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Abstract. Dissolution and gelation procedures have a great influence on gelation time, microstructure and mechanical prop-
erties of reconstituted collagen products. We have investigated the dissolution of atelocollagen in CO,/water solutions at
low temperature (4 °C) at different CO, pressures (0.3—0.9 MPa), as well as gelation kinetics and physico-chemical properties
of the hydrogel obtained after CO, removal. Compared to conventional methods, the CO,-assisted technique resulted in faster
soluble collagen dissolution and faster gelation into transparent gels characterized by thin 10 nm fibrils. Electrophoresis and
CD spectroscopy demonstrated that the process did not denature the soluble collagen. The possibility to obtain collagen dis-
solution and gelation without the use of chemical agent other than water and CO, makes this process particularly appealing

for biomedical applications.
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1. Introduction

Collagen is the most abundant protein in humans and
other mammals. It forms the extracellular matrix of
cells, having structural, biochemical and signalling
functions [1]. Insoluble collagen is widely used as al-
logenic transplant, as decellularized tissue [2], or as
collagen fibers [1, 3].

Due to the intensive intermolecular crosslinking of the
triple-helix structure, the dissolution of collagen into
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the single a-chains constituents requires the use of
acids and enzymes such as pepsin and protease [4, 5].
Collagen obtained through enzymatic (pepsin) solu-
bilisation goes under the name of atelocollagen, and
it is largely used in the gel form in medicine and cos-
metics [6]. Atelocollagens extracted from different
species present limited differences and are based on
the Glycine-X-Y amino acid sequence, where X and
Y are often proline and hydroxyproline, respectively.
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While maintaining for the most part the properties
and the activity of the native insolubilized collagen,
atelocollagen presents lower antigenicity due to re-
moval of the collagen telopeptides during the
process of enzymatic solubilisation [7].

Impurities like gelatin, aggregates of insoluble col-
lagen, non-fibrillar collagen types and elastin are
known to influence the kinetics of gelation, immuno-
genic potential and mechanical properties of the final
product [8]. However, atelocollagen generally pres-
ents a higher purity when compared to the acid-sol-
ubilized counterpart. Purified atelocollagen is solu-
ble under aqueous acidic conditions at pH 3—4, while
it is not usually soluble in water at neutral and phys-
iological pH.

The preparation of collagen-based hydrogels and con-
structs usually consists of two steps, namely atelo-
collagen dissolution and thermally-induced sol-gel
transition [9—11]. First, atelocollagen is dissolved in
diluted acid solution at low temperature (4—10°C)
using hydrochloric acid or acetic acid water solutions
as solvents [7, 12—14]. The sol-gel transitions is later
obtained by adjusting the pH of the solution in the
range 6.5 to 8 using sodium hydroxide (NaOH) in
phosphate buffered solution (PBS) or (4-(2-hydrox-
yethyl)-1-piperazineethanesulfonic acid) (HEPES)
at room temperature or 37°C [10, 11].

The resulting hydrogel still incorporates all the chem-
ical agents used for collagen dissolution and gela-
tion, with possible negative implications for cosmet-
ic and biomedical applications.

Carbon dioxide (CO,) readily dissolves in water
with a solubility of 90 cm?® of CO, per 100 mL of
water at room temperature. The dissolved CO; is in
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Figure 1. Solubility and stability of soluble collagen at dif-
ferent CO, pressure and temperature

chemical equilibrium with carbonic acid (H,CO3).
In turn, H,COj is a weak acid and in water can dis-
sociate into the deprotonated forms hydrogen car-
bonate (HCO?") and carbonate (CO3%") with the lib-
eration of protons (H). Overall, the net effect of CO,
dissolution in water is a decrease of pH. As a conse-
quence of Henry’s Law, the amount of CO, dissolved
in water increases (and pH deceases) when reducing
the temperature and increasing the CO, pressure (Fig-
ure 2a right) [15].

