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Abstract Elastin-like recombinamers (ELRs) are smart,

protein-based polymers designed with desired peptide

sequences using recombinant DNA technology. The aim of

the present study was to produce improved tissue engi-

neering scaffolds from collagen and an elastin-like protein

tailored to contain the cell adhesion peptide RGD, and to

investigate the structural and mechanical capacities of the

resulting scaffolds (foams, fibers and foam-fiber bilayer

scaffolds). The results of the scanning electron microscopy,

mercury porosimetry and mechanical testing indicated that

incorporation of ELR into the scaffolds improved the

uniformity and continuity of the pore network, decreased

the pore size (from 200 to 20 lm) and the fiber diameter

(from 1.179 lm to 306 nm), broadened the pore size dis-

tribution (from 70–200 to 4–200 lm) and increased their

flexibility (from 0.007 to 0.011 kPa-1). Culture of human

fibroblasts and epithelial cells in ELR-collagen scaffolds

showed the positive contribution of ELR on proliferation of

both types of cells.

1 Introduction

Materials science has begun to take advantage of the power

of new techniques in molecular biology and genetic engi-

neering such as recombinant DNA technology, which allows

the introduction of a gene in the genetic content of a

microorganism, plant or other eukaryotic organisms and

induce the production of its encoded protein-based polymer

as a recombinant protein [1]. These kinds of macromole-

cules are being generically named as ‘‘recombinamers’’ [2].

This technology is superior to any other polymer synthesis

technology in terms of the control, complexity and fine-

tuning possibility that it offers. Using this technology, it is

possible to bioengineer protein-based polymers (PBPs) of

more complex and well-defined structure. Elastin-like

recombinamers (ELRs) form a subclass of these biocom-

patible PBPs. They are composed of the pentapeptide repeat

Val-Pro-Gly-Xaa-Gly (VPGXG), which is derived from the

hydrophobic domain of tropoelastin and where X represents

any natural or modified amino acid, except proline [3].

ELRs have been used as coatings [4] and films [5] for

improved cell attachment, as hydrogels to promote chon-

drogenesis [6–8] or as polymer injections [9, 10]. They

could also be shaped into fibers in pure form [11]. The first

ELR candidates for tissue engineering applications were

simple polymers, to which the cells did not attach. Soon

after, they were enriched with short peptides having spe-

cific bioactivity [1]. Recently, a scaffold containing an

ELR with substrate amino acids for mTGase, recognition

sequences for endothelial cell adhesion (REDV), elastic

mechanical behavior (VPGIG), and for targeting of specific
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elastases for proteolytic reabsorption (VGVAPG), was

found to be suitable for vascular tissue engineering [12]. To

our knowledge, the present study is the first to use an ELR

engineered to carry the cell adhesion peptide RGD in

combination with collagen to prepare foams, fibers and a

combination of them (foam-fiber bilayer structures) as

potential scaffolds for soft tissue engineering. The struc-

tural and mechanical capacities of the resulting scaffolds

were studied. Primary human fibroblasts and epithelial

cells, isolated from non-keratinized cheek region of oral

cavity, were cultured in ELR-collagen and control collagen

scaffolds to study the influence of the presence of ELR on

cell proliferation and tissue development.

Structural and mechanical characteristics of a scaffold

are very important, since they affect cell infiltration and

proliferation within the scaffold, as well as cell–cell com-

munication and medium perfusion, and also biodegrad-

ability which should be synchronized to the reconstruction

of normal tissue [13, 14]. Pore structure has been observed

to significantly affect cell binding and migration in vitro

and influence the rate and depth of cellular in-growth in

vitro and in vivo. Additionally, scaffold mean pore size

was found to significantly influence cell morphology and

phenotypic expression [15]. An ideal scaffold should have

similar mechanical and physical properties to the tissue it

replaces [16]. Crosslinking is a major concern when using

collagen and ELR to reconstruct scaffolds because both are

readily soluble in aqueous media which make them

unsuitable for cell culture and in vivo applications when

not crosslinked. Several methods have been reported to

crosslink collagen-based scaffolds, glutaraldehyde being

the most common crosslinking agent in clinical use today

for fixing collagenous tissues [17]. However, glutaralde-

hyde has been shown to be cytotoxic when used in certain

concentrations and it was also reported to disrupt the fiber

morphology in fibrous mats [18]. Genipin is a naturally

occurring crosslinking agent derived from the fruits of

Geinpa americana and Gardenia jasminoides Ellis and has

proven to be an effective crosslinker for proteinaceous

tissues [17]. It has been shown to be less toxic than even

carbodiimide crosslinking which is considered as a non-

toxic chemical crosslinking method [19]. To determine an

effective crosslinker for ELR-collagen hybrid foams and

fibrous mats, two non-toxic methods: genipin crosslinking,

a chemical method, and a dehydrothermal treatment

(DHT), a physical crosslinking method which introduces

covalent crosslinks between the polypeptide chains of the

collagen fibers at high temperatures and under vacuum,

were applied and compared. It was reported in the literature

that tissue in-growth into collagen-based materials that

have been crosslinked by dehydrothermal methods occurs

to a much greater extent than that which follows glutaral-

dehyde treatment, and that for tissue engineering applica-

tions, where tissue and cellular in-growth is desirable,

methods such as dehydrothermal treatment as opposed to

glutaraldehyde could be employed for collagen-based

scaffold stabilization [20].

