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Abstract. In recent times, autologous fat grafting has emerged as one of the most popular techniques for restoring volume
depletion. Although the retention predictability of grafted fat has been improved, the quality of grafted tissue is still unsat-
isfactory. Unpredictable volume loss and low-fat survival is a major problem after application. Biodegradable PLGA-PEG-
PLGA (poly(lactic-co-glycolic acid)-b-poly(ethylene glycol)-b-poly(lactic-co-glycolic acid)) hydrogel delivery system en-
riched with stable fibroblast growth factor 2 (FGF2-STAB®), due to its properties, seems to be attractive material that will
help to increase fat life. In this study, the mechanism of FGF2-STAB® release from an injectable thermosensitive and
biodegradable PLGA-PEG-PLGA hydrogel was monitored. First-order kinetics were controlled mainly by decreasing the
concentration of an active compound in the matrix and, at a later stage, by matrix degradation. Furthermore, the activity of
the protein after release from the hydrogel matrix was studied. No loss of FGF2-STAB® activity in the dynamic system after
14 days has been detected. The development of such a drug delivery system appears promising for further use in reconstruc-
tive medicine e.g., in mixing with fat graft being the subject of current research.

Keywords: biodegradable polymers, drug delivery system, thermosensitive hydrogel, PLGA-PEG-PLGA copolymer,
FGF2-STAB®

1. Introduction hydrogels suitable for the drug carrier are a possible

In the last decade, lipografting or fat transfer has
found its place in reconstructive and plastic surgery
[1, 2], as surgical procedures significantly contribute
to improving functional and aesthetic outcomes after
severe soft tissue trauma and scar contracture [3, 4].
These injuries often lead to long-term consequences,
further treatment, or even disability. The biggest dis-
advantage of lipografting is the unpredictable vol-
ume loss after application requiring the initial over-
correction and multiple operations to provide ap-
propriate volume and contours [5]. Biodegradable
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solution in combination with lipoaspirate to solve
the problem of increasing the percentage survival
of the fat graft. Another advantage of ‘smart’ in-
jectable temperature-responsive hydrogels is a sim-
ple application to areas that are difficult to access
or inaccessible in surgery and form gel at human
body temperature [6]. This drug delivery system
has significant advantages over traditional drug
forms. Benefits include topical drug delivery, re-
duced dosage frequency, diminished in vivo fluctu-
ation of drug concentration and maintenance of
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drug concentration in the desired range, and evalu-
ation of side effects [7].

A thermosensitive poly(lactic-co-glycolic acid)-b-
poly(ethylene glycol)-b-poly(lactic-co-glycolic acid)
(PLGA-PEG-PLGA) copolymer, where the individ-
ual segments (PLGA and PEG copolymers) are ap-
proved by the Food and Drug Administration (FDA),
is suitable material for this application [8—13]. Nowa-
days, drug scaffolds based on PLGA-PEG-PLGA
copolymers are already commercially available under
the names ReGel® and OncoGel®, releasing under a
controlled manner either the hydrophilic hormone in-
sulin (for diabetes treatment) or the hydrophobic drug
paclitaxel (for cancer treatment), respectively [14—
16]. PLGA-PEG-PLGA consists of two hydrophobic
segments (PLGA) and one hydrophilic segment
(PEG) placed in the middle. Thanks to the am-
phiphilic properties, the copolymer self-assembles
and physically cross-links into flower-shaped micelles
above the critical micellar concentration (CMC), cre-
ating an elastic gel in an aqueous environment [ 18—
21]. The gelation temperature of the copolymer so-
lution and the degradation rate of the formed gel
depends on the ratios between the copolymer compo-
nents. The rate of hydrogel degradation depends on
the D,L-lactide (LA)/glycolide (GA) molar ratio.
The degradation rate is slower with a higher LA/GA
ratio. Hydrophobic interaction among copolymer
blocks is stronger because of the higher content of
hydrophobic LA molecules. The gelation tempera-
ture is based on the same principle. Increasing the
LA/GA ratio leads to a decrease in the sol-gel tran-
sition [22-24].

Another acceleration of postoperative treatment is
the addition of bioactive agents to the hydrogel car-
rier [25]. The protein-based drug used in this work
belongs to the group of fibroblast growth factors that
promote healing and lead to tissue remodeling. Fi-
broblast growth factor 2 (FGF2) stimulates the growth
and formation of new vessels (angiogenesis), leading
to better wound healing and tissue development and
contributing to the pathogenesis of various diseases
(cancer or atherosclerosis) [26]. Thermostable vari-
ant of FGF2, FGF2-STAB® exhibits higher resist-
ance toward elevated temperature and extended half-
life at 37°C for up to 20 days [27, 28]. FGF2-STAB®
has been used in several in vitro and in vivo studies
of our group under a broad multidisciplinary collab-
oration to accelerate and enhance tissue healing
(Muchova et al. [29], Vojtova et al. [30], Krticka et
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al. [31]). In this research, the release of bioactive
proteins from the hydrogel scaffold and further its
biological activity was studied as an essential param-
eter for the potential application in reconstructive
surgery to support the effectiveness of lipografting
procedure.

