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ARTICLE INFO ABSTRACT

Keywords: Collagen is the major fibrillar component and protein in both human and animal connective tissue. It is applied in
Collagen ) medical preparations, e.g. wound dressings and tissue engineering. Meat and poultry production industries result
Rest raw material in large amounts of organic waste, rich in collagen. Our aim was to isolate and characterize pepsin soluble
Characterization

collagen from turkey tendon. Structural analysis indicated the presence of a-chains from both collagen type I and
I1I, B-dimers and y-trimers, consistent with the estimated molecular weight of 477.3kDa. Circular dichroism
spectroscopy confirmed an intact triple helix. The collagen demonstrated excellent thermal stability, with
denaturation temperatures (Tpyay) at 38.5°C and 44.5 °C and partial refolding after extensive heating. Biocom-
patibility was confirmed through cell viability tests. The collagen was investigated for its potential drug carrier
ability. Freeze dried collagen scaffolds containing prilocaine hydrochloride and riboflavin were prepared in the
presence or absence of photo-crosslinking. Photochemical crosslinking was confirmed by SEM and enhanced
mechanical properties were observed. Scaffolds had a significant slower in vitro release of the active ingredient
than a reference solution. Altogether, our study suggests collagen from turkey tendon as a promising sustainable

Drug delivery

biomaterial for pharmaceutical use.

1. Introduction

Industrial production of meat and poultry products results in large
amounts of organic waste. The waste is today often utilized as biofuel
and in production of pet food, but also incinerated without energy re-
covery (Jayathilakan et al., 2012). However, there is a huge potential in
the application of rest raw materials from food production industries for
new and innovative purposes. Rest raw materials are defined as remains
from the food production after the edible part is utilized. The increasing
production and consumption of poultry, including turkey (Meleagris
gallopavo), results in an increasing amount of rest raw material such as
skin, tendons and bones i.e., materials that are rich in the protein
collagen.

Collagen is the major fibrillar component and protein in both human
and animal connective tissue, constituting about 20-30% of the total
body protein weight. Collagen has a characteristic triple helix structure
formed by three a-chains held together by hydrogen bonds in its native
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form. The a-chains consist of repeating triplets of the amino acids
Glycine-X-Y, where X and Y are often proline and the imino acid hy-
droxyproline, respectively. Nonhelical telopeptides are attached to the
ends of the collagen molecule. These telopeptides are the major source
of antigenicity, but can be removed by pepsin digestion to produce
atelocollagen, which is considered as biocompatible and is well toler-
ated by the human body. Collagen is classified into different types, and
at least 28 variants of collagen have been identified. The types differ in
origin, structure and their ability to form fibrils (Shoulders and Raines,
2009). Collagen has several potential applications in the food, medical,
pharmaceutical and cosmetic industries.

Collagen from several different species has been evaluated for
application in cosmetics and pharmaceutical preparations. Collagen
isolated from avian sources has several beneficial properties compared
to collagen from e.g. pigs, cattle and aquatic species. Due to the lack of
diseases like bovine spongiform encephalopathy (BSE), transmissible
spongiform encephalopathy (TSE) and foot-and-mouth disease (FMD),
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Fig. 1. Schematic showing the formation of the collagen freeze dried scaffolds (sponges).

avian sources can be regarded as safer than pigs and cattle although
avian influenza (AI) can be a challenge (Li et al., 2004; Parenteau-Bareil
et al., 2011; Pantin-Jackwood et al., 2017). Collagen is classified as
“Generally Recognized as Safe” (GRAS) by the US Food and Drug
Administration (FDA). There is an increasing interest for collagen from
aquatic species as an alternative to collagen from mammal species, due
to the various diseases and religious preferences. However, the use of
aquatic collagen is limited by relatively poor thermal stability. With
respect to cosmetic and medical applications, the collagen to be used
should have a denaturation temperature above the human body tem-
perature to avoid protein denaturation. Avian species are known to have
a higher body temperature than mammal species, aquatic species and
humans and thereby a higher denaturation temperature (Prinzinger
et al., 1991; Varriale and Bernardi, 2006). Collagen from different fish
species has shown a denaturation temperature <15.2 °C below mammal
species (Sotelo et al., 2016). A previous study showed that pepsin sol-
uble collagen type I isolated from quails’ feet exhibited high thermal
stability with a denaturation temperature of 38.3 °C, compared to calf
skin (36.3°C) and pig skin collagen (37.0°C) (Yousefi et al., 2017).
Collagen from chicken bone is reported to have a denaturation tem-
perature at 44.0 °C, which was claimed to be the highest denaturation
temperature for vertebrate collagen at the time of publication (Losso and
Ogawa, 2014). The average body temperature of turkey is determined to
41.1 °C, which should indicate excellent thermal stability (Wilson and
Woodard, 1955). Collagen from turkey has, however, not been thor-
oughly investigated for potential use in medicine or pharmacy.