2 Materials and methods

2.1 Scaffold preparation

All collagen-elastin-like recombinamer scaffolds were

prepared with a ratio of 3:1 (w/w).

2.2 Collagen type I isolation

Collagen type I was isolated from Sprague–Dawley rat tails

as reported earlier [21]. Briefly, the tails were dissected and

tendons were placed in cold acetic acid (0.5 M, Merck,

USA). The solution was then filtered, dialyzed against

sodium phosphate buffer (pH: 7.2), precipitated and cen-

trifuged. Sodium chloride was added (5%) and the proce-

dure was repeated. The final pellet was sterilized in 70%

ethanol (Merck, USA), frozen and lyophilized (Labconco

Corp., USA). Purity of the collagen was determined by

SDS polyacrylamide gel electrophoresis (SDS-PAGE).

2.3 H-RGD6 expression and purification

The featured ELR contains 6 monomers of RGD, a histi-

dine-tag, 6 aspartic acids, 24 lysines and 7 histidines, which

are charged residues, being designated as H-RGD6 (Fig. 1).

Expression conditions and purification protocols were

adapted from McPherson et al. [22] and Girotti et al. [23], as

reported earlier [24]. Gene expression of a recombinant

Escherichia coli strain BLR (DE3) containing the

expressing gene of H-RGD6 was induced in a 12 L Appli-

kon fermentor, in terrific broth medium (TB) with 0.1% of

carbenicilin and 0.1% of glucose, under controlled condi-

tions of temperature (37�C) and pH (7.00). The fermenta-

tion was stopped after registering an optical density

variation, at 600 nm (OD600) inferior to 0.25, in a time

frame of 1 h. Subsequent to fermentation, the culture was

harvested by centrifugation, resuspended and lysed by

ultrasonic disruption. Insoluble debris was removed by

centrifugation and the cleared lysate was subjected to

Fig. 1 Schematics of the

featured elastin-like

recombinamer, H-RGD6
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several cycles of cold and warm centrifugations, of 4 and

40�C, respectively. All the purification steps were carried

out in a sodium chloride (NaCl) solution at 0.5 M. The

polymer solution was then frozen at -24�C and lyophilized.

2.4 H-RGD6 characterization

2.4.1 Sodium dodecyl sulfate-polyacrylamide gel

electrophoresis

SDS-PAGE was performed to assess H-RGD6 purity after

purification. For this test, 5 ll of a H-RGD6 solution at

1 mg/ml were loaded in a polyacrylamide gel. The per-

centages of the acrylamide/bisacrylamide (30% stock) in

12% separating gel (pH 8.8) and stacking gel (pH 6.8) were

40 and 13%, respectively. The identification of an intense

band around 60 kDa was expected to confirm the presence

of the polymer and its purity.

2.4.2 Matrix-assisted laser desorption/ionization time-of-

flight mass spectroscopy

To further assess H-RGD6 purity and molecular weight,

Matrix-Assisted Laser Desorption/Ionization Time-of-

Flight (MALDI-TOF) mass spectroscopy was performed in

a Voyager STR, from Applied Biosystems, in linear mode

and with an external calibration using bovine serum albu-

min (BSA).

2.4.3 Aggregate size measurements

H-RGD6 aggregate size in solution was measured using a

Nano-ZS from Malvern (United Kingdom), for a range of

temperatures between 25 and 40�C, with a stabilization

time of 5 min. H-RGD6 samples were prepared at 1 mg/ml

in phosphate buffer solution (PBS, pH 7.4). 12 runs were

performed for each sample to determine the particle/

aggregate size, in order to obtain a final average value at

constant temperature.

2.5 Preparation of ELR-collagen foams

Porous ELR containing collagen scaffolds were prepared

by either incorporating the ELR into the scaffold by mixing

its solution with collagen solution, or by adsorbing it onto

the surface of the collagen foams. To incorporate it within

the scaffold, collagen and ELR were dissolved in acetic

acid (0.5 M) and phosphate buffered saline (PBS, pH 7.2),

respectively (both 13.5 mg/ml) and three volumes of col-

lagen solution were vigorously mixed at room temperature

with one volume of ELR solution so that the final total

protein concentration was 1.35%. The mixture was then

added to 24 well plates, frozen at -20�C for 24 h and

lyophilized for 13 h. To adsorb the ELR onto collagen

foam surface, pure collagen foams were prepared by dis-

solving collagen (1.35%) in acetic acid (0.5 M), then

lyophilizing as earlier. The resulting foams were then

incubated with the ELR solution (0.1% in PBS) at 37�C for

2 h. Collagen foams (1.35%) without ELR were prepared

as controls.

To obtain closed surfaced foams with a compact skin

layer, 10% ethanol (v/v) was present in the protein solution

during foam preparation and the foams were frozen at -

80�C for 24 h prior to lyophilization, instead of -20�C, to

further close the pores on the surface. Addition of ethanol

in foam solution before lyophilization was previously

shown to result in closed surfaced scaffolds, and lower

freezing temperatures in smaller pores [25].