2. Experimental section
2.1. Synthesis and purification of
PLGA-PEG-PLGA copolymer
A thermosensitive biodegradable poly(lactic-co-gly-
colic acid)-b-poly(ethyleneglycol)-b-poly(lactic-co-
glycolic acid) PLGA-PEG-PLGA hydrogel was used
as a carrier for the treatment-promoting protein. The
triblock copolymer (ABA type) with a D, L-LA/GA
molar ratio of 3.0 and a PLGA/PEG weight ratio of
2.5 (D,L-LA >99.5% and GA >99.9% — Polysciences,
USA, PEG M,, 1500 g'mol™! — Merck, Germany) was
synthesized by ring-opening polymerization (ROP)
under a nitrogen atmosphere. The reaction was car-
ried out using a tin catalyst (Sn(II) 2-ethylhexanoate
>92.5% — Merck, USA) at 130°C for 3 hours. The
final copolymer was purified from the unreacted
monomer by dissolving in ultrapure water and then
heating to 80°C. The precipitated copolymer was
separated by decantation. The purification process
was repeated three times, followed by the freeze-dry-
ing of the final product [32].

2.2. PLGA-PEG-PLGA hydrogel preparation
The polymer was dissolved according to the required
concentration in phosphate buffer — PBS (20 mM
PBS, 150 mM NaCl, pH 7.5) at magnetic stirrer for
3 days at 12°C.

Characterization of PLGA-PEG-PLGA Copolymer
The copolymer was characterized using gel perme-
ation chromatography (GPC) and nuclear magnetic
resonance (NMR). Dynamic rheological analysis was
used to determine the course of hydrogel gelation.
Gel permeation chromatography (GPC)/size exclu-
sion chromatography (SEC) with multi-angle light
scattering detector (MALS, DAWN HELIOS-II,
Wyatt, USA) and refractometer (T-rEX, Wyatt, USA)
was used to determine the number of average mo-
lecular weight (M,) and the polydispersity index
(My/M,). Two PLgel 5 um Mixed-C columns were
used for separation, and tetrahydrofuran ( THF for
high performance liquid chromatography — HPLC,
>99.9% — Merck, USA) with a flow rate of 1 ml-min™!
was used as the mobile phase. An analytical standard
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for GPC/SEC polystyrene (PS) with a molecular
weight of M, = 30000 g-mol™' and PDI = M /M, =
1.06 was used to calibrate the system; however, the
data obtained were absolute due to the setup of the
detectors. For measurement, 15 mg-ml~' PLGA-
PEG-PLGA copolymer dissolved in tetrahydrofuran
(THF) was dosed. All measured data were evaluated
using Astra software.

The results of the molecular weight and polymer
characterization were confirmed using proton nu-
clear magnetic resonance '"H NMR spectroscopy on
a 500 MHz NMR spectrometer (Bruker, Germany)
Advance NEO instrument using 128 scans in deuter-
ated chloroform solvent (CDCl; — Merck, USA) sol-
vent at 25 °C. Chemical shifts in ppm were reported
in relation to tetramethyl silane (TMS — Merck,
USA). 'HNMR spectra were evaluated using an
ACD/'D NMR Processor.

The rheological analysis was performed using a
stress-controlled rotation rheometer (AR-G2, TA In-
struments, USA). The 15 wt% PLGA-PEG-PLGA
solution in PBS (20 mM PBS, 150 mM NaCl,
pH 7.5) was used to characterize the storage and the
loss moduli, thereby determining the start of gelation
of the copolymer solution together with the decay
temperature of the gel. To measure the temperature
dependence, a cone-plate geometry with a diameter
of 40 mm and 2° angle was used. The hydrogel solu-
tion was injected into Peltier by syringe, and the
working position (geometric gap of 60 um) was es-
tablished. A water-filled solvent trap was used to pre-
vent solvent evaporation during the experiment. The
temperature ramp was set between 20-50°C with a
heating rate of 0.5 °C per minute. All measurements
were performed at a constant frequency of 1 rad-s™!
and 0.4 Pa[15].

