in a quality
system regulation (QSR) facility. Finally, RCPhC1 bone graft was
manufactured in a separate QSR facility using the optimal con-
ditions (Fig. 5a). The RCPhC1 bone graft was porous granules
with the size of 300–1200 µm (Fig. 5b). In the rat calvarial bone
defect, RCPhC1 bone graft robustly induced bone regeneration
within the internal pore structure, while gradually degrading
(Fig. 5c, Supplementary Fig. 4). The physical structure and
granule size of RCPhC1 bone graft were similar to those of a
commercially available bovine decellularized cancellous bone
xenograft. When bovine xenograft was implanted in the rat cal-
varial bone defect, no significant bone regeneration measured by
microCT (BV/TV) was found (Fig. 5d). Bovine xenograft was
integrated with the peripheral bone tissue of the defect; however,
xenograft granules were surrounded by fibrous tissue in the
center of the defect (Fig. 5e).

RCPhC1 bone graft was evaluated in a canine preclinical model
of tooth extraction. Similar to humans, the canine tooth
extraction socket undergoes a series of wound healing processes
inducing intramembranous bone formation primarily limited to
the internal surface of the bone socket, while the external surface
of alveolar bone is subjected to significant bone resorption,
causing serious problems for dental patients48. It has been
postulated that increased bone regeneration in the extraction
socket should preserve the alveolar bone49. The canine tooth
extraction socket has provided an ideal model to investigate the
effectiveness of bone graft materials such as autograft50,
decellularized allograft51, bovine decellularized xenograft52, and
synthetic bone graft53. Using a published protocol54, a canine
mandibular third premolar was hemisected and the distal root
was extracted. The remaining mesial root was endodontically
treated and served as a reference to determine the extraction
socket (Fig. 5f). The extraction socket that received RCPhC1 bone
graft showed increased bone formation at 12 weeks (Fig. 5g, h.
The 95% confidence interval was 1.25–13.80; degree of freedom
was 7; and p value was 0.025.). After 4 weeks of RCPhC1 bone
graft implantation, active bone regeneration was observed in the
pore structure (Fig. 5i, Supplementary Fig. 5). RCPhC1
appeared to be degraded or integrated in the newly formed bone
(Fig. 5i). After 12 weeks, RCPhC1 bone graft was largely replaced
by bone tissue. RCPhC1-induced bone contained a large number
of osteocytes and the bone marrow was highly vascularized
(Fig. 5i). These rodent and canine preclinical studies demon-
strated that RCPhC1 bone graft induced robust bone regeneration
activity.

The safety of RCPhC1 bone graft was evaluated in a separate
canine experiment, in which one group received RCPhC1 bone
graft in the tooth extraction socket and other animals served as
the empty control group. The histopathological report on
inflammatory cell infiltration in the cervical lymph nodes

downstream of the mandibular extraction socket (Supplementary
Table 6) as well as peripheral blood panel (Supplementary
Table 7) and blood chemistry (Supplementary Table 8) together
indicated no pathological changes caused by the implantation of
RCPhC1 bone graft.

Discussion
Type I collagen is the most abundant protein in vertebrate ani-
mals, maintaining the structural integrity of bone, skin and sur-
rounding connective tissue. During wound healing, collagen
scaffolds support cell proliferation and migration, which are
critical for the sound reorganization of lost tissue and functional
recovery. In recent decades, collagen-based hydrogels have been
extensively investigated for biological tissue substitutes and
scaffold biomaterials for tissue engineering55. Animal-derived
collagen extracts have been the primary source of hydrogel
materials in the medical field56 as well as in the food and cosmetic
industries57. However, the development of collagen-based bio-
materials as an implantable medical device has been challenging.

The limitation of animal collagen extracts is primarily due to
the lack of homogeneity of collagen fragments and the limited
engineering flexibility. Therefore, we designed and successfully
synthesized the recombinant collagen monomeric polypeptide
based on human type I collagen alpha 1 chain (RCPhC1) (Fig. 1).
Due to its amino acid substitutions and inherent homogeneity,
RCPhC1 was found to be a versatile source for manufacturing
implantable biomaterial scaffold with the desired specifications
(Figs. 2 and 3). RCPhC1 was previously commercialized as a
research reagent “RCP” in 4% solution or lyophilized powder
(CellnestTM, FUJIFILM Manufacturing Europe BV). Although
the marketing of CellnestTM has been discontinued, the RCP
reagent supported a range of investigations such as bioinspired
mineralization27,33 and scaffold carrier of stem cells58,59. The aim
of the present manuscript is to describe the detailed information
of RCPhC1 and the newly developed downstream engineering
processes leading to the bone graft material.