Previous attempts to extract soluble collagen (Fig-
ure 2b, stars) at higher temperatures (20-37 °C) and
CO; pressures 1-5 MPa yielded pure gelatin, ac-
cording to the presented Circular Dichroism (CD)
spectroscopy (missing peak at 221 nm) and sodium
dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) missing the typical collagen finger-
print of an intensive band below 37 kDa and broad
range of molar mass [16]. From these results, it was
concluded that the entire region C (Figure 2b, Fig-
ure 1 right) is unsafe for soluble collagen processing.
However region C should be still useful for insoluble
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Figure 2 a) Solubility of carbonic acid in water as function of pressure and temperature, the curves were calculated according
to Duan et al. [15] measurements/model. b) CO, pressures and temperatures used for soluble collagen processing
in present work (region A) and overview of similar previous works.
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collagen processing in pressurized [17, 18] or super-
critical conditions [19-21]. Other previous studies
on atelocollagen processing in carbonic acid at at-
mospheric pressure (Region B, Figure 2b, Figure 1
left) [22], lacked sufficient carbonic acid concentra-
tion (<0.07 M, Figure 2a left [15]) causing soluble
collagen just to swell.

From these results we can assert that the combina-
tion of both high pressure (0.3-0.9 MPa) and low
temperature (4°C) (Figure 2b region A, Figure 1
center) should represent optimal conditions to allow
solubilisation [15]. The low temperature also ensures
stability of soluble collagen at storage temperatures
below 10°C [23-26]. The grey rectangle on Re-
gion A (Figure 2b, 0.3—0.9 MPa) points to experi-
mental conditions used in presented work.

In this work, we have investigated the formation of
atelocollagen gels by dissolving bovine type I atelo-
collagen in pressurized carbon dioxide water solutions
and its gelation as a consequence of depressurization.
We proved that atelocollagen solution remained stable
in a pressurized CO, atmosphere and that the increase
of the solution pH increase due to CO, extraction
causes the formation of collagen gel containing thin
banded fibrils with diameter of about 10 nm.

2. Materials and methods

2.1. Materials

Type I Bovine Atelocollagen solution PureCol®
(0.01M hydrochloric acid solution 3 mg-mL~,
pH 2.0) was purchased from Advanced BioMatrix,
(San Diego, CA, USA) and used either as it is or as
a powder after freeze-drying (Lyophilizer Martin
Christ Alpha 2—10 for 2 days at —80 °C). The isoelec-
tric point of PureCol® is reported following the pro-
ducer datasheet to range from pH 7 to 8.

Prior to drying, the PureCol® solution was dialyzed
against deionized water (DI) water (Helix, Millipore,
Temecula, CA, USA) for three days using Spectra/
Por® dialysis tubing (MWCO 15 kDa, Spectrum Labs,
CA, USA). Liquefied carbon dioxide, with gas purity
greater than 99.5 vol%, was acquired from Air Lig-
uide (Milan, Italy). NaOH, acetic acid (AA) and PBS
were purchased from Lachner (Neratovice, Czech
Republic) and Sigma Aldrich (St. Louis, Missouri,
USA), respectively. For the preparation of collagen
solutions in COy/water, 10 mL polypropylene (PP)
bottles with a perforated PP cup, connected to the
CO; reservoir via Fizz giz valves (Jamestown, NC,
USA) were used (Figure 5a).
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2.2. Control atelocollagen self-assembly

As control, atelocollagen gels were prepared with
the standard procedure, as follows. 0.1 mL of PBS
10x was added to 0.8 mL of PureCol® solution
(3 mg-mL™") at 4°C, the pH was adjusted to 7.3-7.5
by adding 0.1 M NaOH, finally DI water was added
to a final volume of 1 mL and the solution was kept
overnight at 37 °C in an incubator. To study the effect
of pH in the range 3 to 8, 0.1 M NaOH was added to
0.1 M acetic acid (AA) atelocollagen solutions [27].
Then the solutions were stored overnight at 4 °C and
centrifuged for 30 min at 10000 g in order to remove
precipitated (self-assembled) atelocollagen. The
amount of solubilized atelocollagen left in the super-
natant was detected by CD spectroscopy at 221.5 nm
(Jasco J-710, quartz, 2 mm path length). Detected CD
spectroscopy value at pH 3 was taken as soluble
100% reference. Gelled collagen of other samples
were calculated as the percentage variation with re-
spect to the reference (Equation (1)):