2.6 Preparation of ELR-collagen fibrous mats

ELR containing fibrous mats were prepared via electros-

pinning collagen-ELR and pure collagen solutions to

investigate the influence of ELR incorporation on scaffold

properties. Collagen (9.3%) and ELR (13.2%) were dis-

solved in 1,1,1,3,3,3 hexafluoro-2-propanol (HFIP, Sigma-

Aldrich, USA) and PBS (pH 7.2), respectively; and four

volumes of collagen solution were mixed with one volume

of ELR solution so that the final total protein concentration

was 10% and the collagen/ELR ratio was always 3:1 (w/w)

as in foams. Pure collagen fibrous mats, having the same

protein concentration (10%), were also prepared as con-

trols. Electrospinning was performed by loading the solu-

tion in a 10 ml syringe fitted with a 3 cm 18G blunt-end

needle (Ayset AS, Turkey) and dispensing at a rate of 20

ll/min. The solution was charged by applying a voltage of

22.5 kV and the fibers were collected on a flat, grounded

plate covered with aluminum foil placed at a distance of

10 cm from the syringe needle.

2.7 Preparation of ELR-collagen foam-fiber bilayer

scaffolds

ELR containing foam-fiber bilayer scaffolds were prepared

by electrospinning the previously described ELR-collagen

solutions directly onto foams which were taped slightly on

the grounded collector. In this way, the upper part of the

resulting bilayer scaffold was fibrous and the lower part

was porous. The fibers were collected onto two types of

foams: porous and closed surfaced.

2.8 Crosslinking of the scaffolds

Collagen-ELR and pure collagen scaffolds were cross-

linked chemically by using genipin (Wako Chemicals,

Germany), physically via dehydrothermal treatment (DHT)
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or by the combination of both. For genipin crosslinking,

genipin was dissolved in either 70% ethanol as commonly

reported in literature, or in PBS (due to the possibility that

ethanol might cause the surface of the foams to become

closed). Genipin solution was then added to the collagen-

ELR solution with vigorous mixing to have a final con-

centration of 0.1% w/v and the final mixture was incubated

at room temperature (RT) for 48 h before lyophilization.

Addition of the crosslinker before lyophilization, instead of

afterwards, was reported to better conserve the foam

structure [26]. To crosslink fibrous mats, genipin was either

added to the collagen solution prior to electrospinning, or

afterwards (0.1% w/v, 48 h, RT). For DHT crosslinking,

foams and fibrous mats were incubated at elevated tem-

peratures under 685.8 mmHg pressure. Different tempera-

tures and incubation times (105�C for 24 h, 105�C for

72 h, 150�C for 24 h, 150�C for 48 h) were tested. The two

methods were also combined; DHT (150�C, 24 h) followed

by genipin crosslinking (0.1%, 48 h, RT). To determine

whether the scaffolds would maintain their integrity during

tissue culture, crosslinked scaffolds were incubated in PBS

at 37�C and observed for over 1 month.

2.9 Scaffold Characterization

2.9.1 Foam thickness

Thicknesses of the scaffolds were measured using a stan-

dard micrometer with a sensitivity of 0.1 lm.

2.9.2 Pore size and its distribution

Pore size and its distribution in the foams were determined

with a mercury porosimeter (Poremaster 60; Quanta-

chrome) under low pressure (50 psi) at METU Central Lab.

2.9.3 Morphology and microstructure of scaffolds

Morphology, the surface and inner microstructures of the

foams and fibrous scaffolds were studied with a FEI Quanta

200F (USA) scanning electron microscope (SEM) at

UNAM (Bilkent Univ.) after fracturing sections and sput-

ter-coating (12 nm) with gold–palladium. Fiber diameters

and pore sizes were measured using the image processing

program NIH ImageJ using 4 different areas of the image

to calculate the average values. The results were expressed

as mean ± standard error of the mean (SEM).

2.9.4 Mechanical properties

A mechanical testing system (LRX 5K, Lloyd Instruments

Ltd, UK), controlled by a computer program (WindapR),

was used to perform compression tests on the scaffolds.

The cell load was 5 kN and the crosshead displacement rate

was 10 mm/min. Elastic modulus (E*), flexibility (1/E*),

elastic collapse stress and strain (rel*, eel*), and the col-

lapse plateau modulus (Dr/De) of the scaffolds were cal-

culated from the load-strain graphs as previously described

for low-density, open-cell foams [27].