Gels, sponges and shields are examples of medicinal and pharma-
ceutical products based on collagen. Collagen is used in tissue engi-
neering as surgical suture, hemostatic agent, skin- and other tissue
replacement (Chattopadhyay and Raines, 2014; Farndale, 2006).
Collagen is known to have excellent wound healing properties because
of its biocompatibility, biodegradability and chemotactic properties to
cells involved in production of extracellular matrix (Chattopadhyay and
Raines, 2014; Postlethwaite et al., 1978). Further, collagen can be used
in the preparation of drug delivery devices. Examples are hydrogels and
freeze-dried scaffolds (sponges). Hydrogels are composed of a cross-
linked polymer network that contains a large amount of water. Drug
molecules can be incorporated in the polymer network by covalent
linkage, electrostatic interactions, hydrophobic association or by phys-
ical entrapment in the polymer network (Li and Mooney, 2016).
Collagen is soluble in acids and is easily crosslinked by neutralization
and self-assembly into fibrils at 37 °C. The mechanical properties and
pore size of collagen hydrogels can be altered by a change in collagen
concentration and further crosslinking by a chemical or photochemical
process. Chemical crosslinkers like glutaraldehyde and epoxy com-
pounds are often cytotoxic and not suitable for medicinal use. Photo-
chemical crosslinkers are activated upon irradiation with the
appropriate wavelength. Riboflavin (Vitamin Bj) is known to induce
photochemical polymerization and interhelical crosslinking between the
collagen molecules when exposed to UVA or blue light (Heo et al., 2016;
Tirella et al., 2012). Riboflavin is an endogenous compound and is GRAS
classified. A photochemical crosslinker can be added to the formulation

at an early stage in the production. This is an advantage compared to
chemical crosslinkers, which need to be added at the time of cross-
linking. Collagen sponges can be formed by freeze drying of the
photochemically crosslinked gels. Another approach is to stabilize and
crosslink collagen with nanoparticles or make nanocomposites. This can
be illustrated by the formation of novel functional biocomposites with
improved surface area and porosity, like collagen sponges with iron
oxide nanoparticles or iron encapsulated carbon nanoparticles for
various environmental, energy and biorelated applications (Ashokku-
mar et al., 2016; Telay Mekonnen et al., 2019). Another example is the
formation of nanocomposites with collagen and silica for wound healing
(Desimone et al., 2011). Further, collagen is often used in a composite
together with hydroxyapatite for bone tissue engineering (Kane et al.,
2015). All of these techniques result in crosslinked materials with
increased thermal properties, increased mechanical strength and
improved porosity. Recently, the use of collagen alone and in polymer
blends in bioinks for bioprinting and tissue engineering has gained
attention. With bioprinting, the scaffold can be tailored to increase cell
migration and proliferation (Rider et al., 2018).

In the present study, collagen was isolated from turkey rest raw
material and characterized with respect to physicochemical properties
and drug carrier ability. The biocompatibility was assessed with
viability studies on human primary dermal fibroblasts treated with the
isolated material. A freeze-dried scaffold (sponge) containing riboflavin
as a photochemical crosslinker and prilocaine hydrochloride as a model
drug was prepared (Fig. 1). The morphology was examined, and the in
vitro release profile of the active ingredient was recorded. Our data
reveal the potential for turkey tendon collagen as a promising sustain-
able material for drug delivery.

2. Materials and methods

All experiments were performed at 25 °C unless other stated.

2.1. Raw materials, chemicals and reagents

Rest raw material from industrially produced turkey (Meleagris gal-
lopavo) was kindly provided by Norilia AS (Oslo, Norway). The raw
material was stored at —20 °C until further preparation. All reagents
were of analytical grade and were purchased from either Sigma-Aldrich
Chemical Company (St. Louis, MO, USA) or Merck KGaA (Darmstadt,
Germany). Cell medium and components were all purchased from
Thermo Fischer Scientific (Waltham, MA, USA). Viability assay was
purchased from Promega Corporation (Madison, WI, USA).

2.2. Preparation of pepsin-solubilized collagen from Turkey tendon

Frozen turkey tendons were thawed and manually cleaned with a
scalpel to remove any remaining meat. The cleaned material was cut
into smaller pieces and freeze dried for 48 h (Alpha 1-2 LD Plus Freeze
Fryer, Martin Christ, Germany). Acetic acid solution (0.5 M) with pepsin
(1:10) was added and the material was hydrolyzed enzymatically for
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48 h at 4 °C with stirring. The mixture was then centrifuged at 4 °C and
20 000xg for 1 h (Avanti J-26 XP, Beckman Coulter, Brea, CA, USA). The
supernatant was collected and transferred to new vials. NaCl (4 M) was
added to the supernatant in a 1:3 ratio and kept on ice for 24 h to pre-
cipitate collagen. The solution was thereafter centrifuged at 20 000xg
and 4°C for 1h and the sediment was further removed and replaced
with 0.5M acetic acid for re-solubilization. The mixture was dialyzed
against distilled water for 3 days with change of medium every 24 h. The
dialyzed solution was frozen to —40°C and freeze dried for 96h
(Gamma 1-16 LSC Freeze dryer, Martin Christ, Germany).