2.3. Degradation of the PLGA-PEG-PLGA
hydrogel

Weight loss and pH change of the 15 wt% hydrogel
was measured over time. The dissolved samples, ac-
cording to the sample preparation chapter, were
moved into inserts (SPLInsert™ Hanging, 6 Inserts/6
well plate, PC, 0.4 um, Thermo Fisher Scientific,
USA), to the bottom pan, PBS solvent was added,
and the samples were left in the incubator at 37 °C.
The hydrogel degraded through the membrane
(0.4 um) into a solvent. At certain time intervals, the
solution was removed from the bottom pan. The in-
sert with the hydrogel was weighed to determine
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weight loss, followed by refilling the bottom pan with
the same volume of fresh solution, and the insert was
put back to continue the degradation process moni-
toring. Furthermore, the pH (Verkon, Czech Repub-
lic) of the hydrogel alone was measured.

2.4. Protein-enriched PLGA-PEG-PLGA
hydrogels preparation
Hydrogels, according to chapter sample preparation,
were prepared so that the final concentration of gels
after the addition of the bioactive substance albumin
human (Merck, USA), lysozyme human, (Merck,
USA) and FGF2-STAB® (Enantis Ltd., Czech Re-
public [28]) were 15 wt%. Protein or enzyme con-
centration in each scaffold was 100 pg-ml™' the
whole mixture was stirred at 12 °C for 30 minutes
and at room temperature for 15 minutes. Subse-
quently, the sample was transferred to the cultivation
plate inserts (SPL Insert™ Hanging, 6 Inserts/6 well
plate, PC, 0.4 um, Thermo Fisher Scientific, USA).
Inserts proved to be appropriate when proteins or en-
zymes were released into the PBS-filled trays
through the membrane while the degraded polymer
could not go through (see Figure 1).
The release mechanism of bioactive substances was
measured by two methods, namely UV-VIS spectro-
photometry in the presence of Bradford reagent and
SDS-PAGE electrophoresis. The measurement pro-
cedures are as follows.

2.4.1. UV-VIS spectrophotometry with Bradford
reagent

The UV-VIS spectrophotometer (Jasco V-730, Japan,
Biochrom Libra S22, UK) was used to measure the
amount of proteins released from the thermosensi-
tive PLGA-PEG-PLGA hydrogel. The measurement
was carried out at a constant wavelength of 595 nm.
A Bradford reagent (for 0.1-1.4 mg-ml~" protein —
Merck, USA) that interacts with proteins was used to
shift the maximum absorption from 280 to 595 nm.
Three calibration curves were created for the protein
measurement in a concentration range of 1-10,
10-100 and 50-750 mg-ml~". The pipetting ratios of
the Bradford and sample quantities are shown in
Table 1.

2.4.2. SDS-PAGE electrophoresis

Sodium dodecylsulphate-poly(acrylamide) electro-
phoresis (SDS-PAGE electrophoresis by VWR, USA)
was used to determine the amount of FGF2-STAB®
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Figure 1. Sample preparation scheme for measurement — 15 wt% PLGA-PEG-PLGA solution + FGF2-STAB®.

Table 1. Reagent/sample pipetted volume for different con-

centrations.
Bradford agent Sample
[md] [md]
Low concentration
(1210 mg-ml!) 500 500
Middle concentration
(10-100 mg-mlI™) 800 200
High concentration
(50-750 mg-ml™") 1000 30

released from the hydrogel matrix. The sodium do-
decylsulphate (SDS) binds non-covalently to pro-
teins, giving them a uniform negative charge, thus
ensuring separation based solely on protein size [33].
The sample was pipetted into the Eppendorf tube,
SDS dye (Sodium dodecyl sulphate >98.5% — Merck,
USA, Mercaptoethanol 99% — Merck, USA and
Coomassie Brilliant Blue R-250 — BIO-RAD, USA)
was added. The entire solution was mixed and heat-
ed at 95°C for 5 min. From 15% resolving gel (Re-
solving buffer 1.5M Tris-HCI pH 8.8, Acrylamide
30% — Merck, USA, MilliQ, Ammonium persulfate
— APS >98% — Merck, USA, Sodium dodecyl sul-
phate — SDS >98.5% — Merck, USA, N,N,N',N'-Tetra-
methylethylenediamine — TEMED — Merck, USA)
and 5% stacking gel (Stacking buffer 0.5M Tris-HCI
pH 6.8, Acrylamide 30% — Merck, USA, MilliQ,
APS >98% — Merck, USA, SDS >98.5% — Merck,
USA, TEMED — Merck, USA) were prepared gel
and 20 pl of the sample was added to the gel. The
voltage was set to 120 V, the current to 400 mA, and
the time to 200 min.