2.10 In vitro studies

2.10.1 Origin, isolation, and culture of fibroblasts

and epithelial cells

Fibroblasts and epithelial cells were isolated from human

oral mucosal biopsies removed from the nonkeratinized

cheek region of the mouth, and obtained with informed

consent from patients undergoing oral surgery, as previ-

ously reported [28]. Briefly, the separation of the epithe-

lium from the lamina propria was performed with dispase

(GIBCO), 10 mg/ml for 3 h at 4�C. After separation, epi-

thelium was treated with trypsin 0.5 g/l—EDTA 0.2 g/l for

20 min to extract epithelial cells, which were grown at

8,000 cells/cm2 on a feeder layer of irradiated human

fibroblasts in a specially designed medium as follows:

DMEM-Ham-F12 2.78/1 (Sigma), 10% fetal calf serum

(Hyclone), 0.4 lg/ml hydrocortisone (Upjohn), 0.12 UI/ml

insulin (Umuline, Lilly), 0.033 lg/ml selenium (Labora-

toire Aguettant), 0.4 lg/ml isoprenaline hydrochloride

(Isuprel, Sterling Winthrop), 2 9 10-9 M, triiodo thyro-

nine (Sigma), 10 ng/ml epidermal growth factor (Austral

Biologicals), and antibiotics. After epithelium-lamina

propria separation, fibroblast isolation was performed with

collagenase A (Roche Diagnostics), 0.1 U/ml for 20 min at

37�C with continuous stirring. The digest was purified

using a 70 lm cell strainer (BD Biosciences). This proce-

dure was repeated 6 times, and then the digest was

immediately placed in monolayer culture. Fibroblasts were

seeded at a density of 10,000 cells/cm2 and cultured in

fibroblast medium composed of DMEM, 10% newborn calf

serum (NCS) (Hyclone, France), and antibiotics (Penicillin

G 100 UI/ml and Streptomycin 100 lg/ml, Panpharma,

France). Fibroblasts and epithelial cells were seeded on the

foams at passage 3.

2.10.2 Culture of fibroblasts and epithelial cells

in ELR-collagen and control collagen foams

A suspension of 2.5 9 105 fibroblasts/cm2 was added on

top of the 1 cm2 ELR-collagen and control collagen foams.

They were then cultured for 21 days in a medium com-

posed of DMEM, 10% fetal calf serum, 10 ng/ml epider-

mal growth factor, 50 lg/ml ascorbic acid (Bayer), to

obtain lamina propria equivalents. Culture medium was

changed daily until the seeding of epithelial cells. Human
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epithelial cells were plated on lamina propria equivalents at

a concentration of 2.5 9 105/cm2. Epithelialized oral

mucosal substitutes were cultured in epithelial cell medium

supplemented with 50 lg/ml ascorbic acid (Bayer) under

submerged conditions for 7 days. They were then elevated

at the air–liquid interface for the remaining 14 days in

another medium with DMEM-Ham-F12 2.2/1 (Sigma),

8 mg/ml bovine serum albumin, 0.4 lg/ml hydrocortisone

(Upjohn), 0.12 UI/ml insulin (Umuline, Lilly), 50 lg/ml

ascorbic acid (Bayer), and antibiotics to give rise to full-

thickness oral mucosal equivalents.

2.10.3 Immunohistochemistry

The full-thickness oral mucosal equivalents based on

ELR-collagen and control collagen scaffolds were immu-

nolabelled with the antibody anti-cytokeratin 13 (Chemicon,

USA), the major differentiation marker of non-keratinized

human oral mucosa epithelium, and the cell nuclei were

counterstained with propidium iodide (Vector Laborato-

ries, USA). For the detection of keratin 13, tissue equiva-

lents were embedded in OCT and frozen at -20�C. Then,

sections of 6 lm thickness were fixed in acetone for

10 min at -20�C and blocked in phosphate buffered saline

containing 4% bovine serum albumin and 5% normal goat

serum. The primary antibody was incubated for 90 min at

room temperature. The secondary antibody was AlexaFluor

488 IgG (Invitrogen, USA). Specimens were analyzed with

a Nikon Eclipse Fluorescence Microscope.

3 Results

3.1 Characterization and purity of collagen type I

isolated from rat tails

Purity of the isolated type I collagen was confirmed by

SDS-PAGE (Fig. 2). Column 1 shows the protein marker,

where the bands are at 260, 140, 100 and 70 kDa (top

to bottom). The isolated collagen (RTC, column 2) had

doublets at apparent molecular weights of 115 and

130 kDa, and at 215 and 235 kDa which is the typical band

pattern for type I collagen. The absence of any other bands

indicates that the collagen isolated from rat tails is pure

type I collagen.

3.2 Production and stimuli-responsive behaviour

of H-RGD6

The bioproduced polymer, labeled H-RGD6, has the

structure described in Fig. 1. Through the described pro-

tocol, a bioproduction yield of around 200 mg/l was

achieved after purification. ELRs are soluble in water

below their transition temperature (Tt) and segregate from

the solution above that temperature. This temperature-

responsive behavior has been exploited to purify the

polymer from the bacterial lysate [22]. Figure 3 shows the

results of the MALDI-TOF and SDS-PAGE tests. These

tests were performed to verify the purity of the sample and

correctness of the molecular weight of H-RGD6 after

expression and purification protocols.

The experimental molecular weights found by both

techniques match well with the theoretical molecular weight

of the polymer (60,661 Da). MALDI-TOF spectrum shows

a high intensity peak at 60,543 Da, which is approximate to

the theoretical value of H-RGD6. SDS-PAGE also permits

to identify an intense band corresponding to the biopolymer,

with the same molecular weight. In conclusion, the charac-

terization tests point to the bioproduction of a polymer

with the desired composition, sequence, molecular weight

and purity.