We optimized the simple but critical engineering control fac-
tors of the solute concentration of RCPhC1, TLFC freezing
temperature and dehydrothermal crosslinking duration. Instead
of relying on in vitro assays, our project systematically applied the
in vivo rat calvarial bone defect model to determine the optimal
engineering factors to manufacture RCPhC1 bone graft (Fig. 4).
The rat calvarial bone defect has been extensively utilized to
measure graft-induced bone formation. Bone marrow mesench-
ymal stem cells (MSC) are primarily responsible for regenerating
bone tissue in large defects. Bone graft materials are designed to
support MSC’s migration toward the defect area and provide a
microenvironment that stimulates their osteogenic differentia-
tion. However, this critical biological event has rarely been
achieved by allogeneic and synthetic graft materials. Therefore,
combined biologic graft products containing recombinant growth
factors were developed and tested in the rat calvarial bone defect
model60–62. Recently, this model was also used to evaluate the
effect of engineered stem cell grafting63–66. In the present study
we demonstrated that optimization of RCPhC1 graft materials

Fig. 4 Optimization of engineering control factors. a Optimization of combined factors of RCPhC1 solute concentration and TLFC block temperature, with
the tentative dehydrothermal crosslinking at 130 °C for 7 h. The optimal range was narrowed down to RCPhC1 concentration between 7.5 and 9% and
TLFC block temperature between −40 and −60 °C (red dotted block). b BV/TV measurements within the group of the optimal range of RCP1C1
concentration and cooling temperature. There was no statistical difference among groups. c The effect of RCPhC1 solute concentration on bone
regeneration. Scale bar equals 500 μm. d The effect of TLFC block temperature on bone regeneration. Scale bar equals 500 μm. e The effect of
dehydrothermal crosslinking duration on bone formation. (n= 7; Tukey’s multiple comparison test) (f). The effect of dehydrothermal crosslinking duration
on the maintenance of wound healing space in the rat calvarial bone defect. White arrowheads show defect edges. White dotted lines circle newly formed
tissue. Scale bar equals 500 μm. Horizontal lines in b, and e represents mean ± s.d.
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resulted in bone regeneration in the rat calvarial bone defect
without combining biologic components such as growth factors
and stem cells (Fig. 4, Fig. 5c). RCPhC1 bone graft exhibited an
ideal healing pattern of integration in the regenerating bone. By
contrast, decellularized bone xenograft was found to induce
fibrosis tissue, preventing the necessary bone regeneration
(Fig. 5d, e).

Regulatory approval of medical devices by the Food and Drug
Administration (FDA) generally requires evidence of efficacy and
safety in rodents as well as non-rodent preclinical animal models.
The purpose of using non-rodents is usually for confirmatory
experiments to facilitate extrapolation of the experimental results
to humans67. The preclinical canine model has been widely used
for bone graft materials68, particularly dental bone grafts53,69–71.
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Tooth extraction is the final treatment for dental caries, period-
ontitis and injury. According to the database of the Center of
Disease Control and Prevention, among adults in the US aged
20–64, the prevalence of loss of at least one tooth is over 50%,
increasing to over 75% in those aged 40–64 (https://www.cdc.gov/
nchs/products/databriefs/db197.htm), and even higher in adults
aged 65 and over; 27.27% of seniors have no remaining teeth
(https://www.nidcr.nih.gov/research/data-statistics/tooth-loss/
seniors). Dental bone graft has been shown to mitigate the post-
tooth extraction loss of jawbone72. The present study demon-
strated the effectiveness of RCPhC1 bone graft in inducing bone
regeneration in the canine tooth extraction socket while being
resorbed (Fig. 5).

In conclusion, the recombinant polypeptide of human type I
collagen alpha 1 chain with targeted amino acid substitutions
(RCPhC1) was demonstrated to be a source material for gen-
erating tissue-specific medical devices and graft scaffolds.
RCPhC1 not only inherently lacks animal- and cadaver-derived
infectious and disease pathogens but also provides significant
manufacturing versatility to precisely optimize the downstream
medical device configuration. RCPhC1 bone graft produced
through highly scalable processes exhibited robust bone regen-
eration in rodent and canine preclinical models without the use of
biologics and cellular combinatory products.