2.5. Protein biological activity measurement
The biological activity of FGF2-STAB® was test-
ed using the BaF3 model system. BaF3 cells are
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interleukin-3 (IL-3) dependent and naturally do not
express any FGF receptors. Stable transgenic cell
lines with all major FGF receptors are available [34].
In the absence of IL-3, these transgenic BaF3 cells
rely solely upon FGFs for their proliferation. The
most relevant receptor for FGF2 is FGFR2c, there-
fore the BaF3-FGFR2c cell line was used.

BaF3 cells expressing FGFR2c receptor [32] were
cultured in full medium (RPMI 1640 medium with
stable Glutamine — BioSera, China, 10% newborn
calf serum — Sigma-Aldrich, USA, 1% PenicillinG/
Streptomycin Sulfate — Gibco, USA, 50 uM B-mer-
captoethanol — Gibco, USA, 600 pg-ml™' G418 disul-
fate salt — Sigma-Aldrich, USA, 0.5 ng-ml™! mouse
interleukin 3 (IL-3) — Peprotech, UK) at 37°C, 5%
CO; (carbon dioxide) and passaged twice a week
with 1:4 split ratio. Prior to the experiment, cells
were collected and washed three times to remove
any trace of IL-3.

For BaF3 proliferation assays, 40-10° cells per well
were seeded 96-well plates in 150 pl of assay medi-
um (RPMI 1640 medium with stable Glutamine —
BioSera, China, 10% newborn calf serum — Sigma-
Aldrich, USA, 1% PenicillinG/Streptomycin Sulfate
— Gibco, USA, 50 uM B-mercaptoethanol — Gibco,
USA, 2 pg-ml™! heparin — Sigma-Aldrich, USA) and
incubated for 24 hours at 37°C, 5% CO,. After
24 hours of starvation, 50 ul of tested samples of dif-
ferent concentrations were added to their respective
test plates. The FGF2-STAB® content in each sam-
ple was determined earlier, and for the biological ac-
tivity testing, a stock solution of 2 pg-ml~! and fur-
ther serial dilutions were prepared. Medium with
IL-3 was used as a positive control and plain assay
medium as a negative control.
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48 hours after FGF2-STAB®™ treatment, 20 ul of re-
sazurin solution (0.1 mg-ml~!, Sigma-Aldrich, USA)
was added to each well. The extent of cell prolifera-
tion was measured by fluorescence detection of the
final product after 12—15 hours of incubation at
37°C, 5% CO,.

3. Results
3.1. PLGA-PEG-PLGA polymer
characterization (GPC, '"H NMR)
Since we cannot obtain one molecular weight num-
ber for polymers, we determine its average value.
The number average molecular weight (M,) was ver-
ified by gel permeation chromatography (GPC) or
size exclusion chromatography (SEC) for all batches
(number of replicates, n. 10). Table 2 shows the
mean of the number of average molecular weights.
Figure 2 shows the determined molecular weight
distribution of the polymer (curve 1) and Mark-
Houwink plot (curve 2), providing information
about the polymer linearity.
PLGA/PEG ratio and LA/GA (n. 1) ratio were de-
termined by proton nuclear magnetic resonance spec-
troscopy ("H NMR). The characteristic spectrum of
the PLGA-PEG-PLGA copolymer with six clear
peaks shows Figure 3. Deuterated chloroform was
used as the solvent and corresponded to the peak
with the largest shift. The lactic acid proton
(O—(CH3)CHO) is with the lowest chemical shift =
1.4-1.65 ppm (e). (O—(CH3)CHO) (a) corresponds
to the 8 = 5.1-5.3 ppm, and the peak with the shift
in the area 6 = 3.5-3.7 ppm stands for the polyeth-
ylene glycol proton (OCH,CH,0) (d). By shifting
in the area 6 = 4.6—4.9 ppm, the glycolic acid proton
(OCH;O0) (b) is observed. The peak with the lowest
intensity 6 = 4.2—4.35 ppm corresponds to the proton
from the —CH,-group in the bond between PEG and
PLA (OCH;CH;0) (c¢). [35]. The number average
molecular weight, the PLGA/PEG weight ratio, and
the LA/GA molar ratio are shown in Table 2.

Table 2. PLGA-PEG-PLGA polymer characterization.

10000

Molar mass [g-mol']

1000

15 1515 1|6 1615 1I7 17.5

Time [min]

Figure 2. Graph of the molecular mass distribution (curve 1)
and the Mark-Houwink plot (curve 2) of the PLGA-
PEG-PLGA copolymer.
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Figure 3. 'H NMR spectrum of PLGA-PEG-PLGA triblock
copolymer.