2.3. Characterization of collagen

2.3.1. Total collagen quantification

The concentration of collagen was measured using the Sircol™ Sol-
uble Collagen Assay (Biocolor Ltd., Carrickfergus, UK). Colorimetric
detection of collagen was performed according to the manufacturer’s
protocol. In brief, 1.0 ml of the dye (Sirius Red) was added to 100 pl
diluted collagen solution (approximately 10 pg collagen). The solution
was agitated for 30 min followed by centrifugation at 10 000xg for
10min. The dye-protein complex-pellet formed was collected and
washed with 750 pl of the provided Acid-Salt Wash reagent. The pellet
was once again collected and dissolved in 1.0 ml of the provided alkaline
solution to release the dye. The absorbance was measured at 550 nm by
an UV-VIS spectrophotometer (UV-2401PC, Shimadzu, Kyoto, Japan).
Reagent blank was 0.5 M acetic acid. A calibration curve was prepared
using bovine collagen type I (total amount in the samples was 5-15 pg).
The assay does not discriminate between the different types of collagen.

The Sircol™ dye exclusively binds to collagen and the assay was used
to assess the purity of the isolated material by comparing the amount of
raw material to the total collagen quantified (Fauzi et al., 2016).
Collagen isolated from turkey tendon was dissolved in 20 mM acetic acid
to a concentration of 1.0mg/ml. The collagen concentration was
determined by the Sircol™ Assay to assess the purity of the isolated
material and the recovery of collagen after filtration (5 pm Versapor®
Membrane, Pall Corporation, ML, USA).

2.3.2. Collagen viscosity and molecular weight

Collagen isolated from turkey tendon was dissolved in 0.5 M acetic
acid to a concentration of 0.5 mg/ml. The solution was diluted to con-
centrations between 0.1 and 0.5 mg/ml. Acetic acid (0.5 M) was used as
negative control. The viscosity of the solutions was determined with an
Anton Paar Rheometer (Anton Paar Physica MCR301 Rheometer, Ger-
many). Samples of 10 ml were measured with a double gap concentric
cylinder (DG26.7) at 25°C with a shear rate of 10 s~!. The intrinsic
viscosity of collagen was calculated from the dynamic viscosity (Kulicke
and Clasen, 2004). The average molecular weight was then estimated
from the intrinsic viscosity according to the
Kuhn-Mark-Houwink-Sakurada equation (Equation (1)):

(nl = KM* (€Y

where 7 is the intrinsic viscosity, M is the average molecular weight, K
and « are values specific for the polymer or protein (1.86 x 107*° and
1.8 for collagen, respectively) (Nishihara and Doty, 1958).

2.3.3. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE)

SDS-gel electrophoresis is a common method for determination of
collagen polypeptide chains (Cliche et al., 2003; Rabotyagova et al.,
2008). 20 pg of freeze dried collagen material was solubilized in 7 M
Urea/2 M Thiourea, 2% CHAPS, 1% dithiothreitol before adding sample
buffer to a final concentration of 0.05% Tris-HCI pH 6.8, 7% glycerol,
0.07 M dithiothreitol, 1% (w/v) SDS and 0.001% bromophenol blue.
The samples were then pre-heated to 50 °C for 10 min and separated by
SDS-PAGE by use of 4-12% Bis-Tris gels (Invitrogen, MD, USA),
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NuPAGE® MOPS SDS running buffer (Invitrogen, MD, USA) and Novex
XCell IT apparatus (Invitrogen, MD, USA). Protein bands were visualized
by Coomassie Staining and molecular weight determined by use of
Benchmark prestained protein ladder (Novex, Life technologies,
10 748-010) run simultaneously on the gel.

2.3.4. Circular dichroism (CD)

The molecular conformation and denaturation temperature were
assessed by CD spectra using a spectropolarimeter (Jasco J-810, Easton,
MD, USA). Collagen was dissolved in 20 mM acetic acid to a concen-
tration of 0.15 mg/ml and placed into a quartz cell with a path length of
1 mm. The spectrum from 180 to 250 nm was recorded with an interval
of 0.5 nm and scanning speed of 50 nm/min under nitrogen atmosphere
at 20 °C. To determine the denaturation temperature, the rotatory angle
at a fixed wavelength of 221 nm was recorded with heating from 20 to
60 °C at a constant heating rate of 2 °C/min. The triple helix content of
native collagen was adjusted to be 100%, and the value of the denatu-
rated collagen to be 0%. Denaturation temperature was defined as the
temperature that gave the midpoint of ellipticities between 20 and
60 °C.

2.3.5. Nano differential scanning calorimetry (nano DSC)

Nano differential scanning calorimetry (nano DSC) experiments were
performed using a Nano DSC 602 000 differential scanning calorimeter
(TA Instruments, Lindon, UT, USA) with a capillary cell volume of
0.300 ml. DSC thermograms were recorded for 1.5 mg/ml collagen so-
lutions in 20 mM acetic acid at a constant heating rate of 2 °C/min and
3atm in the temperature range of 20-60 °C. Acetic acid (20 mM) was
used as reference. The transition temperature of collagen was defined at
the maximum of the transition peak after baseline subtraction. To assess
the renaturation properties of the isolated collagen, the sample was
dissolved in 20 mM acetic acid at 5 °C. The solution was heated to 55 °C,
cooled to 5°C and left in the nano DSC capillary cell for 2 weeks fol-
lowed by heating to 55 °C. A sample stored at 4 °C was used as reference.