(CD —CD

reference

CD

sample ) 100) (1)

reference

2.3. Dissolution Kinetics of atelocollagen
powder at different conditions

Dissolution of freeze-dried atelocollagen powders in
different solvents (AA— 0.1 and 0.5 M, H,O and car-
bon dioxide CO, water solutions in equilibrium with
CO, atmospheres at 0.5 and 0.9 MPa pressure) was
determined by measuring the concentration of solu-
bilized atelocollagen at fixed time intervals during
the dissolution process (every time the sample was
pressurized and depressurized for sampling and
measurement). The concentration of solubilized ate-
locollagen was determined with MicroBCA® Protein
Assay Kit (Thermo Scientific) following the manu-
facturer’s instructions. Absorbance values from a mi-
croplate reader (Infinite 200, TECAN) at 562 nm
were correlated to the dissolved atelocollagen con-
centration. Concentration of 0.5M AA at final time
point was taken as reference (100%) as the 0.5 M AA
is the most common solvent used in literature.

2.4. Atelocollagen denaturation detection by
circular dichroism

CD spectroscopy was used in order to quantify ate-

locollagen denaturation during the experimental

procedures using a dedicated analysis protocol

modified from [27]. The above defined CO, and AA
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atelocollagen solutions (two samples for each exper-
imental conditions) were diluted with 0.1 M AA
10 times to 0.3 mg-mL~". Then, the diluted solutions
were transferred into quartz cells (2 mm path length)
and measured by Jasco J-710 (Jasco, Tokyo, Japan)
at a wavelength range between 190 and 350 nm at
room temperature.

2.5. Atelocollagen denaturation detection by
electrophoresis

The 0.3 mg-mL! diluted solutions were mixed with
assay buffer (Novex® Tris-Glycine SDS Sample
Buffer 2X) following the manufacturer’s instruc-
tions. Samples were analyzed by 1D, sodium dode-
cylsulfate polyacrylamide gel electrophoresis (SDS-
PAGE, with an XCell4 SurcLockTM Midi-Cell
(Carlsband, CA, USA), at a constant voltage of
100 V. Acrylamide gel SDS-PAGE NuPAGE® (In-
vitrogen, Carlsbad, CA, USA) Novex Tris-Acetate
Gels (3, 8%) was used. Novex® Sharp Pre-Standard
(Lifetechnologies, Carlsband, CA, USA) was the
MW reference. The acrylamide gels were stained
using a Comassie stain (Imperial Protein Stain, Ther-
mo Scientific, Rockford, IL, USA). Gels were digi-
talized using a GEL LOGIC 200 (Kodak Scientific
Imaging Systems, Rochester, NY, USA) imaging
system.

2.6. Scanning electron microscopy

Atelocollagen powder in water (3 mg-mL™") was dis-
solved in CO, atmosphere (0.5 MPa) for two days,
depressurized, transferred into petri dishes and cov-
ered by 1 mM of NaOH (pH 9.0) overnight. The
formed gel was fixed in 1-ethyl-3-(3-dimethylamino-
propyl) carbodiimide/N-Hydroxysuccinimide (EDC/
NHS), dehydrated in graded ethanol solutions and
critical-point dried (CPD 030, Bal-Tec). Finally, dried
gels were gold coated (6nm) and observed with a

scanning electron microscope at 7 kV (Tescan Mira3,
Czech Republic). The mean fiber and pore diameters
were calculated from 100 manual measurements
using Fiji software [28].