The stimuli-responsive nature of H-RGD6 in PBS (pH

7.4) was studied by measuring the temperature dependence

of the aggregate size of the biopolymer chains. The results

were plotted in Fig. 4 as a function of temperature, and

reflect the segregation of ELRs and formation of larger

aggregates in suspension above Tt, which causes an abrupt

increase in turbidity.

The aggregate size measurement indicated a Tt around

32�C in this particular solution. Across this temperature,

Fig. 2 Purity of collagen

isolated from rat tail tendons.

a SDS-PAGE analysis of type I

collagen isolated from rat tail

tendons. First column shows the

protein marker (ladder) and

second column the isolated rat

tail collagen (RTC).

b Magnified version of a
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an increase in the aggregate size from around 650 to

5,400 nm was found, which was probably due to the

hydrophobic association of the free chains of the biopoly-

mer and consequent increase of aggregate size. Figure 4

also shows the representative size distribution at 25 and

40�C, indicating a quite narrow and monomodal distribu-

tion of the size of the objects in solution below and above

the Tt.

3.3 Structural properties of the scaffolds

Structural properties of all scaffolds (foams and fibers)

depended strongly on ELR presence and the crosslinking

method. When ELR was adsorbed onto the collagen foam

surface, the resulting scaffold had semi-closed pores on the

surface (Fig. 5e); whereas, when it was mixed with colla-

gen solution before lyophilization, the resulting scaffold

had open, porous surface (Fig. 5c, d). When pure and ELR

incorporated collagen foams were compared (Fig. 5a, c),

the former had thicker pore walls and larger pore size;

whereas, the latter had thinner pore walls and smaller pores

(Fig. 5; Table 1). The pore size distribution was broaden in

ELR containing foams (Table 1).

Genipin crosslinking significantly decreased the pore

size; whereas, DHT did not affect the pore size, or its

distribution (Figs. 5, 6; Table 1). DHT crosslinked scaf-

folds had highly porous surface, bottom and inner micro-

structure (Fig. 6).

Fig. 3 Assessment of H-RGD6

purity and molecular weight.

The expected mass of the

polypeptide was 60,611 Da.

a MALDI-TOF of the

biopolymer. Signal at

30,293 Da is assigned to doubly

charged species. b Analysis of

biopolymer extract by SDS-

PAGE

Fig. 4 Aggregate size profile

for a 1 mg/ml H-RGD6 solution

in PBS (pH 7.4) in the

temperature range 25–40�C.

Error bars represent one

standard deviation. The inset
graphics present representative

size distribution profiles at

temperatures below and above

the Tt
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Fig. 5 SEM micrographs of

a uncrosslinked collagen foam,

b DHT crosslinked (150�C,

48 h) collagen foam,

c uncrosslinked ELR-collagen

foam, d DHT crosslinked

(150�C, 48 h) ELR-collagen

foam, e collagen foam with

ELR adsorbed on its surface,

f collagen foam prepared with

ethanol addition (10% v/v)

Table 1 Thickness, pore size and pore size distribution of collagen and ELR-collagen foams dependent on crosslinking

Scaffold Thickness

(mm)

Pore size

(lm)a
Pore size

distribution (lm)

Uncrosslinked collagen foam 5.00 200 70–200

Uncrosslinked collagen ? ELR foam 4.00 20 4–200

DHT crosslinked collagen foam 5.30 200 80–200

DHT crosslinked collagen ? ELR foam 4.30 20 4–200

GP crosslinked collagen foam 4.67 30 4–200

GP crosslinked collagen ? ELR foam 3.83 15 4–200

a The most abundant pore size in a foam, obtained by porosimetry
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Addition of ethanol (10% v/v) into the ELR-collagen or

pure collagen solution resulted in closed surface foams

(Fig. 5f). Similarly, when genipin was dissolved in 70%

ethanol and added to the protein solution, the resulting

foam had closed surface as opposed to the open surfaced

one prepared using genipin in PBS (Fig. 7).

Incorporation of ELR decreased the diameter of the

collagen fibers significantly, from micron to nanoscale.

DHT was also found to cause a decrease in the diameter of

both pure collagen and ELR-collagen fibers, but this

reduction was not as large as the one caused by ELR

(Fig. 8). Genipin crosslinking destroyed the fibrous struc-

ture, regardless of whether genipin was added to the protein

solution prior to electrospinning or afterwards (Fig. 9). On

the other hand, all dehydrothermal treatments (105�C for

24 h, 105�C for 72 h, 150�C for 24 h, 150�C for 48 h)

appeared to preserve the fibrous structure (Fig. 10). How-

ever, after 24 h incubation in distilled water, only fibers

treated at 150�C for 48 h or by the combination of two

methods: DHT (150�C, 24 h) followed by genipin cross-

linking (0.1%, 48 h, RT) persisted (Fig. 10).