The results were processed by application of the NanoAnalyze soft-
ware (TA Instruments). The partial specific heat capacity of collagen was
determined from the estimated molecular weight and a partial specific
volume of 0.700ml/g (Noda, 1972). The results were fitted to a
two-state trimer-to-monomer model. The deviation between the recor-
ded data and the modulated data was < 3%.

2.3.6. Fourier transform infrared spectroscopy (FT-IR)

FT-IR spectra were acquired with a PerkinElmer Spotlight 400 FT-IR
imaging system coupled to an optical IR spotlight microscope (Perki-
nElmer, Shelton, CO, USA). The sample (collagen) was placed on a ZnSe
substrate and put under the microscope. The area selected for mea-
surement was a thin part of the sample, approximately 5-10 pm thick.
Single element absorbance spectra were recorded in the range from
4000 to 750 cm ™! using a mercury cadmium telluride (MCT) detector,
and with a spectral resolution of 4 cm™!. For each pixel, 32 scans were
obtained. The microscope was sealed with a custom-made box, and both
microscope and spectrometer were purged with dry air to reduce the
spectral contribution from water vapor and CO;. A background spec-
trum/image of the ZnSe substrate was recorded before each sample
measurement. The spectra were preprocessed by extended multiplica-
tive signal corrections (EMSC) in The Unscrambler version 9.2 (Camo
Process AS, Oslo, Norway) to remove multiplicative and wavenumber-
independent and dependent baselines (Afseth and Kohler, 2012).

2.3.7. Cell culture

Human primary dermal fibroblasts (ATCC, Manassas, VA, USA) were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), 100 U/ml penicillin, 100 pg/ml
streptomycin and 250 pg/ml fungizone in tissue culture flasks. The cells
were maintained at 37 °C in a humidified atmosphere of 5% CO,. The
cells were routinely sub-cultivated twice a week. The cells were
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examined by a Leica DM IL LED light microscope (Leica Microsystems
Nussloch GmbH, Nuploch, Germany) during incubation. Cells between
passages 3-10 were used in these experiments.

2.3.8. Cell viability

Evaluation of biocompatibility (viability) of collagen from turkey
tendon was conducted for 48 h on proliferating cells. Fibroblasts were
plated onto 96-well white opaque microtiter plates at a concentration of
3000 cells/well in medium with 2% FBS and incubated for approxi-
mately 24h. The medium was then replaced with fresh medium.
Collagen from turkey tendon was added to the wells in a concentration
of 0.5, 1.0, 2.0 and 3.0mg/ml and further incubated for 48h. The
samples were handled aseptic between isolation and the viability test.
To mimic use under relevant biological conditions, the collagen was not
dissolved before addition to the wells. Cell viability was measured with
the Cell Titer-Glo Luminescent Cell Viability Assay (Promega, Madison,
WI, USA) according to the manufacturer’s protocol. The luminescence
intensity was detected using a Synergy H1 Hybrid Multi-Mode Micro-
plate Reader (Biotek, Bad Friedrichshall, Germany).

2.4. Preparation of drug loaded freeze dried scaffolds (sponges) of
collagen from Turkey

Drug loaded freeze dried scaffolds of collagen i.e., collagen sponges,
were prepared by a two-step gelation and crosslinking method. Prilo-
caine hydrochloride (PCL) was selected as a model drug
(M,, = 256.77 g/mol). Collagen from turkey tendon was dissolved in
20 mM acetic acid over 24 h to a concentration of 5 mg/ml and filtered
(5pm Versapor® Membrane, Pall Corporation, MI, USA). PCL was
mixed with the collagen solution to a final concentration of 5mg/ml.
The collagen-PCL solution was neutralized with 10X phosphate buffered
saline (PBS) (0.1 x final volume) and 1M NaOH (0.023 x volume of
collagen solution) and diluted with Milli-Q water to a final concentra-
tion of 1X PBS and 2.5 mg/ml collagen. Riboflavin 5'-monophosphate
sodium salt was added as a crosslinking agent to a final concentration of
0.01% (w/v) (Heo et al., 2016). The solution was incubated in the dark
at 37 °C for 60 min to form intrahelical crosslinks and initiate gelling of
the collagen. The collagen gels were irradiated with UVA
(Amax = 365nm, 2.94 mW/cm?) (Polylux-PT, Dreve, Germany), for
4 min to form interhelical crosslinks (i.e., a photochemically crosslinked
gel). The crosslinking procedure was then completed by incubating the
gels in the dark at 37 °C for 30 min. The non-irradiated gels were pro-
duced by mixing PCL with the collagen solution, addition of riboflavin,
neutralization of the solution and incubation in the dark at 37 °C for
90 min.

All the gels were freeze dried in order to form sponges. The gels were
frozen at —80 °C for 1 h prior to freeze drying at 0.0019 mbar for 20 h,
including 1h final drying at 0.0010 mbar (Alpha 2-4 LD Plus Freeze
Fryer, Martin Christ, Germany).

2.5. Characterization of the drug loaded freeze dried scaffolds (sponges)

2.5.1. Invitro release study of prilocaine hydrochloride from collagen
sponges

Irradiated and non-irradiated collagen sponges were tested for in
vitro release of the active ingredient (PCL). The study was performed
using Franz diffusion cells (PermeGear, Hellertown, PA, USA). The
diffusion area of the cell was 1.00 cm? and the receptor compartment
had a capacity of 7.8 ml. Sink conditions were maintained.