2.7. Transmission electron microscopy

CO; samples for TEM were cast as for SEM. The
control sample was cast according to section 2.2. For
the sectioned method [29], atelocollagen solutions
were pipetted into 1 mM NaOH solutions to form
stable gels, and left overnight at room temperature.
Gels were fixed by glutaraldehyde, then by osmium
tetroxide, dehydrated in graded ethanol solutions,
converted to acetone and fixed in Durcupan® (Sigma-
Aldrich, St. Louis, Missouri, USA). Fixed samples
were sectioned by ultramicrotome (Leica EM UC6,
Wetzlar, Germany) to 50 nm slices and negatively
stained by lead nitrate.

2.8. Rheology

Continuous flow experiments were performed in
cone-plate geometry on both CO; and AA dissolved
atelocollagen solutions by using an Anton Paar Phys-
ica MCR 301 Rheometer, connected to a Lauda RE
204 cooling thermostat (4°C) and to a Peltier
HPTD200 cell for heating. Methodology was adopt-
ed from Gobeaux et al. [30]. Measurements were
done at shear rates between 0.001 and 400 s at 4°C
without pre-shearing. Oscillatory experiments to ob-
serve gel formation kinetics ([31]) were performed
using a TA Ares G2 Rheometer, with a Peltier cool-
ing cell and cone-plate geometry. Samples were pre-
pared according to Table 1.

The control atelocollagen sample was prepared ac-
cording to section 2.2 at 1.5 mg-mL~! [9]. Pre shear
at 2 rad-s~! for 10 s was performed prior to oscilla-
tion. Time sweep oscillation was performed at 1 Hz,
0.8% strain.

Table 1. CO, samples used in the rheological oscillatory experiments

Sample Dissolution conditions Rheometer conditions

dilution 1:1 final heated on

concentration | pressure | temperature | duration | depressurized| by 1 mM concentration rheometer

[mg-mL] [MPa] [°C] [days] overnight NaOH on _1 geometry

[mg-mL~]

rheometer [°C]
CO, 0.5 MPa 37°C 1.5 0.5 4 2 Yes - 1.5 37
CO, 0.5 MPa 37°C NaOH 3.0 0.5 4 2 - Yes 1.5 37
CO, 0.1 MPa 4°C 1.5 0.1 4 2 Yes - 1.5 4
CO, 0.5 MPa 4°C 1.5 0.5 4 2 Yes - 1.5 37
Control Ili]l.;rg;;)l as supplied (in 0.01 M HCL, 4 °C) neutralized by PBS and 3 15 37
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2.9. Light transmittance

Samples prepared according to Table 1 (0.5 MPa
CO, 37°C and control sample), before heating, were
pipetted into a 2 mm cuvette and heated to 37 °C by
a Peltier cell in a Jasco-J1500 CD spectrophotometer
(Jasco, Tokyo, Japan). The transmittance values were
read one hour after heating, at 310 and 550 nm [32].

3. Results and discussion

This study evaluated the solubility, gelation and gel
structural properties of bovine type I atelocollagen
processed by pressurized carbon dioxide in water.
Atelocollagen processed in standard conditions in
acetic acid solution was used for comparison. An in-
crease of CO; solubilized in water results in an in-
creased carbonic acid content that lowers solution
pH. This principle was previously investigated to
process various proteins including soy protein [33],
insulin [34] and silk fibroin [35, 36].

3.1. Effect of CO; pressure and pH on
atelocollagen self-assembly

The gelation degree of atelocollagen solutions was
measured by varying the pH of solution in AA (pH =
3) and step-by-step neutralized by adding NaOH.
Summarizing the results in a plot (Figure 3a) it is
possible to evidence that collagen precipitation and
gelation start when pH is higher than 4. Similar pH
conditions were obtained applying 0.9 MPa CO,
pressurized atmosphere for two days to an atelocol-
lagen solution (3 mg-mL™"). In this case, immedi-
ately after depressurization, the measured pH was
equal to 3.2, thus compatible with the condition of
dissolved collagen. The increase of pH necessary to
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obtain solution gelation is simply a function of time
(up to 5.7 after 70 min), and is due to the gas evolu-
tion from the solution (Figure 3b). The dissolution
effect seems to be correlated with the CO, pressure-
induced drop of pH, since the use of an inert gas
pressurization like N, does not allow solubilisation.