Methods
RCPhC1 synthesis and quality control. RCPhC1 was produced in the yeast Pichia
pastoris, using methods described in a patent, WO2008103041. Briefly, RCPhC1
was manufactured using recombinant technology and expressed by Pichia pastoris.
The protein sequence of RCPhC1 is composed of three units of the following four
sequence domains of human type I collagen α1 chain (GenBank accession number
P02452 version 4).

Fragment 1: amino acids 716 up to and including 757 of GenBank P02452
Fragment 2: amino acids 722 up to and including 772 of GenBank P02452
Fragment 3: amino acids 731 up to and including 778 of GenBank P02452
Fragment 4: amino acids 722 up to and including 769 of GenBank P02452
This RCPhC1 sequence was designed to prevent genetic instability during the

repeated fermentations. Further sequence substitutions were made. Serine (S) and
threonine (T) residues that could provide potential glycosylation sites for the host
strain Pichia pastoris, were substituted by either (leucine) L or (alanine) A as
follows: S8→L; S44→A; S80→A; T90→A; S122→A; T132→A; S179→A;
T189→A. In addition, the following amino acid substitutions were made to prevent
degradation: D32→E; D68→E; D110→E; D167→E.

The RCPhC1 cDNA construct was inserted to pPICZα A with AOX1 promoter
(Invitrogen) and the resultant expression vector was transformed into Pichia
pastoris. The process to manufacture RCPhC1 consisted of fermentation,
purification and freeze-drying. During the fermentation process, methanol-induced
AOX1 promoter activation resulted in the synthesis of RCPhC1, which was secreted
into the medium. The RCPhC1 was recovered by centrifugation and filtration. The
purification process consisted of packed-bed cation exchange chromatography

followed by ultrafiltration and diafiltration. It was further purified by anion
exchange and mixed-mode chromatography to remove any remaining process
impurities. The RCPhC1 then was concentrated and subjected to a final 0.2 µm
filtration before it is freeze-dried and packed.

The RCPhC1 has an amino acid sequence of 571 amino acids (Mw= 51 kDa)
and a pI of 10.0. The amino acid composition of RCPhC1 was determined by
hydrolysis with hydrochloric acid and subsequent amino acid analysis. We
compared the amino acid composition determined by the test with the theoretical
amino acid composition. Furthermore, the amino acid composition of
commercially available porcine, bovine and marine (fish) collagen/gelatin products
was compared. The further characterization of RCPhC1 is described in the text and
Supplementary Tables 2–5 and Supplementary Figs. 1 and 2.

Freeze casting and thin-layer freeze casting. Packed freeze-dried RCPhC1 was
dissolved in Water for Injection (WFI) at predetermined concentrations (i.e., 7.0,
7.5, 8.0, or 9.0 w/v%). The RCPhC1 solution was filtered and subjected to freeze-
dried using a thin-layer freezing method. To test the effect of cooling rate on
scaffold structure, RCPhC1 solutions were frozen on a chilled aluminum block at
different temperatures. A5056 aluminum blocks (5 × 5 × 2 cm) were cooled in a
deep-freezer (RS-U30T, Hitachi Global Life Solutions, Inc., Japan) for more than
2 hr. Eight mL of RCPhC1 solution was poured into a fluorinated-polymer
(NF004-A, Nippon Fusso Co., Ltd., Japan) coated A5056 aluminum cup (53(d) ×
38(t) mm) with polytetrafluoroethylene circular sleeve (3 mm thickness). One cup
was put onto the cooled block to let the solution freeze. The frozen solution was
freeze-dried under vacuum at a shelf temperature of −20 °C in a freeze-dryer (TF5-
85ATNNN, Takara ATM Co., Ltd., Japan).

To retard freezing, glass plates (76 × 52 × 1 mm) were inserted between the
block and the cup. All shown scaffolds were frozen with two plates inserted. When
measuring solution temperature, a multichannel thermologger (FUSO-309, Fuso
Co., Ltd., Japan) was used with type K thermocouples.

Time course of temperature measurement at the top and bottom of the
container. During freezing, the temperature in the RCPhC1 solution was recorded
via two type K thermocouples. One thermocouple was placed in contact with the
bottom of the cup, and the other was held in the solution 1.5 mm above the
bottom. The temperature was recorded every second throughout freezing.