To obtain bilayer scaffolds, protein solution was elec-

trospun directly onto foams surfaces of which were either

closed or open pore type (Fig. 11a). In these bilayer con-

structs, the upper fibrous layer was either separated from the

lower spongy part by a closed pore layer (Fig. 11b), or the

two parts were in connection with each other through pores

(Fig. 11c). In the former, although the surface of the foam

was totally closed, the inner microstructure was preserved

and the inner pores were flattened and had lamellar structure

(Fig. 11b). Thus, it formed a two-compartment sponge with

individual fibrous and macroporous regions.

3.4 Mechanical properties of the scaffolds

Except for closed surfaced foams, all pure and ELR con-

taining collagen foams exhibited stress–strain behavior

characteristics of low density, open cell foams with distinct

linear elastic, collapse plateau and densification regimes.

Both ELR incorporation and crosslinking affected the

mechanical properties. ELR incorporation decreased the

compressive strength (rel*) and stiffness (E*) of both un-

crosslinked and crosslinked (genipin and DHT) scaffolds

(Table 2). On the other hand, crosslinking increased the

stiffness and compressive strength of both pure and ELR

containing scaffolds, where the effect of crosslinking with

genipin was more pronounced than that with DHT.

3.5 In vitro studies

Before proceeding to use the ELR-collagen bilayer scaf-

folds for the reconstruction of full-thickness oral mucosa

Fig. 6 SEM analysis of a the

surface, b the inner middle

plane, c the bottom and d the

cross section of the porous

collagen-ELR foams

crosslinked via DHT (150�C,

48 h)
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and skin equivalents, the hypothesis that ELR would bring

more biocompatibility to the scaffolds was tested by cul-

turing human oral fibroblasts and epithelial cells in ELR-

collagen foams and control collagen foams. The results of

the immunolabelling of keratin 13 and the counterstaining

of the cell nuclei with propidium iodide showed that at

the end of a 6 week culture period, fibroblasts in the

ELR-collagen foams migrated through the whole thickness

of the scaffold, proliferated and populated the foam. The

epithelium developed by the epithelial cells at the top of

this scaffold was stratified and thick (Fig. 12a). On the

other hand, in the control collagen foam, fibroblasts were

much less in number, could not populate the scaffold, and

were detected mostly at the subsurface part of the foam.

Fig. 7 SEM micrographs of

collagen foams crosslinked by

genipin dissolved in a PBS or

b 70% ethanol, and ELR-

collagen foams crosslinked by

genipin dissolved in c PBS or

d 70% ethanol

Fig. 8 Uncrosslinked and DHT

crosslinked collagen and

collagen-ELR (3:1, w/w) fibrous

mats. a Mean fiber

diameters ± standard error of

the mean (SEM). b Pure

collagen fibers, collagen

concentration 10% (91,000).

c Collagen-ELR (3:1) fibers, the

same total protein concentration

10% (91,000)
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The epithelium developed at the surface of the control

collagen foam was much thinner compared to the one

developed on the collagen-ELR foam (Fig. 12b).

4 Discussion

In soft tissues, collagen and elastin are the predominant

components of the extracellular matrix [29]. In this study,

to mimic this natural structure and at the same time to

improve the conventional scaffolds made of collagen, an

elastin-like recombinamer was bioengineered to contain

the cell adhesion peptide RGD and was blended with col-

lagen to produce foams, fibers and a combination of them

(foam-fiber bilayer structures). In the bilayer structure, the

protein solution was electrospun onto two types of foams

with surfaces with closed or open pores. In the former, the

fibrous top part was literally separated from the spongy

bottom part by a closed pore skin layer. In this structure,

the foam part was expected to serve as a support for the

fragile fibers and to facilitate their handling during culture.

The closed pore surface would prevent the cells seeded on

the fibers from migrating into the foam. On the other hand,

in the latter bilayer structure, the fibrous part is attached to

the foam with open pores; this was expected to make this

structure suitable for coculture studies where different cell

types on different sides of the construct could communicate

with each other more freely. For instance, in skin tissue

engineering, as well as in oral mucosa and cornea, epi-

thelial cells and mesenchymal cells should reside in two

distinct regions: a relatively thin epithelium and a thicker

extracellular matrix, but should nevertheless be able to

communicate with each other for proper epithelial devel-

opment [28].

Incorporation of ELR was found to have a profound

effect on the structural and mechanical properties of both

the foams and the fibrous mats. In foams, the pore size was

significantly decreased upon incorporation of ELR whether

the collagen and ELR were uncrosslinked, or dehydro-

thermally or chemically crosslinked with genipin. ELR also

made the pore size distribution broaden, causing smaller

pores to form. This drastic decrease in pore size (from 200

to 20 lm) and increase in its distribution (from 70–200 to

4–200 lm) might be beneficial in tissue culture, consid-

ering that the size of a human dermal fibroblast, the major

cell type of the dermis, varies between 10 and 100 lm [30]

and that fibroblast migration decreases as scaffold pore size

increases above 90 lm [14]. It was also reported that

scaffolds used for studies of skin regeneration were inac-

tive when the mean pore size was either lower than 20 lm

or higher than 120 lm [31]. Therefore, incorporation of

ELR decreased the pore size to a suitable range for cell

migration. When the ELR was added after the collagen

foam was formed, instead of before, the surface of the foam

was rather closed, probably because the ELR filled the

pores on the surface during adsorption. Therefore, when,

not only cell attachment to the surface, but also the pop-

ulation of the foam by the cells is important, incorporation

of ELR in the foam before it is formed should be the

approach. In fibrous mats, ELR led to significantly smaller

diameters ([threefold, a decrease from micron to nano-

scale) even when the same total protein concentration

(10%) was used. ELR was previously shown to bind to

collagen, and is thought that it might interfere with incor-

poration of more collagen molecules into the fibers [12].