3.2. Atelocollagen dissolution kinetics

Swelling and dissolution behaviours of atelocollagen
powders were first qualitatively recorded in different
solvents (AA 0.5M, H,O and 0.9 MPa CO,) by using
a camera. Digital images were collected immediately
after mixing the atelocollagen powder with solvents
at predetermined time intervals. For the 0.9 MPa
CO,; sample, images one minute before pressuriza-
tion were also acquired.

The higher the CO, pressure, the faster the dissolu-
tion of atelocollagen in the solutions was observed.
In the H,O and AA 0.5 M samples, bubbles remained
attached to atelocollagen powder (Figure 4 upper and
center line, time 0—60 min), reducing the atelocolla-
gen-solvent contact. Pressurization by CO, allows
bubbles compression, improving the solvent-atelo-
collagen contact and contributing to the atelocolla-
gen dissolution (Figure 4 bottom, time 0—10 min).
The dissolved atelocollagen in AA 0.1 M, AA0.5M,
0.5 MPa CO,, and 0.9 MPa CO, at defined time
points was quantified by microBCA® assays (Fig-
ure 5b). Taking the dissolution in AA 0.5M after
2 hours, as a reference of 100% dissolution, about
140% of atelocollagen was dissolved in 0.5 or
0.9 MPa CO; and only 75% in 0.1 M AA.

Even if equilibrium pH of CO, samples under pres-
sure was not measurable, by the way, right after

6.0
A
5.5
5.0

4.5

PHI]

4.0

3.5
R =0.96

0 10 20 30 40 50 60 70
b) Time [min]

Figure 3. a) Principle of CO; processing. Dissolution by pressurizing and gelation by evaporation (depressurizing), neutral-
ized AA-atelocollagen solutions were used for construction of dashed curve, b) depressurization of atelocollagen-
carbonic acid solution (CO, 0.9 MPa) causes CO, gas evolution and consequent increase of pH.
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60 min

Figure 4. Dissolution of atelocollagen in water, AA 0.5 M solution and CO, athmosphere at 0.9 MPa observed by camera

depressurization was equal to pH 3.2 acquired at at-
mospheric pressure (Figure 3b). Then effect of pH
on the dissolution cannot be directly discussed. How-
ever it seems the improved solvent-atelocollagen
contact (due compression of bubbles surrounding
atelocollagen powder, Figure 4) is the major effect
improving the speed of dissolution of CO, samples.
The effect was even improved by the fact, that the
samples were repeatedly pressurized and depressur-
ized during the experiment, causing the reduction of
bubbles number and size and, thus better solvent-ate-
locollagen interaction, as can be seen in the time se-
quence of Figure 4.

3.3. Stability of atelocollagen within AA and
CO, dissolution

Atelocollagen stability in samples AA 0.1 M, AA

0.5M, 0.5 MPa CO,, and 0.9 MPa CO, was evaluated

by both SDS-PAGE (Figure 6a) and CD spectroscopy

(Figure 6b) after 2, 4, and 6 days, respectively. CD
signals at 221.5 nm were normalized and converted
to percentage where the maximum at 2, 4 and 6 days
for each solvent was set as 100%. Small variation in
signals is probably induced by pipetting error rather
than denaturation. We did not find any significant
differences between individual samples, both with
SDS-PAGE and CD spectroscopy. These results in-
dicate that denaturation did not occur in any of the
tested samples.