Nylon membrane filters (0.45 pm Whatman™ Nylon membrane fil-
ters, GE Healthcare UK Ltd., Buckinghamshire, UK) were saturated with
receptor medium (PBS) for 1h prior to the experiment. The cells were
filled with receptor medium and the membrane was mounted between
the donor and the receptor compartment. The sponge was transferred
from the container in which it was freeze dried to the donor chamber,
and the container was rinsed with 1 ml Milli-Q water which was
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transferred to the donor chamber of the Franz cell. PCL was dissolved in
PBS to a concentration of 5mg/ml and 1 ml was added to the donor
chamber of the Franz cell to serve as a positive control (a solution of the
drug). The receptor medium was continuously stirred at 500 rpm. The
receptor medium was kept at 32 + 1 °C. Samples of 100 ul were with-
drawn after 0.25, 0.33, 0.42, 0.5, 0.75, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0,
5.0, 6.0 and 24 h and diluted 1:1 with the HPLC mobile phase to a total
volume of 200 pl. Fresh receptor medium was added to the receptor
chamber to replace the sample volume withdrawn.

PLC was quantified by reversed-phase HPLC. The analysis was con-
ducted with isocratic elution with a mobile phase consisting of 0.1 M
acetate buffer pH 3.8 and methanol (60:40). A C;g column (Nova-pak®,
Waters Corporation, Milford, MA, USA) was used with a column tem-
perature of 30°C. The retention time of PCL at 1 ml/min flow was
approximately 2.8 min under the given experimental conditions. All
quantitative experiments were performed in triplicate unless otherwise
stated.

2.5.2. Environmental scanning electron microscopy (ESEM)

ESEM imaging of freeze dried collagen isolated from turkey tendon
and sponges prepared from the isolated collagen was performed using an
Environmental Scanning Electron Microscope (Zeiss EVO-50-EP, Carl
Zeiss SMT Ltd, Coldhams Lane, Cambridge, UK). The samples were
mounted on an aluminum stub using double-sided tape coated with
carbon and coated with gold/palladium using a Sputter Coater (SC7640
Sputter Coater, Quorium Technologies).

2.5.3. Mechanical properties

Mechanical properties of the derived sponges were studied using a
TA-XT2i Texture Analyser (Stable Micro Systems, Haslemere, UK) in
compression mode. The sponges were exposed to constant pressure at
0.1 mm/s to 10, 30 and 50% strain. The stress (kPa) was calculated by
the force and load bearing area (A) of the sponges (r=4mm,
A =50.24 mm?) and plotted against the strain.

2.5.4. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) were performed on the derived
sponges using a TG 209F1 Libra (Netzsch-Geratebau GmbH, Selb, Ger-
many) under nitrogen purge (50 ml/min). TGA thermograms were
recorded for samples between 5 and 10 mg at a constant heating rate of
10°C/min in the temperature range 25-800 °C. The transition temper-
atures were defined as the onset temperature of the transition.

2.5.5. Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) experiments were performed
on the derived sponges using a DSC822° Differential Scanning Calo-
rimeter (Mettler Toledo Intl. Inc., Greifensee, Switzerland) under dry
nitrogen purge (80 ml/min). DSC thermograms were recorded for sam-
ples between 0.5 and 2 mg at a constant heating rate of 10 °C/min in the
temperature range 25-400 °C. The samples were placed in aluminum
sample pans with a pierced lid. An empty pan was used as reference. The
transition temperature of collagen in the sponges was defined at the
minimum of the transition peak when integrated.

2.6. Statistical analysis

The data was presented as mean + highest deviation from three in-
dependent experiments. Statistical analyses were performed using Stu-
dents t-test (p < 0.05).
3. Results and discussion

3.1. Characterization of collagen

3.1.1. Total collagen quantification and estimated molecular weight
Collagen was isolated with pepsin in weak acetic acid. Pepsin is



K.G. Gronlien et al.

Fig. 2. ESEM image of freeze dried collagen extracted from turkey tendon at
1000X magnification (scale bar = 10 pm). Examples on collagen sheets and fi-
bers are marked S and F, respectively.

180 kDa

115 kDa a1l

a,(l)
ay(l)
82 kDa

64 kDa

49 kDa

37 kDa

26 kDa

19 kDa

Fig. 3. SDS-PAGE of collagen from turkey tendon stained with Comassie Bril-
liant Blue. a, p and y represent monomeric, dimeric and trimeric forms of the
collagen molecules, respectively. Molecular weight standard (Benchmark pre-
stained protein ladder) is shown to the left.

known to increase the yield of acid soluble crosslinked collagen and
further to cleave the nonhelical telopeptide moieties of collagen, which
leads to a product with good biocompatibility (Delgado et al., 2017).
The purity of collagen was determined to 103.1 + 3.1%, which indicated

Sustainable Chemistry and Pharmacy 13 (2019) 100166

CD (mDeg)

180 200 220 240
Wavelength (nm)

Fig. 4. CD spectrum of collagen from turkey tendon; 0.15mg/ml in 20 mM
acetic acid at 20°C (50 nm/min). Rotary maximum = 221.5 nm, rotary mini-
mum = 197 nm, crossover point =214 nm.

that the isolated material solely consisted of collagen. The recovery of
collagen was 95.7 + 6.1% after filtration.