The rheological analysis was used to characterize the
viscoelastic behavior depending on temperature (n. 5).
From Figure 4 it is clear the PLGA-PEG-PLGA hy-
drogel undergoes two transitions characterized by
two intersections of curves representing storage and
loss modulus Figure 4. The first transition (sol-gel) is
defined by an intersection at 33.5 °C. The polymer in-
creases its storage modulus, and due to the amphiphilic

Theoretical and literature values Measured values
of PLGA-PEG-PLGA of PLGA-PEG-PLGA

GPC 5250 5600120
M, [g-mol™]

'"H NMR 5300
PDI 1.100 1.11+0.01
PLGA/PEG [wt./wt.] 2.50 2.60
LA/GA [mol/mol] 3.00 2.95
Temperature gel range 15 wt% [°C] :3[360?‘73]0 33.5-41.8
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Figure 4. Temperature ramp and sol-gel area of 15 wt%
PLGA-PEG-PLGA/albumin.

character of PLGA-PEG-PLGA, the organizing of
polymeric chains to flower-like micelles forming hy-
drogel begins. After the storage modulus reaches its
maximum, rapid decline occurs, followed by the sec-
ond transition at 41.8 °C when the gel structure begins
to collapse due to the micelle's dehydration leading
to phase separation. Since albumin is the largest pro-
tein used in this study, it was intentionally added into
the hydrogel for the purpose of this characterization
to find whether the protein addition can affect the
sol-gel transition. Compared with PLGA-PEG-
PLGA hydrogel, no significant influence was ob-
served. The temperature range at which the PLGA-
PEG-PLGA/albumin is a gel is stated in Table 2.

3.2. Degradation of the PLGA-PEG-PLGA
hydrogel scaffold

PLGA-PEG-PLGA hydrogel dissolved in PBS grad-

ually lost its weight Figure 5 (n. 10). The hydrogel

lost about 6% of its weight after 3 days. Significant

mass loss occurred after 16 days (weight loss 31.4%),

5.5

0 5 10 15 20 25
Time [days]
Figure 5. Weight loss and pH changes of 15 wt% PLGA-

PEG-PLGA hydrogel scaffold in PBS solution in
time.
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and the hydrogel was completely decomposed after
23 days. The pH of the hydrogel scaffold was another
important parameter that can affect the degradation,
release rate, and activity of the incorporated protein.
The pH of 15 wt% hydrogel after dissolution in PBS
and incubation at 37°C was 5.2 at day 0. pH de-
creased over time from 5.2 to 2.3 (see Figure 5).

3.3. Release of model proteins (albumin,
lysozyme) from PLGA-PEG-PLGA
hydrogel scaffolds

Two proteins were selected, namely human lysozyme,

and human albumin for model release from 15 wt%

PLGA-PEG-PLGA hydrogel scaffold. Lysozyme

has a lower molecular weight (14.7 kg-mol™' [38]),

and albumin is larger (66.5 kg-mol™' [39]) than FGF2-

STAB® (19 kg'mol™!). The measurements lasted

28 days, samples were taken at 1, 2, 3,7, 9, 14, 16,

21,23, and 28 days at 37 °C in an incubator, and the

two-step release of proteins was monitored. For both

the lysozyme and albumin, rapid release was ob-
served (see Figure 6), approximately one-third of the
incorporated proteins were released in 3 days. In the
period 3 to 16 days, there was no measured release
of proteins. The second release step was recorded
from approximately 16 days of measurement, and
after 28 days, 90% of the lysozyme and 70% of the
albumin were released (n. 7).

3.4. FGF2-STAB® release from
PLGA-PEG-PLGA hydrogel carrier

The treatment promoting growth factor release model

was studied. Samples were first measured cumulative-

ly with a set of samples (dynamic method, n. 7). The

PBS solution into which the protein was released

100
90
80 -
701
60
50 -
40
301
20

104 = Albumin
e Lysozyme

Released amount [%]

0

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Time [days]

Figure 6. Albumin and lysozyme release from 15 wt% ther-
mosensitive PLGA-PLE-PLGA hydrogel.
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was changed after each collection (samples were
takenat 1,2,3,7,9, 14, 16 and 21 days). In the sec-
ond method (static method, n. 3) a sample was pre-
pared for each collection separately, and a PBS so-
lution was not changed (measurements after 1, 2, 3,
7, and 14 days). FGF2-STAB® release measurement
using the static method was shorter than the dynamic
method caused by faster sample degradation due to
the lower pH of the immersed solution. UV-VIS
spectrophotometry (Biochrom Libra S22) and SDS-
PAGE electrophoresis were used for protein quan-
tification. The pH of the immersed solution was also
monitored. One-step protein release was observed.
Figure 7 shows the initial burst release lasted on the
third day (corresponding to approximately 50% of
protein release). Then a slight slowdown was evi-
dent, and on the seventh day, a faster increase was
observed. In general, during the measurement, 90%
of the protein was released after 21 days.