3.4. Rheological behaviour of atelocollagen in
both AA and CO, water solutions

The viscosity of AA 0.1 M and CO, 0.5 MPa samples
was determined by continuous flow rheological analy-
sis. The atelocollagen sample prepared in 0.1M AA
did not show any pH changes during the measurement
(pH = 3.0), while the pH of the 0.5 MPa CO, in-
creased during the measurement from 3.8 to 4.3, due

s —

200
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50

Atelocollagen in suspension [%]

0 20 40 60 80 100 120
b) Time [min]

Figure 5. a) Pressurizable polypropylene bottles, cups, valves and dispenser used in the experiments, b) atelocollagen dry pow-
der dissolution kinetics — AA 0.1 M (triangles), AA 0.5M (circles), CO, 0.5 MPa (stars), CO; 0.9 MPa (diamonds).
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of atelocollagen (triangle) and gelatin (circle).

to CO, gas evolution from the solution. This incon-
venience cannot be avoided, since it is impossible to
perform the viscosity measurements under constant
pressurized conditions. Much more intensive gas evo-
lution of CO, 0.9 MPa samples resulted in escaping
of part of the sample out of the rheometer geometry,
so the measurements were excluded from the results.
CO; 0.1 MPa samples were not measurable because
of evidence of incomplete dissolution, containing few
millimetre sized atelocollagen aggregates.

Results showed (Figure 7a and 7b) clear differences
between viscosities of AA 0.1 M (triangles) and
0.5 MPa CO, (circles) samples. Intrinsic viscosity
was calculated using regression of reduced viscosity
to the zero concentration (Figure 7b) [30]. The ob-
tained intrinsic viscosity value for 0.1 M AA ([n] =
602) is lower than previously reported, while [n] =
764 for the CO, sample is in good agreement with
the value found in literature [30]. The difference also

correlates well with the atelocollagen self-assembly
curve obtained in Figure 3a. Prolonged (16 h) con-
tinuous flow measurements (Figure 7¢) of a depres-
surized 0.5 MPa CO, sample showed increased vis-
cosity from 14 to 110 Pa‘s as a consequence of
carbon dioxide loss from the solution at atmospheric
pressure.

Gelation kinetics was evaluated by using oscillatory
rheological analysis, on samples prepared according
to Table 1. G" and G’ (storage and loss modulus re-
spectively) are representative of the viscous and
elastic behaviour of a material. A larger value of G’
in comparison to G” indicates that a material dis-
plays predominantly elastic properties, while G" > G’
indicates that viscous properties prevail.

The experimental curves are reported in Figure 8,
while the synthesis of the solutions properties at dif-
ferent times (the beginning, the first gelation plateau,
and at the end) are provided in Table 2.
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Figure 7. a) Continuous flow rheometry of atelocollagen dissolved in 0.1 M AA (triangles) and in 0.5 MPa CO, (circles),
b) reduced viscosity against atelocollagen concentration. ¢) Slow increase of viscosity of depressurized atelocol-

lagen-CO; solution at 4 °C in 16 hours.
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Figure 8. Viscoelastic properties development during atelocollagen self-assembly. a) Storage modulus, b) loss modulus. The

samples were prepared according to Table 1.

The samples depressurized overnight (0.5 MPa CO,
4°C and 0.5 MPa CO, 37°C) were prepared identi-
cally (Table 1). The cooled 0.5 MPa CO; 4 °C sam-
ples were liquid at the beginning of the experiment
(Table 2, tand = 1.5), however they became weak
gels (tan 6 = 0.9) by the end of the experiment, prob-
ably due to manipulation, pre-shear, and rheometer
vibrations which induced release of CO,. The 0.5 MPa
CO, 37°C sample became a gel within 0.6 min (tand =
0.4). Similarly, 0.5 MPa CO, 37°C NaOH, formed
a gel very quickly (tand = 0.2 at 1.3 min), despite the
lack of overnight depressurization (Table 1). CO,
0.9 MPa samples had similar results to CO, 0.5 MPa
(Table 1), so they were not shown in the graphs.
CO; 0.1 MPa sample was used as a demonstration of
insufficient dissolution pressure conditions. This re-
sult is in contrast with similar Tanaka et al. [22] ex-
periment, who reported good dissolution and process-
ing of fish-derived soluble collagen at atmospheric
pressure (0.1 MPa) of carbon dioxide. Probably dif-
ferent collagen source material is responsible for this
inconsistency.