The intrinsic viscosity was found to be 19.76dl/g. The average
molecular weight was estimated to be 477.3kDa. A standard collagen
molecule is typically 300 kDa where each of the alpha strands are
approximately 100 kDa (Shoulders and Raines, 2009). A higher molec-
ular weight indicates the presence of interhelical crosslinks between the
collagen molecules and formation of di- and trimers (Silver and Garg,
1997). The ESEM images of freeze dried pure collagen demonstrated the
presence of both collagen sheets and fibers and confirmed the presence
of interhelical crosslinks (Fig. 2).

3.1.2. SDS-PAGE pattern and CD spectroscopy of isolated collagen

The SDS-PAGE pattern indicated the presence of a-chains from both
collagen type I and III (Rabotyagova et al., 2008; Han et al., 2018; Shikh
Alsook et al., 2015) (Fig. 3). Different bands of high molecular weights
around 115kDa and above 180 kDa were detected. Previous SDS-gel
electrophoresis studies of native collagen type I from tendon have
revealed migration of reduced collagen type I into monomeric al-and
a2-chains in lower ranges approximately around 110 and 120, and
p-band and y-band above 240 kDa (Han et al., 2018; Rabotyagova et al.,
2008; Shikh Alsook et al., 2015). Both types of collagen have previously
been identified in tendons (Zhang et al., 2005).

The presence of p-dimers indicated intrahelical crosslinks between
the collagen a-chains. The presence of y-trimers indicated intrahelical
crosslinking between the three collagen o-chains or intermolecular
crosslinking between collagen molecules (Lewis and Piez, 1964). This is
consistent with the high molecular weight as discussed above. ESEM
analysis revealed fibrillary and sheet-like structures of freeze dried pure
collagen supporting intermolecular crosslinks.

The CD spectrum of collagen showed a negative peak between 180
and 214 nm. The rotatory maximum was found at 221.5 nm, a minimum
at 197 nm and a crossover point at 214 nm, which is characteristic for a
triple helical conformation (Wang et al., 2014; Losso and Ogawa, 2014)
(Fig. 4). This further emphasized the intact structure of isolated
collagen.

3.1.3. Thermal properties of isolated collagen

The thermal denaturation of turkey collagen occurred in two steps
with a minor transition (T;) at 38.3°C and a major transition (Ty,) at
44.5 °C under the current experimental conditions (Fig. 5). The minor
transition has previously been reported to be caused by collagen fibril
depolymerization and melting of small parts of the triple helix structure,
while the major transition was reported to be caused by denaturation of
the triple helix to form monocoils (Liu et al., 2013). The transition at
44.5°C was just above the turkey body temperature of 41.1 °C and is
together with collagen from chicken keel bone among the highest
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Fig. 5. Nano DSC thermogram of collagen from turkey tendon; 1.5 mg/ml in
20 mM acetic acid at heating rate 2 °C/min (baseline not subtracted).

reported denaturation temperatures for collagen (Losso and Ogawa,
2014). A high denaturation temperature can be attributed to the imino
acid content (hydroxyproline and hydroxylysine) of collagen (Persikov
et al., 2005). However, the amino acid content was not investigated in
detail in the present study. An extensive crosslinking of the collagen
molecule can also contribute to a high denaturation temperature
(Wright and Humphrey, 2002).

Two thermal transitions with Ts between 36.1 and 38.4°C and T,
between 41.4 and 44.1 °C were observed in all samples (Fig. S1 A and B).
The transition temperature for both transitions was dependent on the
heating rate and shifted to a higher temperature when the heating rate
increased. The transition temperature was a linear function of the log-
arithm of the heating rate (Figure S1 C). This indicated that the native
protein was not in equilibrium with the unfolded protein, even at low
heating rates (0.015°C/min) and the unfolding was kinetically
controlled (Liu et al., 2013). It is considered that such slow kinetics can
be caused by a large activation energy or the many steps and complexity
of the collagen unfolding (Leikina et al., 2002).

The helicity curve of collagen (Fig. S2) showed a biphasic transition,
which is consistent with the two transitions from the nano DSC experi-
ments (Fig. 5). The helicity went from 100% to 0% during the temper-
ature interval 37-47 °C, which matched the onset temperature of the
minor transition and offset temperature of the major transition,
respectively, in the nano DSC experiments and confirmed the high
denaturation temperature.

Collagen melting and denaturation has been described both as an
irreversible rate-limited process with first-order reaction kinetics and
Arrhenius dependency, and as a reversible process with an apparent
irreversibility due to extremely slow equilibrium kinetics (Leikina et al.,
2002). Lumry and Eyring (1954) proposed a three-state model for the
thermal denaturation of proteins, involving a thermodynamic step and a
kinetically controlled step (Equation (2)):

NU-D 2

where N is the protein in its native form, U is the unfolded triple helix
form and D is the denaturated form of the protein (Lumry and Eyring,
1954). This model has been evaluated to be the best model for the
thermal denaturation of collagen (Liu and Li, 2010). The minor transi-
tion observed in the thermogram of collagen can thereby be assigned to
the reversible step, while the major transition can be assigned the irre-
versible denaturation step in the Lumry-Eyring model (Liu et al., 2013).