Pore size analytical methods: water absorption, cross section. To determine
the average pore size of the scaffolds, thin slices were retrieved from the midline of
each RCPhC1 sponge and crosslinked as the same as particles described below. The
RCPhC1 crosslinked sponges were embedded in paraffin, sectioned at 5 μm
thickness, stained using Eosin Y (Muto Pure Chemicals Co., Ltd., Japan), and
visualized on an optical microscope (IX81, Olympus Corp., Japan). For each sec-
tion, three digital images were taken using a charge-coupled device (CCD) color
camera (DP70, Olympus Corp., Japan).

Each image was made into two Gaussian mixture models in which the pore and
wall probabilities of each pixel were depicted by its brightness value. Based on this
initial probability model, an energy function was defined. The graph cut
optimization method was used to optimize the energy function. The optimization
was repeatedly applied and the model was updated each time. The areas of “pore”
region in the optimized model were measured. These areas were taken as pore sizes
without correction for cutting position/angle.

Mechanical testing. The freeze-dried RCPhC1 sponges were cut into 10 × 5 ×
2 mm and crosslinked as described below. After soaking in saline at ambient

Fig. 5 Preclinical efficacy test of the RCPhC1 material optimized for bone graft in rodent and canine models. a Flow chart of the RCPhC1 bone graft
manufacturing process. Scale bar equals 100 μm. b RCPhC1 bone graft was prepared as porous granules of size 300–1200 µm for better handling. Scale bar
equals 100 μm. c Time course of bone regeneration induced by RCPhC1 bone graft in the rat calvarial defect model. Histological analysis (top row) revealed
newly formed bone tissue (B) within RCPhC1 graft material, which was resorbed over time (see Supplementary Fig. 4). A time course series of in vivo
microCT (bottom row) depicted the progressive increase in bone tissue. d Time course of BV/TV measurement of rat calvarial bone defect implanted with
RCPhC1 bone graft, bovine decellularized cancellous bone xenograft and no graft control. e Histological evaluation of bovine xenograft implanted in rat
calvarial bone defect. The physical structure of bovine xenograft was similar to that of RCPhC1 bone graft. At the periphery of the defect, bovine xenograft
was seen fused to the newly formed bone (B). In the center of the defect, bovine xenograft granules were surrounded by fibrous tissue. Scale bar equals
200 μm. f Canine tooth extraction model. The canine third premolar (P3) has nearly identical mesial and distal roots. The third premolar was hemi-
sectioned and only the distal root was extracted. One side of the post-extraction bony socket was filled with RCPhC1 while the other side was left to heal
without any further treatment. The remaining medial root was endodontically treated and served as a reference. Scale bar equals 4mm. g MicroCT cross-
section depicting bone regeneration in the extraction socket (white line) after 12 weeks (12W) of healing. The bone volume within the socket was
significantly larger in the RCPhC1 bone graft implanted socket than the untreated control socket (n= 8; two-sided paired t-test). Scale bar equals 4mm. h
Histological cross section of the extraction socket (white line) at 12W. The socket that received RCPhC1 bone graft exhibited larger bone regeneration.
Dotted white lines show socket interfaces. Scale bar equals 1 mm. i Histological evaluation of RCPhC1 bone graft (I) associated bone regeneration.
Abundant vascular formation (II) in the bone marrow tissue was noted of regenerating bone (III) after 4 weeks (4W) of healing. RCPhC1 bone graft was
largely resorbed after 12W of healing. The regenerated bone contained vital osteocytes (IV).
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temperature for 4 days, viscoelasticity of the sponges was measured with a
mechanical tester (Rheogel-E4000, UBM K.K., Japan). Cycle deformation of 2%
was applied at 10 Hz, and complex moduli of elasticity were recorded.

Preparation of RCPhC1 particles. The freeze-dried RCPhC1 sponges were milled
in a blender (New Powermill, Osaka Chemical Co., Ltd., Japan). and sieved with
analytical sieves. Particles between 1-mm and 300-μm sieves were used in further
testing.

Dehydrothermal crosslinking: temperature range. All RCPhC1 particles were
first dried under vacuum (0.2 kPa) at a temperature of 90 °C for 1.5 h. The dried
RCPhC1 particles were then dehydrothermally crosslinked in an inert oven (VAC-
201P, Espec Corp., Japan) under N2 atmosphere (101.3 kPa) at a specified tem-
perature between 110 and 130 °C and a specified duration from 3 to 40 h. The
optimal dehydrothermal crosslink condition was determined by the acid decom-
position assay to be 130 °C for 7 h. In a separate experiment, a porcine gelatin
product was dehydrothermally crosslinked up to 72 h.