All samples displayed large increases of G’ and a de-
creases of tand, for the atelocollagen dissolved in
0.5 MPa CO, heated at 37°C. G’ for 0.5 MPa CO,
and 0.5 MPa CO, NaOH treated and kept at 37°C

reached plateau levels equal to about 6200 and
15000 Pa-s respectively, by the end of the test, thus
indicating further and progressive assembling of
the gel.

Attempts to heat up CO, samples to 37 °C immedi-
ately after depressurization failed. While G’ raised
to higher values for a short time, after few minutes
it dropped down to low values, indicating denatura-
tion of the collagen. This can be explained by the fact
that pH was not enough close to neutrality. To pre-
vent denaturation after heating as well as to keep the
samples solubilized prior rheometer experiment de-
pressurization procedure was applied overnight.
The gelation kinetics is much faster for CO, samples.
The faster kinetics of CO, samples seems to be con-
nected with the fact that the solutions cooled and de-
pressurized of CO; overnight (Figure 8a, 8b 0.5 MPa
CO,4°C, 0.5 MPa CO; 37°C) have a pH of 4.0-4.5
(Table 2), which is already at the border of the ate-
locollagen gelling region (Figure 3a) and relatively
close to its isoelectric point (assumed to be 7.4, but
generally between 5-9 depending on type and amount
of salts [37]). Thus, part of the atelocollagen mole-
cules interact, have a lower tan § (Figure §, Table 2),
and these act as nucleation sites, consequently great-
ly reducing gelation times [8].

Table 2. Viscoelastic properties development during atelocollagen self-assembly. The samples were prepared according to

Table 1.
Sample Initial solution properties First gelation plateau Final gel properties
time G' G" tano | time G' G" tanod | time G' G" tand
pH [min] | [Pa-s] | [Pa-s] -1 [min] | [Pa-s] | [Pa-s] -1 [min] | [Pa-s] | [Pa-s] -1
CO, 0.5 MPa 37°C 44 | 03 52.1 20.5 0.4 0.6 90.6 32.9 0.4 150 | 6189.6| 341.2 | 0.05
CO, 0.5MPa37°C NaOH| 4.0 | 03 11.2 6.7 | 0.6 1.2 | 113.1 26.6 0.2 150 [15094.0| 605.5 | 0.04
CO, 0.1 MPa4°C 53 0.3 39.5 152 | 04 | 250 58.5 17.6 0.3 150 60.6| 17.6 | 0.30
CO, 0.5 MPa4°C 4.5 0.3 1.0 1.4 1.5 - - - - 150 2.6 2.3 | 0.90
Control 74 | 03 | 0.013 | 0.041 | 3.1 35.0 7.5 1.4 0.2 150 26.7 4.0 | 0.15

166



Zubal et al. — eXPRESS Polymer Letters Vol. 12, No.2 (2018) 159-170

e)

TEM Ctrl.

Figure 9. Structural analysis of atelocollagen gels. CO, and Ctrl. (control) indicating sample preparation method. a) Macro
view on gels — top control, bottom CO, casting protocol, bar 4 mm. b) Gel cross-section, c), d) gel surface, e) gel
cross-section — high magnification (6 nm coating on both sites of fibers), ) (CO,), g) TEM (control) sections.

The gelation kinetics of the sample produced as con-
trol (Figure 8, Table 2) is most probably down-reg-
ulated by the presence of ions (salts), which hinder
functional groups of the atelocollagen monomers,
thus lowering the probability of monomer-monomer
interaction [9, 31]. CO; gels showed two fold higher
modulus (Table 2, right) than gels produced as con-
trol, which is most probably connected to the pres-
ence of smaller diameter fibers size (8.6+4 nm for
CO; samples versus 7630 nm for control samples)
and consequently higher number of network links
(Figure 9, Table 3). The results are consistent with
other works reported in literature [31, 38].