According to Leikina et al., (2002) the peak transition temperature
below 44.5°C, i.e., Ty, of collagen, is related to formation of gelatin
fragments. Partial refolding of collagen with formation of gelatin frag-
ments was demonstrated by a renaturation study (Fig. 6). The refolding
capability was apparently maintained even when the sample was heated
to 55 °C. Irreversible refolding of collagen has been reported when the
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Fig. 6. Renaturation properties of collagen from turkey tendon (baseline sub-
tracted). Left axis; partially renaturated collagen (solid line), right axis; collagen
sample stored at 4 °C for the same time period (dashed line).
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Fig. 7. FTIR spectrum of collagen from turkey tendon.

molecule is heated above 55 °C (Liu et al., 2013). Temperatures above
this value could be avoided in a pharmaceutical context unless heating is
the only option for sterilization (Wright and Humphrey, 2002).

3.1.4. FT-IR analysis

The FT-IR spectrum of the isolated collagen included the bands of
amide A (3324cm™!), amide B (2938 cm’l), amide I (1658 cm™),
amide II (1548 cm ™) and amide III (1234 cm ™) (Fig. 7).

The amide A band of collagen has been associated with the NH-
stretching frequency and is usually found at 3325-3330 cm ™. The po-
sition is shifted towards a lower frequency, around 3300 cm ™2, if the NH
group of a protein or peptide is involved in a hydrogen bond (Doyle
et al., 1975). However, NH-stretching occuring in the range
3400-3440 cm™! indicates a free NH group (Wang et al., 2014).
Collagen from turkey tendon was found to have an amide A band at
3324 cm™, which was an indication of hydrogen bonding (Doyle et al.,
1975). The amide B band position of collagen from turkey tendon was
observed at 2938 cm ™. This band could be related to the asymmetrical
stretch of CH, (Fauzi et al., 2016).

The amide I, I and III bands are related to the secondary polypeptide
conformation of proteins. The amide I band of collagen has previously
been reported at 1650-1688 cm ™! (Doyle et al., 1975). In the present
study the amide I band was identified at 1658 cm ™}, which indicated the
existence of non-equivalent C=0 bonds. The band was asymmetrical,
which is typical for collagens (Terzi et al., 2018). The amide II band of
collagen is usually found at 1530-1540 cm ™!, however, if the material is
partially hydrated, the band moves to higher frequencies around
1550 cm ™! (Doyle et al., 1975). The present collagen was found to have
an amide II band at 1548 cm™!, which further indicated a partially hy-
drated material. The amide II band is associated with N-H bend coupled
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Fig. 8. Viability (i.e. the amount of ATP present) of human primary dermal
fibroblasts treated with different collagen concentrations and without (control).
The data is presented as the mean of three independent cell culture experiments
seeded out in triplicates.

with C-N stretching. The amide III band of collagen is associated with
N-H bend coupled with C-N stretch and indicates the presence of a
helical structure. The amide III bands in our samples were identified
around 1234 cm™! and confirmed the native structure of the collagen
triple helix (Terzi et al., 2018; Gasior-Glogowska et al., 2010).

3.1.5. In vitro biocompatibility assessment of isolated collagen

The addition of collagen to primary human fibroblasts did not
significantly affect the cell viability (i.e., the amount of ATP present)
after 48 h at any of the concentrations of the isolated collagen compared
to the control (Fig. 8). However, the viability showed a slight decrease
with increasing collagen concentration. Collagen is supposed to be
biocompatible and non-toxic to cells. The variance in the results can
therefore be attributed to the increasing bulk volume of collagen in the
well and/or a quenching of the luminescence from the luciferase in the
viability assay. The results demonstrated good in vitro biocompatibility
of the isolated collagen at concentrations relevant for production of
freeze dried scaffolds.

3.2. Characterization of collagen freeze dried scaffolds (sponges)

3.2.1. Mechanical properties

Freeze dried scaffolds prepared in the presence or absence of photo-
crosslinking resulted in sponges with different mechanical properties.
The mechanical property studies of the sponges showed a clear differ-
ence between the stress at 10, 30 and 50% strain of the irradiated and
non-irradiated sponges, respectively. The irradiated sponges had a stress
varying between 1.35 + 0.72 kPa at 10% strain, 2.08 & 0.58 kPa at 30%

A
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strain and 3.74 +0.94 kPa at 50% strain. The non-irradiated sponges
had a stress varying between 0.22+0.03kPaat 10% strain,
0.77 £ 0.17 kPa at 30% strain and 1.79 + 0.20 kPa at 50% strain (Fig. 9
A and B). The variance within the irradiated samples can be attributed to
an inhomogeneous photochemical crosslinking throughout the sample,
due to a filter effect. This can in the future be addressed by making
thinner sponges with a larger irradiation surface area. The flattening of
the curve, especially for the irradiated sponges at strain > 30%, can be
attributed to the bending of the sponge, rather than direct compression.
This happened to all the irradiated sponge samples at > 30% strain.
Upon dispersion in aqueous solution, the irradiated sponges retained
their structure, while the non-irradiated sponges disintegrated.