In case PBS solution was changed at each sampling,
the pH has not dramatically dropped and ranged

100
90
80
70
60
50 1
40
301
207 = UV-VIS dynamic method

104 ¢ UV-VIS static method
4 SDS-PAGE static method

Released amount [%)]

0

8 10 12 14 16 18 20 22 24
Time [days]

0 2 4 6

Figure 7. The amount of FGF2-STAB® released from
15 wt% PLGA-PEG-PLGA hydrogel in PBS.

pH [-]

14 = Dynamic method
o Static method

0 T T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 22 24
Time [days]

Figure 8. The pH of the immersed solutions, both for dy-
namic method and static method.
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between 7-5 (see Figure 8). In a second way, when
the PBS solution was not changed, the pH dropped
to 3.6 after 14 days.

3.5. Proteins release kinetic study

The release regression was performed by a combi-

nation of three types of models:

1. The Higuchi model assumes that the release is
controlled by Fickian diffusion. The model de-
scribes the concentration of the released com-
pound as a function of the square root of time O =
kt"?, where £k is the rate constant.

2. The zero-order kinetics assumes that the release
is a consequence of carrier degradation. It is a lin-
ear function of time (Q = k).

3. The first-order kinetics follows the effect when
the concentration of compound in the carrier
gradually decreases during release. It leads to ex-
ponential growth: O = A[1 — exp(—kt)] where A
is a limit concentration released from the carrier
and k is the rate constant [40].

The assumed model was that in the first phase sub-

stances were released from the surface of the mi-

celles. The first process was analyzed by the model.

The models were compared using the R-square co-

efficient. For albumin, the zero-order kinetic model:

R?=0.819, Higuchi model: R? = 0.903; and the first-

order kinetics: R? = 0.9941. Similar relations were

also observed for the lysozyme (0.862, 0.919 and

0.976) and FGF2-STAB® (0.768, 0.937, and 0.983).

Based on the value of R?, the optimal was first-order

kinetics.

The process was analyzed using a function with the

following condition (Equation (1) and (2)):

r= tdelay; 0= A[l - e_klt] 1
>ty O = All = 78|+ ky (1= tyeray) 2)

where O was released amount of the active com-
pounds, delay of micelles decomposition Zgejay Was a
variable parameter obtained from the regression. The
rate constant k; was transformed into the half-time
of release a time when half of the maximal capacity
was released in the first step (Equation (3)):

In2
b=k 3)

The regression constant k, was recalculated. In the
case that the active compound did not participate
in the kinetic process, the rate constant includes
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information on the concentration of the active com-
pounds (Equation (4)):
ky = ke [AC] “
where [AC] was the concentration of the active com-
pound and k¢ was the effective rate constant of the
micellar decomposition the effective rate constant
enables us to compare the rate of micellar decompo-
sition in different cases. Table 3 shows all parame-
ters obtained by regression analysis.

The regression analysis was applied to the gel degra-
dation. The gel was degraded in two steps, and the
second step was observed with a certain delay. The
first phase started immediately after swelling, and it
degraded 41% of the gel. The half-time of the first
phase was 9.7 days. The first active compound was
significantly faster - the half-time was from 0.65 to
2.4 days. The second phase of degradation started
with a delay of 17.8 days, which was in accordance
with the delay of the second phase of release. The
degradation phase was significantly faster than the
release phase. The half-time of decomposition was
0.2 days, which meant that the gel structure was de-
stroyed very quickly after the delay period. Howev-
er, the release was observed even several days after

Table 3. Parameters obtained from regression.

the delay period. It was probable that the gel struc-
ture was destroyed, but active compounds were still
present in isolated micelles.

3.6. In vitro biological activity of FGF2-STAB®

The biological activity of FGF2-STAB® released
from the PLGA-PEG-PLGA hydrogel matrix was
verified by proliferation assay using BaF3-FGFR2c
cells. FGF2-STAB® extracts were prepared in time
intervals 0, 1, 2, 3, 7, and 14 days (static method) and
after 7 and 14 days (dynamic method) of protein re-
lease from the hydrogel. For each time point, a protein
sample extract was prepared. All tested FGF2-STAB®
samples effectively induced proliferation of BaF3-
FGFR2c cells, and all samples reached almost the
same maximal response. Comparison of the half-max-
imal effective dose (EDs) revealed that FGF2-STAB®
released from the hydrogel in time intervals 1-7 days
(static method) exhibited comparable activity as the
free protein (EDso < 1.0 ng-ml™"). The only effect on
the protein activity was detected for FGF2-STAB®
sample released from the hydrogel after 14 days,
where a one-order of magnitude drop in EDs, value
was detected (EDsg = 4.4 ng-ml™") (Figure 9a). On the
other hand, in the dynamic method, the protein showed
unmodified activity even after 14 days (Figure 9b).