Quantification of crosslinking number. The amount of crosslinked amines were
quantified by reaction with 2,4,6-trinitrobenzensulfonic acid (TNBS). All tests were
triplicated, and a blank without sample was prepared. Ten (10) mg of crosslinked
RCPhC1 particles were measured into a 30-mL glass vial. To the tube, 1 mL of 4w%
NaHCO3 aq. and 2 mL of 1w% TNBS aq. were added. The tube was shaken
(60 cpm) for 5 h in an incubator kept 37 °C. After shaking, 10 mL of conc.
hydrochloric acid and 5 mL of water were added to the tube. The tube kept longer
than 16 h in the incubator until all the particles were dissolved. The dissolved
solution was diluted ten times and absorbance at 345 nm was measured. The
absorbance of the blank was subtracted. The amount of free amine (i.e., not
crosslinked) was calculated using molar extinction coefficient ε= 14,200 (L/
mol • cm).

Animal ethics. All of the experimental protocols using animals were reviewed and
approved by the institutional animal care and use committee of FUJIFILM Cor-
poration. Every experiment was complied with ethical guidelines. All animals had
free access to food and water and were maintained in regular animal housing.

Rat calvarial critical size defect and RCPhC1 bone graft implantation. Adult
(9–13 week old) male Sprague-Dawley rats were used in this study following the
established protocol61. The study showed standard deviation smaller than 10% BV/
TV. To show 15% BV/TV difference with power 0.8, and P < 0.05, power calcu-
lation showed sample size must be 8.06. When the materials did not sit in the
defect on harvesting, we excluded the animal, and we used 10 animals for each test.
We did not randomize sample allocation. We used animals of specified breeder
(Charles River Japan), strain, sex, and age to avoid covariates effects. Investigators
were blinded while data collection, and analysis.

Ten (10) animals were used in each test and at each healing duration. Animals
were anesthetized by intraperitoneal injection of pentobarbital. The surgical area
was shaved, and the skin was washed with an antiseptic solution of iodine and 70%
ethanol. An incision was made along the midline. Full-thickness skin was raised to
expose the calvaria. Periosteal tissue over the parietal bone was removed. A
calvarial defect of 5 mm in diameter was made with a trephine drill (Osada Inc.,
Japan), and cleaned with cotton swabs to remove any bone powder and blood.
RCPhC1 graft particles (3.6 mg) or bovine xenograft particles (Bio-Oss®, Geistlich
Pharma, Switzerland) mixed with 10 μL of saline was uniformly implanted into the
bone defect and covered with a collagen membrane (Bio-Gide®, Geistlich Pharma,
Switzerland). The wounds were sutured after implantation with silk sutures.

MicroCT. R-mCT (Rigaku, Japan) was used to examine bone formation in indi-
vidual rats. Rats were anesthetized with 2% isoflurane and in vivo microCT ima-
ging was performed. Voxel size was 100 μm, X-ray tube potential was 90 kVp, X-
ray intensity was 100 μA, and integration time was 30 ms. Measured density was
daily calibrated with a phantom. Image reconstruction and BV/TV measurements
were performed using the Tri-3D Bon software (version R.11.00.00.0-H, RATOC
System Engineering Co., Ltd., Japan). Cylindrical area (5 mm(d) × 1.2 mm(h))
including the defect was defined as tissue volume (TV), and the tissue having
density larger than 110 mg HA/cm3 was regarded as bone. MicroCT imaging was
performed at week 2, 4, 8, and 12.

Histology. For histopathological examination, the rat calvaria were harvested and
fixed with 4% paraformaldehyde phosphate buffer solution, embedded in paraffin,
and sectioned transversely at 3 µm thickness. Each slice was stained with hema-
toxylin and eosin (H&E).

Canine tooth extraction and RCPhC1 bone graft implantation. A total of 24
male beagle dogs (14 month old) were used for the experiment. The third pre-
molars (P3) of both sides were used for the experiment following the published
experimental protocol50,52,54. We did not randomize sample allocation. We used a