The depressurization overnight helped us to work
completely without additives during gelation, howev-
er, with the time the solution viscosity tend increase

Table 3. Quantification fiber diameter of atelocollagen gels

about one fold (Figure 7c). If this fact by one side
could influence negatively the processability of the
material, not using additives could represent a clear
advantage.

3.5. Structural analysis of gels

The structure of self-assembled gels prepared by
both the control and the CO, protocol was charac-
terized using camera (Figure 9a), SEM (Figure 9b—
9¢), TEM (Figure 91, 9g). The camera pictures (Fig-
ure 9a) showed clear differences in transparency
between gels cast from the control solutions and from
the 0.5 MPa CO, solutions, also confirmed from
UV/Vis spectroscopy data (Table 4). This transparen-
cy difference is evidently in correlation with the col-
lagen fiber sizes.

. Imaging Fiber diameter | Concentration
Sample | Figure 9 label method (nm] [mg-mL1] Note

co, ¢ SEM 9,147 3 Glut‘araldehyde fixed, .crltlcal point dried, subtracted
coating 6 nm on both sites

co, f TEM sectioned R 142 3 Fixed in ep0>‘<y, sectioned, osmium tetroxide, lead ni-
trate contrasting

CO; mean — — 8.6+4 3

Control 9) TEM sectioned 76430 3 Fixed in ep0>.(y, sectioned, osmium tetroxide, lead ni-
trate contrasting
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Table 4. Quantification of transparency of collagen gels by
UV spectroscopy. The samples were prepared ac-
cording to Table 1.

Transmittance Transmittance
Sample at 310 nm at 550 nm
[%] [%]
CO;, 0.5 MPa 37°C 99.3 99.7
Control 79.3 95.5

A previous work by Wood and Keech [9], reported
atelocollagen gels formed by the control method
(acidic solution neutralized by buffer and base) and
described the formation of fibrils with a diameter of
3—15 nm in early stage of atelocollagen gel forma-
tion (up to 10 min from start of experiment). In later
stages (>20 min) of gel formation, the initial fibers
regrow/aggregate to larger D-banded fibers.

It seems the CO, gels form similar thin fibers (o =
8.6+4 nm), but those fibers do not regrow to thicker
fibers (Figure 9d and 9f). We believe, fibers made
by CO; protocol do not regrow into thicker ones due
to a very fast nucleation phase (tand rises from 0.2
to 0.4 in one minute). The same tand for control sam-
ples was obtained after 30 minutes. Therefore the
control gel sample had about 20x longer time for
fiber assembly. In other words, faster gelation (by CO,
protocol) resulted in formation of fibers that were
thinner that those produced by slower gelation (con-
trol). This is in agreement with common crystalliza-
tion kinetics [39].

However, the surface morphology of the gels (Fig-
ure 9¢ and 9d) is different with respect to the bulk
(cross-section in Figure 9¢). Where the surface of the
gel is in direct contact with the incubation buffer
(pH 9.0) the structuring of the material is not homog-
enous: pores and traces of larger fibres are present,
but the assembly process seems incomplete. This ef-
fect could be explained with a slowing down of the
recombination process due to the direct contact with
the buffer solution.

4. Conclusions

Pressurized carbon dioxide/water solutions dissolved
atelocollagen well without inducing any denatura-
tion effect. Gels can be easily formed by removing
pressure, due to gas evolution of CO, from the solu-
tions and by the corresponding increase in the pH.
Gels obtained with this method have smaller size of
fibrils and higher rheological modules properties
compared to the gels obtained from AA solutions and

168

NaOH neutralization. This dissolution and gelation
method is quite versatile, and doesn’t require harmful
chemicals, thus opening potential applications in var-
ious fields including tissue engineering. Medical ap-
plications, where absence of contaminants, adjustable
rheological properties and transparency (e.g., cornea)
are required, can particularly be envisioned.
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