Parameter Symbolum Unit Albumin Lysosome | FGF2-STAB®
Saturation capacity of micellar surface A [%] 26.0 29.6 87.5
Rate constant Iy [day™] 1.05 0.90 0.29
Half-time of the release tn [days] 0.658 0.770 2.400
Rate constant from regression k> [day™] 4.076 6.194 1.027
Effective rate constant of micellar decomposition ket [day '] 0.055 0.088 0.082"
Delay of the degradation to [days] 17.2 17.9 17.0"
“estimation from two experimental points.
3.5-10* 3.5-10*
3.0-10%+ 3.0-10%4
E 2.5-10% E 2.5-10%
Q Q
8 8 .
g 2.0-10% g 2.0-10%4
[ [
g . g .
g 1510 —s— Day 0-ED, 0.002 ng-ml~ g 15104
—e— Day 1-ED, 0.328 ng-ml~
—— Day 2-ED, 0.025ng-ml’
1.0-10%4 —v— Day 3-ED 0.248 ng'ml-' 1.0-10% —=— Day 0-ED,,0.002ng-ml-'
—+— Day 7-ED, 0.479 ng-ml-' —+— Day 7-ED, 0.005ng-ml"
Day 14 —ED,; 4.410 ng-ml-' Day 14 — ED,, 0.282 ng-ml-'
5.0-10° T T T T T T T T T 5.0-10° T T T T T T T T T
0 10° 10 10" 10° 10" 10% 10°2-10° 0 10° 10 10" 10° 10" 10% 10°2-10°
a) Concentration FGF2-STAB [ng-ml-"] b) Concentration FGF2-STAB [ng-ml-"]

Figure 9. Biological activity of FGF2-STAB® samples released from the PLGA-PEG-PLGA hydrogel. a) Static method,

b) dynamic method.
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4. Discussion

PLGA-PEG-PLGA hydrogels [36] have great advan-
tages over other drug delivery materials (PNIPAAm
[41], pluronic® [42] — discussed toxicity of degrada-
tion products, chitosan [43] — poor solubility, and
polyethylene glycol/polycaprolactone — PEG/PCL
[44] — problem with high crystallinity and hydropho-
bicity of PCL) for application in reconstructive med-
icine in combination with proteins promoted healing
[45, 46]. It is biodegradable, biocompatible, and sta-
ble over 16 days. However, the degradation time, as
well as the polarity or gelation temperature [37], can
be adjusted by the LA/GA and PLGA/PEG ratios for
specific application [22-24, 47]. The PLGA-PEG-
PLGA hydrogel is also soluble in water, and there is
no need to use organic solvents [8]. Hydrogel can be
injected directly into the body when it forms a gel at
human body temperature [6, 24, 48, 49]. Moreover,
due to the thixotropic character of PLGA-PEG-PLGA
solution, there is no risk of leakage into the sur-
rounding tissue, and it stays at the site of adminis-
tration [15, 43, 50]. The use of inserts was also inno-
vative, as there was no direct manipulation of the
sample during PBS solution collection (see Figure 1).
Thus, it was not possible to damage samples, as in
the case of a conventional re-coating of the hydrogel
with a solution and subsequent sampling [51-54].
Cost-effective albumin and lysozyme were chosen
for model release from thermosensitive PLGA-
PEG-PLGA hydrogel. Two-step proteins release (see
Figure 6) was observed. From the kinetic models was
assumed that the bioactive compound (lysozyme, al-
bumin) was located partly on the surface of the mi-
celle and partly inside the micelle. The compound

aff(;g{" Protein

= PLGA

( PEG
% Micelle

a)