Except for foams with closed pores, all pure and ELR

containing collagen foams under compression exhibited

stress–strain behavior that is characteristic of low density,

open cell foams with distinct linear elastic, collapse plateau

and densification regimes. Incorporation of ELR decreased

the stiffness and compressive strength, but increased the

flexibility. Therefore, pure collagen scaffolds might be

advantageous in applications requiring higher strength,

such as hard tissue engineering, but for soft tissue engi-

neering, the elasticity that the ELR brings to scaffold is

very appropriate.

Fig. 9 Collagen fibers a uncrosslinked, b crosslinked using genipin by adding into collagen solution before electrospinning, c crosslinked by

incubating the electrospun fibers in genipin solution (0.1 w/v, 48 h, RT)
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Fig. 10 Dehydrothermal

treatment applied at different

temperatures and periods to

crosslink electrospun collagen

fibers. GP genipin (0.1 w/v,

48 h, RT)
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In order to find an effective crosslinking method for

ELR-collagen structures, genipin and dehydrothermal

treatments, both non-toxic, were tested. Both scaffolds had

good physical stability; remained insoluble for over

1 month in PBS at 37�C. When genipin was introduced

before foam or fiber formation, foams preserved their form

better (data not shown); otherwise, they tended to deform

and dissolve during incubation. When compared to DHT,

genipin crosslinking significantly decreased the pore size

and the flexibility of both pure and ELR containing

Fig. 11 SEM micrographs of

foam-fiber bilayer scaffolds.

a The upper layer of the scaffold

is fibrous, while the lower

spongy part is porous. b Fibers

residing on closed surfaced

foam; porous inner structure

was retained although the pores

were flattened and lamellar.

c Fibers residing on open

surfaced foam

Table 2 Results of compression tests on pure and ELR incorporated collagen scaffold variants including mechanical properties dependent on

crosslinking

Scaffold E* (kPa) 1/E* (kPa-1) rel* (kPa) eel* Dr/De (kPa)

Uncrosslinked collagen foam 139.5 0.007 29.5 0.341 53.7

Uncrosslinked collagen ? ELR foam 87.3 0.011 13.5 0.272 47.0

DHT crosslinked collagen foam 155.6 0.006 44.2 0.367 77.7

DHT crosslinked collagen ? ELR foam 115.0 0.008 39.8 0.327 63.0

Genipin crosslinked collagen foam 385.8 0.002 72.1 0.284 130.3

Genipin crosslinked collagen ? ELR foam 140.7 0.007 42.5 0.399 47.4

E*, linear elastic modulus; 1/E*, flexibility; rel*, elastic collapse stress; eel*, elastic collapse strain; Dr/De, collapse plateau modulus

Fig. 12 Immunofluorescence

labelling of keratin 13, the

major differentiation marker of

nonkeratinized oral mucosa

epithelium, in a ELR-collagen

foam (9100), and b control

collagen foam (9100).

Immunolabelling is shown in

green, cell nuclei are shown in

red (Color figure online)
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collagen foams, but it significantly increased their com-

pressive strength. Therefore, for hard tissue engineering,

where compressive strength is crucial, genipin crosslinking

should be preferred over DHT, or combined.

As has been reported in the literature, following cross-

linking collagen with genipin, the normally opaque colla-

gen turns blue with a strong fluorescence at 630 nm when

excited at 590 nm [32]. With ELR the color was even

darker. DHT, on the other hand, did not lead to any color

changes. It is possible that in the (immuno)fluorescence

analyses of tissue equivalents, the genipin-induced strong

autofluorescence of the ELR-collagen scaffolds caused

problems interfering with the specific fluorescent staining.

Crosslinking of ELR-collagen fibrous mats with genipin

destroyed their fibrous nature, probably by dissolving them.

Uncrosslinked collagen and ELR readily dissolve in

aqueous media; therefore, crosslinking in an aqueous

medium was not practical. Crosslinking of collagen fibers

by glutaraldehyde vapor was reported to also disrupt the

fibrous structure [33], although not as extensively as

1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC)

[33] or genipin (present study). In this study, DHT was

used to crosslink fibers at several temperatures and periods,

and it was found out that when the fibers were incubated at

150�C for 48 h or for 24 h followed by genipin cross-

linking (0.1 w/v in PBS, 48 h, RT), they preserved the

fibrous structure of the proteins even after 24 h incubation

in distilled water. When uncrosslinked and crosslinked

fibers were compared, it was found that DHT crosslinking

slightly; decreased the diameter of both pure collagen and

ELR-collagen fibers as opposed to glutaraldehyde cross-

linking, which caused an increase in collagen fiber diam-

eter [34].