split mouth method, in which one animal received the test article and control in
each side of the jaw. Two days before tooth extraction, the animals were lightly
anesthetized with intramuscular injection of medetomidine hydrochloride at 0.05
mg/kg (0.05 mL/kg) into the thigh muscle, and plaque was removed with a scaler
(Suprasson P-Max). After washing the application sites, the animals were awakened
from anesthesia by intramuscular injection of atipamezole hydrochloride at
0.25 mg/kg (0.05 mL/kg) into the thigh muscle. Atropine sulfate at 0.05 mg/kg
(0.1 mL/kg) was injected subcutaneously into the back of the neck. About 10 to
30 min after administration of the atropine sulfate injection, sodium thiopental at
25 mg/mL/kg (1 mL/kg) was injected into the cephalic vein to induce anesthesia.
The administration was performed using a disposable polypropylene hypodermic
syringe (Terumo Corporation) to which an injection needle (Terumo Corporation)
was attached. Then a tracheal cannula (Tracheal Tube, PORTEX) was inserted, and
anesthesia was maintained with an anesthesia machine (Vigor 21 DX, Acoma
Medical Industry Co., Ltd.) by inhalation of 0.5–1.5% sevoflurane with a
gas mixture of N2O and O2 at a ratio of 1:1 under respiratory conditions at
10–15 mL/kg, 18–22 times/minute using an artificial respirator (ACE-3000, Acoma
Medical Industry Co., Ltd.).

Method of tooth extraction. The animal was anesthetized, and the application site
was cleaned with a 20-fold diluted solution of povidone iodine. To prevent tooth
break after tooth extraction, the tip of the tooth was rounded. Using a scalpel blade,
the connective fibers and periodontal ligament were cut along the tooth from the
free gingival sulcus. Using a fissures bar (Astrokaba HP, AS04, SHOFU Inc.) and a
high-performance micro-engine (VOLVERE Vmax, NSK Co., Ltd.), P3 was
mediodistally split into half. The distal root side was removed with dental
extracting forceps and an elevator. When the bleeding did not stop, astriction was
carried out. After removing the pulp of the mesial root with a reamer, the root
canal was filled with gutta-percha points, and sealed with a root canal sealer
(Dentalis). Then the socket portion was washed thoroughly with physiological
saline with suction.

RCPhC1 bone graft application. Using a spatula, the RCPhC1 bone graft (8.5 mg)
mixed with physiological saline (30 µL) was applied to the socket part. One
operator carried out this processing for all the groups. The degree of application
(filling) was almost uniform. Because the socket was small, if the total amount
could not be applied, the remaining amount was discarded. Then the application
site was covered with a collagen membrane (Geistlich Bio-Gide), which was cut
into pieces of about 3 × 4 mm (according to the presence or absence of the collagen
membrane of the group configuration). After the application, the gingiva was
sutured with nylon thread (5-0, Alfresa Pharma Corporation).

Treatment after RCPhC1 bone graft application. Administration was performed
using a disposable polypropylene syringe (Terumo Corporation) fitted with an
injection needle (Terumo Corporation). The animals were injected intramuscularly
into the thigh muscle with sodium ampicillin solution at 500 mg/2.5 mL/body twice
a day, once in the morning and once in the afternoon, from 0 to 3 days after
application; on the day of application, they were treated once after application at
500 mg/2.5 mL/body. The animals were also treated subcutaneously with a Rimadyl
injection at 4.4 mg/kg (0.09 mL/kg as the formulation) once a day from 0 to 3 days
after application. The day after application, the animals were injected sub-
cutaneously into the back of the neck with sodium ampicillin in 5% glucose lactated
Ringer’s solution at 100 mL/body twice a day, once in the morning and once in the
afternoon. The sutures were removed up to 3 weeks after application.

In addition, during the 3 months after tooth extraction and application, the sites
around the extraction/application of all the animals (except the non-treatment
animals) were brushed in the afternoon at a frequency of more than three times
a week.

Histology. Eight (8) paired RCPhC1 grafted and control bone samples were har-
vested at 1, 3, and 6 months after surgery. Under general anesthesia, animals were
quickly sacrificed with exsanguination. After saline (70 mL each) was injected into
both carotid arteries, neutralized formalin saline solution (35 ml each side, 20%, pH
7.2) was injected into both carotid arteries to complete perfusion fixation. The
mandibles were harvested and post-fixed with buffered formalin. The mandibular
specimens were decalcified and embedded in paraffin followed by histological
preparation. The histological sections were prepared using narrow wires placed as
size and orientation references. The histological sections were stained with H&E.
The resultant histological specimens were photographed via a standard upright
microscope.

Data visualization. Data were visualized with Microsoft Excel 2007
(12.0.6787.5000) SP3 MSO (12.0.6785.5000), R version 3.6.2, or GraphPad Prism
version 5.04.

Statistics and reproducibility. Tukey’s multiple comparison test was performed
for rat calvarial model using GraphPad Prism version 5.04. Two-sided paired t-test
was performed for canine tooth extraction model using R version 3.6.2.
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Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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