was released from the surface of the micelles in the
first step. At the same time, the concentration of ad-
sorbed compounds decreases, which was why the
best model for the first step was first-order kinetics.
Subsequently, the decomposition of micelles from the
second step was observed with a certain delay after
the first step of release. The degradation in the second
step was analyzed by zero-order kinetics because it
was supposed that the active compound did not in-
terfere with the degradation process (Figure 10) [40,
51]. The difference between the amount of albumin
and the lysozyme released was due to the distinction
in the molecular weights of the proteins and mainly
the polarity rate. Since both proteins had polar and
non-polar residues on the surface of the molecule, it
was differently bound to the hydrogel micelles [55].
There are more polar groups on the surface of
lysozyme, therefore, more protein was probably
bound to the micelle surface, and only part of it was
in its center. Thus, a higher total amount of lysozyme
protein was released [56]. On the contrary, albumin
on the surface was more non-polar, it had 11 hy-
drophobic binding sites and was thus more bound to
the center of the micelle while only a portion re-
mained on the surface [57]. This resulted in a lower
release efficiency comparing the lysozyme. The sec-
ond step occurred at a time when the PLGA-PEG-
PLGA hydrogel was gradually degraded, and pro-
teins bound to the micelle center were released. Yu
et al. [45] proved one-step lysozyme release from
PLGA-PEG-PLGA hydrogel. This supports the hy-
pothesis that triblock copolymer influences the com-
position (e.g., LA/GA ratios etc.) of the protein re-
lease mechanism.

b)

Figure 10. Protein incorporation scheme a) lysozyme, albumin; b) FGF2-STAB® into micellar structure of the hydrogel

scaffold.
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Stable fibroblast growth factor 2 (FGF2-STAB® —
19 kg'mol™!, provided by Enantis Ltd. [27, 28]) was
chosen as a bioactive substance because it promotes
healing and leads to tissue remodeling [26]. Since
FGF2-STAB® is hydrophilic due to the presence of
Arg, Cys, and Ser residues on the protein surface,
most of the FGF2-STAB® was bound to the micelle
shell present in the hydrogel (see Figure 10) [26].
This was proved by kinetic models, which confirmed
first-order kinetics controlled mainly by decreasing
the concentration of the active compound in the ma-
trix and, at a later stage, by minor matrix degradation
[58, 59]. The initial release was diffusion-dependent
[60], and most FGF2-STAB® was released from the
hydrogel carrier over the first three days. After
16 days, the hydrogel began to degrade more rapidly,
leading to a consequently increased release of pro-
tein [55, 61]. The degradation of 15 wt% of the hy-
drogel occurred gradually (see Figure 5) [24]. The
increase in weight loss over time was also caused by
the formation of acid degradation products (lactide
acid and glycolide acid), which accelerated the
degradation [35, 62]. Samples, measured by the stat-
ic method, were monitored for only 14 days due to
faster degradation of the hydrogel matrix. As there
was no change in the solution into which the proteins
were released, there was faster acidification and for-
mation of degradation products. Overall, the degra-
dation of the hydrogel matrix was set at approxi-
mately 20-23 days, which is the half-life of FGF2-
STAB® [28], and approximately 90% of the protein
was released at that time. In contrast to other studies
where the degradation of the scaffold and the release
of drugs and proteins were set at up to 30—60 days
[45, 51, 53, 54, 63].

The formation of acidic products could also affect the
pH of the immersed solution, which could lead to a
loss of protein activity [43]. in vitro biological activ-
ity of the protein was verified by proliferation assay
using the BaF3 model system. For samples in which
the PBS was changed after each collection (dynamic
method), observation indicates that the protein func-
tionality is not affected either by the incorporation
into the PLGA-PEG-PLGA hydrogel matrix or by its
release from the hydrogel in time intervals up to
14 days. In the static method, the protein activity
drop was observed that could be attributed to the low
pH (pH 3.6) of protein extract, probably connected
with gradual hydrogel degradation to acidic degra-
dation products. On the other hand, the human body

is a sophisticated dynamic system that allows waste
products to be processed, so it is assumed there is no
risk of concentration of polymer degradation prod-
ucts. Hence, the protein activity need not be com-
promised by low pH. Moreover, the PLGA-PEG-
PLGA degrades to lactic acid, glycolic acid, and
polyethylene glycol, which can be metabolised to
CO, and water via Krebs cycle [32].

5. Conclusions

In this study, protein release from the thermosensi-
tive injectable PLGA-PEG-PLGA hydrogel was
monitored. The PLGA-PEG-PLGA hydrogel scaf-
fold has proven to be a suitable carrier for stable fi-
broblast growth factor 2 (FGF2-STAB®). FGF2-
STAB® (produced by Enantis company, stable at
37°C for up 20 days) in combination with injectable
thermosensitive PLGA-PEG-PLGA hydrogel scaf-
fold provides a promising protein-delivery system
for further use in regenerative medicine. The protein
was gradually released over 21 days, which is suit-
able for use in regenerative medicine. First-order ki-
netics were controlled mainly by decreasing concen-
trations of active compounds in the matrix and, at a
later stage, by matrix degradation. Although the pH
of the hydrogel and the immersed extract dropped
below 6, there was no loss of biological activity of
the stabilized released protein. The combination of
the PLGA-PEG-PLGA hydrogel and FGF2-STAB®
appears promising for further use and will be the sub-
ject of another research.
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