Scaffolds act both as physical support structures and as

regulators of cell activity. Microstructural and mechanical

properties of scaffolds have been shown to significantly

affect cell behavior such as adhesion, growth, and differ-

entiation, and to influence the bioactivity of scaffolds used

for in vivo regeneration applications of various tissues,

such as cartilage, skin, and peripheral nerves [14]. Here,

the foam-fiber bilayer scaffolds designed using ELR and

collagen, and crosslinked by genipin or DHT were assessed

for their microstructural and mechanical capacities. DHT

crosslinked structures proved their potential for use in soft

tissue engineering due to their continuous and intercon-

nected pore network, suitable pore size and its distribution,

neat fibrous structure, high flexibility and adequate

mechanical stability. The presence of ELR was found to

increase the proliferation of both fibroblasts and epithelial

cells, as shown by the better migration and the higher

proliferation of fibroblasts, and the thicker epithelium

formed by the epithelial cells in the ELR-collagen foam,

compared to the control collagen foam. Currently, we are

testing ELR-collagen bilayer scaffolds, co-culturing fibro-

blasts and epithelial cells, for the reconstruction of full-

thickness skin and oral mucosa equivalents.
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24. Costa RR, Custódio CA, Testera AM, Arias FJ, Rodrı́guez-

Cabello JC, Alves NM, Mano JF. Stimuli-responsive thin

coatings using elastin-like polymers for biomedical applications.

Adv Funct Mater. 2009;19:3210–8.

25. Faraj KA, van Kuppevelt TH, Daamen WF. Construction of

collagen scaffolds that mimic the three-dimensional architecture

of specific tissues. Tissue Eng. 2007;13:2387–94.

26. Vrana NE, Builles N, Justin V, Bednarz J, Pellegrini G, Ferrari B,

Damour O, Hulmes DJ, Hasirci V. Development of a recon-

structed cornea from collagen-chondroitin sulfate foams and

human cell cultures. Investig Ophthalmol Vis Sci. 2008;49:

5325–31.

27. Harley BA, Leung JH, Silva EC, Gibson LJ. Mechanical char-

acterization of collagen-glycosaminoglycan scaffolds. Acta Bio-

mater. 2007;3:463–74.

28. Kinikoglu B, Auxenfans C, Pierrillas P, Justin V, Breton P,

Burillon C, Hasirci V, Damour O. Reconstruction of a full-

thickness collagen-based human oral mucosal equivalent. Bio-

materials. 2009;30:6418–25.

29. Shoulders MD, Raines RT. Collagen structure and stability. Annu

Rev Biochem. 2009;78:929–58.

30. Zhu X, Cui W, Li X, Jin Y. Electrospun fibrous mats with high

porosity as potential scaffolds for skin tissue engineering. Bio-

macromolecules. 2008;9:1795–801.

31. Yannas IV, Lee E, Orgill DP, Skrabut EM, Murphy GF. Synthesis

and characterization of a model extracellular matrix that induces

partial regeneration of adult mammalian skin. Proc Natl Acad Sci

USA. 1989;86:933–7.

32. Sundararaghavan HG, Monteiro GA, Lapin NA, Chabal YJ,

Miksan JR, Shreiber DI. Genipin-induced changes in collagen

gels: correlation of mechanical properties to fluorescence. J Bio-

med Mater Res A. 2008;87:308–20.

33. Rho KS, Jeong L, Lee G, Seo BM, Park YJ, Hong SD, Roh S,

Cho JJ, Park WH, Min BM. Electrospinning of collagen nanofi-

bers: effects on the behavior of normal human keratinocytes and

early-stage wound healing. Biomaterials. 2006;27:1452–61.

34. Bhardwaj N, Kundu SC. Electrospinning: a fascinating fiber

fabrication technique. Biotechnol Adv. 2010;28:325–47.

1554 J Mater Sci: Mater Med (2011) 22:1541–1554

123


	A smart bilayer scaffold of elastin-like recombinamer and collagen for soft tissue engineering
	Abstract
	Introduction
	Materials and methods
	Scaffold preparation
	Collagen type I isolation
	H-RGD6 expression and purification
	H-RGD6 characterization
	Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
	Matrix-assisted laser desorption/ionization time-of-flight mass spectroscopy
	Aggregate size measurements

	Preparation of ELR-collagen foams
	Preparation of ELR-collagen fibrous mats
	Preparation of ELR-collagen foam-fiber bilayer scaffolds
	Crosslinking of the scaffolds
	Scaffold Characterization
	Foam thickness
	Pore size and its distribution
	Morphology and microstructure of scaffolds
	Mechanical properties

	In vitro studies
	Origin, isolation, and culture of fibroblasts and epithelial cells
	Culture of fibroblasts and epithelial cells in ELR-collagen and control collagen foams
	Immunohistochemistry


	Results
	Characterization and purity of collagen type I isolated from rat tails
	Production and stimuli-responsive behaviour of H-RGD6
	Structural properties of the scaffolds
	Mechanical properties of the scaffolds
	In vitro studies

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