3.2.2. Thermal stability of collagen sponges

Thermal stability studies of the two different sponges by TGA showed
a significant weight loss with onset at approximately 173 °C and a small
weight loss with onset at approximately 285 °C. The major weight loss
was ascribed to PCL, while the small weight loss was ascribed to the
decomposition of collagen (Fig. S3) (Schmidt et al., 2004; Ashokkumar
et al., 2016). The results showed no differences in the thermal stability
between the samples. However, the DSC results revealed differences
with the irradiated sponges exhibiting a transition at 63.54+ 2.5°C
compared to the non-irradiated sponges with a very weak transition at
57.1 £1.9°C (Fig. S4). The transition corresponds to a shrinkage and
the loss of the triple helical structure of collagen (Ashokkumar et al.,
2016; Pietrucha, 2005). The transition around 40 °C was ascribed to
PCL.
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Fig. 10. In vitro release curves of prilocaine hydrochloride from irradiated

collagen sponges (solid line), non-irradiated collagen sponges (dash-dotted line)
and a solution of the drug (dashed line). The first two curves are superimposed.
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Fig. 9. Representative figures of compressive stress-strain curves of collagen sponges at 10, 30 and 50% strain. A: irradiated collagen sponges, B: non-irradiated

collagen sponges.
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Fig. 11. Cross section of non-irradiated collagen sponges at 100X (left) and 300X (right) magnification (scale bars =100 pm). The images show collapsed pore

structures and few fibrils (F) to stabilize the pores.
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Fig. 12. Cross section of irradiated collagen sponges at 100X (left) and 300X (right) magnification (scale bars =100 pm). The images show formation of more and
smaller pores (P) compared to the non-irradiated sponges. The right image shows formation of fibrils (F) stabilizing the pores.

3.2.3. Invitro release study of prilocaine hydrochloride from collagen
sponges

There was a significant slower release of PCL from the sponges
compared to the membrane passage of a solution of the drug (Fig. 10).
The difference between irradiated and non-irradiated sponges was
however, not significant. The sustained release of the model drug from
the sponge can be explained by diffusion through the hydrogel that was
formed upon hydration of the sponge (Li and Mooney, 2016; Tihan et al.,
2016). The slower release achieved from the sponges can be beneficial
for applications where a prolonged effect of the active ingredient is
requested, like a pain-relieving agent or a local anesthetic like our model
drug. For other types of drugs, e.g. a photosensitizer for localized anti-
microbial photodynamic therapy, a fast release will be desired. PCL is
water soluble and can easily be quantified with a chromatographic
method. PCL and riboflavin have no overlap in their respective ab-
sorption spectra. PCL was regarded as stable under the applied poly-
merization conditions, i.e., the degradation was <6%, and the substance
served as a relevant and convenient model drug in the current
experiments.

3.2.4. Morphology of collagen sponges

The ESEM images and structure of the sponge indicated that the
degree of crosslinking was higher for the irradiated sponges than the
non-irradiated sponges due to the photopolymerization of collagen fi-
brils in the presence of riboflavin (Figs. 11 and 12). The irradiated
material showed a more rigid structure. The pores formed by cross-
linking were probably too large to retain and control the release of the
selected model drug which is a small molecule with My, = 256.8 g/mol.
During freeze drying, ice grows into large crystals, segregating the solute
and compress it into thin sheets. Once the ice sublimate, empty spaces (i.
e., pores) are formed. The pore size and mechanical properties of the
collagen sponges could be altered by increasing the collagen

concentration and/or change the polymerization conditions (Tirella
et al., 2012). This was, however, not performed in the current study, but
will be investigated as the next step. The pore size and scaffold archi-
tecture will directly affect the mechanical stability of the scaffold and
behavior of cells migrating into the device. Cell migration is dependent
on that the specific surface area of the scaffold is large enough for cells to
attach, e.g. a high number of pores per unit area. However, the pores
must be large enough to facilitate cell migration and cell nutrition ex-
change. The pore size estimated from the ESEM images of irradiated
sponges was within the optimal pore size reported in the literature for
cell attachment and proliferation (approximately 250-500 pm) (Murphy
and O’Brien, 2010; Loh and Choong, 2013; Davidenko et al., 2015). It
might therefore be difficult to achieve a pore size small enough to obtain
controlled release of low-molecular weight probes (=~ 500 g/mol), but
sponges for controlled release of larger molecules, polymeric com-
pounds, peptides and proteins could be achieved by an optimization of
the production method.

4. Conclusions

Collagen of high purity was isolated from turkey tendons by appli-
cation of acetic acid and pepsin. The collagen was identified as type I
and III. CD and FT-IR studies confirmed that the native triple helix
structure was preserved after isolation. The collagen demonstrated high
thermal stability, among the highest reported for vertebras, and good
biocompatibility. An in vitro release test showed promising results for
the application of freeze dried collagen scaffolds as a drug delivery
system. There was a significant difference between the release rate of the
model drug from the sponges and from a solution. Photochemical
polymerization of the sponges increased the mechanical properties and
made the product easier to handle. The properties of the isolated ma-
terial and of the preliminary formulations make this collagen a
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promising candidate as excipient in pharmaceutical as well as cosmetic
products.
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